TALLINN UNIVERSITY OF TECHNOLOGY
DOCTORAL THESIS
22/2019

Spatially Resolved Opto-electronical
Investigations of Monograin Layer
Solar Cells

CHRISTIAN NEUBAUER

TAL
TECH



TALLINN UNIVERSITY OF TECHNOLOGY

School of Engineering

Department of Materials and Environmental Technology

This dissertation was accepted for the defence of the degree 06/03/2019

Supervisor: Prof. Dipl.-Chem. Dr. Dr. Dieter Meissner
School of Engineering
Department of Materials and Environmental Technology
TalTech, Tallinn, Estonia

Opponents: Prof. Dr. Dr. Hans-Werner Schock
Helmholz Zentrum Berlin
Institute Competence Centre Photovoltaics Berlin
Berlin, Germany

Prof. Dr. Marco Kirm

Faculty of Science and Technology
Institute of Physics

University of Tartu, Tartu, Estonia

Defence of the thesis: 20/05/2019, Tallinn

Declaration:

Hereby | declare that this doctoral thesis, my original investigation and achievement,
submitted for the doctoral degree at Tallinn University of Technology, has not been previously
submitted for doctoral or equivalent academic degree.

Christian Neubauer

signature

European Union Investing
European Regional in your future
Development Fund

Copyright: Christian Neubauer, 2019
ISSN 2585-6898 (publication)

ISBN 978-9949-83-411-2 (publication)
ISSN 6898-6901 (PDF)

ISBN 978-9949-83-412-9 (PDF)



TALLINNA TEHNIKAULIKOOL
DOKTORITOO
22/2019

Monoteraliste pdikesepatareide
ruumilise lahutusega optoelektroonsed
uuringud

CHRISTIAN NEUBAUER






Contents

[ o) U] o] [ ot [ T o TSRS 7
Author’s Contribution to the PUbliCatioNns ........cc.ccooiiieeieiiiiicee e 8
191 o o 18Tt o o [P 9
ADDIEVIATIONS ...eeiiiiee ettt et e et e e et e e ettt e e e tb e e e eetb e e e eaae e e e ba e e e ntaeeeaaraaanas 11
1 LitErature OVEIVIEW ....ciiiiiieieiieet e eriittee e e ettt e e e s s sttt e e e e s s sabaae e e e s ssanraeeeeesssnsreneeeens 12
1.1 Kesterite thin film and monograin layer solar cells.........ccocoevieeniiiiinnieniieneee, 12
1.1.1 Kesterite absorber Material ........cccvvveieriiiieee e e 12
1.1.2 The monograin layer teChNOIOZY .....cccveeieiiieeeiie et 13
1.2 Spatially resolved opto-electrical evaluation methods for solar cells....................... 14
1.2.1LBIC

1.2.2 EBIC
1.3 Ageing and degradation mechanism of photovoltaic devices
R N1 o ] i o T g T=T] TP

P o 1T 0 =T o - | SRS 18
2.1 SaMPIE PreParatioN.......cccccuiieeciieeeetee et e e e etre e e s e e e et re e e e ta e e e sabeeeenaraeeenes 18
0 001 1Y/ o T o= =Y TR a1 [ F] PSS 18
2.1.2 DeVice fabriCation ......coociiiiiiiiiieiecriee et 18
2.1.3 DEVICE ABEINE c.uvveeieuriieiiiiee ettt ettt ettt e et e et st e e s nb e e s e s e e e s nne e e sne e e s e raresennee 20
2.2 ANalysis MELNOOS .. ..eiiiiiieeeee et sttt 20
2.2.1 Current density/voltage MeasUr€mMeENTS .....c.ccccveeeveeeireeecreecreeeeeeetee e ereeereeeane s 20

2.2.2 External quantum efficiency and wavelength dependent transmission

MEASUIEIMENTS 1..viiiiteeritiesteeiteeesteesiteesteesteestaeesbeesbeessseesseeesseessbeessseensssensaesnsessnseessseeses
2.2.3 Light beam induced current measurements
2.2.4 Scanning electron microscopy and electron beam induced current measurements. 21

2.2.5 Raman and photoluminescence SPeCtroOSCOPY......ccvvvrrerririeeeeeriieeerireeeereeeenreeeas 21
2.2.6 EleCtrOlUMINESCENCE . coiiiieieeetieeiee ettt sttt st e st e sae e e saeeenee s 21
2.2.7 X-ray photoelectron SpectromMEtry ......cccccvvcieeiiiiieeeiee e 21
2.2.8 OPtiCal MICIOSCOPY ..uvvreiruriieiiiiteeiititeeriteeessteeessiteessateeesbaeeesbeeessseeesssseeesnsseeennnes 21
2.2.9 Kelvin Probe MeEasUrEmMENTS .....cccuieiieiiiieiieeiieeseeeseeesieesreesreesaeeessseessessseessneens 21
3 RESUIS AN diSCUSSION....uveiiiiieiiiieerieete ettt st be e st e st e e sbe e sbaesaree s 23
3.1 Development of new analysis methods of spatially resolved photocurrent

MEASUIEIMENTS ittt e e e e s e s e s e e s s asassbararaaaaeee 23

3.2 Application of spatially resolved investigations on MGL solar cells by means of LBIC. 26
3.3 Identification of reasons for inhomogeneities and performance reducing effects .. 28
3.4 Utilization of spatially resolved and integrated opto-electrical measurements for the

identification Of AgEING PrOCESSES......cciciuiiiiccieieccee et e e e eae e e s aaee e 33
4 CONCIUSIONS 1.ttt sttt ettt et e e st e st e s b e et esab e e sanesbee s bt e sabeesareeneee 47
REFEIENCES ...ttt b e s e b e e e sanesneen et 49
Y o153 - ot TP PT O PP PR 62
KOKKUVBEE ...ttt st st b e bbb sbe et saeesae e 64



Appendix ..........
Curriculum vitae

Elulookirjeldus...



List of Publications

The list of author’s publications, on the basis of which the thesis has been prepared:

Neubauer, C., Babatas, E., Meissner, D. (2017). Investigation of rough surfaces on
Cu,ZnSn(S«Se1x)s monograin layers using light beam induced current measurements.
Appl. Surf. Sci., 423, 465-468.

Neubauer, C., Samieipour, A., Oueslati, S., Ernits, K., Meissner, D. (2018). Spatially
resolved opto-electrical performance investigations of Cu,ZnSnSs,Seq s photovoltaic
devices. Energy Sci Eng., 6, 563-569.

Neubauer, C., Samieipour, A., Oueslati, S., Danilson, M., Meissner, D. (2019). Ageing
of Kesterite solar cells 1: Degradation processes and their influence on solar cell
parameters. Thin Solid Films, 669, 595-599.

Samieipour, A., Neubauer, C., Oueslati, S., Mikli, V., Meissner, D. (2019). Ageing of
Kesterite solar cells 2: Impact on photocurrent generation. Thin Solid Films, 669,
509-513.



Author’s Contribution to the Publications
Contribution to the papers in this thesis are:

| Part in sample preparation, major part in measurements and evaluation (SEM, LBIC,
j/V), major part in writing.

Il Part in sample preparation, sample measurements and evaluation (LBIC,
transmission, EL imaging and spectra measurements, PL spectra measurements,
SEM, j/V), major part in writing.

Il Part in sample preparation, sample measurements and evaluation (j/V, PL), major
part in writing.

IV Part in sample preparation, sample measurements and evaluation (LBIC, EQE), part
in EBIC evaluation, part in writing.



Introduction

In 2015 the world’s total primary energy demand was 13633 Mtoe (158552 TWh), of
which renewable sources accounted for 1860 Mtoe (21632 TWh) or roughly 14%.
Bioenergy accounts for the major share of around 71% of all renewables or about 9.7%
of the total primary energy demand. In the same year the electricity production was
24240 TWh where renewables accounts for 5595 TWh and photovoltaics for 247 TWh,
which is a share of 23% and 1% respectively [1]. Comparing the electricity production
from photovoltaics (PV) to the total primary energy demand the share of photovoltaics
is only around 0.16%.

Accounting for future developments such as demographics, economics, policies and
price developments it is expected in the so called “New Policies Scenario” that the
primary energy demand is growing in average by around 1% annually until
the year 2040. The electricity generation is expected to grow even more by around 1.9%
annually in average [1]. A growth in primary energy as well electricity generation is also
expected in [2].

Although a prediction of future developments of the use of energy carriers is difficult,
itis crucial to increase the share of renewables, whether because of finite fossil resources
and nuclear fuels, externalized negative impacts of the same and risks of fossil or nuclear
power plants and wastes, or to reduce greenhouse gas emissions, mainly carbon dioxide.
In [3], the worldwide generation of electricity by photovoltaics is given with 443 TWh for
the year 2017. The photovoltaic market is growing fast, with about 24% increase in
average per year of PV-installations between the years 2010 and 2017. The market share
of all thin film technologies, mainly copper indium gallium diselenide (CIGS) and cadmium
telluride, accounts for only 5 %, while 95% of peak capacity is produced with crystalline
silicon (c-Si) technology. This is despite that the efficiency of thin film photovoltaics is
comparable to c-Si, the learning curves shows a bigger potential of cost reduction mainly
due to economics of scale and the energy payback time is reduced by around 50 % [3, 4].
The highest conversion efficiencies of the commercially most common single-junction
photovoltaic technologies are reported to be 26.7 % (monocrystalline silicon), 22.3%
(multicrystalline silicon), 22.1 % (CdTe) [5] and 22.9 % (CIGS) [6].

Despite the big potential the current commercial CIGS and CdTe thin film technologies
have to be utilized on a much bigger scale, there are concerns about the availability of
large quantities of the rather rare metals used, mainly indium, gallium and tellurium.
The possible production limits of photovoltaics due to scarce metals were investigated
in literature [7-10]. The third widely commercialized thin film technology, which is based
on amorphous silicon (a-Si), does not utilize these rare metals in the absorber material.
Despite being one of the first thin film technologies on the market and decades of
research, the conversion efficiency of a single junction cell is around 10% [5], which is
rather low compared to c-Si, CdTe and CIGS devices.

The pentanary Cu2ZnSn(SxSeix)s-compounds (Kesterites) as p-type semiconductor
materials have the potential to replace CdTe or CIGS as absorber materials in thin film
photovoltaics, using earth abundant and non-toxic elements. In combination with an
industrial and cost effective roll-to-roll (R2R) process utilizing the monograin technology
[11], it could significantly contribute to a larger scale in the predicted and necessary
increase in electricity generation from photovoltaics. For conventional Kesterite thin
films conversion efficiencies of up to 12.6% were reported [12]. A certified conversion
efficiency of up to 9.5% for Kesterite monograin devices with an active area efficiency of



around 12% was achieved [paper Il]. Despite several beneficial parameters of this
absorber material such as a high absorption coefficient, direct tunable bandgap and low
temperature coefficients [13-15], the achieved efficiencies are still considerable lower
compared to c-Si, CIGS and CdTe devices. Thus further research and knowledge is
necessary to overcome the present limitations and improve the performance of the
Kesterite based technologies generally and specifically the monograin technology
further.

This PhD work aims at a better understanding of performance limiting processes and
effects, and the development of analyzing methods to identify and evaluate them with
the focus on spatially resolved investigations. Another focus was on the investigation and
identification of ageing processes and the resulting stability of different Kesterite
monograin devices.

The dissertation is divided into four main chapters, giving first a short overview of the
literature and the aim of the study. In chapter 2 the experimental setup, including sample
preparation and describing the analyzing methods used. The experimental results are
presented in chapter 3, which are then furthermore discussed in there. Final conclusions
are brought out in chapter four, based on the preceding results and discussions.
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Abbreviations

CIGS CulnsGa1S; or Culn,GaiSe;
CIS CulnS; or CulnSe;

CZTS Cu,yZnSnS,

CZTSe CuzZnSnSeq

CZTSSe CuzZnSn(S:Se1x)s  0<x<1
c-Si Crystalline silicon

EBIC Electron beam induced current
EL Electroluminescence

EQE External quantum efficiency
FF Fill factor

FWHM Full width at half maximum
jsc Short circuit current density
/v Current density/voltage

KP Kelvin probe

LBIC Light beam induced current
MGL Monograin layer

PL Photoluminescence

PV Photovoltaics

R2R Roll-to-roll

SEM Scanning electron microscopy
TCO Transparent conductive oxide
Voc Open circuit voltage

XPS X-ray photoelectron spectrometry
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1 Literature overview

1.1 Kesterite thin film and monograin layer solar cells

1.1.1 Kesterite absorber material

The investigations on Kesterites for photovoltaics started in the last century. Kesterite
crystals are analogous to chalcopyrite copper indium diselenide (CIS) and can be derived
from there by replacing indium by zinc and tin [16]. Already in 1988, Ito et al.
manufactured pure sulphide CuZnSnS, (CZTS) samples by sputtering technique and
proposed this material as a possible absorber material for photovoltaic applications.
In there, the p-type conductivity and a high absorption coefficient larger than 10* cm™ in
the visible range of the spectrum of the material was published. Additionally a
bandgap of 1.45 eV and a photovoltage of 165 mV under AM 1.5 illumination on a
CZTS-cadmium-tin-oxide heterojunction sample was measured [13]. Nakayama et al.
confirmed the p-type conductivity and investigated CZTS with different metal ratios.
In there, also Cu on Zn and Sn antisites were proposed as acceptor levels [17]. The first
fully functional CZTS photovoltaic cell with a conversion efficiency of 0.66 % was
published by Katagiri et al. The absorber material was achieved by sputtering Cu, Zn and
Sn followed by a sulfurization step with H,S, and after depositing further layers an
Al/Zn0O/CdS/CZTS stack was achieved [18].

In these early publications, the authors stated that CZTS is formed in a Stannite crystal
structure. However, later on it was shown that the material crystallizes preferably in the
Kesterite structure [19-22]. The Kesterite and Stannite structures are very similar and it
is very hard to distinguish between them with conventional X-ray diffraction
measurements [19, 20, 22, 23]. It is proposed that the early identification of CZTS as
Stannite crystal structure was due to partial disorder in the Kesterite structure [21] as
well that Kesterite and Stannite structure may co-exist [23, 24].

The direct bandgap of CZTS was determined to be around 1.5 eV [25-34].
When replacing sulfur by selenium, forming pure selenide Kesterites (CZTSe), the
bandgap is reduced to around 1 eV [34-40]. Historically, a large variation in bandgap
energies have been published for CZTSe between 0.8 eV and 1.65 eV [25, 34-46].
Ahn et al. postulated, that the most likely reason for the measurements of bandgap
energies for CZTSe at around 1.5 eV and therefor the big discrepancies between reported
bandgap values is due to ZnSe binary compounds and confirmed that the bandgap of CZTSe
is at around 1 eV [40]. By varying the S:Se ratio forming sulfur-selenide Kesterites (CZTSSe),
the bandgap can be tuned between the values of CZTSe (1 eV) and CZTS (1.5 eV) [47-49].
With a bandgap between 1 eV and 1.5 eV, more than 95 % of the maximum theoretical
efficiency for single junction devices can be achieved, which are 33.8 %, 33.4 % and
30.4 % at bandgaps 1.34 eV, 1.14 eV and 1.24 eV for the spectra AM 1.5G, AM 1.5D and
AM 0 respectively [16].

In Kesterites, many different defects and defect clusters (vacancies, interstitials and
anti-sites) are possible to be formed. An overview of these possible defects is given by
Chen et al. [50]. The defects play an important role in Kesterites and its properties, e.g.
they are responsible for the intrinsic p-type doping of the material, while certain defects
also lead to a performance reduction of the material. While for CIGS copper vacancies
(Vcu) act as major acceptor levels and thus p-doping, in Kesterites Cuz, anti-sites have a
lower formation energy than V¢, and are believed to be the major defect which acts as
acceptor [23, 50-53]. However, for certain non-stoichiometric compositions such as
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copper poor and zinc rich materials, the formation energies change, resulting in a smaller
formation energy of V¢, and Zns, and a higher formation energy for Cuz, and Snz,, thus
leads to V¢, as dominating acceptor. Other acceptor defects than Cuz, and V¢, such as
Vzn, Zns, and Cus, have a much higher formation energy and therefor have just a
negligible influence on the electrical conductivity. The high formation energy of donor
defects in the neutral state explains the intrinsic p-type conductivity of the
Kesterite absorber material [50, 51]. Donor-acceptor compensation, forming defect
clusters such as [Cuz, + Zncy] can lead to partial disorder of Cu and Zn when present
as high population [50]. Such disorder was measured and reported by Schorr et al.
[20, 21]. Since defect complexes, if present, are changing the conduction and valance
band energies, bandgap fluctuations can occur. This is especially the case for complexes
composed of deep level defects such as Snz,, Snc,, Cus, and Zn;. Additionally, deep
defects decrease the short circuit current density (jsc) by acting as recombination
centers and decreasing minority carrier lifetime as well reduce the open circuit
voltage (Voc) [50, 54]. Since the rather deep defect Cuz, might not be optimal for
high efficiency Kesterite materials, the shallower V¢, acceptor defect might be
beneficial [51]. This might be the reason why the majority of the reported composition
necessary for high efficiency solar cells is Cu-poor and Zn-rich [23, 36, 55-61].

Since the first published CZTS solar cell device with a conversion efficiency of 0.66% in
1997 [18], there has been a continuous improvement over the last 2 decades.
An overview of the reported efficiencies over time is given by Wang [62] and Kumar
et al. [63]. The highest reported conversion efficiencies up do date has been 11.0 % [64],
11.6 % [65] and 12.6 % [12] for CZTS, CZTSe and CZTSSe respectively.

For the manufacturing, different vacuum and non-vacuum processes are possible and
reported. The main process technologies are sputtering, evaporation, spray pyrolysis,
spin coating, electrochemical deposition and nanocrystal synthesis by hot injection
method [62, 63, 66-71]. The before mentioned manufacturing methods belong to the in
here called conventional thin film technologies, with usually a rather homogenous
absorber layer with a thickness of a few um. The monograin technology [11, 72] and their
monograin layer devices show some similarities and share many advantages with the
conventional thin film technologies, however differ in many aspects. Therefor a more
detailed historical overview about this technology will be given in the following
chapter 1.1.2.

