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The levelized cost of electricity (LCOE) of photovoltaic (PV) systems is determined by
among others the PV module reliability. Better prediction of degradation mechanisms
and prevention of module field failure can therefore decrease investment risks as well
as increase the electricity yield. An improved knowledge level can therefore
significantly decrease the total costs of PV electricity.

In order to better understand and minimize the degradation of PV modules, the
occurring degradation mechanisms and conditions should be identified. This should
preferably happen under combined stresses, since modules in the field are also
simultaneously exposed to multiple stress factors. Therefore, two 'Combined Stress
test with In-situ measurement' setups have been designed and constructed. These
setups allow the simultaneous use of humidity, temperature, illumination and electrical
biases as independently controlled stress factors on solar cells and minimodules. The
setups also allow real-time monitoring of the electrical properties of these samples.
This protocol presents these setups and describes the experimental possibilities.
Moreover, results obtained with these setups are also presented: various examples
about the influence of both deposition and degradation conditions on the stability of
thin film Cu(ln,Ga)Se2 as well as Cu2ZnSnSe4 solar cells are described. Results on
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SHORT ABSTRACT:

Two ‘Combined Stress test with in situ measurement’ setups, which allow real-time monitoring
of accelerated degradation of solar cells and modules, were designed and constructed. These
setups allow the simultaneous use of humidity, temperature, electrical biases, and illumination
as independently controlled stress factors. The setups and various experiments executed are
presented.

LONG ABSTRACT:
The levelized cost of electricity (LCOE) of photovoltaic (PV) systems is determined by, among
other factors, the PV module reliability. Better prediction of degradation mechanisms and
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prevention of module field failure can consequently decrease investment risks as well as increase
the electricity yield. An improved knowledge level can for these reasons significantly decrease
the total costs of PV electricity.

In order to better understand and minimize the degradation of PV modules, the occurring
degradation mechanisms and conditions should be identified. This should preferably happen
under combined stresses, since modules in the field are also simultaneously exposed to multiple
stress factors. Therefore, two ‘Combined Stress test with in situ measurement’ setups have been
designed and constructed. These setups allow the simultaneous use of humidity, temperature,
illumination, and electrical biases as independently controlled stress factors on solar cells and
minimodules. The setups also allow real-time monitoring of the electrical properties of these
samples. This protocol presents these setups and describes the experimental possibilities.
Moreover, results obtained with these setups are also presented: various examples about the
influence of both deposition and degradation conditions on the stability of thin film Cu(In,Ga)Se:
(CIGS) as well as CuxZnSnSes (CZTS) solar cells are described. Results on the temperature
dependency of CIGS solar cells are also presented.

INTRODUCTION:

PV systems are considered to be a cost-effective form of renewable energy. PV modules
represent the core of these PV systems and are generally sold with a performance guarantee of
over 25 years (e.g., max. 20% efficiency loss after this period). It is crucial for the trust of
consumers and investors that these guarantees are met. The electricity yield should therefore be
as stable and high as possible over at least the desired module lifetime. This should be managed
by reduction of both slow but steady degradation? and unexpected premature module failures,
which, for example can occur due to production errors. Examples of observed module failures in
the field are Potential Induced Degradation (PID)® and Light Induced Degradation (LID)* for
crystalline silicon modules or water induced corrosion in CIGS modules>®72. In order to prevent
a reduced field lifetime of PV modules, degradation mechanisms should therefore be identified
and minimized.

Improved understanding of degradation mechanisms occurring in PV cells or modules would also
help to lower PV module production costs: in many cases, protective materials against
environmental stresses are introduced in modules to offer the guaranteed lifetime. This is for
example true for flexible thin film modules, like CIGS, that contain an expensive barrier to prevent
water ingression. All package materials in such modules can make up to 70% of the module costs.
These protective materials are often over-dimensioned in order to be certain to obtain the
required lifetime: more knowledge about the degradation mechanisms can therefore make solar
cells more intrinsically stable and more accurately predictable. Better understanding about the
long-term stability of the module and its constituents would therefore likely prevent over-
dimensioning and allow reduced costs for these protective materials.

To give a general estimation of module reliability, solar cells and modules are nowadays tested
and qualified by Accelerated Lifetime Tests (ALT)°. The most profound qualification tests are
defined by the International Electrotechnical Commission (IEC) 61215 tests'?, which give “go/no
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go” decisions on the stability of PV modules. However, Osterwald et al.!! revealed that a positive
outcome of the IEC tests does not always indicate that the PV module can stand outdoor
conditions for 25 or more years. This limited correlation between field and laboratory testing was
demonstrated to be especially true for the relatively new thin film modules??.

