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Abstract

The Energy Systems Engineering (ESE) research group in the UHasselt engineering technology
department focusses on various reliability aspects of photovoltaic (PV) systems. One of these aspects is
potential-induced degradation (PID) of PV modules, which has been shown to drastically reduce PV
performance in the field and thus increasing the levelized cost of energy (LCOE). Until now,
intermediate characterization of the PV modules under accelerated PID tests are conducted manually,
resulting in a time-consuming occupation.

This study focused on reducing the labour time during such accelerated PID tests, which is achieved by
automating the two most time-consuming operations in this process: (i) intermediate PV module
characterization and (ii) processing of the acquired data. The first part is accomplished by designing and
implementing a switch matrix able to automatically and in-situ characterize the PV modules while under
PID stress. The second part is realized by a self-developed software tool which automatically post-
processes the data after the PID experiment.

In order to verify the correct operation of the self-developed tools, accelerated PID tests were conducted
on five single-cell PV modules. Indeed, the tools are shown to operate properly by executing the PID
stress test and automatically post-processing the data successfully. On top of the basic requirements set
by ESE, the tool is also able to reverse PID stress in-situ while the characterization continues.






Samenvatting

De Energy Systems Engineering (ESE) onderzoeksgroep van de UHasselt afdeling ingenieurs-
wetenschappen focust op verschillende betrouwbaarheidsaspecten van fotovoltaische (PV) systemen.
Een van deze aspecten is potential-induced degradation (PID) van PV-modules. Hiervan is aangetoond
dat het de PV-prestaties drastisch verlaagd en daarmee de levelized cost of energy (LCOE) verhoogt.
Tot nu toe wordt de tussentijdse karakterisering van de PV-modules onder versnelde PID-tests
handmatig uitgevoerd, wat resulteert in een tijdrovende bezigheid.

Deze studie richtte zich op het verminderen van de arbeidstijd tijdens dergelijke PID-testen, hetgeen
bereikt werd door de twee meest tijdrovende operaties in dit proces te automatiseren: (i) tussentijdse
karakterisatie van de PV-modules en (ii) verwerking van de verkregen gegevens. Het eerste deel is
bereikt door het ontwerpen en implementeren van een switch matrix die in staat is om automatisch en
in-situ de PV-modules te karakteriseren terwijl ze onder PID-stress staan. Het tweede deel is gerealiseerd
met een zelfontwikkelde softwaretool die de data na het PID-experiment automatisch verwerkt.

Om de juiste werking van de zelfontwikkelde hulpmiddelen te verifiéren, werden versnelde PID-tests
uitgevoerd op vijf eencellige PV-modules. Deze tools blijken inderdaad correct te werken door de PID-
stresstest uit te voeren en de data automatisch met succes te verwerken. Bovenop de basisvereisten van
ESE is de tool ook in staat om de PID-stress in-situ om te keren terwijl de karakterisering doorgaat.






1 Introduction

The research group Energy Systems Engineering (ESE) from Hasselt University, led by prof. dr.
Michaél Daenen, is situated in EnergyVille in Genk. Since 2014, ESE has been expanding its expertise
in various durability and reliability aspects of photovoltaic (PV) modules. For this purpose, ESE works
closely with imec. Durability and reliability are important factors for PV modules, they determine the
performance and failure rate. The more electricity a module produces over its lifetime, the better the
levelized cost of energy (LCOE), which defines the cost of the module per kwWh it produces during its
lifetime. Thus, the more durable and reliable a module is, the more efficient the modules are, the better
the LCOE. When a module performs below 80% of its initial efficiency or a safety problem occurs, the
lifetime of this module is considered to be over. On Figure 1.1, common failures of silicon crystalline
PV modules are shown. These failure mechanisms reduce the lifetime of a module drastically. Infant
failures occur immediately in the working life of a PV module, such as contact failure in the junction-
box (j-box), string interconnect, glass breakage, and loose frame. These failures are noticed immediately
and are the responsibility of the manufacturer. Potential-induced degradation (PID), diode failure, and
cell interconnect breakage manifest before the midlife of the module. The other failures, such as glass
anti reflective coating (ARC) degradation, ethylene vinyl acetate (EVA) discolouring, delamination,
cracked cell isolation, and corrosion of cell and interconnection occur later in the life of a module. To
produce long-term stable PV modules, it is important to know how the long-term failure mechanisms
develop [1].