1.1.2 The monograin layer technology

The use of crystals or powders for semiconductor and photovoltaic purposes reaches far
back in history. The start of PV applications with semiconductor power can be defined
when a patent with its title “Large Area Solar Energy Converter and Method for Making
the Same” was filed in 1957 and granted in 1959 by Hoffman Electronics Corporation and
its inventor Maurice Elliot Paradise. In there, silicon particles with an approximate
diameter of 2mm were used, achieved by grinding larger hyper pure silicon chunks,
followed by an in-diffusion of an acceptor material for a certain distance. These particles
were mixed with electrical insulating plastic material such as polyethylene and applied
on a substrate. Part of the insulating material was etched on the surface and the p-doped
layer was removed to expose n-type material. This was followed by the application of an
electric contact material. By removing the substrate and selective etching on the
opposite side, the p-type active surface was laid free and contacted to achieve the
desired device structure. Already at this time one of the major goals stated in the patent
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was the reduction of production costs compared to the standard manufacturing
technique at this time [73].

Another major step in the history of powder based semiconductor devices was when
the company Philips and the inventor Ties Siebold te Velde filed several patents in the
field of utilization of semiconductor materials in powder form. Most notably from these
is probably the patent with the title “Electrical monograin layers having a radiation
permeable electrode”, filed in the year 1965. In there, the manufacturing of “monograin
layers” with electric contacts, where at least one of them is radiation permeable,
is described as well as their possible applications, for example for solar cells as stated:
“Such devices are also useful for converting radiation energy into electrical energy, for
example, a solar cell”. Additionally it is mentioned that the used grains can have different
sizes, “However, in the manufacture of electrical devices according to the invention,
grains are preferably used having an average diameter smaller than 100 microns, and
preferably smaller than 50 microns” [74]. Hence the described technology resembles in
many parts the nowadays produced Kesterite monograin layers as described in the
experimental part in chapter 2.

Philips monograin layer technology was later used since the 1980s by researchers at
Hamburg University working on photochemical solar energy utilization. Monograin
membranes with CdS as active material were used to perform solar water splitting for
the production of hydrogen and oxygen [75-78].

Already earlier in the 1970s, researchers at TalTech worked on the development of
single crystalline semiconductor powder [79, 80] and later on the monograin layer
technology for the manufacturing of electromagnetic radiation sensitive sensors
[81-82]. Their work on monograin layers continued with the focus on solar cell
applications. First chalcogenides such as CdSe and CdTe were utilized as semiconductor
material [83-86], later CIS and CIGS [87-91] and then Kesterite material [14, 35, 92-95].

In 2007 crystalsol OU was founded as a spin off company from Tallinn University of
Technology (nowadays TalTech) and one year later crystalsol GmbH. In these companies
the monograin technology based on Kesterite powders is utilized and further developed,
where the focus of crystalsol OU lies on the production of the semiconductor powders
while crystalsol GmbH focuses on the utilization of these powders in a cost effective and
industrial R2R process. A pilot R2R production line was installed at crystalsol GmbH in
Vienna, Austria. Up to now, the highest certified conversion efficiency achieved with this
process is 9.5% [paper II].

1.2 Spatially resolved opto-electrical evaluation methods for solar cells

Several spatially resolved investigation techniques such as light beam induced current
measurements (LBIC), electron beam induced current measurements (EBIC),
photoluminescence and electroluminescence imaging, (lock-in) thermography and
others are commonly used for the analysis of photovoltaic devices. In this thesis and the
corresponding papers mainly two of them, LBIC and EBIC, are intensively used, hence in
this chapter a compact literature overview with the emphasis on these two technologies
is given.

1.2.1 LBIC

LBIC measurements is a classical analysis technique and frequently used for spatially
resolved investigations of semiconductor devices. Hereby the surface of the investigated
sample is scanned by a light spot and the generated photocurrent is measured.
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While LBIC measurements are accurate, measurements are often rather slow and time
intensive. The measurement speed is basically affected by 3 factors, which are the scan
rate, the acquisition time per measurement point and the total number of measurement
points which is determined by the investigated area and the resolution. By using
continuously moving x-y-stages, the scan rate can be increased so that it does not
seriously contribute to the limitations of the measurement speed anymore [96-98].
LBIC measurements can be conducted with different light wavelengths, various light
intensities, bias light and applied voltages [97-101]. Additionally, spatially resolved
spectral response measurements are possible [102]. A scheme of an advanced LBIC
measurement setup which the authors named “CELLO” and a description of this
technique with the possibility to extract additional cell parameters next to the
photocurrent which allows the calculation of spatially resolved current density/voltage
(j/V) curves can be found in a paper by Carstensen et al. [101]. A scheme of a more
conventional LBIC measurement setup, which resembles the basic principles of LBIC
measurements can be seen in figure 2 in a paper by Kaminski et al. [103].

The use of LBIC for different investigations is reported for solar cells with various
absorber materials such as crystalline silicon [101, 104-108], amorphous silicon [98, 109],
CdTe [102], CIGS [110], dye sensitized and polymer solar cells [96, 111-113], Kesterites
[99, 100, 114] and other semiconductor devices such as photodiodes, photoresistors
[112, 115] and integrated circuits [116].

LBIC measurement systems are usually utilized for mainly two purposes, for the
determination of the photoactive area of a device and the evaluation of the photocurrent
related local homogeneity of a device. While the former one is used to allow a more
precise evaluation of the conversion efficiency and the related solar cell parameters as
shown by Jones et al. [111], the latter is used in correlation with several possible subjects
of interest. Examples from literature which lead to inhomogeneities observed by LBIC
measurements are different Na-concentration in CZTS [114], defects, shunting and
interconnection problems in amorphous silicon modules [98], CdS layer thickness
variations [99, 100], carrier diffusion lengths and recombination mechanism in the bulk,
grain boundaries and interfaces in polycrystalline silicon devices [105, 106, 117, 118].

For Kesterite monograin photovoltaic devices, just few LBIC utilizations and
investigations are reported in literature. Mellikov et al. reported the use of LBIC for the
identification of the “active area” of a single Kesterite monograin, from which the
“material efficiency” of this grain could be extracted [72]. Here the “active area” is the
contact area of the grains with the front contact, since the area in between the grains or
the area of the grains covered by polymer are not active in generating photocurrent.
So only a part (70-85 %) of the solar cell is active. In order to compare monograin layer
(MGL) results with those of thin film devices, in which 100% of the cell area is active,
the “material efficiency” allows a better comparison of the materials quality.

A first thorough investigation by means of LBIC of Kesterite monograin layer devices
was conducted by Lehner. In there, two Kesterite MGL devices with different conversion
efficiencies were investigated and principles of the influence of focus settings,
illumination intensity and background illuminations were investigated. Additionally a
correlation between conversion efficiency and photocurrent homogeneity could be seen
with a higher degree of inhomogeneity correlating to a reduced solar cell performance
[119].
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1.2.2 EBIC

EBIC measurements resemble in many cases the LBIC measurement technique, but
instead of (focused) electro-magnetic radiation an electron beam is used as excitation
source. This results in a usually smaller penetration depth of the electron beam
compared to the light beam in LBIC systems. The big advantage of EBIC over LBIC is that
higher mapping resolutions are possible [103]. A comprehensive review of the EBIC
measurement technique can be found in papers by Leamy and Scheer [120, 121]. EBIC
measurements can be used for plan view, measured on the front side or back side of a
sample [122-124], as well as cross-section investigations [12, 125]. Plan view
measurements are commonly utilized to determine local uniformity of the current
response of a device similar as for LBIC investigations and to detect defects [122].
Temperature dependent defects were investigated by means of EBIC by Breitenstein
et al. on silicon cells. Additionally conductive and shunting channels through a device
caused by SiC precipitates could be identified [123]. Scheer et al. determined the
diffusion length of the charge carriers by varying the beam energy and therefor the
penetration depth while measuring the correlated collection efficiency [124].
The diffusion length, depletion width or space charge region is more often investigated
by cross-section measurements. Wang et al. investigated a sister device of their record
CZTSSe sample with EBIC. From these measurements they concluded a rather
homogenous collection width of around 1 um. This collection width is said to be roughly
the sum of the depletion width and the diffusion length [12].

Depending on the acceleration voltage, the penetration depth of the electron beam is
different, as depicted in figures 1 and 2 in [102]. This is especially of importance if a high
surface recombination of the investigated sample is present, since it influences the
carrier lifetime and collection and is dependent on the penetration depth as shown by
Nichterwitz et al. [126]. One possibility to reduce the surface recombination was shown
by Bissig et al. In there the authors showed that a thin layer (few nm) of Al,O3 deposited
by atomic layer deposition on the cross-section surface reduces the surface
recombination and enhances the EBIC signal significantly [127].

Just a few reports on the utilization of EBIC measurements on MGL photovoltaic
devices can be found in literature. The use of EBIC for the identification of active grains
or the active surface is reported for MGL devices with CdTe monograins [128, 129] and
CulnSe; monograins [90]. In [130], Mellikov et al. utilized EBIC measurements for the
determination of the local efficiency homogeneity of a CZTSSe MGL device.

1.3 Ageing and degradation mechanism of photovoltaic devices

International standards for measurements of photovoltaic modules are published by the
International Electrotechnical Commission. While there is no standard for the Kesterite
technology available, a standard can be found for CIGS, which is closest to the Kesterite
material, in IEC 61215-1-4 [131], which directs to the testing standard IEC 61215-2 [132].
In there, various testing standards are described, including test for the stability of
modules such as thermal cycling and humidity-freeze tests. In the damp heat test
description, conditions which are required are a temperature of 85+2 °C, a relative
humidity of 855 % and a test duration of 1000 to 1048 hours.

Ageing or degradation of Kesterite photovoltaic devices is just poorly covered in
literature. A model for the decomposition of CZTS thin films was proposed by Yin et al.
Additionally a Cu-Zn separation was observed when applying a directional heat with a
heat plate. These investigations were carried out at temperatures between 623 K and
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873 K [133]. Due to the relatively high temperatures far higher compared to the
temperatures as required in the above mentioned standard or the temperatures used in
this thesis, the published results of Yin et al. are hard to utilize and to compare with
ageing mechanism occurring at lower temperatures.

The stability of CZTS with different window layers was tested with damp heat
treatment and accelerated thermal cycling by Peng et al., based on the standard IEC
61646, which was replaced by the standard IEC 61215-1-4 mentioned above [134].
Degradation related modeling of Voc and jsc of perovskite and other thin film
technologies including Kesterites were carried out by Darvishzadeh et al. [135, 136].

1.4 Aim of the thesis

Research of literature shows that Kesterites as a semiconductor absorber material and
its utilization in photovoltaics can have an important role for future PV applications.
The monograin layer technology is one way to utilize this material in a cost effective,
industrial and competitive way. Research in the last years gave more insight in
understanding the properties and led to significant improvements of this technology.
Nevertheless further research and development is needed to improve the absorber
material as well as the device manufacturing further. In addition, ageing or degradation
processes are just very poorly covered in literature, despite its importance for a
successful industrial implementation of Kesterite thin films or MGL photovoltaics.
Hence in this thesis the main aims are:

e The development and evaluation of methods for spatially resolved
opto-electronic investigation techniques with the focus on LBIC. As outcome the
used methods should be described and evaluated regarding prospects for
further investigations of solar cells.

e The utilization of spatially resolved opto-electronic investigation techniques on
Kesterite MGL devices. The focus hereby lies on the detection and identification
of performance reducing effects. As outcome different performance reducing
effects are investigated and evaluated with the goal of identifying the cause.

e The investigation of ageing effects in Kesterite material and MGL solar cells.
The aim hereby is the identification of ageing processes and their evaluation and
description by different analysis methods, including the utilization of spatially
resolved opto-electronic investigation techniques such as LBIC and EBIC.
The findings should build a fundament for further investigations on this topic.
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2 Experimental

2.1 Sample preparation

2.1.1 Monograin synthesis

Two pure sulphide monograin powders and four sulfur-selenide powders with a sulfur to
selenium ratio of 4:1 and 3:2 are investigated in this thesis. The monograins are
synthesized from copper, zinc sulphide, tin and sulfur for CZTS and in addition zinc
selenide for CZTSSe in potassium iodide as flux material in quartz vessels in a furnace
above 700°C for different durations. After the synthesis the powder is washed with water
which dissolves and removes the KI. After drying, a sieving procedure separates grains of
different sizes to obtain the desired grainsize between 56 and 90 um. This is followed by
a heat treatment step at 740°C at low vacuum (CZTSSe) or in a sulfur atmosphere (CZTS).
Cadmium sulphide as buffer layer is deposited on the grains by chemical bath deposition,
employing cadmium acetate and thiourea in an ammonia solution. After additional
drying the semi-finished product of monograin powder (Figure 1) is obtained, where each
grain has a fully functional p-n-junction. The investigated powders are produced and
provided by crystalsol OU, Akadeemia tee 15a, 12818 Tallinn, Estonia.

Figure 1 SEM image of a Kesterite crystal (a) and an optical image of Kesterite
monograin powder (b) [137]

2.1.2 Device fabrication

For the production of PV devices a thin layer of polymer, Buehler EpoThin 2 Resin and
Hardener, Lake Bluff, IL, USA, is applied on a substrate foil by doctor blading, forming the
membrane polymer layer. The thickness of the polymer layer is aimed to be around 30%
of the average diameter of the used monograins. The monograin powder is applied on
top of the polymer, where by adhesion, due to the contact of grains to the
semi-cured polymer, a single layer of grains is formed. The excess powder, which is not
sticking to the polymer can be shook of and reused in future. By gravity and additional
applied pressure the monograins are embedded partially into the polymer, leaving
around half of the grain surface open and uncovered, which forms the so called
monograin layer (Figure 2).
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Figure 2 SEM surface image of a MGL, produced by partially embedding of monograins
into polymer

After full curing of the polymer, a transparent conductive oxide (TCO) layer, consisting
of intrinsic and aluminum doped zinc oxide is deposited by radio frequency sputtering on
the front side of the MGL. To increase the electric conductivity of the front contact, a
thin layer of silver nanowires is applied on top. Additional front current collector stripes
are applied by silver paint, Electrolube/HK Wentworth Ltd., Ashby de la Zouch, UK.
Following this, the MGL is glued with transparent polymer (Buehler EpoThin 2) to a soda
lime glass to seal the front side. After curing of the sealing polymer, the initial substrate
foil can be peeled off and removed. By dipping the device into concentrated sulfuric acid,
part or the membrane polymer on the backside is etched away and the embedded
monograins are partially laid free. The back side is treated with a mechanical abrasive
process with sandpaper to open the grains, which ensures a good Ohmic contact to the
back contact material. This back contact material, which is aqueous based electrically
conductive graphite paint, Alfa Aesar, Ward Hill, MA, USA, is applied to the back side
which forms the finished back contact after drying. To be able to access the electric front
contact, a hole is drilled into the MGL and filled with silver paint, which establishes the
front contact for measurements and finishes the device production. A cross-section
scanning electron microscope (SEM) image and a scheme thereof of such a finished
PV-device can be seen in Figure 3 below.

(b)
glass sealing sealing polymer
/ Ag-nanowires
Al-doped ZnO

intrinsic ZnO
Cds

membrane
polymer
graphite back contact

Figure 3 Cross-section SEM image (a) and a scheme (b) (not to scale) of a finished MGL
photovoltaic laboratory device as used for the analysis conducted in this thesis

The above described device manufacturing is used for standard laboratory
PV-devices. For certain investigations, the device structure has to be altered.
For devices which are produced for investigations by means of EBIC measurements, the
insulating sealing polymer is mixed with small electric conductive metal pieces.
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This ensures a reduction of disturbing charging effects during measurements. For being
able to measure the cross-section of the sample, the PV-device is mounted into Buehler
EpoThin 2 polymer, and after curing the sample is polished by using a Bihler Ecomet 250
polishing apparatus.

For the j/V investigations of the Kesterite-back contact interfaces during ageing,
a MGL is abraded with sandpaper on the front side after embedding of the monograins
and curing of the membrane polymer. After that the front side is covered with graphite
paint and after the graphite paint is dry the MGL is glued with polymer to the soda lime
glass. The finishing of the backside follows the same procedure as for the standard
manufacturing. Such fabricated devices form a carbon-Kesterite-carbon (C-Kesterite-C)
structure. Such C-Kesterite-C devices are also used for investigations by X-ray
photoelectron spectrometry (XPS) and Kelvin probe (KP) measurements.

2.1.3 Device ageing

For the investigations how the devices with different materials behave during ageing,
the samples undergo an accelerated ageing procedure at elevated temperature. For that
the devices are put into a furnace at 105 °C for various durations. The atmosphere is air
and a desiccant is added to provide low humidity conditions.

2.2 Analysis methods

2.2.1 Current density/voltage measurements
The j/V measurements are performed with a Keithley 2400 Source Meter, Keithley
Instruments Inc., Cleveland, Ohio, USA, with a 2-wire measurement setup (PV-devices)
or a 4-wire measurement setup (for C-Kesterite-C devices). The voltage is applied
between different ranges and with different increment steps, while the current is floating
and measured. The illumination source for measurements under light conditions is
provided by a Philips Broadway halogen lamp, 250 W, 24 V, operating at 21V (papers |
and 1) or a Newport Oriel AAA-class sun simulator, Newport Corporation, Stratford, CT,
USA (papers Il and IV). All measurements are carried out at ambient conditions.

The certification measurements (paper 1l) are carried out by FhG ISE, Freiburg,
Germany, Certificate-Nr. 1001076CRY0317, March 24, 2017.

2.2.2 External quantum efficiency and wavelength dependent transmission
measurements

The external quantum efficiency (EQE) and wavelength dependent transmission
measurements are carried out by means of a Newport Oriel 300W Xenon lamp with a
Cornerstone 260 Monochromator, silicon detector and a Merlin radiometer system,
Newport Corporation, Stratford, CT, USA. The quantum efficiency and transmission is
measured between the wavelengths 350 nm and 1000 nm in 10 nm increments.

2.2.3 Light beam induced current measurements

The LBIC measurements are conducted with a red (633 nm) laser and a lock-in amplifier
with a scanning rate of around 10 measurement points per second. The laserspot
diameter, evaluated similar as in [138, 139], is determined to be around 5 um.
The excitation laser intensity is adjusted with spectral neutral grey filters, which reduces
the intensity to around 0.013 pW and 0.08 uW for the LBIC measurements conducted.
The steplength, which results in the resolution of the LBIC image, is chosen between
1 um and 5 um, depending on the measurement area. The LBIC measurements result in
a datamatrix. This datamatrix can be used to construct an image, which for this thesis is
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done with the program Matlab, or for additional statistical analysis and evaluation, for
which the programs Matlab, Microsoft Excel, Microsoft Access and Origin are used.