These tests do not yield insight into the degradation mechanisms (“Which processes and/or which
stresses lead to observed slow module degradation or to rapid module failure?’). Moreover,
these tests, which are currently based on single or dual stress factors (for example mechanical
stress, or combined temperature and humidity) can certainly not simulate field behavior in a
reliable way, since PV modules in the field are subject to numerous combined stresses (for
example: temperature, humidity, wind, snow, illumination, dust, sand, water). These stresses can
also vary per climate zone: while in the desert, temperature and illumination are likely important
stress factors; in moderate climates, the influence of for example humidity can also be very
important. To simulate the degradation and consequent failures in various climates, various
combinations of multiple stresses are thus required. Consequently, simultaneous exposure to
multiple stresses is very important to obtain a good estimation of the module reliability in a
certain climate, and combined stress tests should thus be part of laboratory tests.

It is thus proposed that qualitative and quantitative understanding of the degradation
mechanisms occurring under combined stress conditions should be improved. Ideally,
information about the solar cell or module should also be gathered during these tests, to allow
identification of device changes during exposure. Therefore, we have designed and constructed
two setups that allow simultaneous exposure to humidity, (elevated) temperatures, electrical
biases, and illumination. In these setups, the severity of these stresses can also be tuned,
depending on the goal of an experiment. Additionally, the illumination allows in situ monitoring
of the PV devices (Figure 1)'32°, These types of tests will be named ‘Combined Stress tests with
in situ measurements’ (CSl). In this protocol, two hybrid degradation setups, named ‘CSI 1’ and
‘CSI 2/, will be presented. Many studies, aiming at the improvement of understanding of the
performance and degradation of especially thin film CIGS solar cells, were executed with these
setups. A selection of stability and temperature dependency results obtained on unpackaged CIGS
and CZTS solar cells are presented. More information can also be found in?%22,

[Insert Figure 1]
PROTOCOL:

Note: Sections 1 and 3 are specific for degradation testing of CIGS and CZTS solar cells via this
procedure, but all other types of solar cells (e.g., perovskites, organic PV, and crystalline silicon)
are or will be tested with these setups. It should be noted that for every device type and
geometry, a sample holder should be designed. These holders should have non-corroding
contacts to prevent contact degradation, since this would obscure the effects of device
degradation. Moreover, it is advised to contact samples in a four-point probe configuration, to
prevent the measurement of the results of corroded contacts or wires in the measurement
system.
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1. Preparation of CIGS Solar Cells

1.1. Use gloves in all steps of the protocol when handling solar cells: protect against the toxic
elements, but also prevent the deposition of unwanted materials, like kitchen salt (NaCl), on the
samples.

1.2. Cut a 1 mm x 100 mm x 100 mm soda lime (SLG) glass sample into four 100 mm x 25 mm
rectangular strips with a glass cutter or diamond pen in order to prepare appropriate substrates.

1.3. Place the SLG sample in a sputter coater. Deposit the 0.5 um thick molybdenum back contact
by Direct Current (DC) sputtering at room temperature on the glass substrates?3.

1.3.1. Choose from various stack sequences, including a single layer, a bilayer, and a multiplayer
stack. For example, deposit a bilayer with a high initial sputtering pressure (e.g., 0.03 mbar)
followed by a lower sputtering pressure (e.g., 0.003 mbar) at power densities of 1-5 W/cm?.

1.4. Prepare an etch solution of 1 M NaOH and 0.3 M K3Fe(CN)e2*. Electrochemically etch a 6 mm
stripe of the molybdenum away to deposit a patterned back contact.

Note: In this way, the solar cell has a well-defined area, without solar cell areas covered by the
gold contacts, which might still partly contribute to the electrical parameters.

1.5. Place the sample in a vacuum chamber and deposit a 2 um thick CIGS absorber layer by a
coevaporation process under a copper, indium, gallium, and selenium atmosphere?>.

1.5.1. For example, use typical substrate temperatures of 550 to 600 °C and follow the three-
stage deposition process, first forming (In,Ga).Ses by evaporation of indium, gallium and
selenium, followed by the formation of a copper rich CIGS due to the addition of large quantities
of copper. Turn off the copper evaporator to form the required copper-poor CIGS absorber in the
third stage.

1.5.2. Alternatively, use a two-stage deposition at atmospheric pressure for a low-cost process.
Perform CulnGa deposition, either by vacuum sputtering or by atmospheric pressure
electrochemical deposition. Follow this by selenization under an elemental selenium
atmosphere?® in a moving belt selenization oven.

1.6. Place the sample in a chemical bath and deposit the CdS buffer by a “chemical bath
deposition” (CBD) process with a thickness of 50 nm?’. Typically use a water based solution of
NH4OH, CdSOa, and thiourea (NH2CSNH3) at a temperature of ~ 70 °C.

1.7. Place the sample in a sputtering tool and deposit the i-ZnO/Zn0:Al front contact by Radio
Frequency (RF) sputtering from i-ZnO and ZnO:Al targets with thicknesses of respectively 50 nm
and 800-1,000 nm?22.
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1.7.1. For i-ZnO use a layer of a pure ZnO target and use a ZnO ceramic target with 2% Al,0s for
the ZnO:Al layer. Use deposition temperatures between room temperature and 200 °C. Avoid the
use of a conductive metal grid in the top electrode, as this is not used in commercial modules.
Therefore, use this relatively thick ZnO:Al layer to allow enough conductivity in these cells that
mimic a module design.