Power [%]

4 EVA discoloring
HPOS0% 0.5-5% Glass AR deg. Delamination, cracked cell isolation
Pnominal ’ “ - < 3%
<10%

PID ‘
Diode failure :
\ Cell interconnect breakage . Corrosion of

. ; , \ cell & interconnect

Contact failure j-box/ < -
string interconnect )
Glass breakage g
\ Loose frame <

: I . "
& & p ¥ 2> Time
Infant-failure Midlife-failure Wear-out-failure

Figure 1.1: Common failures of silicon crystalline photovoltaic modules [1, p. 10]

One of the research fields of ESE is PID of PV modules. Research to prevent PID is important, as PID
can reduce the efficiency of PV modules drastically before half of a module’s normal lifetime. Thus,
preventing PID is desired to obtain the best possible LCOE. A high potential difference between the
frame and the PV cell causes PID to occur. This potential difference is created at the end of large strings
of PV modules which are connected in series. The modules at the end of these strings are especially
sensitive to PID as they receive the highest voltages between their cell and frame. Because of the
noticeable efficiency loss PID induces on the modules, it is important to research the cause of PID, how
to prevent it, and how to recover modules that suffer from PID.

To research PID, PV modules are stressed, artificially aging the cell and inducing PID. The modules
need to be measured regularly to observe how the PID is developing. The measurements are done with
the pv-tools LOANA. The LOANA outputs files with the measured data. The data is then manually
entered in one Excel file to give a clear view of the data with the use of graphs. Moreover,
electroluminescence (EL) photos are taken of the PV modules. These photos are also manually
combined to form a uniform image. To be able to stress a module, an electric potential difference is



forced between the surface of the front glass and the cell. An aluminium (Al) foil is attached on top of
the glass as an electrode, this creates an equal electric field over the entire glass. To measure the modules
with the LOANA, the Al-foil needs to be removed. This stressing preparation and the data processing
tasks are labour time consuming. Furthermore, it is possible that the PV cells are measured when the
degradation has not progressed much or that the cells are not measured when a sudden increase of PID
occurs.

The goal of this Master’s thesis is to create a way to automate the measurements of PID. This is achieved
by creating a switch matrix setup to automatically, and in-situ, measure the dark 1V of the PV modules
under stress. This way, more measurements can be performed getting a more accurate image of how
PID develops. Because the module has to be covered with an electrode for stressing, only dark IV
measurements are possible as no light can reach the cell. Therefore, it is still necessary to use the
LOANA to measure the light IV curve and external quantum efficiency (EQE) response regularly.

A second necessity is the automation of the data processing. This covers processing the measured data
and collecting it in one file. Finally, a method is required to derive the degradation percentage from the
dark IV measurements and finding trends.

In Chapter 2 the literature review is discussed. This chapter contains information about solar cells and
PID. Photovoltaics (Section 2.1), photovoltaic characterisation (Section 2.2) and PID of photovoltaics
(Section 0) are explained. In Chapter 3, the materials and methods required to accomplish the goals are
discussed. The software (Section 3.1) and hardware (Section 0) used in this thesis are explained. Chapter
0 discusses the design results. The switch matrix (Section 4.1) and the data automation (Section 4.2) are
explained in detail. In Chapter 5, the PID-s test with the switch matrix is discussed. The experimental
setup (Section 5.1), the results (Section 0) and the discussion and conclusion of the test (Section 5.3) are
explained. Chapter 6 presents the conclusion
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2 Literature review

2.1 Photovoltaics

A photovoltaic (PV) cell is a PN-junction, this means it is made out two layers of semi-conductive
material. One layer is positively doped, and the other layer is negatively doped. This PN-junction is also
used as the basis for a diode. Figure 2.1 shows the section of a photovoltaic cell. When light illuminates
the PV cell, the photons of the light give the electrons of the semi-conductive material enough energy
to break free, and an electron-hole pair is formed. The electrons will go through the metallic conducting
strips on top of the cell. These strips form the negative connection. On the backside of the cell is a
metal/conductive layer, this layer makes the positive connection of the cell. When the electrons are
flowing, a DC voltage is created [2].
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Figure 2.1: Working principle of a PV module [2]

2.1.1 Photovoltaic cells

2.1.1.1  Crystalline silicon photovoltaic cells

The development of crystalline silicon (c-Si) PV cell s was started over 60 years ago. Silicon is harmless
for the environment and is one of the most common resources on earth. The subdivision of the cells is
formed by the different crystalline structures.