2.2.4 Scanning electron microscopy and electron beam induced current
measurements
The majority of the SEM analyses are conducted by a Zeiss ULTRA 55, Carl Zeiss
Microscopy GmbH, Jena, Germany instrument. The measurements are performed by Mr.
Ali Samieipour and Dr. Valdek Mikli, TalTech.

The cross-section electron beam induced current investigations are conducted with
the same instrument by the same operators.

Additionally a JOEL JSM-7600F field emission SEM, JEOL Ltd., Akishima, Japan as well
as a Hitachi TM-1000, Hitachi High-Technologies Corporation, Minato-ku, Japan is used
for some of the SEM analysis.

2.2.5 Raman and photoluminescence spectroscopy
A Horiba Jobin Yvon Labram HR800 instrument, Horiba Ltd, Kyoto, Japan, with a CCD
detection system is used for Raman spectroscopy measurements. As excitation source a
green laser (532 nm) is utilized, adjusted with spectral neutral grey filters to a light
intensity of around 2.8 mW.

The same system and excitation source is used for photoluminescence (PL)
spectroscopy, with an exposure time of three seconds. The detection range is set to be
between 1.1 eV and 1.8 eV.

2.2.6 Electroluminescence
Electroluminescence (EL) spectra measurements are carried out with applied voltages
between 1.2V and 2V and floating currents. The EL emission is detected by the CCD
detection system from the Horiba Jobin Yvon Labram HR800 instrument between
1.1 eV and 1.8 eV. The accumulation time is set to 30 seconds.

For the EL imaging an Andor iKon M camera, Oxford Instruments plc, Abingdon, UK is
utilized. The measurements are conducted with a current density of 200 mA/cm? and an
accumulation time of 30 seconds.

2.2.7 X-ray photoelectron spectrometry

The elemental composition of the Kesterite samples are studied by Kratos AXIS Ultra DLD
X-ray photoelectron spectrometer using a monochromatic Al Ka X-ray source at 150W.
The detailed XPS spectra of core levels are recorded at 20eV pass energy using the
aperture slot of 300x700um. The surface composition is determined from the detailed
spectra of the Zn 2p, Cu 2p, and Sn 3d. The relative atomic concentrations are
determined from the appropriate core level integrated peak areas and sensitivity factors
provided by the Kratos analysis software Vision 2.2.10. The measurements are conducted
by Dr. Mati Danilson, TalTech.

2.2.8 Optical microscopy
Optical microscope images are taken with a Nikon SMZ 745T optical microscope, Nikon
Corporation, Tokyo, Japan.

2.2.9 Kelvin Probe measurements

Workfunction measurements are conducted with a scanning Kelvin probe measurement
system, KP Technology Ltd., Wick, UK. The measurements are conducted with a gold
probe at ambient conditions.
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In Table 1 below all produced and investigated samples are shown, with a summary
of some material parameters and the analysis methods which are used for the
investigations presented in this thesis.

Table 1 Summary of investigated samples in this thesis.

sample name S:Se ratio | av. grain size (range) analysis papers
[a.u.] [um] methods

sample 1 4:1 69 (63-75) i/V, SEM, LBIC,

sample 2a 4:1 85 (80-90) PL, EL, Raman, [, 1l

sample 2b 4:1 85 (80-90) transmittance

record 3:2 72 (63-80) i/V, LBIC I

CZTS semi-stable 1:0 68 (56-80) '

CZTS unstable 10 68 (56-80) ‘Fft/ SSEAL)QTCS iy

CZTSSe semi-stable 4:1 68 (56-80) EBIC, KP

CZTSSe unstable 4:1 68 (56-80)
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3 Results and discussion

3.1 Development of new analysis methods of spatially resolved
photocurrent measurements

The production of PV-devices with Kesterite monograins result in semi-transparent MGLs
since the monograins do not cover the whole total area and leave empty spaces between
the grains. This semi-transparency is seen in Figure 4, where the transmittance of a MGL
and an empty polymer layer is shown. While the transmittance of the polymer layer is
wavelength independent at around 95%, the MGL shows a transmission between 13 %
and 14% in the wavelength range 350 nm to around 880 nm, as indicated by the tilted
straight dashed line. 880 nm (1.41 eV) corresponds to the bandgap, this is why the
transmittance is increased from this wavelength on to higher wavelengths.
This uncovered area between the grains is an inactive area during j/V measurements of
PV-devices and thus reduces the derived jsc. However it also provides the possibility to
make a device or module semi-transparent.
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Figure 4 Transmission measurements of a MGL sample and of an empty polymer layer.
The tilted dashed vertical line indicates the bandgap.

Although empty spaces between the monograins is the major reason for the reduction
of active area which contributes to the current generation, also grains or part of grains
can be inactive. This can be the case due to a missing front or back contact. This can be
seen in Figure 5, where in part (a) on the left a constructed image of LBIC measurement
data, in part (b) in the middle a superposition of LBIC and SEM image and in part (c) on
the right a superposition of LBIC and transmission image is presented. These images
represent a small area of sample 2b. From there inactive grains due to a missing back
contact are seen, indicated as example by the solid circle. Such grains give no LBIC
response but are seen in the SEM image and the transmission image. It is also possible
that grains or parts of grains are inactive due to a missing front contact. Such an inactive
part of a grain is indicated as an example by the dashed circle in Figure 5. Such parts are
covered by the electrically insulating but optically transparent polymer, that’s why they
don’t have an electric contact and do not give a LBIC response, are not visible in the SEM
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image but are visible in the transmission image. Such partially or fully inactive grains
reduce the active area and thus the current response during j/V measurements further
and can be one possible reason for a low performance of MGL photovoltaic devices.

LBIC current response [nA]

Figure 5 LBIC (a) and superposition of LBIC and SEM image (b) and LBIC and transmission
image (c) of an excerpt of sample 2b. The solid circle indicates an inactive grain without
back contact, the dashed circle a part of a grain which is inactive due to a missing front
contact.

To evaluate the LBIC response from different areas further, the LBIC measurement
values are plotted with the current value in descending order, as it is seen in Figure 6.
In this graph four distinctive areas can be defined. The “peak area” represents LBIC
measurement values from highly efficient areas, the “main active area” correspond to
the majority of the measurement response from the active area, the “border area”,
which consist of measurement points where the laser spot is just partially on the active
grain, and the “inactive area” corresponding to measurement values from areas without
absorber material or inactive absorber material. The small current response from the
inactive area is due to reflection of part of the excitation light from the inactive area to
nearby (active) grains. The peak area and the main active area can be also combined to
the “active area”, as it is done for some of the analysis later in this thesis if the distinction
between these two areas is not of significant interest.

In Figure 7 constructed images with the defined areas from the measurement data of
Figure 6 are shown. The exact position of the border area is arbitrary to a certain extent.
However, when defining 3 different border areas which differ each by a factor of
approximately 2 in Figure 6 and the corresponding images in Figure 7, it becomes visible
that border area “a” (Figure 7a) leads to an overestimation of the area due to response
values which can be clearly attributed to the inactive area. The border area “c” (Figure 7c)
on the other hand leads to a border area thickness below the laser spot size and is thus
clearly underestimated. Therefor the border area “b” (Figure 7b) represents a realistic
estimation of the width.
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Figure 6 Definition of characteristic areas of a small area of sample 1, where all
measurement points are counted with the corresponding current response in descending
order. The different definition widths of the border area are indicated as a, b and ¢ and
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Figure 7 Constructed LBIC images of the small area of sample 1 evaluated in Figure 6,
with a scale divided into characteristic areas (see text). The data correspond to the
measurement values presented in Figure 6. The units of the axis are measurement steps
with a set step width of 1um.

From these defined areas the active area ratio (AAR) can be derived by the equation
1 below, where n, is the number of measurement points of the peak area, n, the number
of measurement points of the main active area, ny is the number of measurement point
of the border area and n the total number of measurement points. The defined width of
the border area affects the AAR just to a minor extent. For the example shown in Figure 6
and Figure 7 with a big variation of the defined border area the difference of the ARR is
just 0.2 percent points. By the AAR the effects of inactive areas due to empty spaces or
inactive absorber material can be quantified.

_ Np+Nm+np/2

AAR X 100 % (1)
The width of the border area is dependent on the laser spot size as well the average
monograin size of the absorber material. The correlation of the border area and the
number of measurement points within and the utilized grain size can be explained by the
non-linear ratio of the circumference and the diameter of the grain polygons.

25



Additionally the slope of the curve as in Figure 6, consisting of measurement points of
the main active area or generalized active area, correlate to the homogeneity regarding
the current response of these areas during measurements, where a steeper slope means
amore inhomogenous current response. The homogeneity of the measured areas is best
seen in the “homogeneity plot” (current density distribution), introduced in the right part
of Figure 8 below, where the measurement data of the record CZTSSe MGL device is
presented. The main peak at high current values represent the measurement points of
the active area, while the (small) peak at low current values consist of the measurement
point of the inactive area, where the small current response comes from reflected light
onto active material. The main peak has a gaussian like shape and can be fitted with a
gaussian curve, as it is seen in the inset of the right part of Figure 8. From this curve
statistical values such as the full width at half maximum (FWHM), peak position and peak
height can be extracted. While the peak position can be correlated to the average current
response of the active area, the FWHM and peak height is a good indicator for the
homogeneity of the active area regarding the LBIC current response. The record device
shows hereby a remarkable high photocurrent homogeneity of around + 3%.
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Figure 8 Statistical analysis of the LBIC measurement data of the record device, presented
as cumulated measurement points with corresponding current response in descending
order (left) and the homogeneity plot (current density distribution) of the measured
points (right). The inset shows only the active current peak with a Gaussian fit thereof.
In the right image the black filled markers correspond to measurement points of the
active area while the grey filled markers correspond to measurement points from the
inactive area where the current is generated by reflected light.

3.2 Application of spatially resolved investigations on MGL solar cells
by means of LBIC

In Table 2 below the most important solar cell parameters, derived from j/V
measurements of three CZTSSe MGL devices, are presented. As seen there, the values of
sample 2a and 2b are lower compared to sample 1, specifically with a big difference in
jsc. To investigate, whether the much lower jsc of samples 2a and 2b is a result of a lower
packing density or inactive absorber material resulting in a lower active area, or if other
reasons can be assigned for these big differences, the analyzing method as shown in
chapter 3.1 is applied for this devices. The measured area size and number of
measurement points are the same for all three samples.
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Table 2 Solar cell parameters derived from j/V measurements of differently
efficient CZTSSe MGL devices.

sample area Voc FF jsc efficiency
[mm?] [v] [%] [mA*ecm™] [%]
sample 1 3.9 0.688 55.8 15.6 6.0
sample 2a 4.29 0.643 41.3 9.05 2.4
sample 2b 2.39 0.629 42.8 7.07 1.9

Analyzing the plotted curves of the LBIC measurement data in Figure 9, where the
measurement values are plotted in descending order and divided into active, border and
inactive area, similar as in Figure 6 or the left part of Figure 8, certain observations can
be made. The curves of sample 2a and 2b show clearly a lower LBIC current response.
The defined border areas indicate that the AAR is rather similar between sample 1 and
sample 2a while the ARR of sample 2b seems to be bigger since the border area is shifted
to the right. Additionally the width of the border area of sample 1 appears to be bigger
compared to sample 2a and 2b. The AAR and the width of the border areas (expressed
as number of measurement points of which the defined border area exists of) are
extracted and presented in Table 3. These values confirm the above mentioned
observations from the visual evaluation of the curves. A correlation between the number
of measurement points of the border area and the grain size (sample 1 consist of
monograins of smaller size, thus a wider border area can be expected) can be seen, as it
was proposed in chapter 3.1. Comparing the slopes of the curves in Figure 9, the current
response of sample 1 appears to be more homogenous compared to sample 2a and 2b.
This can be also observed in the homogeneity plot in Figure 10. The FWHM, extracted
from these homogeneity plots and presented in Table 3 confirms this, with sample 2a
and 2b having clearly higher FWHM than sample 1 and are thus more inhomogeneous
regarding the current response.
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Figure 9 Cumulative measurement points of LBIC measurements on samples 1, 2a and 2b
with indicated border areas.
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Figure 10 Homogeneity plot (current density distribution) of the LBIC current response of
samples 1, 2a and 2b. The filled symbols correspond to measurement points on the active
area of the grains, while empty markers correspond to measurement points of the
inactive area with the current being generated in the surrounding grains by reflected
light.

Table 3 Extracted parameters from the LBIC measurements of sample 1, 2a and 2b.

sample av. grain size | AAR number of meas. FWHM FWHM
[um] [%] | points of border area [nA] [%]
sample 1 69 69 7027 0.46 6
sample 2a 85 68 5333 0.65 20
sample 2b 85 75 5684 0.62 25

From the analysis of the LBIC measurements above it becomes clear that a difference
in active area, expressed as the AAR, is not the reason for the high difference in jsc of the
investigated devices. Instead the absorber material of sample 2a and 2b shows a general
lower current response, with additionally very high inhomogeneity, which are suspected
as the major cause for the reduction of the solar cell parameters, especially jsc.

3.3 Identification of reasons for inhomogeneities and performance
reducing effects

To investigate the inhomogeneity of the LBIC current response further, additional
opto-electric measurement techniques such as EL imaging and EL as well as PL spectra
measurements are employed on sample 2b. In Figure 11 a constructed LBIC image (a)
and an EL image (b) of a nearly identical area of sample 2b are shown. While in both
images a high degree of inhomogeneity can be observed, the LBIC response is inversely
correlated with the EL response. Grains or areas of grains with high LBIC response show
a low EL response, and vice versa. Examples for such grains are given in Figure 11,
indicated by dashed circles and named grain A (high LBIC, low EL) and grain B (low LBIC,
high EL) respectively.
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Figure 11 LBIC (a) and EL (b) image of sample 2b. PL and EL spectra of specific grains
indicated by dashed circles are seen in Figure 12.

From the same grains (grains A and B) as indicated in Figure 11, EL and PL spectra
measurements are conducted, which are seen in Figure 12. From there a direct
correlation between PL and EL response is visible, where grain A shows a lower EL and
PL response (seen from the peak height) compared to grain B. The shape of the peaks,
which are broad and unsymmetrical, indicate different emission energies, however look
similar for grain A as well for grain B. It is clearly visible, that the peak position of the EL
emission is at lower energies compared to the peak position of the PL emission. It is
reported in literature, that an ordering-disordering effect can cause a peak shift for PL
spectra measurements, with more ordering of CZTS leads to higher emission energies
[140, 141]. However, grain A as well grain B show similar peak positions, either at higher
energies (PL) or lower energies (EL), which does not support a different degree of
ordering. The difference of the emission energies between PL and EL measurements can
be explained by the fact that the photon flux intensity during PL measurements was
around four orders of magnitude higher than the average current density during EL
measurements. Such intensity dependent emission energy shifts are also reported in
literature for PL measurements [141, 142].
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Figure 12 PL and EL spectra of grains of sample 2b indicated by the circles given in
Figure 11.

Both grains are investigated by Raman spectroscopy, where the spectra are seen in
Figure 13. The spectra from both grains look very similar, with clear peaks, which can be
attributed to CZTSSe and are indicated in the Figure. It has to be mentioned, that the
Raman measurements are conducted on fully functional PV-devices with additional
layers on top of CZTSSe such as CdS and TCO as described in the experimental part, thus
small additional responses beside the ones from CZTSSe can be attributed to this
additional layers.
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Figure 13 Raman spectra of grain A and grain B of sample 2b. The two measured grains
are seen and indicated by dashed circles in Figure 11 and are analyzed by PL and EL
spectra in Figure 12. The indicated peak positions in the Raman spectra correspond to
CZTSSe.

In addition to whole grains which show a big difference in LBIC response and EL and
PL emission, some grains show a distictive pattern in LBIC and EL images. Such a grain is
displayed in Figure 14, where in part (a) a SEM image is presented, which shows the grain
with certain planes. These planes can be also identified in the EL image (Figure 14b) and
LBIC images (Figures 14c and 14d) due to their difference in response.
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As already observed before, the LBIC and EL response is inveresely correlated, with areas
which show high LBIC have low EL response and vice versa. While the LBIC image in
Figure 14c is constructed from measurement data where the excitation laser beam is
perpendicular to the sample, the sample was tilted around 18° in Figure 14d. This leads
to the conclusion that the different measurement response of the different planes is not
due to their orientation towards the laserbeam and is incident angle independent.
From three different spots (spot C, D and E) on the analysed grain, which are indicated in
Figure 14a as dashed circles, PL and EL spectra measurements are conducted, which are
seen in Figure 15. From these spectra measurements the same observations can be made
as for the spectra in Figure 12. From this it can be concluded that the reasons for the
inhomogenous response of all three opto-electric measurement techniques as well as
the invers correlation between LBIC and EL respectively PL signal is the same, whether
they appear on full grains or just certain parts or planes of the monograins.
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Figure 14 SEM (a), EL (b) and LBIC (c,d) images of one grain of sample 2b. In image (c) the
LBIC scanning was conducted with the laser perpendicular to the membrane surface while
in (d) the sample surface to the laser was tilted by around 18°. The dashed circles in (a)
indicate the measurement spots where EL and PL spectra measurements are conducted
(Figure 15).
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Figure 15 PL and EL spectra measurements of certain areas on the grain seen in Figure 14
as indicated by the dashed circles in Figure 14 a.

The results of the LBIC photocurrent measurements showing an inverse correlation
with the EL and PL measurement data as well as the high inhomogeneity of the response
for different areas can be explained by assuming a difference in the
p-n-junction barrier height. The barrier height hereby correlates with the electric field,
where a high barrier correlates to a strong and wide electric field and correspondingly a
low barrier to a weaker and smaller electric field. Low barrier heights of grains or areas
of grains lead to an insufficient charge carrier separation, which subsequently results in
a low LBIC signal as well as a high recombination and thus a high PL result. Grains or areas
of grains with a high barrier height on the other hand and a corresponding effective
charge carrier separation lead to a high LBIC signal. At the same time the radiative
recombination rate is reduced, resulting in a low PL signal. During EL measurements, the
voltage is applied over the whole area. This results in variances in current flow densities.
Where at grains or areas of grains with a low barrier a higher current is flowing, which is
mainly limited by the Ohmic resistance of the materials involved, areas with a high barrier
lead to a lower current flow. The higher current density flux at materials with low
barriers, leads to a higher radiative recombination rate and therefor higher EL signal.
Therefore we propose that the invers correlation between LBIC and luminescence
(PL and EL) response is the result of the mentioned difference in barrier heights and the
corresponding electric field and p-n-junction.