1.8. Carefully scratch away a stripe of 14 mm (at the opposite side of the etching in step 1.4) of
the solar cell with a knife.

1.8.1. By making use of the difference in hardness of the layers, remove only the top layers
(ZnO:Al/i-Zn0O/CdS/CIGS) and leave the molybdenum back contact intact. Form solar cells with a
width of 5 mm, similar to the width of a cell in a module.

1.9. Place the sample in a gold sputtering tool and cover it with a stripe in the middle as a mask,
so that no gold is deposited on the solar cell. Deposit gold contacts of ~ 60 nm thickness by
sputtering at room temperature on both the back contact (molybdenum) and the front contact
(ZnO:Al) in order to allow contacting of the cells.

Note: The use of a contact of a noble metal allows long term exposure of the samples to harsh
conditions without degradation of the contacts, so that the cell degradation can be studied.

1.10. Cut the strips with a glass cutter or a diamond pen into 7 mm wide samples, that now have
a cell surface of ¥ 7 mm x 5 mm and a total size of 7 mm x 25 mm (Figure 2).

Note: A schematic representation of the cross-section as well as a microscopy picture of a cell is
shown in Figure 2. For the experiments with CZTS solar cells, a different deposition procedure of
the active absorber layer (CZTS) has been followed (similar to reference?®), while all other layers
were deposited following an analog procedure.

[Insert Figure 2 here]

2. Analysis of the Solar Cells Before Degradation

2.1. Measure the ex situ current voltage (V) performance of the solar cells under standard test
conditions (STC, illumination: 1000 W/m? and AM 1.5, temperature: 25°C) in a four point probe
configuration to determine the electrical parameters with an IV tester.

2.1.1. Measure the external quantum efficiency (EQE) for the exact current density and
wavelength dependent absorption3%3! with a spectral response (SR) setup and calculate the exact

current density.

2.2. Record the illuminated lock-in thermography (ILIT) mapping3! and the photoluminescence
(PL) mapping3! with a large magnification and take (microscopy) images to identify any visual and
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lateral defects.

2.2.1. Place the sample under an ILIT device with heat detector with a 15 um lens for high
magnification and an IR illumination source. llluminate the sample and record the spatial
difference in temperature to identify the heated locations.

2.2.2. Place the sample under a mapping PL setup to obtain a spatial photoluminescence image.
Use a high power LED light source for illumination and a CCD camera for data detection.

Note: Examples can be found in references®>16:20:30,

2.3. Select a number of solar cells for the degradation experiment, while placing the rest of the
samples in an argon glovebox as reference. Select a mixed set of solar cells as reference and as
experimental samples, so any difference within the full slides (e.g. gradients in composition) are
in the same severity present in the experiment and reference samples.

Note: This could for example mean that cells with positions 1, 3, 4, 5, 7 and 8 on the slides are
experimental cells, while positions 2 and 6 are reference cells.

3. Placement of the Solar Cells into Sample Holders

3.1. Place the solar cells in sample holders that do not cast any shadow on the cells and make
contact between the gold front and back contacts and measurement pins.

Note: The sample holders are specifically designed to withstand the harsh conditions during the
climate tests. Moreover, they are constructed of materials that have only limited outgassing.

3.2. Place the sample holders on the sample rack inside the CSI setup, which allow electrical
contact between the solar cells and the measurement tools outside the setup. Place the sample
rack on the dedicated position, where it will be illuminated by an AM 1.5 light source.

Note: Light source specifications are as follows. CSI1: 40 cm x 40 cm area, 1,000 W/m?, BAA
calibrated illumination; CSI2: 100 x 100 cm? area, 1,000 W/m?, AAA calibrated illumination,
calibrations according to IEC60904-9:20073.

4. Execution of the Degradation Experiment

4.1. Switch on the solar simulator, the measurement equipment, the climate chamber, and the
computer.

4.2. Program the measurement computer, which controls the solar simulator, electrical biases,
and climate chamber settings. Define the voltage range, voltage steps, measurement sequence,
and time between the measurements in the IV measurement software, and define temperature,
humidity, bias voltage, and illumination profiles in the software.
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Note: Let this software steer the measurements during the full experiment.

4.2.1. For typical settings for the IV measurements, use voltage in the range -0.2 V to +1.0 V in
120 steps (0.01 V/step). Note that in most cases, the system alternates between the IV
measurements of all samples and pauses of around 5 min.

4.3. Stabilize the temperature of the climate chamber and the solar cells in the setup. Observe
the sample temperature in the software.

Note: A typical temperature for the solar cells is 25 °C, which is the STC temperature. Since the
illumination heats up the samples, the sample temperature is always higher than the surrounding
chamber. Typical starting temperatures of the climate chamber are -10 °Cto +5 °C (+5 °C chamber
temperature can for example lead to CIGS sample temperatures of 25 °C). If other sample designs
or compositions are selected, other chamber temperatures can be required to obtain 25 °C
sample temperature.

