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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, 
it is 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(SxSe1-x)4-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 
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around 12% was achieved [paper II]. 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 CuInxGa1-xS2 or CuInxGa1-xSe2 

CIS CuInS2 or CuInSe2 
CZTS Cu2ZnSnS4 
CZTSe Cu2ZnSnSe4 
CZTSSe Cu2ZnSn(SxSe1-x)4      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 
j/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 Cu2ZnSnS4 (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 104 cm-1 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 H2S, and after depositing further layers an 
Al/ZnO/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 CuZn anti-sites have a 
lower formation energy than VCu 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 VCu and ZnSn and a higher formation energy for CuZn and SnZn, thus 
leads to VCu as dominating acceptor. Other acceptor defects than CuZn and VCu such as 
VZn, ZnSn and CuSn 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 [CuZn + ZnCu] 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 SnZn, SnCu, CuSn and Zni. 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 CuZn might not be optimal for 
high efficiency Kesterite materials, the shallower VCu 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 μm. 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 OÜ 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 OÜ 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 μm. 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 Al2O3 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 
CuInSe2 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 85±5 % 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: 
 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. 

 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.  

 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 μm. 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 OÜ, 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. 

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 Bühler 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 I 
and II) or a Newport Oriel AAA-class sun simulator, Newport Corporation, Stratford, CT, 
USA (papers III and IV). All measurements are carried out at ambient conditions. 

The certification measurements (paper II) 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 μm.  
The excitation laser intensity is adjusted with spectral neutral grey filters, which reduces 
the intensity to around 0.013 μW and 0.08 μW for the LBIC measurements conducted. 
The steplength, which results in the resolution of the LBIC image, is chosen between  
1 μm and 5 μm, 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/cm² 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 monochr -ray source at 150W. 
The detailed XPS spectra of core levels are recorded at 20eV pass energy using the 
aperture slot of 300×700μm. 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 
[a.u.] 

av. grain size (range) 
[μm] 

analysis 
methods 

papers 

sample 1 4:1 69 (63-75) j/V, SEM, LBIC, 
PL, EL, Raman, 
transmittance 

I, II sample 2a 4:1 85 (80-90) 
sample 2b 4:1 85 (80-90) 
record 3:2 72 (63-80) j/V, LBIC II 

CZTS semi-stable 1:0 68 (56-80) 
j/V, SEM, XPS, 
PL, EQE, LBIC, 

EBIC, KP 
III, IV CZTS unstable 1:0 68 (56-80) 

CZTSSe semi-stable 4:1 68 (56-80) 
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. 

 

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. 

 

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 c and 
correspond to the parts a, b and c in Figure 7. 

 

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 1μm. 

From these defined areas the active area ratio (AAR) can be derived by the equation 
1 below, where np is the number of measurement points of the peak area, nm the number 
of measurement points of the main active area, nb 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. 

 = / ×  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. 
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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 
a more 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%. 

 

 
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 
[mm²] 

VOC 
[V] 

FF 
[%] 

jSC 
[mA*cm-²] 

efficiency 
[%] 

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. 

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 
[µm] 

AAR 
[%] 

number of meas. 
points of border area 

FWHM 
[nA] 

FWHM 
[%] 

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. 

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. 

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. 



33 

 
Figure 16 EL response of 2 grains seen in Figure 11 (indicated by dashed circles) for 
different applied voltages. The EL response was derived by the integration of the EL 
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 VOC, 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”. 

 
Figure 17 Solar cell parameters of CZTS samples after different times of degradation. 

 

 
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. 



35 

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. 

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.  

 

 
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 
[h] 

efficiency 
[%] 

Cu conc. 
[at%] 

Cu/(Zn+Sn) 
[a.u.] 

norm. Rs 

[a.u.] 
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 

 
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 II. 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 VOC, but a 
degradation related reduction to different degrees can be observed. 
 

 
Figure 24 PL response of the semi-stable and unstable CZTS PV-devices without and after 
8.5 and 95.5 hours of degradation. 

 

 
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. 

 
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. 

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.  
 

 
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 Cu2ZnSn(SxSe1-x)4, 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 OÜ 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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Kokkuvõte 
Monoteraliste päikesepatareide ruumilise lahutusega 
optoelektroonsed uuringud 
Päikesepatareidele on energiasüsteemide tulevikus suured ootused ja seda 
ülemaailmselt. Mitmekomponentset p-tüüpi pooljuhtmaterjali, Cu2ZnSn(SxSe1-x)4,  
peetakse sobivaks absorbermaterjaliks päikesepatareides tänu tema sobivale 
kristallstruktuurile, mida kutsutakse ka kesteriidiks. See materjal koosneb maakoores 
külluslikult leiduvatest ja mittetoksislistest lähtematerjalidest, lisaks on tal sellised 
sobivad omadused nagu otsene keelutsoon, mille laiust on võimalik muuta varieerides 
S:Se suhet, suur neeldumiskoefitsient ja väike temperatuurikoefitsient. Seetõttu võiks 
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 päikesepatareid 
toodetud üldtuntud õhukeste kilede valmistamise tehnikatega nagu tolmustamine,  
koos-aurustamine, pihustuspürolüüs ning muude lahuseliste protsessidega. Käesolevas 
doktoritöös uuritavad materjalid ja päikesepatareid on valmistatud nn monotera 
tehnoloogiat kasutades. Selle tehnoloogia tarvis on sünteesitud kesteriitne pulber, mis 
koosneb mitmekümne mikromeetri diameetriga teradest. Peale p-tüüpi terade pinna 
katmist ühtlase n-tüüpi pooljuhtmaterjalist kilega, nagu CdS, on igal teral töötav p-n 
üleminek. Selline lähenemine on välja töötatud Eestis, Tallinnas asuvas firmas  
OÜ crystalsol, tulemuseks on hea kvaliteediga toode, mida saab hiljem kasutada 
erinevates päikesepaneelide tootmisprotsessides. Näiteks arendati selle tehnoloogia 
baasil Austrias, Viinis asuvas GmbH crystalsolis, tööstuslik ja tasuv „roll-to-roll“ 
printimisliin päikesepatarei moodulite tootmiseks. See piloot-tootmisliin kasutab 
Tallinnas valmistatud kesteriidipulbrit. 