In Figure 16, the integrated EL spectrum response, measured at different applied
voltages between 1.2 V and 2 V from the same two grains indicated by dashed circles in
Figure 11 is shown. From there it is seen that the integrated EL response of grain A (high
LBIC, low EL and PL) is increasing slowly and non-linear with increasing voltage. Grain B
(low LBIC, high EL and PL) on the other hand is increasing fast and nearly linearly with
increasing voltage. This indicates that the current flow in grain A is limited by a high
barrier (good p-n-junction, strong and wide electric field), while the current flow of grain
B is bigger due to the lower barrier and just limited by the Ohmic resistance. These results
clearly support the above proposed mechanism.
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spectra.

3.4 Utilization of spatially resolved and integrated opto-electrical
measurements for the identification of ageing processes

The stability of MGL solar cells is of great importance for a successful industrial
implementation of this technology. To investigate and identify ageing or degradation
mechanism, several investigation techniques are applied. For this work 4 different
powders are analyzed. The solar cell parameters derived from j/V measurements are
presented in Figure 17 for two pure sulfide powders, before (0h) and after degradation
(8.5h and 95.5h). For both investigated samples a decrease in efficiency is noticeable with
increasing degradation duration, however one is degrading stronger than the other.
Therefor the samples are named “CZTS unstable” and “CZTS semi-stable” respectively.
Comparing the solar cell parameters it shows that Vo, fill factor (FF) and jsc are
decreasing very significantly for the unstable device. The semi-stable device on the other
hand shows also a decrease in FF but to a smaller extent, while jsc does not change much
and Voc is even increasing by a small amount. The increase of Voc can be explained mostly
by an ordering-disordering effect, as will be discussed later. The reduction of the FF and
to a certain extent also jsc is partially related to the change of the series resistance (Rs).
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This change of Rs is very pronounced, with a very strong increase for the unstable sample
and a smaller but still significant increase for the semi-stable device.

Similar observations, however to a lesser extent, can be made for the two
sulfur-selenide samples which are investigated and where the solar cell parameters are
shown in Figure 18. These two samples with their difference in change of the conversion
efficiency upon ageing or degradation are named consequently “CZTSSe unstable” and
“CZTSSe semi-stable”.
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Figure 17 Solar cell parameters of CZTS samples after different times of degradation.
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Figure 18 Solar cell parameters of CZTSSe samples after different times of degradation.

The j/V measurement data of all investigated samples is shown in Figure 19.
The change in solar cell parameters can be also observed from there. Additionally a
non-Ohmic barrier, opposite to the p-n-junction becomes visible during degradation,
most notable for the unstable CZTS device after 8.5 hours of degradation.
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Figure 19 j/V measurements of CZTS samples after different times of degradation.
The inset shows the j/V curves of the CZTSSe samples, with the same legend as for the
CZTS samples.

To investigate the observed barrier in the j/V curves from Figure 19, devices with
abraded grains and graphite contacts on the front and back side were manufactured,
as described in the experimental part. These devices, named C-CZTS-C and C-CZTSSe-C
are analyzed by j/V measurements. In Figure 20, the results of these measurements for
the unstable CZTS device are shown. From there it is seen, that the j/V curve of the fresh
(0 h) sample shows a nearly linear (Ohmic) behavior, while after 8.5 hours of degradation
a very strong nonlinear curve (non-Ohmic behavior) can be observed. After further
degradation however, at 95.5 hours, the curve shows again a very strong linear, Ohmic
behavior, with an even higher current flow compared to the fresh sample before
degradation. These results show clearly the formation of a barrier which is built up during
the first few hours of degradation. This barrier is however just temporary.
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Figure 20 j/V measurements of the C-CZTS-C sample, made from unstable CZTS
monograins after 0, 8.5 and 95.5 hours of degradation.
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To analyze and compare the above observed temporary formation of the non-Ohmic
barrier for all samples, the resistance, extracted from the slope of the j/V curves of the
C-Kesterite-C samples at 0.1 V of the applied voltage, is shown for several degradation
durations in Figure 21. In there it is seen that both CZTS samples show a sharp increase
in resistance at the beginning of the degradation. However, the increase of the resistance
is smaller for the semi-stable sample compared to the unstable sample. Furthermore, for
both samples, unstable as well as semi-stable CZTS, the resistance decreases significantly
again after further degradation, reaching values below the initial ones. A similar change
of the resistance can be observed for the unstable CZTSSe device, but with prolonged
degradation the reduction of the resistance is not so pronounced anymore, ending up at
similar and comparable values than the initial resistance before degradation. In contrast
to that, the resistance of the semi-stable C-CZTSSe-C sample does show just a minor
change.

Since the measured j/V curves are partially strongly non-linear, the extracted
resistance is voltage dependent. To account for this, the “linearity” is additionally
extracted and shown in Figure 22. In here, the linearity is defined by the ratio of the
resistance extracted at 0.9 V to the resistance at 0.1 V. Therefor the smaller the linearity
value, the more non-linear respectively non-Ohmic is the measured j/V curve, with a
value of 1 meaning a linear curve and an Ohmic resistance. Comparing the resistance
values in Figure 21 and the linearity values in Figure 22, a clear correlation can be
observed, where high resistance values correspond to small linearity values and vice
versa. From this correlation it becomes clear that the increase respectively the change in
resistance is mainly caused by the seen temporary barrier.
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Figure 21 Resistances of C-CZTS-C and C-CZTSSe-C samples derived from the j/V
measurements of these samples at 0.1V, different degradation durations.
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Figure 22 Linearity values of C-CZTS-C and C-CZTSSe-C samples, derived from the ratio of
the resistance at 0.9V and 0.1V (see also text).

Since the temporary barrier is observed in C-Kesterites-C samples, it can be assumed
that this barrier is caused by a change of the graphite-absorber interface. To evaluate
this, surface sensitive XPS measurements are conducted at the polished backside of fresh
(0h) and degraded samples (8.5 h and 95.5 h). For each measurement, separate samples
are made, with identical powder and production process but with different degradation
durations. The measured copper concentration, copper to zinc plus tin ratio with
additionally the normalized Rs and efficiency of the solar cell parameters are shown in
Table 4. From there a significant reduction of the copper concentration for the unstable
CZTS and CZTSSe samples can be noticed, while for the semi-stable materials the copper
depletion is less (for CZTS) or even no significant change can be observed (for CZTSSe).
Similar changes during degradation can be observed from normalized the Cu to Zn plus
Sn ratio, where the unstable absorber material shows a higher change than the
semi-stable material. In addition, the change in copper concentration correlates very well
with the change in the series resistance of the PV-devices, as seen from the normalized
Rs value in Table 4. From these measurement results it can be concluded that the copper
depletion at the surface of the Kesterite material on the backside and thus at the
interface to the graphite back contact is the major reason for the formation of the
temporary barrier observed earlier. With further copper reduction however, the barrier
is vanishing again and a very low resistive Ohmic contact is formed again.
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Table 4 XPS measurement results of the copper concentration in atomic percent and the
normalized copper to zinc plus tin ratio measured at the back side of the samples at
different degradation stages, with the efficiency and normalized Rs of the corresponding
samples derived from the j/V measurements.

sample deg. duration | efficiency | Cuconc. | Cu/(Zn+Sn) | norm. R,
[h] [%] [at%] [a.u.] [a.u.]
CZTS unstable 0 5.41 14.6 1.00 1.00
CZTS unstable 8.5 1.31 101 0.73 38.9
CZTS unstable 95.5 0.16 9.1 0.58 70.0
CZTS semi-stable 0 5.44 13.1 1.00 1.00
CZTS semi-stable 8.5 5.60 11.0 0.82 211
CZTS semi-stable 95.5 3.67 10.3 0.67 12.9
CZTSSe unstable 0 5.94 14.3 1.00 1.00
CZTSSe unstable 8.5 4.51 10.3 0.75 1.62
CZTSSe unstable 95.5 0.93 9.8 0.72 11.2
CZTSSe semi-stable 0 6.08 11.5 1.00 1.00
CZTSSe semi-stable 8.5 4.72 13.0 1.04 1.26
CZTSSe semi-stable 95.5 3.98 12.0 1.00 1.60

The formation of the temporary barrier at the graphite-absorber interface,
presumably caused by the changed copper concentration, should correlate with a change
in the energy bands and band alignments respectively. Degradation experiments with
and without the presence of the graphite back contact as well carefully removing the
graphite back contact material after degradation and painting a fresh contact does not
result in major changes in the jV measurement results, thus it is concluded that the
proposed change in energy bands and band alignment is just related to the absorber
material. In order to evaluate this change, KP measurements are conducted on the
abraded backside of devices, where the front side is connected with graphite paste
(similar as the C-Kesterites-C samples but without graphite on the backside, thus forming
an absorber-graphite structure). The results of the KP measurements can be seen in
Figure 23. In there, the inset shows the workfunction difference to the gold probe after
fresh abrasion of the backside over time. The measured workfunction difference is
decreasing over time, but reaching a stabilized value after a few days of storage in
ambient conditions, after which the values for “0 hours degradation” are measured.
This change of the workfunction directly after the fresh abrasion can be attributed to
oxidation processes of the very surface. The workfunction difference is not changing
significantly anymore with degradation at elevated temperature (105°C). Since KP
measurements are very surface sensitive, the oxidized surface dominates the
measurement response and the attempted measurements of the change of the
workfunction of the absorber material due to the degradation respectively copper
diffusion is unsuccessful.
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Figure 23 Kelvin Probe measurements on unstable and semi-stable CZTS and CZTSSe
devices at different degradation stages.

Despite that the change in copper concentration and the related copper diffusion is
measured on the surface of the backside, it shows the high mobility of copper at the
applied degradation conditions. Therefore it can be assumed that also on the front side
copper is diffusing. It is well known from literature [143, 144], that copper doping of CdS
leads to photoconductivity with a high dark resistivity. Additionally it was reported in
[145] that copper doping of CdS leads to recombination centers and therefore to
increased recombination close to the p-n-junction with an ultimately reduced FF. These
effects are the most likely reason for the observed increased resistance of the MGL
PV-devices upon ageing as well the reduction of the solar cell parameters, especially FF.

Due to the increased recombination rate upon ageing, also a reduction of Voc can be
expected. This can be observed for the unstable CZTS and CZTSSe devices and to a smaller
extent for the semi-stable CZTSSe sample, while for the semi-stable CZTS device Voc is
even increasing (compare Figure 17 and 18). Analyzing all samples at different
degradation durations by means of PL, as seen in Figure 24 for the CZTS samples and
Figure 25 for the CZTSSe samples, it can be noticed that for the CZTS devices the PL
response is increasing and a shift of the peak towards higher energy is noticeable.
The peak shift between the fresh and 95.5 hours degraded sample is approximately
100 meV. The change of the peak height and shift can be partially explained by the
increased resistance upon ageing and thus an increased recombination as already
observed before and described in paper Il. A measurement with lower excitation light
intensity by approximately one order of magnitude however leads just to a shift of the
peak to lower energy values by just approximately 20 meV. The main reason for the peak
shift can be attributed to an ordering-disordering process upon ageing, with more
ordering corresponds to a peak position at higher energies. Such ordering-disordering
related shifts of the PL peaks are in accordance with earlier published results [140],
where a temperature treatment of CZTS monograins for 4 hours at 150°C led to a similar
peak shift. The proposed ordering of the CZTS upon degradation explains the increase of
Voc for the semi-stable sample, while for the unstable CZTS sample the Voc reducing
effect of the degradation is already dominating, leading to a reduction of Voc. For the
CZTSSe samples however, no major PL peak shift can be observed upon ageing as seen
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in Figure 25, hence it can be concluded that degradation does not lead to a major
ordering of the absorber material in these samples. Therefor no increase of Vo, but a
degradation related reduction to different degrees can be observed.
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Figure 24 PL response of the semi-stable and unstable CZTS PV-devices without and after
8.5 and 95.5 hours of degradation.
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Figure 25 PL response of the semi-stable and unstable CZTSSe PV-devices without and
after 8.5 and 95.5 hours of degradation.

Degradation can lead to a reduction of jsc, as seen in Figures 17 and 18. Hence a
detailed and spatially resolved high resolution investigation of the change in
photocurrent response is conducted. Since the reduction of jsc upon degradation is
highest for the unstable CZTS samples, this material is chosen for further investigations.
To analyze the local photocurrent distribution of different grains and areas of grains of a
device, LBIC measurements are conducted of the same unstable CZTS sample at different
degradation durations, which allows an analysis of each single grain. The results of these
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measurements are seen in Figure 26. In Figure 26 a the photocurrent response of the
fresh sample is displayed, which shows a very homogenous current distribution. After
degrading the sample for 8.5 hours (Figure 26 b), the majority of the grains show an
inhomogeneous reduction of the photocurrent, while some grains show even an
increase. With further degradation for 95.5 hours (Figure 26 c), the current response for
all grains is very weak, even for the grains which show an increased current response
after 8.5 hours.
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Figure 26 LBIC results of unstable fresh (0 h, a), medium aged (8.5 h, b) and most aged
(95.5 h, c) CZTS photovoltaic devices.

The change in homogeneity becomes very clear when analyzing the LBIC data in the
homogeneity plot, as seen in Figure 27. For a description on how such homogeneity plots
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can be evaluated and which information and interpretation can be drawn, the reader is
referred to Figure 8 and the related description in the text. As can be seen in Figure 27,
while the highest current values between the fresh (0 hours) and 8.5 hours degraded
samples are in a very similar range, the peak width, which corresponds to the
homogeneity of the LBIC response, is widening for the sample after 8.5 hours of
degradation compared to the fresh sample. Due to the very weak current response for
the 95.5 hours degraded sample, the peak of the active area and the peak of the inactive
area are very close at low current values and nearly no distinction between these two

peaks is possible anymore.
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Figure 27 Homogeneity plot of the differently degraded unstable CZTS samples.

The local current generation in the absorber material is investigated by means of
cross-section EBIC measurements. In Figure 28 an overview with low magnification
(2000x) of such a measurement of a fresh sample is shown. The right side of the figure
displays the SEM image of the cross-section sample, by the use of the secondary electron
detector. It shows two grains, with the front sealing polymer right side handed of these
grains. Small metal parts are embedded into this sealing polymer to reduce charging
effects. On the left side of Figure 28 the corresponding EBIC image is seen.
It shows the EBIC signal, which follows the shape of the grains seen in the SEM image and
thus the interface of CZTS-CdS-TCO.

Figure 28 EBIC signal of two CZTS grains (left) and the SEM picture of those (right).
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Figure 29 EBIC (a), superimposed EBIC on SEM (b) and SEM (c) pictures of fresh (1), 8.5 h
degradation (2) and 95.5 h degradation (3) CZTS solar cell.

In Figure 29 high magnification (100 000x) EBIC (1a - 3a), SEM (1c - 3c) and
superimposed EBIC on SEM (1b — 3b) images are shown for the fresh (0 h, 1a — 1c),
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medium aged (8.5 h, 2a-2c) and most aged (95.5 h, 3a — 3c) samples. The fresh sample
hereby shows a strong but narrow EBIC signal close to the CZTS-CdS interface. After 8.5
hours of degradation the EBIC response close to the interface is weakening and a second
area, deeper in the bulk shows a signal. After further degradation (95.5 hours) the
response close to the interface vanishes completely, while the response deeper in the
bulk remains.

The appearance of the EBIC signal towards the CZTS-CdS interface is best seen in the
normalized EBIC profiles seen in Figure 30. From there again the pronounced narrow EBIC
peak close to the interface is seen, the double peak after 8.5 hours of degradation and
the rather broad single peak deeper in the bulk of the sample after 95.5 hours of
degradation.
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Figure 30 Normalized EBIC signal of CZTS of fresh (solid), 8.5 h degradation (dotted) and
95.5 h degradation (solid-dash).

The behavior of the change of the current response can be explained by the diffusion
of the copper ions as proposed before. Copper in CdS causes strong recombination
centers, an effect even used in photodetectors [11, 146]. Under dark conditions, this
increases the resistance of the CdS, while under illumination the recombination centers
lead to a low life time and high recombination rate of generated charge carriers in the
CdS. For the measurements of the fresh, undegraded samples, without a major copper
concentration in the CdS and the related recombination centers, the charge carrier
collection stems predominantly from close the interface. The exact width of the space
charge region (SCR) is still under investigation, however it can be assumed that it is wider
than the seen peak for the fresh sample in Figure 30 and also charge carriers generated
deeper in the bulk are collected to a minor extent, however since the signal close to the
interface is strong, which requires a low EBIC current amplification, these charge carriers
originating deeper in the bulk are not seen in the EBIC images or profiles in Figure 29 and
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30. Upon degradation (e.g. after 8.5 hours) with a diffusion of copper into the CdS and
the related generation of recombination centers, charge carriers which are generated
close to the CdS (up to around 300 nm) and therefore are able to diffuse into the CdS,
are recombining, hence the EBIC signal in this area is reduced. On the other hand,
electron-hole pairs generated deeper in the bulk are separated by the electric field.
Thereby the majority carriers (holes) do not diffuse in a sufficient amount into the CdS
anymore, which reduces the recombination and the charge carriers can be extracted.
Due to the smaller absolute signal strength, the current amplification has to be increased,
which makes the charge carrier collection deeper in the bulk visible. From these results,
also a diffusion length of around 300 nm can be estimated. With further degradation
(e.g. after 95.5 hours) and increased copper diffusion and therefore recombination in the
CdS the collection of charge carriers generated close to the CdS is very low and thus the
EBIC signal is disappearing, while the signal from deeper in the bulk, where charge
carriers are still collected, remains.