4.4, Heat the climate chamber slowly until it reaches 85 °C, for example at 0.1-0.3 °C/min. Read
the chamber temperature from the climate chamber computer and read the sample temperature
from the software.

Note: Typical samples temperatures are then between 100 °C and 110 °C when the chamber is
85 °C. These values vary between samples, and are especially influenced by the substrate type,
the sample holder design and material, and the solar cell itself. During this stage, the cells are in
open circuit conditions when they are not measured, unless mentioned differently. If the
influence of any internal voltage bias during the heating stage has to be excluded, the
illumination can also be off during this stage.

4.4.1. For CSI1, attach an individual thermocouple to all individual cells to measure their
temperature, while in CSI2 use 15 thermocouples for 32 samples. Record and log the individual
temperatures.

4.5. Automatically measure the current voltage curves of the solar cells one by one during the
heating, which means that they are determined every 0.5 to several min, depending on the
number of samples. Observe the electrical parameters in the software.

4.5.1. Calculate the electrical parameters from the current voltage curves. Always determine the
efficiency, open circuit voltage, short circuit current density, fill factor, series resistance, and
shunt resistance. Determine the resistances from the slopes on the end of the current voltage
curves.

4.5.2. If required, also determine the ideality factor, saturation current density, and photo
current density by fitting with the one-diode model**.
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Note: However, note that these fitting procedures are relatively unreliable for degraded solar
cells that do not behave like ideal diodes. The efficiency as measured by these elevated
temperatures will be lower than under STC, which is mostly visible in a decrease in the open
circuit voltage®3.

4.6. Turn on the humidity in the climate chamber, a standard setting is a relative humidity (RH)
of 85%. This is generally the starting point of the experiment (t = 0 h). Observe the RH from the
climate chamber computer.

Note: The actual sample relative humidity is lower than the set value. This is caused by the fact
that the sample temperature is higher than 85 °C, while the absolute humidity is the same: since
the relative humidity is a function of the temperature, this value is lower than 85% RH33.

4.7. Leave the samples in the CSI setups for 100s to 1,000s of hours, while measuring the current
voltage curves. Measure the curves every 5 to 10 min, but vary this on demand. Observe the
electrical parameters in the software.

4.7.1. In the remaining time, keep the samples either under open circuit conditions (standard
conditions) or place them under various electrical biases with the use of electrical loads, varying
from -20V to +20 V. In case a modification of the electrical bias is required during the experiment,
change the set value in the tracer software.

Note: ‘Standard’ settings are the maximum power point (MPP) conditions (the operation voltage
and current of a solar cell), short circuit conditions, and conditions with a limited negative
voltage. Use the latter to simulate partial module shading.

4.8. To learn more about samples after various exposure times, remove a limited number of
samples in the sample holders from the setup before the others. Execute this under illumination
and in a very rapid manner in order to minimize the influence on the remaining samples. This is
naturally only possible for small samples.

4.9. At the end of the experiment, cool the chamber down to room temperature slowly in a few
hours and remove the samples together with their sample holders. Observe the temperature
from the climate chamber computer.

Note: It is also possible to use other light intensities (e.g., 800 W/m? or ultraviolet light), while
the humidity and temperature can naturally also be varied. In that case, the obtained electrical
parameters should be corrected for the different light intensity. It was observed that unexpected
changes in electrical parameters occurred when CIGS solar cells were shortly (e.g., 15 min) not
illuminated (and heated by the illumination source). If this effect is not the aim of the study, it is
recommended to leave on the illumination continuously#.

5. Analysis of Degraded and Reference Cells
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5.1. Plot the development of the electrical parameters as a function of exposure time in the
degradation setups.

5.2. Repeat the ex situ IV measurements of the degraded solar cells directly after the samples are
removed from the setups to obtain the electrical parameters at STC. Repeat the external
guantum efficiency measurements for the exact current density and wavelength-dependent
absorption.

5.3. Record again the illuminated lock-in thermography mapping and photoluminescence
mapping, and take (microscopy) pictures to identify any change in visual and lateral defects. Use
the same settings as before degradation.

5.4. Use other analysis techniques, like (cross-section) Scanning Electron Microscope-Energy
Dispersive X-ray spectroscopy (SEM-EDX)3!, X-Ray Diffraction (XRD)3!, Secondary lon Mass
Spectroscopy (SIMS)3?, and temperature dependent current voltage (IV(T))3! to further identify
the failure mechanisms.

5.4.1. Execute these destructive analyses on both degraded and reference samples to observe
the changes due to exposure in the CSl setups.

6. Definition of the Degradation Mechanisms and Modes

6.1. Combine all the data to define degradation mechanisms and their impact on long term
stability of the solar cells or modules.

REPRESENTATIVE RESULTS:

The CSI setups have been used for a wide range of experiments. Experiments have both focused
on the influence on the cell or module composition and design, as well as on the influence of the
degradation conditions. Some examples of the development of electrical parameters are
displayed in the following figures. Measurements in Figure 3, Figure 5, Figure 6, and Figure 7
were taken in CSI1, while Figure 4 was obtained in CSI2. In these figures, it is chosen to depict
either the device efficiency, the open circuit voltage, or the shunt resistance, but other
parameters can naturally also be plotted.