Viimastel aastatel aset leidnud uuringud on taganud kesteriitse materjali pideva 
arengu. Üldtuntud õhukesekilelise tehnoloogia baasil valmistatud päikesepatareid on 
saavutanud 12.6 % suuruse kasuteguri. Crystalsoli poolt valmistatud kesteriidist 
monoteradest päikesepatareil mõõdeti rahvusvahelises kalibreerimislaboratooriumis 
9.5 % kasuteguriks. Kuna monoterakihiline päikesepatarei on osaliselt läbipaistev ja 
membraan on kaetud vaid osaliselt absorbermaterjaliga, siis saame materjali enda 
kasuteguriks umbes 12 %. Sellegipoolest on need kasuteguri väärtused märgatavalt 
madalamad CdTe või CIGS päikesepatareide kasuteguritest, mis küündivad vastavalt  
22.1 % ja 22.9 % väärtusteni. 

Veel on üheks oluliseks parameetriks materjalide ning päikesepatareide stabiilsus. 
Kesteriitmaterjali stabiilsuse väärtused ja sellega seotud vananemisprotsessid on 
kirjanduses seni puudulikult kajastatud. Vaatamata sellele, on patareide pikaaegne 
kestvus hädavajalik kesteriitmaterjalide tehnoloogia edu tagamiseks päikesepatarei 
turul. 

Käesolevas doktoritöös kirjeldatakse uute metoodikate arendust kesteriidist 
monoterakihiliste päikesepatareide uurimiseks erinevate opto-elektriliste 
analüüsitehnikatega. Seega keskendutakse peamiselt taolistele meetoditele nagu 
valgusvihu tekitatud vool, elektronvihu tekitatud vool ja elektroluminestsentsi 
kujutamine. Kasutades neid analüüsitehnikaid koos täiendavate uurimismeetoditega 
nagu voolu-pinge analüüs, fotoluminestsents, väline kvantefektiivsus, skaneeriv 
elektronmikroskoopia, läbipaistvuse mõõtmised, röntgenkiirte fotoelektronkiirte 
spektromeetria, Kelvini sond ja Raman mõõtmised, uuriti ning analüüsiti 
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kesteriitmaterjalist päikesepatarei kvaliteeti vähendavaid effekte. Täiendavalt on 
keskendutud päikesepatareide vananemisprotsessi ning selle mehhanismide 
analüüsimisele. 

Saadud tulemused näitavad, et tegeliku elektriliselt aktiivse pindala määramine ja 
selle kasutamine monotera päikesepatarei parameetrite kalkuleerimiseks, on vajalikud 
materjali kvaliteedi adekvaatseks hindamiseks. Samuti selgus, et ebaühtlused 
monoterade kvaliteedis võivad olla peamiseks põhjuseks päikesepatarei kasuteguri 
vähenemisel. Need ebaühtlused monotera päikesepatareides leiti olevat peamiselt 
põhjustatud p-n ülemineku varieeruvusest piirkonniti  ja sellega seotud barjääri suuruse 
kõikumistest. Tänu erineval viisil vanandatud objektide uuringutele erinevate 
kesteriitsete materjalidega identifitseeriti ebastabiilsete päikesepatareide 
vananemisprotsessist osavõttev difusioonimehhanism. Leiti, et vase difusioon mängib 
nendes protsessides otsustavat rolli. 

Siin esitatud ja arutatud tulemused on oluliseks panuseks kesteriitsetest materjalidest 
päikesepatareide mõistmiseks ning on aluseks jätkuvale parendamisele, samuti on leitud 
võimalusi päikesepatarei tootmise ning järeltöötluse kvaliteedikontrolliks. Vananemise 
ning sellega seotud võimalike mehhanismide uuringud on loonud pinnase mitte ainult 
kõikide kesteriitmaterjalidel baseeruvate päikesepatareide edasiste uuringute jaoks, vaid 
ka õhukese-kilelistel tehnoloogiatel baseeruvate ning miks ka mitte teiste päikesepatarei 
materjalide ja päikesepatarei tüüpide jaoks.
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Paper II 
Neubauer, C., Samieipour, A., Oueslati, S., Ernits, K., Meissner, D. (2018). Spatially 
resolved opto-electrical performance investigations of Cu2ZnSnS3.2Se0.8 photovoltaic 
devices. Energy Sci Eng., 6, 563-569. 
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X\]̂_]̀̀a�bcdèfcg�e\̂eh�c̀cîb_i]̀�\cbjebk]lic�_lfcd̂_m]̂_eld�ej�
4noplXlX�qoXcrqs�\têefè̂]_i�gcf_icd
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Paper III 
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. 
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Paper IV 
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. 
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