The above mentioned degradation related effects which lead to a change in current
generation during EBIC measurements can be also observed from EQE measurements,
which are seen in Figure 31 for the fresh (0 h) and degraded (8.5 h and 95.5 h) devices.
Comparing the EQE response of the 8.5 hours degraded with the fresh sample,
a reduction of the response in the short wavelength range (around 350 nm to 600 nm)
can be noticed, while the response in the wavelength range higher than approximately
600 nm up to the bandgap is increasing. With further degradation (95.5 hours) the EQE
response is decreasing over the whole wavelength range, however also here the
reduction for the high energy excitation light is bigger compared to the low energy light.
It has to be mentioned, that the reduction of the EQE response upon ageing is less
compared to the reduction of the jsc derived from the j/V measurements. The reason for
the difference of EQE response and jsc can be found in the difference in excitation light
intensity, which is for the EQE measurements approximately by the factor 1000 lower
compared to the light intensity during j/V measurements. Since high energy light is
absorbed closer to the CZTS-CdS interface relatively compared to the low energy light,
which penetrates the absorber layer also deeper into the bulk, the related charge carrier
generation from the high energy light is effected more by the recombination centers in
the CdS than the charge carriers generated by the low energy light deeper in the bulk,
similar as discussed for the EBIC measurements. This explains the EQE measurement
results and as well supports the above proposed mechanism about the effect of copper
diffusion and the correlated recombination effects during degradation of the CZTS
samples.
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Figure 31 EQE measurements of the unstable CZTS PV-device, fresh and degraded for
8.5 and 95.5 hours.
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4 Conclusions

Based on the aims of this study different questions and topics regarding the behavior of
Kesterite MGL solar cells are analyzed. To achieve this, the devices are intensively
investigated by different opto-electrical and spatially resolved analysis methods.
The main outcomes of these investigations are:

Spatially resolved investigations of MGL solar cells by means of LBIC allow the
definition of certain areas such as the active area, border area and inactive area.
The active area hereby can be further analyzed statistically to get information
about the local photocurrent homogeneity and thereby the quality of the
powder material used.

By the ratio of the active area to the total area, the so called Active Area Ratio
(AAR) can be evaluated. Attributing the photocurrent only to the active area,
the “material efficiency” can be determined, which better characterizes the
quality of the Kesterite material and its junctions eliminating density variations
of the powder layer. For the record CZTSSe MGL device (certified cell efficiency
9.5 %) the material efficiency is in the range of the best thin film devices at
around 12%.

A combination of LBIC measurements with optical transmission and SEM
imaging, allows determining the reason for inactive areas. Three different
possibilities can be observed: inactive areas due to missing of absorber material
(i.e. gaps between monograins, the majority of the inactive area), a missing
front contact due to (mainly partial) coverage of monograins by electrically
insulating polymer or, a missing back contact (e.g. due to insufficient opening or
abrasion on the backside).

The developed LBIC analysis is used for devices with different solar cell
parameters, with an especially big difference in jsc (sample 1, 2a and 2b).
Thereby it is shown that the reason for the reduced jsc in the worse performing
samples (sample 2a and 2b) is not due to a difference in active area (as initially
assumed). It results from a generally lower and a wider distribution of the
photocurrent coming from the active area.

By combining different opto-electrical measurement techniques such as LBIC,
EL imaging and spectra and PL spectra measurements, the reason for the lower
and inhomogeneous current response can be determined. An inverse
correlation of the LBIC on the one hand and the PL and EL responses on the
other hand can be observed. High LBIC corresponds to low EL and PL and vice
versa. This can be attributed to differences in the p-n-junction and therefore
related different barrier heights.

Ageing or degradation investigations on CZTS and CZTSSe show highly different
stabilities of samples. Two main degradation processes are identified. One is
short termed and temporary back side degradation with a non-Ohmic barrier
built up. The second is a long term permanent front side degradation leading to
an increase of resistance and recombination.

Copper diffusion processes are identified. Copper in CdS leads to an increase of
the resistance, effective charge carrier recombination processes and
pronounced photocurrent effects. All three are observed in aged or degraded
devices.
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Cross-section EBIC measurements show a change of the photocurrent profile
close to the CZTS-CdS interface with ageing time. It can be explained by
progressive diffusion of copper into CdS upon ageing leading to an increase of
recombination. Close to the interface, minority and majority charge carriers
reach the CdS and recombine. Whereas majority carriers from deeper in the
bulk will not reach the CdS anymore so that the photocurrent generated there
is less affected. EQE measurements support this proposed mechanism.
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Abstract
Spatially Resolved Opto-electronical Investigations of
Monograin Layer Solar Cells

Photovoltaics is expected to play a major role in the future energy systems worldwide.
The pentanary p-type semiconductor material Cu;ZnSn(S«Sei1)s, due to the preferably
formed crystal structure also called Kesterite, is believed to be a suitable absorber
material for photovoltaic applications. It utilizes earth abundant and non-toxic raw
materials and has additional advantages such as a direct bandgap which can be tuned by
the S:Se ratio, a high absorption coefficient, and a low temperature coefficient. Therefor
Kesterites can possibly substitute other commercially utilized absorber materials such as
CdTe and CIGS, which employ scarce metals such as Te, In or Ga.

Photovoltaic devices with Kesterites as absorber material are mainly manufactured by
conventional thin film techniques such as sputtering, co-evaporation, spray-pyrolysis and
other solution based processes. In this thesis material and devices produced in a so-called
monograin technology are investigated. For this technology, Kesterite powders
consisting of grains with diameters of several ten micrometers are synthesized. After
coating their surface with an n-type semiconductor material such as CdS, every crystal
has a fully functional p-n-junction. This approach as developed in crystalsol OU in Tallinn,
Estonia, yields a high quality product, which can be further utilized in various module
production manufacturing processes. As an example an industrial and cost effective
roll-to-roll (R2R) process for producing modules was developed in crystalsol GmbH in
Vienna, Austria. A pilot R2R manufacturing line using Tallinn’s Kesterite monograin
powder is in operation here.

Research in recent years led to continuous improvement of the Kesterite material.
For conventional thin film technologies a conversion efficiency of 12.6 % was reported in
the literature. A crystalsol solar cell was certified in a calibration lab with a conversion
efficiency of 9.5 % utilizing crystalsol’s Kesterite monograins. Due to their
semi-transparent membrane structure the “material efficiency” can be calculated to be
around 12 %. However, these efficiencies are still much lower than those obtained from
devices employing CdTe or CIGS as absorber materials, for which efficiencies up to
22.1 % and 22.9 % are reported, respectively.

Another important parameter is the long-term stability of the materials and cells.
Stability values and related degradation processes of the Kesterites are poorly covered
in literature. However, long term stability is crucial for a successful market
implementation of the Kesterite technology in photovoltaics.

This thesis describes the development of new methodologies for investigating
Kesterite monograin layer (MGL) devices by different spatially resolved opto-electrical
analysis techniques. The focus hereby lies on methods such a light beam induced current,
electron beam induced current and electroluminescence imaging. By utilizing these
techniques in combination with various complementary investigation techniques such as
current-voltage analysis, photoluminescence, external quantum efficiency, scanning
electron microscopy, transmission measurements, X-ray photoelectron spectrometry,
Kelvin probe and Raman measurements, performance reducing effects of Kesterite MGL
devices are investigated and analyzed. The analysis of ageing processes and their
mechanisms of the devices is another focus of this work.

The results obtained show that the determination of the real electrically active area
and the identification of its reduction within a MGL device is important for a correct
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evaluation of the material performance. Additionally it is revealed that inhomogeneities
in the monograins can be one major reason for the reduction of device performances.
A difference in the p-n-junction formation and related barrier height fluctuations were
identified as such inhomogeneities. Investigations on differently aged samples with
different Kesterite absorber materials led to the identification of a diffusion mechanism
involved in ageing processes of unstable Kesterite solar cells. It was found that copper
diffusion plays a crucial role in these processes.

The presented and discussed results contribute to further understanding and
improvement of Kesterite solar cells and shows possibilities of quality control for
photovoltaic device manufacturing, also in post-production steps. The investigation of
ageing and the proposed mechanism build a foundation for further investigations of this
topic for all Kesterite solar cells, also including thin film technologies, and even for other
photovoltaic materials and solar cell types.
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Kokkuvote
Monoteraliste pdikesepatareide ruumilise lahutusega

optoelektroonsed uuringud

Paikesepatareidele on energiasisteemide tulevikus suured ootused ja seda
Glemaailmselt. Mitmekomponentset p-tlilpi pooljuhtmaterjali, CuZnSn(S.Sei-x)s,
peetakse sobivaks absorbermaterjaliks paikesepatareides tanu tema sobivale
kristallstruktuurile, mida kutsutakse ka kesteriidiks. See materjal koosneb maakoores
killuslikult leiduvatest ja mittetoksislistest lahtematerjalidest, lisaks on tal sellised
sobivad omadused nagu otsene keelutsoon, mille laiust on vdimalik muuta varieerides
S:Se suhet, suur neeldumiskoefitsient ja vaike temperatuurikoefitsient. Seet&ttu vdiks
kesteriidiga asendada selliseid senituntud ja kasutatud absorbermaterjale nagu CdTe ja
CIGS, mille koostises on harvaesinevaid metalle nagu Te, In ja Ga.

Enamjaolt on kesteriitsetest absorbermaterjalidest valmistatud péikesepatareid
toodetud dldtuntud Ghukeste kilede valmistamise tehnikatega nagu tolmustamine,
koos-aurustamine, pihustuspiroliilis ning muude lahuseliste protsessidega. Kdesolevas
doktorit6ds uuritavad materjalid ja paikesepatareid on valmistatud nn monotera
tehnoloogiat kasutades. Selle tehnoloogia tarvis on silinteesitud kesteriitne pulber, mis
koosneb mitmekimne mikromeetri diameetriga teradest. Peale p-tiilipi terade pinna
katmist Uhtlase n-tlilipi pooljuhtmaterjalist kilega, nagu CdS, on igal teral to6tav p-n
Gleminek. Selline ldhenemine on vialja tootatud Eestis, Tallinnas asuvas firmas
00U crystalsol, tulemuseks on hea kvaliteediga toode, mida saab hiljem kasutada
erinevates paikesepaneelide tootmisprotsessides. Nditeks arendati selle tehnoloogia
baasil Austrias, Viinis asuvas GmbH crystalsolis, toostuslik ja tasuv ,roll-to-roll”
printimisliin paikesepatarei moodulite tootmiseks. See piloot-tootmisliin kasutab
Tallinnas valmistatud kesteriidipulbrit.

Viimastel aastatel aset leidnud uuringud on taganud kesteriitse materjali pideva
arengu. Uldtuntud 8hukesekilelise tehnoloogia baasil valmistatud piikesepatareid on
saavutanud 12.6 % suuruse kasuteguri. Crystalsoli poolt valmistatud kesteriidist
monoteradest paikesepatareil moddeti rahvusvahelises kalibreerimislaboratooriumis
9.5 % kasuteguriks. Kuna monoterakihiline pdikesepatarei on osaliselt ldbipaistev ja
membraan on kaetud vaid osaliselt absorbermaterjaliga, siis saame materjali enda
kasuteguriks umbes 12 %. Sellegipoolest on need kasuteguri vadrtused margatavalt
madalamad CdTe voi CIGS paikesepatareide kasuteguritest, mis klilindivad vastavalt
22.1 % ja 22.9 % vaartusteni.

Veel on Uheks oluliseks parameetriks materjalide ning pdikesepatareide stabiilsus.
Kesteriitmaterjali stabiilsuse vaartused ja sellega seotud vananemisprotsessid on
kirjanduses seni puudulikult kajastatud. Vaatamata sellele, on patareide pikaaegne
kestvus hadavajalik kesteriitmaterjalide tehnoloogia edu tagamiseks pdikesepatarei
turul.

Kdesolevas doktoritéés kirjeldatakse uute metoodikate arendust kesteriidist
monoterakihiliste paikesepatareide uurimiseks erinevate opto-elektriliste
analliGsitehnikatega. Seega keskendutakse peamiselt taolistele meetoditele nagu
valgusvihu tekitatud vool, elektronvihu tekitatud vool ja elektroluminestsentsi
kujutamine. Kasutades neid analiilisitehnikaid koos tdiendavate uurimismeetoditega
nagu voolu-pinge anallilis, fotoluminestsents, vdline kvantefektiivsus, skaneeriv
elektronmikroskoopia, labipaistvuse md&6tmised, rontgenkiirte fotoelektronkiirte
spektromeetria, Kelvini sond ja Raman mo0Gtmised, uuriti ning analldsiti
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kesteriitmaterjalist pdikesepatarei kvaliteeti vdhendavaid effekte. Tdiendavalt on
keskendutud péikesepatareide vananemisprotsessi ning selle mehhanismide
anallisimisele.

Saadud tulemused naitavad, et tegeliku elektriliselt aktiivse pindala m&daramine ja
selle kasutamine monotera paikesepatarei parameetrite kalkuleerimiseks, on vajalikud
materjali kvaliteedi adekvaatseks hindamiseks. Samuti selgus, et ebalihtlused
monoterade kvaliteedis vGivad olla peamiseks pOhjuseks paikesepatarei kasuteguri
vahenemisel. Need ebalihtlused monotera pdikesepatareides leiti olevat peamiselt
pbhjustatud p-n Glemineku varieeruvusest piirkonniti ja sellega seotud barjdari suuruse
kdikumistest. Tanu erineval Vviisil vanandatud objektide uuringutele erinevate
kesteriitsete ~ materjalidega identifitseeriti ebastabiilsete  pdikesepatareide
vananemisprotsessist osavottev difusioonimehhanism. Leiti, et vase difusioon méngib
nendes protsessides otsustavat rolli.

Siin esitatud ja arutatud tulemused on oluliseks panuseks kesteriitsetest materjalidest
paikesepatareide mdistmiseks ning on aluseks jatkuvale parendamisele, samuti on leitud
vBimalusi pdikesepatarei tootmise ning jareltootluse kvaliteedikontrolliks. Vananemise
ning sellega seotud vdimalike mehhanismide uuringud on loonud pinnase mitte ainult
koikide kesteriitmaterjalidel baseeruvate paikesepatareide edasiste uuringute jaoks, vaid
ka 6hukese-kilelistel tehnoloogiatel baseeruvate ning miks ka mitte teiste paikesepatarei
materjalide ja pdikesepatarei tiiipide jaoks.
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Monograin technology has proven to be a successful way of manufacturing low cost photovoltaic applica-
tions using the pentanary Cu,ZnSn(SxSe;.x)4 (CZTSSe) as an absorber material in an industrial roll-to-roll
process. For high efficient CZTSSe monograin device fabrication a thorough understanding of the impacts
of the device characteristics and surface structure is important. A new evaluation method of Light Beam
Induced Current (LBIC) images had to be developed to distinguish between different effects resulting

- from different surface orientations, grain sizes, packing densities and contacting areas. In this work we
l]_(;{gvurds. will show that with LBIC measurements it is possible to evaluate the quality and differences in produced
CZTS CZTSSe monograin cells in a post-production and non-destructive step. The high spatial resolution evalu-
ation allows investigating the homogeneity of single crystalline grains as well as certain areas of a CZTSSe
device. By introducing a statistical method the active area as a major factor for the current density of a
device will be calculated and evaluated. The results show that with LBIC measurements the active area
can be quantified, which differs for the investigated cells up to 9%. Additionally, the homogeneity of
short circuit current densities of the monograins and also of certain areas of a cell can be detected and

Monograin
Photovoltaics

quantified.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The Indium-free semiconductor material CZTSSe gained atten-
tion in recent years in photovoltaics as a possibility to substitute
Cu(In,Ga)Se; (CIGS) as an absorber material for photovoltaics. The
formation of CZTSSe thin films with different S:Se ratios were
reported to be achieved by different deposition technologies, most
commonly by co-evaporation [1], sputtering [2], pulsed laser depo-
sition [3,4], spray pyrolysis [5] and electrodeposition [6,7]. A
conversion efficiency above 10% for CZTSSe was first reported by
using an hydrazine-based liquid process [8], which could be fur-
ther improved to reach a conversion efficiency of 12.6% [9]. With
the monograin monolayer technology it is possible to utilize this
material in a low cost roll-to-roll process [10]. Conversion efficien-
cies of the photovoltaically active material can be derived from the
product of the measured cell efficiency of more than 8%[11] and the
Active Area Ratio (AAR, see below) of about 70% to be in the order of

* Corresponding author at: Department of Materials and Environmental Technol-
ogy, Tallinn University of Technology, Ehitajate tee 5, 19086, Tallinn, Estonia.
E-mail addresses: c.neubauer@hotmail.com, christian.neubauer@crystalsol.com
(C. Neubauer).
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0169-4332/© 2017 Elsevier B.V. All rights reserved.

11% so that the material quality is in the same order as of thin films.
The use of monograins applied in a monolayer results in a unique
surface with the monograin crystals partially standing out of the
embedding material which form a three-dimensional photoactive
surface area. Still a detailed understanding of the surface and inter-
face propertiesis crucial for high efficient photovoltaic devices. LBIC
measurements as an investigation method are widely used for the
characterization of polycrystalline silicon cells [12-16], but also in
float zone [17] and amorphous [ 18] silicon devices as well as other
photosensitive applications or semiconductor materials in photo-
voltaics [19-22]. The use of LBIC for the definition of the active area
of dye-sensitized solar cells (DSSCs) was reported [23]. For analyz-
ing rough surfaces such as monograin monolayer devices and their
high number of parallel-connected single crystals, LBIC provides a
suitable method to investigate the behavior of different crystals as
well as different areas in single crystals and the interface between
grains and the embedding polymer.

2. Experimental

CZTSSe monograins were produced in a molten salt followed
by deposition of cadmium sulfide (CdS) as buffer layer by chemical
bath deposition (CBD). A more detailed description of the process is
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Fig. 1. SEM surface image of a single-layer monograin layer embedded into polymer (left) and a SEM cross-section image of a monograin layer photovoltaic device (right).
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Fig. 2. Definition of characteristic areas of a small area of sample 1, where all mea-
surement points are counted with the corresponding current response in descending
order. The different definition widths of the border area are indicated as a, b and ¢
and correspond to the parts a, b and ¢ in Fig. 3.

published elsewhere [24]. The composition of the monograins was
determined by EDX measurements to be Cuy.76Zng.g25n152.955€0.71-
By sieving the grains a more homogenous size distribution for
later manufacturing steps for producing photovoltaic devices was
achieved. By embedding the monograins into a polymer a single-
layer monograin layer was formed (Fig. 1 left).

The device was finished by sputtering window layers of intrin-
sic and aluminum-doped zinc oxide (i-ZnO, ZnO:Al) on the front
side, followed by an application of a layer of silver nanowires to
enhance the surface cross-conductivity. The device was sealed by
gluing soda lime glass onto this structure. By etching the polymer
of the backside with sulfuric acid followed by sand paper abrasion,

current [A] x 10°
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the CZTSSe bulk was opened and contacted with graphite paste for
establishing Ohmic back contacts.

The samples were chosen due to their high difference in elec-
tric parameters, especially of the short circuit current density (jsc)
measured. Variations of jsc can originate from different reasons,
one of them being a variation in the photovoltaically active area.
Areas within a monograin layer without grains as well as grains
with noelectric front or back contact reduce the active area and thus
lead to areduced jsc. By LBIC investigations applying the developed
method it is possible to identify some major causes for a reduced
jsc.