Figure 3 and Figure 4 display the influence of the degradation conditions on stability of alkali-rich
CIGS solar cells without a humidity barrier or any other package material. Figure 3 shows that
these cells degrade when they are exposed to illumination, heat, and humidity, while they are
almost stable in the absence of humidity. This indicates that these solar cells or analog modules
might be completely stable when well packaged against humidity®®. Potential package materials
naturally include glass, but also flexible barriers, which are often based on organic-inorganic
multi-stacks®. In future experiments, these possibilities will also be tested. These results also
indicate that this package material might not be necessary in a hot and dry climate. Figure 4
shows the influence of a bias voltage when exposed to damp heat plus illumination: these
preliminary results indicate that a low negative voltage (-0.5 V, grey curves) likely has a more
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negative effect on stability than short circuit, open circuit, and MPP conditions'®.
[Insert Figure 3 and Figure 4 here]

Due to the slow heating (0.1-0.3 °C/min) during the heating phase and the real-time
measurements, these setups also automatically allow the determination of the temperature
dependency of solar cells. Figure 5 displays the dependency of the open circuit voltages as
obtained from the heating curves before degradation experiments. This graph shows that
differences exist between the open circuit voltage (Voc) temperature dependency of various CIGS
solar cells, while other parameters like the series resistance and the short circuit current (not
depicted) display even larger differences between cells. The development of other parameters
can be found in reference34.

[Insert Figure 5 here]

Figure 6 shows that small differences in the composition of solar cells can have a large influence
on the device stability. This experiment demonstrated that alkali-rich samples containing large
guantities of sodium and potassium had a higher initial efficiency, but they also degraded more
rapidly. On the other hand, almost stable unpackaged solar cells that only contained small
guantities of alkali-elements (“alkali-poor” samples) were also produced. These solar cells were
thus almost intrinsically stable and did not need any protective material. Based on this
information combined with ex situ analysis results, the main degradation mechanisms for these
samples could be identified: it was observed that the main driver behind the efficiency-loss of
the alkali-rich samples was a sharp decrease in shunt resistance®. In-depth analysis of the
properties of these cells displayed that the migration of alkali-elements, more specifically
sodium, seemed to cause this decrease. More information is presented in references'®?°. Later
stages of this study aim to develop solar cells with the stability of the alkali-poor samples, and
the high initial efficiency of the alkali-rich samples.

[Insert Figure 6 here]

A last example focuses on various CZTS samples'®. Figure 7 shows that different types of
unpackaged solar cells demonstrate a different IV behavior under damp heat plus illumination. It
should be noted that these cells are not ideal solar cells, so the increase in efficiency and voltage
as displayed in this figure is likely not representative for CZTS solar cells in general and no
explanation could be provided for this behavior. More studies need to be executed to give
reliable statements about the stability of these cells.

[Insert Figure 7 here]
FIGURE LEGENDS:

Figure 1: ‘Combined Stress tests with in situ measurements’ setup. Left: Schematic overview of
a CSI setup including the measurement system. Middle and right: Photograph of the CSI setups
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(climate chambers plus solar simulators, measurement systems not depicted, setups have
different sizes). Middle is CSI1, right is CSI2. This figure has been modified from°30,

Figure 2: CIGS sample design. (top) Schematic representation of the cross-section of a CIGS
sample and (bottom) a microscope picture of a CIGS sample taken from the top. This figure has
been partly modified from references'#30.

Figure 3: Influence of humidity on CIGS solar cell stability. The development of the efficiency of
unpackaged CIGS solar cells as a function of exposure time to illumination plus dry heat (red) and
damp heat (blue) taken at elevated temperatures. Every line represents one solar cell. This figure
has been modified from reference?®.

Figure 4: Influence of electrical loads on CIGS solar cell stability. Evolution of the efficiency of
unpackaged cells as a function of time at various voltages plus damp heat and illumination. Grey,
blue, green, and red curves indicate exposure to -0.5V, 0 V, ~ Vwuee, and open circuit conditions,
respectively. These parameters are obtained at elevated temperatures, while the room
temperature efficiencies are around 50% higher. Every line represents one solar cell. This figure
has been modified from reference®®.

Figure 5: Temperature dependency of CIGS solar cells. Temperature dependency of the open
circuit voltage (Voc) of two unpackaged CIGS solar cells. The colors indicate different solar cell
designs: the blue squares represent samples with the cell design and deposition procedure as
described above. The red circles indicate a non-packaged CIGS solar cell on polyimide foil with
absorbers deposited with ion-beam assisted coevaporation. Every line represents one solar cell.
This figure has been modified from reference34.

Figure 6: Influence of the alkali-content on CIGS solar cell stability. Evolution of the efficiency
(left) and shunt resistance (right) of two types of unpackaged CIGS solar cells exposed to damp
heat plus illumination. The pink and purple lines represent the alkali-poor samples, while the blue
lines represent the alkali-rich samples. The values were obtained at elevated temperatures, while
room temperature efficiencies are 30-80% higher. Every line represents one solar cell. This figure
has been modified from reference?®.

Figure 7: CZTS solar cells exposed to damp heat plus illumination. Evolution of normalized open
circuit voltage and efficiency of four types of non-optimized unpackaged CZTS solar cells as a
function of time, exposed to damp heat plus illumination taken at elevated temperatures. Every
color depicts a different type of CZTS solar cell. Every line represents one solar cell. This figure
has been modified from reference®.

DISCUSSION:

Two CSI setups for real-time monitoring of the electrical parameters of solar cells and modules
have been designed and constructed. These setups allow simultaneous exposure to damp heat,
illumination, and electrical biases, while also in situ determining the IV parameters of PV devices.
These setups have been used to study the influence of environmental stresses (humidity,
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illumination, electrical biases, and temperature) as well as cell or module composition on the
long-term stability of unpackaged solar cells. Figure 3, Figure 4, Figure 5, Figure 6, and Figure 7
display a selection of results obtained with these setups.

Stability results (Figure 3, Figure 4, Figure 6, and Figure 7) from the presented studies should
always be treated with care: in order to make the translation from these studies to module
stability, the constraints of all accelerated lifetime tests on the stability of PV devices (including
this study) should be taken into account. These constraints are caused by the fact that the
conditions in the laboratory are meant to rapidly identify degradation mechanisms, while some
degradation mechanisms might not be found due to the selection of the wrong (severity of)
stresses. Moreover, the chosen conditions might also lead to degradation mechanisms and
consequent failures that do not occur in the field or occur in the field before or after the predicted
time frame. While for example for damp heat conditions (85 °C/85% RH), an acceleration factor
of 219 is assumed, reference? showed that this rate is often non-linear and can vary in CIGS
modules between 10 and 1,000, and for different degradation mechanisms.

To estimate the validity of the presented results, the most important differences between the
field module exposure and the presented experiments should be taken into account:

a. Used laboratory conditions are more severe than field conditions, which is an intrinsic
requirement for accelerated testing. Moreover, the conditions in these experiments are mostly
constant, while modules in the field will be exposed to continuously changing conditions.

b. In the presented experiments, non-packaged solar cells were used. Naturally, barrier materials
and edge sealants will play an important role in the device stability (especially under humid
conditions). Additionally, the influence of interconnection and encapsulation materials is also
very important and should not be neglected. Certainly, experiments with packaged and
interconnected mini-modules are also possible in these setups.

c. Due to the illumination, the experiments presented in Figure 3, Figure 5, Figure 6, and Figure
7 were executed under open circuit conditions when the IV curves were not recorded. However,
modules should function under MPP conditions, while the cells could also be exposed to reversed
bias conditions in the case of partial module shadowing. Figure 4 shows that only limited
differences between MPP and open circuit conditions were observed in that specific experiment,
but that might be different for other cells or conditions.

d. The composition of the CIGS solar cells has a large influence on the long-term stability.
Examples of studies on the influence of the composition on the stability can for example be found
in references'®?, Since the exact nature of the influence of many small modifications in the solar
cell stack is not yet identified, degradation might occur faster or slower than expected.

The above factors indicate that a large number of accelerated lifetime studies with variation in
degradation conditions and sample composition is required to truly predict module field
performance. Moreover, these results should therefore be combined with field studies to obtain
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a complete picture about the long-term stability of PV modules.

However, we propose that the setups presented in this study are substantial improvements
compared to the standard IEC tests, due to the combined stress exposure as well as in situ
monitoring. These properties greatly improve the predictive value of accelerated lifetime
experiments and increase our understanding of degradation mechanisms. The four main
advantages compared to ‘standard’ (e.g., IEC 61215) tests are the following capabilities:

a. Testing under exposure to combined stresses (i.e., temperature, humidity, illumination, and
electrical biases).

b. Tuning of combined stresses in order to simulate local climates (e.g., desert or polar
conditions).

c. Tuning of electrical biases, e.g., to simulate effects of partial shading.

d. Real-time monitoring of the device performance, allowing simpler and faster testing as well as
better prediction or limitation of the degradation mechanisms due to an increased knowledge
level.

e. Reduced testing time, since a test can be stopped directly after a failure has occurred, instead
of after the defined test period (e.g., 1,000 h).

It is therefore proposed that lifetime studies with the presented setups can greatly improve the
gualitative and quantitative understanding and prediction of long-term stability of solar cells and
modules. In the future, a setup offering ‘Combined Stress tests with in situ measurements’ (CSI)
for full scale modules will be developed: the setups with illuminated areas of 40 cm x 40 cm and
100 cm x 100 cm are too small for full-size PV modules, so plans to increase the scale of this
combined stress measurement concept are underway.
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Sample holders ReRa Solutions More infori
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Gold deposition tool Polaron Equipment LTD  SEM coating unit E5100 Tool for Au
Tracer IV software ReRa Solutions More infori
Solar cells Solliance More infori
Solar cells and modules can also be obtained from many other universities, research institutes and companies
PL mapping setup GreatEyes LumiSolarCell

ILIT mapping setup Infratec ImagelR camera and Sunfilm IR lens

Optical microscopy Leica Wild M400 coupled wit
IV tester OAl OAI TriSol Solar Simulator coupled wit
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Software usage guide- JoVE internal use Click here to download Supplemental File (Figures,
Permissions, etc.) Software display 310817.docx

Step 4.1
Initializing the software

On the computer there is installed the monitoring software for logging the data from the
measurements and keep record of all the conditions applied to the solar devices. The software is
called Tracer 3 (Figure 1).