The LBIC measurements were conducted with ared (632.81 nm)
laser, focused through a 50x lens and measured with a lock in
amplifier. The laser spot diameter in respect to the focus setting
was evaluated by using a sharp edge (front contact finger) of a
monocrystalline silicon cell, similar as described in [25,26], and was
determined to be minimal 5 wm. The resulting light intensity of the
laser was determined to be 0.53 suns.

3. Results and discussion

By ordering and plotting the measurement points from the LBIC
measurements by the short circuit current values, specific areas
become visible which are hereafter defined as peak area, main
active area, border area and inactive area (Fig. 2). The “peak area”
represents the number of measurement points with a very high
efficiency, i.e. a short circuit current being clearly higher than the
majority of the active measurement points. This majority defines
the “main active area”. In the “border area” all measurement points
are found measured where the laser spot is just partly on an active
grain. It thus separates the active from the inactive area. In the
“inactive area” there is either no CZTSSe grain or the grain does
not have an electric contact on the front or backside. The small
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5
4 main active area

3
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. 50 100 150 200 0
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Fig. 3. Constructed LBIC images of the small area of sample 1 evaluated in Fig. 2, with a scale divided into characteristic areas (see text). The data correspond to the
measurement values presented in Fig. 2. The units of the axis are measurement steps with a set step width of 1 wm.
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Fig.4. Cumulative measurement points of LBIC measurements on samples 1,2aand
2b with indicated border areas.

current response in this inactive area results from optical effects,
where part of the laserlight is reflected from the polymer surface
or refracted or scattered from the sealing material and its possible
defects to nearby active grains. Constructing LBIC images (Fig. 3)
from the measured data and applying scales as defined in Fig. 2
the defined areas become visible. The exact position of the bor-
ders between these “areas” in Fig. 2 (vertical lines) is arbitrary.
The number of measurement points within the 3 different defined
border areas shown in Fig. 2 and 3(a, b and c) differ each by approxi-
mately the factor 2. While the high number of measurement points
within border area “a” leads to an overestimated border area due to
aresponse from the inactive and main active area, the small num-
ber of measurement points of the defined border area “c” leads to
a border area thickness below the laser spot diameter and thus is
defined as too small. The defined border area “b” however presents
a realistic estimation of the size.

To determine the size of the “active area” with respect to the
total area the Active Area Ratio (AAR) is defined as described in
equation 1, where ny, is the number of measurement points of the
“peak area”, n, the number of measurement points of the “main
active area”, ny, is the number of measurement points of the “bor-

Table 2

AAR of the investigated samples.
sample 1 sample 2a sample 2b
69 68 75

der area” and n the total number of measurement points of the
measured area.

_ Np+Nm+np/2
- n

AAR x 100% (1)

The definition of the width of the border area affects the cal-
culated AAR just to a minor extent. In the cases presented in
Fig. 2 and 3 with the big differences in the defined border areas
a, b and c the AAR showed differences below 0.2 percent points.

The slope of the graph of the cumulated measurement points,
mainly in the main active area, but also in the peak area, corre-
late with the homogeneity regarding jsc of the monograins and the
material of a single crystal. The width of the border area depends
on the laser spot profile while the total number of measurement
points contributing to the border area gives an indication of the
grain size. The relation between the number of measurement points
in the border area and the grain size can be explained by the nonlin-
ear ratio of the circumference to the average diameter of polygons.
However, this correlation is just a coarse one taking into account
that the definition of the border area gets more difficult for data
with lower signal strength and is arbitrary within limits.

In Fig. 4 the LBIC measurements of samples 1, 2a and 2b are
shown. While the difference of the current response in the main
active area is clearly visible, a difference of the current values of the
peakareais noticeable but in a smaller range. The different slopes of
the curves in the main active area indicate that sample 1 has a more
homogenous current response compared to sample 2a and 2b. The
number of measurement points of the border area in sample one
(7027 measurement points) is bigger compared to sample 2a (5333
measurement points) and 2b (5684 measurement points) which
correlates to the average grain diameter of the samples (Table 1)

Table 1
jV-measurement results of the analyzed samples.
Av. grain diameter area Voc FF jsc Eff
[m] [mm?] V] [%] [mA/em?] 1%]
sample 1 69 3.90 0.688 55.8 15.6 6.0
sample 2a 85 4.29 0.643 413 9.05 24
sample 2b 85 2.39 0.629 42.8 7.07 1.9

20 40 60 80 100 120 140 10 180

current [A]x 10®

3

F=

Fig. 5. SEM (a) and LBIC (b) image of a small area of sample 2b. The units of the axis of the LBIC image are measurement steps.
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due to the different ratios of border area to grain size as shown
above.

In Table 2 the AAR for all 3 investigated samples is presented.
The difference between sample 1 and sample 2a is rather small,
while sample 2b shows a considerable higher AAR than the previous
ones. From these values it is evident that the main reason for the
high difference of jsc between the samples is not a difference of the
active area.

Fig. 5 shows a SEM and LBIC image of a small area of sample 2b. In
the SEM image different planes can be detected. These planes show
also a different current response in the LBIC measurement, where
additionally certain areas with a very high current can be seen.
One important reason for these differences in the current density
is their different orientation towards the incoming laser beam and
thereby different reflection losses. However, as will be shown in
the full paper, corresponding differences can also be seen in the
electroluminescence, as will be discussed there.

4. Conclusions

A quantitative Analysis of LBIC as a spatial investigation method
on the rough surface of CZTSSe monograin layer photovoltaic
devices requires the development of a statistical analyzing method.
By applying this method it is possible to evaluate the quality and
homogeneity of different monograins as well certain areas of a
single grain within a device, which affects the performance of pho-
tovoltaic cells. The calculation of an Active Area Ratio (AAR) gives
insight in the active area and allows conclusions on the reasons
for differences of short circuit current densities of the investigated
monograin layer devices. The results show that the performances
of the investigated devices differ due to current in homogeneities,
while the active area as a reason for low performances can be
excluded.
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1 | INTRODUCTION

A new statistical analysis of spatially resolved photocurrent and electroluminescence
images has been developed and applied to Cu,ZnSn(S,Se;_,), (CZTSSe) monograin
solar cells. CZTSSe as an absorber material has the potential to significantly reduce
manufacturing costs and develop new application fields in photovoltaics. Deep un-
derstanding of the performance related parameters in various production steps is cru-
cial for further development of the technology. In this paper we show that by a
thorough investigation by means of a combination of opto-electrical measurement
methods such as light beam induced current mapping, scanning electron microscopy,
optical microscopy, photoluminescence, and electroluminescence measurements a
correlation with different current-voltage (j/V) measurement parameters can be es-
tablished. Hereby, we clearly identify barrier variations at the active interface as the
main reason for current variations across the cell, which for record cells can largely
be avoided. These variations show up clearly in the microscopic spatial analysis de-
veloped. The detailed analysis of the homogeneity of the solar cell photocurrent pre-
sented in this study is relevant for all kinds of solar cells including thin-film and
wafer-based cells.

KEYWORDS

electroluminescence, kesterite, LBIC, monograin, photoluminescence, photovoltaics

(AAR) of about 80% were certified. The evaluation of the
AAR was described in details in a previous paper.4 The con-

The pentanary absorber material CZTSSe gained attention
in recent years as a possible indium- and gallium-free sub-
stitute for Cu(In,Ga)Se, (CIGS) in photovoltaic applications.
The conversion efficiency of a thin film device based on a
hydrazine-based liquid process was reported to be 12.6%."
By using the monograin technology it is possible to utilize
this absorber material in a cost effective industrial roll-to-roll
processA2 Efficiencies of up to 9.5%" of CZTSSe monograin
layer (MGL) devices with an approximate active area ratio

version efficiency of the active CTZSSe material is in the
range of 12% which is comparable to the record efficien-
cies measured for thin film devices. As demonstrated in the
Supporting Information the record cell is of remarkable pho-
tocurrent homogeneity within +3%.

Despite the beneficial properties such as a direct tunable
bandgap, high absorption coefficient and low temperature
coefficient,”” the efficiency of photovoltaic applications
with CZTSSe as absorber is still considerably smaller than

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original

work is properly cited.
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the record efficiency of CIGS, which was reported to be
22.6%. Several possible reasons for a reduction of device
performance parameters such as open circuit voltage (V)
and short circuit current density (j.) of CZTSSe compared
to CIGS thin film photovoltaic devices were reported in the
literature and summarized by Aninat et al.’

To tackle performance reducing effects in CZTSSe
MGL devices we combined several opto-electrical analyz-
ing methods such as light beam induced current (LBIC)
mapping, scanning electron microscopy (SEM), photolu-
minescence (PL), electroluminescence (EL), and transmis-
sion measurements.

First results of LBIC analysis on the here investigated
devices have been published in a recent paper,* in which a
statistical analysis was developed allowing to analyse the ac-
tive and inactive areas. Additionally an inhomogeneous cur-
rent density distribution had been observed. To evaluate the
reason for these inhomogeneities and performance reducing
effects we extended the investigation by including additional
analysis methods. Using these techniques several suspected
parameters such as locally different reflection or transmis-
sion of the layers on top of CZTSSe as well as resistance
differences can be eliminated as a cause for major perfor-
mance differences in MGL devices. Instead variations in the
p-n-heterojunction barrier height can be identified as causing
these variations.

2 | EXPERIMENTAL

CZTSSe monograins are synthesized from copper, zinc sulfide,
zinc selenide, tin, and sulfur precursors in potassium iodine
(KI) as flux material as described in detail in previous papers.*®
After the synthesis of the CZTSSe monocrystals a washing pro-
cedure with water removes the KI, after which the powder is

dried and sieved to obtain powders of desired grain sizes. This
is followed by a heat treatment step at 740°C and the deposition
of cadmium sulfide (CdS) by chemical bath deposition employ-
ing cadmium acetate as cadmium source and thiourea as sulfur
source in an ammonia solution. A more detailed description of
the synthesis and post treatment processes of CZTSSe mon-
ograins can be found elsewhere.'” By partial embedding mon-
ograins in a thin layer of polymer a socalled MGL is formed.
The front contact is established by sputtering a transparent con-
ductive oxide (TCO) layer (intrinsic and aluminum doped zinc
oxide). The conductivity of the TCO is enhanced by applying
a thin layer of silver nanowires and a current collector made by
silver paste allows the establishment of a reliable contact for
electrical measurements. By gluing the MGL with transparent
polymer on soda lime glass the front side is sealed. For estab-
lishing back contacts the samples are dipped into concentrated
sulfuric acid to etch the surface of the embedding polymer on
the backside which makes the monograins in the MGL easily ac-
cessible, followed by an abrasion process by sand paper to open
the monograins. By pasting graphite onto the abraded backside
Ohmic back contacts are established. SEM images of single
grains after applying a graphite layer embedded in polymer and
a cross-section of a finished device can be found elsewhere.*
The LBIC, EL-spectra and PL-spectra investigations are con-
ducted by means of a Horiba Jobin Yvon Labram HR800 in-
strument, Horiba Ltd, Kyoto, Japan. As excitation source a red
(633 nm) laser is used for the LBIC measurements and a green
(532 nm) laser for the PL. measurements respectively. The in-
tensity of the excitation laser is adjusted by neutral gray filters,
which reduces the light intensity to around 0.013 and 0.08 pW
for the LBIC and to 2.8 mW for the PL. measurements. The il-
luminated area is evaluated to be around 20 ym” The LBIC
current is measured by means of a lock-in amplifier and a scan-
ning rate of around 10 measurement points per second is used.
The exposure time during EL and PL measurements is 30 and
3 seconds respectively. The wavelength dependent transmis-
sion analysis of a monograin monolayer and the corresponding
polymer layer is conducted by a Newport Oriel 300W Xenon
lamp with a Cornerstone 260 Monochromator, silicon detector
and a Merlin radiometer system, all from Newport Corporation,
Stratford, CT. A Nikon SMZ 745T optical microscope, Nikon
Corporation, Tokyo, Japan, is used for transmission imaging.
EL imaging is conducted by means of an Andor iKon M cam-
era, Oxford Instruments plc, Abingdon, UK.

3 | RESULTS AND DISCUSSION
3.1 | Performance related differences
between CZTSSe MGL devices

The electrical performance parameters derived from j/V-
measurements at standard test conditions of low efficiency
(2%-6%) MGL samples as already investigated in Ref. [4]
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show considerably different values. This is most prominent
seen in the short circuit current density, but also variations
in open circuit voltages and fill factors are clearly noticeable
(Figure 1). Attributed to the high differences in j . and the
semitransparency of the MGLs, initially a difference in the
active area as well as optical effects have been suspected as
the major cause for the high variability of the parameters
of the samples. The semitransparency of the MGLs can be
seen in Figure 2, where the transmission of an empty poly-
mer layer before the application of CZTSSe grains as well
as an MGL sample is displayed. While the transmission of
the polymer is independent of the wavelength and reduced to
around 95% by reflection and absorption, the MGL sample
shows a transmission of around 13%-14% in the short wave-
length range up to the optical bandgap. This optical band-
gap is, as extracted by using the tilted dashed line, at around
880 nm (1.41 eV), which corresponds to the peak positions
of the PL spectra shown below. The active area of the MGL
samples is further reduced by electrically fully or partially
inactive grains. By superposition of SEM and LBIC images
(Figure 3B) and transmission and LBIC images (Figure 3C)
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FIGURE 2 Transmission measurements of a monograin layer
(MGL) sample and of an empty polymer layer. The tilted dashed
vertical line indicates the bandgap

Open Access

respectively, such inactive CZTSSe areas are identified.
Grains without back contact due to insufficient abrasion of
the backside of the sample are visible in the transmission
image as well as in the SEM image, however, they do not
show an LBIC response. An example for such a grain is given
in Figure 3 indicated by the solid circle. However, a grain can
also be just partially inactive when the corresponding area
is covered by electrically insulating but optically transparent
polymer, which prevents an electric front contact on this area.
This part of a grain is seen in the transmission image, but it
is not visible in the LBIC and SEM images. Such an inactive
part of a grain is (as an example) indicated by the dashed cir-
cle in Figure 3. Such inactive absorber areas explain the dif-
ference between the optical transmission and the active area
measured by LBIC, however, as it was shown previously,4
the electrical active area presented as the AAR does not ex-
plain the high difference in electrical performance parame-
ters. Partially lower and inhomogeneous current values from
the LBIC evaluation can be seen best in the homogeneity plot
(current density distribution) of Figure 4, where sample 1
shows a high number of measurement points at a relatively
narrow current range with high current values, while the ma-
jority of the measurement points of sample 2a and sample 2b
are distributed in a wider current range with lower current
values. The full width at half maximum in homogeneity plots
for samples 1, 2a, and 2b can be extracted to be 0.46, 0.65,
and 0.62 nA which represents a standard deviation of 6%,
20%, and 25% respectively. These homogeneity differences
and their origin are investigated in more detail hereafter.

3.2 | Opto-electrical homogeneity
investigations

Measurements of the same area of sample 2b by LBIC and
EL imaging show that the vast majority of grains show
an inverse correlation between the response intensities of
these two analyzing methods, where grains with high LBIC
response show low EL response and vice versa. In Figure 5
this correlation is seen, with two grains selected and

30

20

LBIC current response [nA]

FIGURE 3 Light beam induced current (LBIC) (A), superposition of LBIC and SEM image (B), and LBIC and transmission image (C) of an
excerpt of sample 2b. The solid circle indicates an inactive grain without back contact, the dashed circle a part of a grain which is inactive due to

missing front contact
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FIGURE 4 Homogeneity plot (current density distribution) of
the light beam induced current response of samples 1, 2a, and 2b. The
filled markers correspond to measurement points on the active area of
the grains, while empty markers correspond to measurement points of
the inactive area with the current being generated in the surrounding
grains by reflected light
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indicated by dashed circles as examples. These two grains
were furthermore investigated by EL and PL spectra meas-
urements (Figure 6). The rather broad and partially dissym-
metrical peaks indicate the presence of different emission
energies. Furthermore, the EL spectra show a clear shift of
the peaks to lower energies compared to the PL spectra. It
was reported already that disordering of CZTS Kesterites
can lead to different emission energies and a peak shift of
the PL spectrum toward lower energies.'"'> However, both
investigated grains show similar peak positions of the PL
spectra (at higher energies) or of the EL spectra (at lower
energies), which does not support a different degree of dis-
ordering of the grains. Since the photon flux density during
PL spectra measurements was evaluated to be more than
four orders of magnitude higher than the average current
density during the EL spectra measurements, the different

PL signal [counts s-1]
EL signal [counts s-1]

11 1.2 13 14 1.5 1.6 1.7 1.8
Energy [eV]
=PL grain A +++- PL grain B =—EL grain A ---- EL grain B

FIGURE 6 Photoluminescence (PL) and electroluminescence
(EL) spectra measurements of grains of sample 2b indicated by dashed
circles in Figure 5

FIGURE 5 Light beam induced
current (LBIC) (A) and electroluminescence
(EL) (B) image of sample 2b.
Photoluminescence and EL spectra of

Normalized EL response [a.u.]

specific grains indicated by dashed circles
are seen in Figure 6

peak positions of the PL spectra and the EL spectra, re-
spectively, can be attributed to these different intensities.
For PL measurements such intensity-dependent peak shifts
were already reported before.'>!> The peak height of the
EL spectra of grains A and B correspond well with the
EL response intensity of the EL image as expected, and
they also show a similar trend as the peak height of the PL
spectra.

Some grains show distinctive patterns in both imaging
methods (Figure 7). In Figure 7A a SEM image shows a
grain with different oriented planes. These planes can also
be identified by EL imaging (Figure 7B) and LBIC imaging
(Figure 7C,D). Despite that the EL and LBIC images of the
grain show a similar pattern, the response intensity is in-
versely correlated as it was already observed previously in
Figure 5. It has to be noted that the LBIC measurements in
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SEM (A), electroluminescence (EL) (B) and light beam induced current (LBIC) (C, D) images of one grain of sample 2b. In

image (C) the LBIC scanning was conducted with the laser perpendicular to the membrane surface while in (D) the sample surface to the laser
was tilted by around 18°. The dashed circles in (A) indicate the measurement spots where EL and photoluminescence spectra measurements were

conducted (Figure 8)

Figure 7 were conducted with higher excitation laser inten-
sity than in Figure 5. The different laser intensities can be
found in the experimental part. Accordingly the absolute cur-
rent signals in these figures are different.