]
83

Qurve Tracer: W Insaieng CurveTracer o

Initialization panel o - :

. Irradance: ot .

Temperature Control: .

R | TP @

Reference Temperatre: .

= L

A e L

,,,,,,,,, Software starter e s
— L J

Figure 1: Desktop icon for the software

Step 4.2 (Climate chamber)
Input of the climate chamber

Let’s now move on the programming of the climate chamber controls (Figure 2), the setting can be
input through the touch screen on the left hand side of the machine.

There are two main type of condition that can be applied:

1. Constant mode, where the values of temperature and relative humidity will be fixed to a
constant value and kept until the CC is turned off;

2. Programmable mode, where it is possible to input the values of temperature and
relative humidity as function of time.
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Parameters input for CC

Current program state

2nd '1 | Monitor f R 1st
quadrant< _l TEMP ﬂﬂlllm. quadrant

4th
guadrant

3rd
guadrant

| Press the boxes to select an
operation,

Figure 2: Home screen for climate chamber control

We chose the third quadrant option ‘Program setup’

Third quadrant
With this selection it is possible to schedule the temperature and relative humidity as function of
time creating a program that handle the environmental conditions.

After pressing the selection in the 3™ quadrant we are in front of all the programs in the Katrien CC
memory, as visible in Figure 3, pressing on the single program we will see the detailed conditions
scheduled for this program, Figure 4 .
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Figure 4: Detail of first 3 steps of DH + illumination experiment

From the Figure 4 it is possible to retrieve the environmental conditions applied for each step and
the duration of it. When the environmental value has got an arrow nearby (as for temperature in
step 1 Figure 4) it means that there is a speed control to reach that value at the end of the step,
when there is a dot nearby the value means that this is kept constant at the stated condition.

For example in Figure 4 there is a controlled cooling in 30 minutes to reach -10°C and kept constant
for other 30 minutes during step 2.

When we press on “Input” button we enter the editing mode, as in Figure 5, where it is necessary to
select one step in order to modify the specific environmental condition applied.
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Figure 5: Editing MODE selection of the step

We then make a stabilisation period at room temperature, followed by a slow temperature ramp
until 85°C. Then we turn on the relative humidity to 85% and we leave it like this for e.g. 1000 hours.

We can use the start button to start the requested program (Figure 6).

Stop Operation | l Selection

| Program Mode  PGM. Mame [ S[ALBERFAN "

| Starting Step [ 6 |

START | PAUSE g START || IExT step | |
ot Prev. I
o .'

Figure 6: Editing MODE selection of the step

Program the computer (step 4.2, computer)

Specimens parameters
Furthermore when the specimens will be in place with the correct electrical connection and the
thermocouple attached to them, it is necessary to input some solar cells characteristics in the Tracer



3 software (Figure 7) in order to perform a correct analysis of the solar device, the values necessary
are:

= Sample connection position code (1-32)

=  Sample Name

=  Thermocouple corresponding to the sample
= Correct surface of the active area
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Figure 7: Homepage of Tracer 3 software

In order to input in the software the above mentioned parameters it is necessary to go to Hardware
settings = Multiplexer> MultiplexerPresents as in Figure 8. In this window it is necessary to define
a name (Label) for the selected port (example Cell 1), as well as the active area and the temperature
input (corresponding to the thermocouple attached to the device).
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[=)- Curve Tracer :
© . General Multiplexer presets

Speed Presets

. L. Communications Cell 01 | ~ |
Shutter Control
EI--Temperamre
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- Multiplexer Temperature Input |Tem|:lerature o] | - |
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Figure 8: Input of surface active area and thermocouple linked to the solar cell

Press apply to confirm the changes and record the data.

Defining the measurement settings

Programming of the Tracer 3 (Rera) for continues monitoring

It is now necessary to define the parameters for the IV measurements (Figure 9) that will be
performed, in particular the value to input are :

=  Start voltage [V]
= Stop Voltage [V]
= Step [mV] or number of points

ME- O a = Tracer3 - 201707201614
v Home Measurement Analysis Data
-0.5 Start [v] Range| + 100 mA |*| 150 | - |Points E Measure Voo  (0.00V Correct For Temperature D Start Sequence
p =
0.8 Stop [V] (:‘ Auto Sweep Range Tlluminated Curve | - | | | Measure Isc  [0.00 A Correct For Irradiance I:IZI
Start Automatic
8.7 Step [mV] |Normal |v |Conﬁg None |v Temperature | 25.0 Check Contact
Sweep Range | Curve | Manual Control Correction | Multiplexer .;|

Figure 9: Input measurement settings

In order to record the data from the IV measurements the PC is connected to a local server that log
those data, this PC is not connected directly from internet due to safety reasons.



Pressing on the start button on the top left hand corner and selecting Options (Figure 10) we will see
the window as in Figure 11. In that picture there are expressed the location in which the local file will
be stored, those are 2 types: local IV raw data and project files.

BE-04 B onl~|

L1l

o |
New
Creates a new, blank file,
& o
Opens a file,
= Save
b
{2 Opticns..
ié:’
= Devices...
|
=
|
Figure 10: Start menu
1 @ About / Register \e
Y Tracer Options x4
i [=)-General
: Auto save
i--Measurement
- ave Folder to store project files automatically
Deui Area ‘C:Wsers\fsi\Damments\ZOl?OS Alberto and Fanny\{Tacer
I Configuration Browse. ..
i Reference Cells
i Materials
. User Interface | Export each curve as IVT
4 i Database Folder to store IVT files automatically
~--External Control ‘C:Wsers\fsl\pammenm\zulms Alberto and Fanny\IvT
: Browse...
E Folder to store general logfiles
b ‘ C:\Users\Public\Documents'ReRa
i Browse...
| Store each curve to the database
Only store curves that are valid. No bad measurements,
Close

Figure 11: Auto save location (local IV(T) files and project files)



Program the electrical loads (step 4.2, electrical loads)

Electric loads

In order to edit the electric loads parameters it is necessary to go Hardware settings—> Electrical
Bias—> ReRa CAN Loads as in Figure 12. There are 32 electric loads available one each device that can
be fit in the climate chamber for the experiment.

When double clicking on a specific load the window as in Figure 13 will be visible and it is possible to
edit the voltage applied to the solar device. In case of changing the Voltage setpoint it is necessary to
send the updated to the load.

Loads with the tick are connected, without disconnected.
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8.7 Step [mV] | Normal ~ |Config None - Temperature | 25.0 Check Contact
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Figure 12: Electric loads overview



Edit Load E3

Load 7 Current limit

tage seont
Max Forward Current
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Figure 13: Edit load window

Sequence measurement

Finally it is possible to define a sequence of solar devices to be measured. Pressing the arrow under
“Check contact” in the top right hand corner we will see a window where we can insert the number
and code of the devices to be measured and their order, as in Figure 14.

Sequence name 3

Give & name for the sequence.

Mame of Experiment|

oK b
Multiplexer Settings 3
|Name of Experiment | B | Mew Seguence Delete Sequence
Commands
AddDelay || AddPreset |[Ceil 03 ~||  addal Delete Selected
Ok Cancel

Figure 14: Edit of sequence for continues measurement.



Press “New sequence ” and input the name of the sequence of solar devices. From the commands
window we can now select the location of the solar device we are interested into and add them to
the list of the monitored specimens. Pressing “Ok” we confirm and save the sequence.

Pressing on ”"Automatic Sequence” (Figure 15) it is possible to start the continues IV measurements
and edit the waiting time between a sequence and the next one.

-
m Automatic Measurements i e @
-
Devices | Control
CellData | Module Data Interval [£] 500 5
Code Module 1 Limit measurements
Suffix
- - s
Size 120 : Maximum curves per project 50 L
v" Auto save projects
] Use default autosave folder
Sequence ‘alberto P
Measure
0 measurements done Start Cell Start Module Start Sequence Close

SUCCEsS

Figure 15: Automatic sequence start-up.

Monitoring the climate chamber (step 4.3 and 4.4)

With the second quadrant option, we can monitor the climate chamber. Figure 16 represents the
monitoring interface of the CC, as saying the screen where there a reported the set point value of
temperature and relative humidity, as well as the current value registered inside the machine.

In these steps, the temperature will go up to 85°C, while the RH will stay close to zero.
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Figure 16: Monitoring interface for CC

Measure the IV curves (step 4.5)

Show a few curves occurring during measurements
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Figure 17: Page showing the IV measurements

Monitoring the climate chamber (step 4.6)

With the second quadrant option, we can monitor the climate chamber. The Figure 16 represents

the monitoring interface of the CC, as saying the screen where there a reported the set point value

of temperature and relative humidity, as well as the current value registered inside the machine.

In these steps, the temperature will remain 85°C, while the RH will rapidly increase to 85% RH.
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Figure 18: Monitoring interface for CC

Measure the IV curves (step 4.7)
Similar screen as step 4.5
Cooling down the climate chamber (step 4.9)

With the second quadrant option, we can monitor the climate chamber. The Figure 16 represents
the monitoring interface of the CC, as saying the screen where there a reported the set point value
of temperature and relative humidity, as well as the current value registered inside the machine.

In these steps, the relative humidity will first rapidly go to a low value, after which the temperature
will slowly go back to room temperature.
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Figure 19: Monitoring interface for CC