Since different light reflection at differently oriented
crystal planes was suspected as one reason for spatial current
and luminescence variations, the angle of incidence on three
planes with different orientations toward the light beam was
changed. Tilting the sample during LBIC measurements by
around 18° and thus changing the incident angle of the exci-
tation beam (Figure 7D) did not result in a major change of
the LBIC results compared to the LBIC image with the laser
beam perpendicular to the sample (Figure 7C), which ensures
that there is no major influence of the angle of incidence on
the measurement results. The measurement response differ-
ences are not due to possible occurring reflection differences
from the correlated planes.

Electroluminescence and PL spectra measurements
(Figure 8) on three different planes of the grain as indicated
by the dashed circles in Figure 7A show the same correla-
tion between EL and PL spectra as in Figure 6, where the
measurements were conducted on different grains. Thus, we
conclude that the mechanism responsible for the differences
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o o
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T T T
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«

-
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++++ PLspotC ==PL spot D = «PLspotE
-»=+ ELspotC ——EL spot D = +EL spot E

FIGURE 8 Photoluminescence (PL) and electroluminescence
(EL) spectra measurements of certain areas on the grain seen in
Figure 7 as indicated by the dashed circles in Figure 7A

in LBIC, EL, and PL response is the same, whether it appears
on single grains or on different areas of grains.

Locally different resistances, either from the semicon-
ductor material or the electrical contacts on the front and
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FIGURE 9 Electroluminescence (EL) response of two grains
seen in Figure 5 (indicated by dashed circles) for different applied
voltages. The EL response was derived by the integration of the EL
spectra

backside can lead to a change of LBIC, EL and PL results.
A local high resistance would limit the charge carrier ex-
traction, hence a lower LBIC and higher PL response can
be expected, which is in accordance with the observed re-
sults. However, a higher resistance would also limit the
current flow to this area during EL. measurements with
an according lower EL response. Also local optical vari-
ances, eg, due to differences in transmission of the seal-
ing material or the contact materials on the front side of
the device, could also lead to a reduction of the excitation
and thereby the measured emission intensity, and therefore
to a reduction in LBIC, PL, and EL response. However,
the images clearly show that the LBIC response is for all
grains or crystal planes clearly inversely correlated with
the PL and EL response (low LBIC response in all cases
correlates with high PL and EL response and vice versa).
Therefore, local optical or electrical variances cannot be
the main reason for the opposite responses of LBIC and EL
or PL signals.

The results that the photocurrent image measured by
LBIC corresponds inversely to the image of the EL and PL
intensities can easily be understood assuming variations in
the barrier height of the p-n-heterojunction. We propose that

grains or areas of grains with high LBIC response but low
EL and PL response have a good p-n-heterojunction and thus
a high barrier. Here, the charge carriers generated by illu-
mination are separated efficiently and in a wide depletion
region leading to a high LBIC response. At the same time
the effective charge carrier separation leads to a decreased
radiative recombination in PL measurements and thus in a
lower PL response. If, on the other hand, grains or areas of
grains have a considerably smaller barrier, charge carriers
during LBIC and PL measurements are insufficiently sep-
arated, which leads to a low carrier extraction during LBIC
measurements and thus lower LBIC response and a high ra-
diative recombination at the illuminated area of the PL mea-
surement resulting in a high PL response. However, when
conducting EL imaging and spectra measurements, the same
voltage is applied to all electrically connected grains. The
current flow over the p-n-junction barrier is controlled by
the barrier height. A higher current flows over the lower
barriers and consequently a higher EL response is seen for
low barrier heights and lower current and EL response for
higher barrier heights respectively. This mechanism explains
the inhomogeneous photocurrent, PL and EL response, with
the EL and PL intensities being inversely correlated to the
LBIC response intensities. We therefore conclude that this
variation in the barrier heights of different samples is the
main factor for the differences in the observed current/volt-
age behavior.

Different overall barrier heights can also be seen when
integrating the EL spectra measured for increasing applied
voltages on different grains, as analyzed in Figure 9. The EL
response for grain A in Figures 5 and 6 (high LBIC, low EL
and PL response and therefore relatively high barrier) is in-
creasing only slowly and nonlinear with increasing voltage,
while the EL response for grain B in Figures 5 and 6 (low
LBIC, high EL and PL response, low barrier) increases much
faster and nearly linear with increasing voltage. Whereas the
former is controlled by a (small) current across a barrier,
while the higher current leading to luminescence at lower
barriers is already controlled by an (Ohmic) resistance in the
device. This supports the proposed mechanism above.

4 | CONCLUSIONS

Different opto-electrical investigation techniques such as
LBIC, optical transmission, SEM, j/V, EL imaging, EL and
PL spectra measurements are used to characterize spatial
variations in the solar cells made from monograin powder
devices. Areas of relative to other areas high photocurrent
show relatively low photo- and electro-luminescence. This
is especially pronounced for cells with relatively low (here
2%-6%) solar efficiency. A detailed statistical analysis of the
images reveals a variation of between +6% and 25% of the
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average current density. Areas with a high LBIC response
and a low EL and PL response can be attributed to forming
a high junction barrier, while areas with low LBIC response
and high EL and PL response are those with a relatively low
barrier junction. It is evident that the combination of com-
plimentary investigation methods as it was presented in this
paper is crucial for a correct understanding and interpretation
of measurement results done on this material. For compari-
son a “good” CZTSSe solar cell with a cell efficiency of 9.5%
and a material (or active-area) efficiency of about 12% shows
a current variation of only +3%.

Corresponding investigations should also be performed
on thin-film and wafer-based solar cells and allow to extract
reliable data for the homogeneity (given in % of the average
photocurrent) as well as a deeper understanding of the reason
for performance variations.
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For a successful industrial implementation of Kesterites Cu,ZnSn(SsSe;.x)4 (CZTSSe) as semiconductor materials
for photovoltaics, the long-term stability of the materials and their devices is a key parameter next to efficiency
and production costs. Although much research has been conducted on CZTSSe in recent years, the processes
leading to degradation are still largely unknown. Hence in this paper we analyze the main degradation processes
and their causes as well as how they affect the performance of photovoltaic devices. A temporary CZTSSe-back
contact interface barrier and a long-term increase of the front contact resistance and recombination mainly at the
cadmium sulfide buffer layer contact of photovoltaic devices is investigated. Copper diffusion in CZTSSe is
suggested to be one of the reasons for the change in resistance and recombination and thus for the deterioration

of solar cell parameters during degradation or ageing.

1. Introduction

The Kesterites Cu,ZnSn(S,Se; )4 (CZTSSe) can be used as absorber
materials in photovoltaic (PV) applications. They gained attention in
recent years as a possible substitute for Cu(In,Ga)Se, (CIGS) due to their
use of (in contrast to In and Ga) earth-abundant and non-toxic elements,
and advantageous parameters such as a high absorption coefficients, a
direct tunable bandgap and low temperature coefficients [1-3]. For thin
film PV-devices efficiencies of up to 12.6% have been reported [4],
which is however still considerable lower than the best efficiencies
achieved with CIGS which is published to be 22.6% [5].

The monograin technology has proven to be able to utilize CZTSSe
in a cost efficient and industrial roll-to-roll process [6]. Efficiencies of
9.5% of CZTSSe monograin layer (MGL) devices were certified, corre-
sponding to a material efficiency of around 12% [7]. However, next to
efficiency and production costs, the long-term stability of PV products is
of great importance for a successful industrial implementation.

Despite intensive literature research, just very few publications on
degradation investigations on CZTSSe could be found. Yin et al. [8]
proposed a decomposition model of CuyZnSnS, (CZTS) with Cu—Zn
separation, however at high temperatures above 600K. These tem-
peratures used in their experimental setup make a comparison or cor-
relation to a rather low temperature degradation process (378 K in this
study) difficult. Accelerated thermal cycling and damp heat tests on

CZTS thin films were conducted by Peng et al. [9] with the focus on the
effect of different window layers on the degradation. In there the au-
thors observed an increase in series resistance (Rg) and a reduction of
the shunt resistance (Rg,) and thus a reduction of the fill factor (FF) for
all samples to different degrees, however, for the accelerated thermal
cycling process no mechanism or model for these changes is given,
while for the damp heat treatment these changes are mainly attributed
to the window layers or the molybdenum back contact, respectively. In
other publications [10,11] the short circuit current density (jsc) and
open circuit voltage (Voc) was modelled during degradation. The poor
coverage of degradation of CZTSSe in literature stresses the importance
for further investigations on this topic.

Crystalsol routinely investigates it's CZTSSe monograin based solar
cells under accelerated ageing conditions achieving efficiencies above
90% even for open, non-encapsulated modules after today more than
3000h at 85°C in dry conditions. However, the stability critically de-
pends on the exact composition of the absorber material. In this in-
vestigation we analyze the degradation of unstable powders with ad-
ditional investigations reported in a second paper [12]. Further
investigations will be published in subsequent papers.
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2. Experimental details
2.1. Sample preparation

For the presented degradation analysis four different Kesterite
monograin powders were used, two pure sulfides with different degrees
of instability during the degradation process, named “CZTS semi-stable”
and “CZTS unstable” further in the manuscript and two sulfur-selenides
with a S to Se-ratio of 80:20 with as well different instabilities, named
therefor “CZTSSe semi-stable” and “CZTSSe unstable”. The Kesterite
monocrystals were synthesized from copper, zinc sulfide, tin and sulfur
for CZTS and adding zinc selenide for CZTSSe in molten potassium
iodine (KI) as flux material. A washing procedure with water dissolves
and removes the KI and sieving the resulting powder after drying se-
parates a fraction (56-80 pm) for further powder processing. This was
followed by a thermal treatment at 740 °C. By chemical bath deposition
employing cadmium acetate and thiourea in an ammonia solution,
cadmium sulfide was deposited as a buffer layer on the grains. More
detailed information on the production of Kesterite monograin powders
can be found elsewhere [13]. By partially embedding the CdS-coated
monograins into a transparent epoxy polymer, a monograin layer was
formed with approximately half of the surface of the grains left open
and uncovered by the polymer, forming a so-called monograin layer
(MGL). A transparent conductive oxide (TCO) layer, consisting of in-
trinsic and aluminum doped zinc oxide was sputtered on these MGLs as
a window layer. To enhance the horizontal electrical conductivity of the
surface, a thin layer of silver nanowires was applied on top of the TCO,
followed by the application of silver paste to form current collectors on
the front side. By gluing the membrane onto soda lime glass with
transparent epoxy polymer the device was sealed on the front side. An
etching step with concentrated sulfuric acid partially removed the
polymer on the backside to lay free the monograins, which was fol-
lowed by a mechanical abrasion to remove the CdS and open the grains.
Graphite paste was painted on the back side to establish an Ohmic
electrical back contact which finished the PV-device preparation. A
surface scanning electron microscopy (SEM) image of a Kesterite MGL
and a cross section SEM image of a finished MGL PV-device can be
found in [14]. For better characterizing the resistance and the graphite-
Kesterite interface, a MGL with grains without CdS was made and the
layers of TCO, silver nanowires and silver paste were replaced by gra-
phite paste deposited onto abraded monograins before sealing, thus a
graphite-Kesterite-graphite structure was obtained.

2.2. Measurements and investigations techniques

The degradation of the Kesterite devices was carried out here at
105°C in dry air for different durations. Current density/voltage (j/V)
measurements were conducted by means of a Newport Oriel AAA-class
sun simulator at room temperature and a Keithley 2400 Source Meter. A
Horiba Jobin Yvon Labram HR800 instrument was utilized for PL
measurements conducted. As excitation source a green (532 nm) laser
was used, where the intensity was adjusted by spectral neutral gray
filters. The elemental composition of the Kesterite samples was studied
by a Kratos AXIS Ultra DLD X-ray photoelectron spectrometer (XPS)
using a monochrometic Al Ka X-ray source at 150 W. The detailed XP
spectra of core levels were recorded at 20 eV pass energy using the
aperture slot of 300 x 700 pm. The relative atomic concentrations were
determined from the appropriate core level integrated peak areas and
sensitivity factors provided by the Kratos analysis software Vision
2.2.10.

3. Results and discussion
The solar cell parameters of semi-stable and unstable CZTS PV-de-

vices as derived from the j/V measurements conducted with the sun
simulator before degradation (0 h) and after 8.5 and 95.5 h degradation
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Fig. 1. Solar cell parameters of CZTS samples after different times of de-

gradation.

show the clear difference in stability (Fig. 1). Of special interest is the
pronounced increase of Rs for the unstable material. The increase of Rg
is also seen for the semi-stable material, however to a much lesser ex-
tent. The decrease of Vo for the unstable device also suggests an in-
creased recombination since the change cannot be related to a bandgap
decrease as can be seen later in this paper from photoluminescence (PL)
measurements. Both effects lead to a reduction of FF and jsc and ulti-
mately the conversion efficiency, and thereby they reflect the big dif-
ferences in stability of the CZTS devices. Similar observations can be
made when comparing the degradation of semi-stable and unstable
CZTSSe PV-devices (Fig. 2). However the change in parameters is not so
pronounced as for the CZTS devices, especially for the unstable material
after 8.5 h of degradation. (See Table 2.)

At least the j/V curves of the unstable CZTS and CZTSSe samples in
Fig. 3, indicate the formation of a non-Ohmic barrier at the back contact
(opposite to that of the Kesterite-CdS junction), most notable for the
unstable CZTS device after 8.5h of degradation. This effect in combi-
nation with the increased Rg led to the postulation of a barrier at the
backside between back contact and CZTS. Here for classical Kesterite
devices with a molybdenum back contact the formation of molybdenum
sulfide at the CZTS-back contact interface and a related phase segre-
gation and a resulting increase of the resistance has been reported
during temperature treatment [15,16]. However, the back contact
material of the samples investigated in this study is graphite and thus
the back contact interface issue described in literature related to
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Fig. 2. Solar cell parameters of CZTSSe samples after different times of de-
gradation.



C. Neubauer et al.

Table 2
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XPS measurement results of the copper concentration in atomic percent and the copper to zinc and tin ratio measured at the backside of the samples at different
degradation stages, with the efficiency and normalized Rs of the corresponding samples.

Sample Deg. duration Efficiency Cu conc. Cu/(Zn + Sn) norm. Rg
[h] [%] [at.%] [arb. units] [arb. units]
CZTS unstable 0 5.41 14.6 1.00 1.00
CZTS unstable 8.5 1.31 10.1 0.73 38.9
CZTS unstable 95.5 0.16 9.1 0.58 70.0
CZTS semi-stable 0 5.44 13.1 1.00 1.00
CZTS semi-stable 8.5 5.60 11.0 0.82 2.11
CZTS semi-stable 95.5 3.67 10.3 0.67 12.9
CZTSSe unstable 0 5.94 14.3 1.00 1.00
CZTSSe unstable 8.5 4.51 10.3 0.75 1.62
CZTSSe unstable 95.5 0.93 9.8 0.72 11.2
CZTSSe semi-stable 0 6.08 11.5 1.00 1.00
CZTSSe semi-stable 8.5 4.72 13.0 1.04 1.26
CZTSSe semi-stable 95.5 3.98 12.0 1.00 1.60
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Fig. 3. j/V measurements of CZTS samples after different times of degradation.
The inset shows the j/V curves of the CZTSSe samples, with the same legend as
for the CZTS samples.

molybdenum cannot occur. Still, also here a non-Ohmic barrier is
formed during degradation which increases the resistance.
Such barriers can also be seen in Fig. 4, where the j/V measurements
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Fig. 4. j/V measurements of the graphite-CZTS-graphite sample, made from
unstable CZTS monograins after 0, 8.5 and 95.5h of degradation.

of the unstable graphite-CZTS-graphite device is shown. While the j/V
curve is nearly linear before degradation, it changes to a strongly non-
linear curve after 8.5h of thermal degradation. However, after further
degradation (95.5h), the CZTS material and interfaces gets highly
conductive with a linear j/V curve and a resulting resistance much
smaller than to that before degradation.

To evaluate this further, resistances of all graphite-Kesterite-gra-
phite samples after various durations of degradation are extracted from
the slope of the j/V curves at 0.1 V. These values are plotted against the
corresponding degradation time in Fig. 5. As seen there for CZTS, the
resistances of the semi-stable and the unstable devices as well those of
the unstable CZTSSe rise sharply during the first few hours of de-
gradation, while with further degradation the values decrease again
and can reach even lower values than before the degradation. Just the
semi-stable CZTSSe device does not show a major change. Since most of
the j/V curves are non-linear and thus the resistance is voltage de-
pendent, the linearity value, defined as the ratio of the extracted re-
sistance at 0.9V to the resistance at 0.1V, is shown in Fig. 6, with a
value of 1 meaning a linear j/V curve and thus an Ohmic resistance. The
linearity results can be very well correlated with the resistance values
with high resistances being correlated to a low linearity, thus showing
that the resistance is mainly the result of a non-Ohmic barrier. Of fur-
ther interest is that the change of resistance and linearity is connected
with the change of the Rg from the PV-devices. However, the high re-
sistance and low linearity of the graphite-Kesterite-graphite samples
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Fig. 5. Resistances of graphite-CZTS-graphite and graphite-CZTSSe-graphite
samples derived from the j/V measurements on these samples at 0.1 V, different
degradation durations.
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changes fast and is just temporary while the increase of Rg of the PV-
devices is slowly and long-term.

It is well known from literature, that copper doping of CdS leads to
high dark resistivity and photoconductivity of CdS [17,18], hence
copper diffusion from the absorber material into CdS is the most likely
cause for the observed increased resistance during degradation. Ad-
ditionally it was also reported in [19], that copper in CdS causes re-
combination centers and thus leads to increased recombination near the
p-n-junction and to a reduction of the FF. Despite that the mentioned
observations were made for devices with cadmium telluride as ab-
sorber, a similarity to Kesterite-CdS devices can be assumed.

To investigate the behavior of copper in Kesterites during de-
gradation, the elemental composition of the Kesterite samples was in-
vestigated by XPS before (0h) and after (8.5h, 95.5h) degradation on
the back side of the devices without a back contact. Table 1 compares
the copper concentration and the copper to zinc plus tin ratio with the
observed efficiency and the normalized series resistance Rg of the
samples. The hereby measured elemental concentration differs con-
siderably from stoichiometric composition, especially showing a low
copper concentration. Such off-stoichiometric composition of the sur-
face of Kesterite materials and the high difference to the bulk compo-
sition was already measured and reported for CZTSSe monograins [20]
as well as for pure selenium-based Kesterite thin films [21]. Never-
theless a comparison of different samples gives valuable insight in re-
lative differences in composition. For the unstable devices clearly a
higher copper depletion can be found than in the semi-stable devices.
The increase of Rg during the different degradation steps can be well
correlated with the copper depletion and the copper to zinc plus tin
ratio. While the XPS measurements and the measured copper diffusion
were conducted on the back side, it can be assumed that due to the seen
mobility of copper the diffusion is also present at the front side which
leads to the proposed copper doping of CdS. In a publication by Tajima
et al. [22] the elemental distribution at a CZTS-CdS-interface was
evaluated by three dimensional atom-probe tomography, and although
the authors do not discuss the copper diffusion exactly this can clearly
be seen in the provided figure. In another publication by Yang et al.
[23], copper diffusion in the absorber layer and into the CdS buffer
layer of cadmium telluride samples is presented and discussed. This
clearly supports the role of the copper diffusion as a major cause of the
performance reduction during degradation.

Analyzing the PV-devices by photoluminescence as seen in Fig. 7 for
the CZTS and Fig. 8 for the CZTSSe samples, a change of the PL response
of the CZTS samples to higher luminescence, a broadening of the peak
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and after 8.5 and 95.5h of degradation.

and a peak shift towards higher energies with increased degradation
becomes visible. The PL peak of samples degraded for 95.5h is around
100 meV shifted towards higher energies compared to that of the fresh
samples. A part of this shift can be explained by the increased series
resistance Rg of the PV-device and thus the reduction of the carrier
extraction as described before [7]. However, PL measurements of the
same samples with a lower excitation light intensity show a difference
in the peak position of just around 20 meV. Hence the major reason for
the peak shift is attributed to a ordering-disordering effect, with more
ordered CZTS after degradation. This is in accordance with previous
investigations [24], where a temperature treatment of CZTS mono-
grains at 150 °C for four hours led to a very similar peak shift. In con-
trast, the PL responses of the CZTSSe devices do show just a minor
change with degradation, thus it can be concluded that the degradation
here does not lead to a significant ordering.

4. Conclusions

CZTS and CZTSSe MGL devices with different stabilities were in-
vestigated with respect to the occurring degradation processes. Two
different process paths were identified, a fast but temporary non-Ohmic
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barrier at the backside at the back contact, and a slow but long-term
front side degradation. Both processes are suggested to be caused by
copper diffusion processes, which lead to a barrier at the backside as
well as copper doping of CdS at the front side. The latter leads to a high
dark resistance which hinders the carrier extraction and in combination
with the formation of recombination centers increases the loss of pho-
tocurrent in the CdS close to the p-n junction. Due to these effects the
solar cell performance parameters deteriorate according to the relative
stability of the materials. The degradation homogeneity and increased
recombination close to the p-n-junction in the CdS was further in-
vestigated by other opto-electrical methods which will be presented and
discussed in a following publication.
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As yet results of ageing experiments of Kesterite solar cells have not been published. However, at least in
crystalsol detailed investigations of monograin-based solar cells have been performed proving very different
stabilities depending on the exact composition of the Kesterites. Completely stable solar cells even without any
sealing have been demonstrated internally. However in this paper we report on ageing effects observed for
internally called “highly unstable” Cu,ZnSnS, (CZTS) solar cells aged for 8.5 and 95.5 h at 105 °C in air, already
also reported in part 1 of these investigations. During these times the initial efficiency of 5.4% decreased by 76%
and another 88%, respectively. The photocurrent generation was investigated in detail by light beam induced
current (LBIC) measurements of the front side and electron beam induced current (EBIC) measurements of cross
sections of the CZTS/CdS/ZnO active junctions. Besides a pronounced decrease of the LBIC and the EBIC signal
also a shift of the EBIC signal much further into the Kesterite material was observed, which can be explained by
the in part 1 already found diffusion of copper from the surface of CZTS into the CdS buffer layer acting finally as
a strong charge carrier recombination center. Thereby the EBIC signal first observed mainly close to the interface
has vanished, only a small EBIC signal in a depth of around 400 nm still remains visible, a depth, from which

only minority carriers can still reach this main recombination center in the interface.

1. Introduction

Although Kesterite materials are considered as the most promising
earth abundant thin film materials especially for solar cell production,
nearly no investigations of their stability and the lifetime of solar cell
made from these materials as absorber materials can be found in the
literature. In a first paper on the ageing of Kesterites, here solar cell
devices made from single-crystalline, monograins Cu,ZnSn(SxSe;.x)4
(CZTSSe) absorber layers, we summarized the investigations of differ-
ently stable devices [1]. In that paper we report results obtained for
solar cells as well as for devices with two Ohmic contacts to graphite.
These results attribute the long time (8.5 and 95.5h) accelerated (at
105 °C) deterioration of the solar cell efficiency of semi- and unstable
Kesterites to the diffusion of copper in not perfectly stoichiometric
Kesterites.

In this second part of our investigations we report on more detailed
microscopic investigations of the least stable pure sulfide compounds
(CZTS) also already characterized in part 1. Scanning beam microscopy
of solar cells after different times of ageing is reported, determined in a
laser scan photocurrent setup from the outside as well as using a
scanning electron microscope (SEM) for cross sections. They are com-
pleted by external quantum efficiency (EQE) spectra measurements.

Whereas no photocurrent images were found in the literature, a few
papers on electron beam induced current (EBIC) investigations of solar
cell cross sections, obtained by vertically embedding solar cells into a
polymer glue, cutting and polishing, have been published. The EBIC
signals of our samples exhibit usually a quite continuous EBIC signal at
the CZTS/CdS interface inside the absorber material (compare Fig. 3),
while a spotty appearance of the EBIC signal was reported by Sugimoto
et al. [2] and Fukano et al. [3]. Here void formation either during the
formation of the thin-film devices investigated in their papers or during
cross-section preparation may be the reason.

As reported in [4], surface passivation by using atomic layer de-
position of Al,O3 coating of the cross section surface of samples can
lead to a stronger EBIC signal, here demonstrated for Cu(In,Ga)S, de-
vices. However, this critically depends on the acceleration voltage de-
pendent penetration depth of the electron beam. In our case corre-
sponding investigation employing Al,O; films prepared by laser
ablation on one of our samples did not result in a significant im-
provement of the EBIC signal.

2. Experimental

Copper-zinc-tin-chalcogenides, especially Cu,ZnSnS4, Cu,ZnSnSey4
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Fig. 1. LBIC results of unstable fresh (0 h, a), medium aged (8.5 h, b) and most
aged (95.5h, ¢) CZTS photovoltaic devices.

and their solid solutions Cu,ZnSn(S,Se),, called Kesterites due to their
crystal structure, are produced in crystalsol OU, Tallinn, Estonia [5].
The powder particles are single crystalline, mainly tetrahedron-shaped
and grown in a molten salt flux [6]. Here, 63-80 um semiconductor
grains are arranged in a single layer membrane, called monograin layer
(MGL). To complete a solar cell device on the front side, different layers
are added to the absorber layer (here a not completely stoichiometric
pure sulfide compound CZTS) including CdS as a buffer layer by che-
mical bath deposition, intrinsic and aluminum doped zinc oxide (ZnO)
sputtered as a window layer, and a very thin layer of silver nanowires
(from Cambrios, Sunnyvale, CA, USA) for enhancing the surface cross-
conductivity. The front side is then glued to a soda lime glass window.
By etching the backside with sulfuric acid, polishing the CZTS grains
and painting a water based graphite-suspension to it, an Ohmic contact
is formed and the solar cell is completed (compare [1,7]).

Stability tests of solar cells made from the powders are performed in
an oven in air at 105 °C as reported already in [1]. Depending on the
quality of the absorber material, the short circuit current decreases after
8.5 and 95.5h ageing in an oven. Three samples of MGL-devices with
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Fig. 2. Homogeneity plot of the differently degraded unstable CZTS samples.

Fig. 3. EBIC signal of two different CZTS grains (left) and the SEM picture of
those (right).

quite unstable CZTS monograins were investigated for this paper, a
fresh (non-aged), a medium aged or a long time aged, respectively.
Fresh has no degradation, medium aged was kept for 8.5 h and the long
time aged for 95.5h in the oven in air at 105 °C. Light beam induced
current (LBIC) and EQE measurements of one and the same sample was
measured, however at different degradation stages. For the EBIC ana-
lysis separate samples were prepared, with identical CZTS monograin
powder and production process but degraded for different durations.

For cross section preparation, EpoThin 2™, Biihler, Lake Bluff,
Illinois, USA, a two component polymer epoxy resin and hardener is
used for mounting the monograin membranes in a cylindrical shaped
device. The polymer is cured at 45 °C for 4h and over night at room
temperature. Every sample is polished using a Biihler Ecomet 250
polishing apparatus. Different sand papers are used for polishing. It is
very important to avoid cracks in the grains or at the interfaces.
Electron microscopy and EBIC measurements are performed using an
ULTRA 55 SEM, Carl Zeiss Microscopy GmbH, Jena, Germany. EBIC
images are shown as split picture of secondary electron and photo-
current images obtained simultaneously, showing on one side the SEM
and on the other side the EBIC image. The closest distance of the surface
and the detector is set to have the best resolution of the pictures; usually
4 mm. The applied voltage to the sample should be as small as possible
to avoid charging on the surface and to get a better resolution for un-
derstanding the interface borders.

Electrical characterization is performed using a calibrated AAA-
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Fig. 4. EBIC (a), superimposed EBIC on SEM (b) and SEM (c) pictures of fresh (1), 8.5 h degradation (2) and 95.5 h degradation (3) CZTS solar cell.

class sun simulator as described in [1]. LBIC measurements were con-
ducted using a red laser, a spectral neutral grey filter (to achieve an
intensity of around 0.5 suns), current sensitivity 20 nA and using a time
constant of 3ms in the lock in amplifier.

The EQE measurements were conducted by a Newport Oriel system
(300 W Xenon lamp, Cornerstone 260 Monochromator, silicon detector
and Merlin radiometer system).

3. Results
3.1. Photocurrent imaging

Fig. 1 shows LBIC images of the investigated CZTS photovoltaic (PV)
samples at different times of degradation, fresh (0 h, Fig. 1a), medium

aged (8.5 h, Fig. 1b) and most aged (95.5 h, Fig. 1c). Visually it can be
observed that the LBIC response measured on the sample before de-
gradation shows a high and homogenous current distribution. After
8.5 h of degradation some areas still have a high current response while
other areas show a reduction of the signal, leading to an in-
homogeneous LBIC current distribution. After 95.5h of degradation the
current response is very weak for all grains and areas.

Since the LBIC measurements were performed on the same device
and nearly identical areas are measured for all the degradation steps, it
is possible to directly compare the photocurrents grain by grain during
degradation. For the medium aged results (8.5h) it can be observed
that while the majority of the grains show an inhomogeneous reduction
of the photocurrent, some grains maintain a homogenous current re-
sponse. Very few grains show even a higher photocurrent compared to
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the photocurrent before degradation. However, at further degradation
(95.5h) all grains, even the ones which had an improved current re-
sponse after 8.5h, are strongly degraded and the current response is
very weak. The homogeneity plots of the measured data are given in
Fig. 2. In there, 2 distinctive peaks are visible for each sample. While
the peaks at higher current values correspond to measurement points of
active CZTS material, the second (smaller) peaks at smaller current
values correspond to measurement points of the inactive area, either
because no absorber material is present or the CZTS absorber is inactive
due to missing front and/or back contact. Additional information on
how such LBIC measurement data can be analyzed can be found in [8].
After 8.5h degradation the maximum current value is nearly the same
as in the fresh sample. However, the current response gets more in-
homogeneous, which in the homogeneity plot is seen as a widening of
the peak. For the most, 95h, degraded cell the current response is very
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weak and it is hard to exactly distinguish between active (above 0.7 nA)
and the inactive area caused by light reflection from the polymer be-
tween the grains onto surrounding grains (below 0.7 nA).

3.2. EBIC investigations

A combined EBIC and SEM picture of a fresh sample in 2000 x
magnification is shown in Fig. 3. On the right side of the SEM picture
small metal parts are seen which are embedded into the polymer during
the mounting to avoid charging in this part of the sample. They are
useful to have a better resolution even for high magnification (e.g. by
100,000 x). An EBIC signal is formed at the junction of CZTS as an
absorber (p-type) and CdS as a n-type semiconductor. Good interfaces
between the different layers; i.e. CZTS, CdS, intrinsic ZnO, Al doped
ZnO, silver nanowires are necessary to have a well visible EBIC signal. A
good interface also helps to have a strong EBIC signal. If one of the
layers is damaged during the polishing, then a weaker or no EBIC can be
seen.

Degradation of a CZTS solar cell changes the EBIC signal. For the
same magnification of unstable CZTS grains the EBIC signal (a), su-
perimposed (b) onto the SEM picture, and the SEM picture (c) are
shown in Fig. 4 for the fresh sample (1), a sample after 8.5h of de-
gradation (2) and after 95.5h (3). It has to be noted that since the
absolute signal is weakening during degradation, the current amplifi-
cation had to be increased with increasing degradation. The EBIC
measurement of the fresh sample (Fig. 4 1a-1c) forms a strong clear
signal close to the interface. When the sample is aged, this signal close
to the interface gets weaker while additionally a signal more in the bulk
further away from the interface is formed. The minimum in between
can be attributed to the distance at which the Fermi level is located in
the middle between the band edges (or energy levels involved in re-
combination) occurs, leading to a maximum of loss. After 95.5h of
degradation the first signal close to the CdS interface vanishes, while
the signal deeper in the bulk remains.

The change of the signal close to the CZTS-CdS interface is best seen
when comparing EBIC profiles extracted from the measured images of
the differently degraded samples in Fig. 5. In order to extract these
signal profiles along a line through the image, the EBIC pictures are
converted to Int = f(x,y) matrices. For this the images are loaded into
the program OriginLab and exported from there as an ASCII-file, from
which the data then were further processed in Excel. Typical EBIC
profiles of the fresh (solid line), the sample degraded for 8.5 h (dotted)
and for 95.5 h (dash/point) are depicted in Fig. 5. In order to minimize
noise an average of 73 lines (lines 74-146 of the 511 vertical lines the
images consist of) is used. The position is the same for all images. From
these EBIC profiles the change of the signal peaks is clearly noticeable,
and the peak position from the interface as well as the distance between
the two peaks formed at different degradation stages can be extracted.
While the peak of the signal close to the CdS is formed around 200 nm
from the interface, the second peak more in the bulk is around 800 nm
away from the interface, thus also the distance between the two peaks is
around 600 nm. However, the peak maxima in Fig. 5 are normalized,
since the signal height decreases dramatically upon ageing.

3.3. EQE investigations

In Fig. 6 the EQE-spectra of the unstable solar cells made from pure
sulfide powder at different degradation stages (fresh, medium aged,
most aged) are presented. It is noticeable that the response in the short
wavelength range is decreasing with increasing degradation and the
response in the long wavelength range is increasing after 8.5h of de-
gradation, hence the curve gets more rectangular. With further de-
gradation the signal is decreasing over the whole spectrum, as could be
expected from the overall decrease of the short circuit current density
(jsc) measured by the sun simulator (see solar cell parameters in [1]).
However, the quantum efficiency at the short wavelength region seems
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also here to decrease more than at the long wavelength region. It has to
be mentioned here that the EQE response decreases less than the jsc
measured by the sun simulator. This difference can be explained by a
difference in illumination intensity, where the light intensity of the EQE
measurement setup is smaller approximately by a factor of 1000 com-
pared to the light intensity of the sun simulator. Another observation is
that the bandgap of the most aged sample seems to increase, which is in
accordance of the shift of the PL response reported in [1] and the or-
dering of the Kesterite as described there.

4. Discussion

As described in part 1 [1] of this analysis, ageing of Kesterites is
connected with Cu diffusion into CdS. The observed change in homo-
geneities of the photocurrent measured by LBIC during degradation
suggests that the degradation mechanism and the related copper dif-
fusion, which was identified is happening at locally different speeds,
occurs in some grains or areas of grains faster than in others. The
copper states in CdS are strong recombination centers, as known since a
long time and even used in Philips CdS monograin photocurrent de-
tectors [5,9], the parent devices of crystalsol's solar cells. These were all
copper doped CdS, so copper doping of CdS introduces strong re-
combination centers. Thereby the lifetime of photo generated charge
carriers in CdS becomes very small and the material becomes highly
photoconductive. In the dark there is no conductivity if all sulfur va-
cancy-based electrons in the conduction band are trapped in these re-
combination centers, energy states deep within the band gap. Now
upon illumination in our devices, electron-hole pairs are generated and
in EBIC electron/hole-pairs are produced close to the interface or fur-
ther away from the interface. For the investigated solar cell there is a
certain width of space charge region, which if it measured sensitive
enough goes quite far into CZTS, up to 1.2 pm. For the fresh sample, the
majority of the photocurrent originates from charge carriers generated
close to the interface. For an aged sample a large part of the photo-
current generated close to the interface is lost. Here both charge carriers
can reach the CdS to recombine. Thereby the EBIC signal generated up
to 300 nm away from the interface is decreasing. From this a diffusion
length of the majority charge carriers of roughly 300 nm can be esti-
mated. However, all the electron-hole pairs generated further away
from the interface (between 400 and 1200 nm) are separated by the
electric field. Holes (the majority carriers) do not diffuse against the
electric field in a significant amount into the CdS anymore, and thus the
recombination of the electrons is reduced and they can be extracted.
The medium aged sample shows a double peak of photocurrent, from
close to the interface as well as from deeper in the bulk, since within the
space charge region a maximum recombination occurs when the fermi
level passes through the middle between the band edges (or quasi-Fermi
levels) while the most aged samples show just one peak further away
from the interface.

Therefore the EBIC results confirm the idea that ageing mainly leads
to the formation of recombination centers in the CdS, not in the CZTS.
The change of the EQE response confirms this effect, since here the
photocurrent generated by short wavelength light closer to the CZTS-
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CdS interface decreases more than that generated by longer wavelength
light deeper inside the absorber.

5. Conclusion

In this paper the degradation mechanism related to copper diffusion
into CdS was further investigated by highly spatially resolved opto-
electronic techniques. By LBIC an inhomogeneous and locally varying
degradation can be observed. By EBIC measurements a depth depen-
dent recombination of the generated charge carriers can be observed.
After ageing, charge carriers generated close to the CZTS-CdS interface
show a higher recombination rate than those generated further away
from the interface deeper in the bulk. The wavelength dependent
change of the EQE measurements support these findings. This in com-
bination with the in literature well documented introduction of re-
combination centers in CdS by copper leads to a strong confidence in
the model of the copper diffusion related degradation process.
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