2.1.1.1.1 Mono and multi crystalline silicon photovoltaic cells

The production process of mono and poly crystalline modules is shown on Figure 2.2. High-purity
silicon goes through the Czochralski process to give all the silicon the same crystalline structure. The
Czochralski method is used to grow large scale single crystals of semiconductors, metals, salts and
gemstones [3]. The full method can be found in [3].
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Figure 2.2: Global production process of PV modules [4, p. 97]

Mono crystalline cells (Figure 2.3a) are produced as one continuous crystal with the use of the
Czochralski process. This process makes a round shaped single crystal. However, the form of the cells
is square. Therefore, the edges of the round wafers are cut to make the cells square. This creates a lot of
silicon that goes to waste [5]. This waste is molten and poured into a mould where it cools down. Multi
crystalline cells are fabricated with this waste [3]. The process creates different grains in the silicon.
These grains introduce extra defect energy levels, which creates high localized regions of recombination.
By blocking carrier flows and providing shunting paths across the PN-junction for current flow, the
grain boundaries reduce photovoltaic cell performance [6].

Crystalline PV cells have an efficiency between 19,8% and 18,5% for mono and multi crystalline cells
with traditional aluminium back surface field (BSF), respectively [7]. The mono crystalline modules
have a higher efficiency because they have one continuous crystal structure, without any grain
boundaries. Multi crystalline modules have a slightly lower efficiency than the mono crystalline cells.
However, they are cheaper than the mono crystalline cells due to the cheaper production process.
Because the multi crystalline cells are cheaper and produce almost the same efficiency as the mono
crystalline cells, they are more commonly used [5].

A disadvantage of the multi crystalline cells, is that because of the grain boundaries, they are more prone
to defects. This results in a lower lifespan than the mono crystalline cells [5]. A last, important aspect is
the aesthetics. The mono crystalline cells have a more uniform appearance and blend in better with
darker roofs than the speckled blue colour of the multi crystalline cells [5]. The difference is clearly
observable on Figure 2.3.

a) b)

Figure 2.3: (a) Mono crystalline PV cell and (b) multi crystalline PV cell [4, p. 96]

The efficiency of the cell is increased by reducing the light reflection. This is achieved by texturing the
front surface of the cell. This means that the surface is full of micrometre sized pyramid structures.
These pyramids are square based, upright and of random size and are distributed randomly [4], [8].
Further reduction of the reflection loss is achieved by applying an anti-reflective coating (ARC) on top
of the textured surface of the cell. This coating is made of silicon nitride (SiNy) [4].
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Another technique to increase the efficiency is to reduce the surface recombination. The reduction of
surface recombination is referred to as passivation [9]. Structures with dielectric surface passivation and
partial contacts suppress surface recombination. This structure is called passivated emitter and rear cell
(PERC). The internal reflection of long-wavelength light is improved by a PERC cell. SiNy is a
passivation layer with a high positive charge. Another passivation layer is Al.Os;, which has a high
negative charge. These days, Al,O3 with an extra SiNy capping layer is used in PERC cells. These PV
cells have conversion efficiencies of approximately 21% and 22% for multi and mono crystalline silicon,
respectively. With the use of a BSF, the electrical quality is improved of the back surface. The amount
of minority carriers is reduced at the back surface by the BSF. Therefore, the recombination is decreased
[10].

On the front and rear silicon surface, silver contacts (electrodes) are present to collect the majority
carriers which are generated in the bulk and diffusion layers. At the front, the contact is comprised of
several busbars connecting gridlines. At the back, the contact consists of a string of silver stripes

[4]. Figure 2.4 shows the cross-section of a crystalline silicon PV cell. The thickness of the substrate is
in the range of 160-240 um [4].

Front contact
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Figure 2.4: Cross-section of a p-type BSF crystalline silicon PV cell [4, p. 96]

2.1.1.1.2 Bifacial silicon photovoltaic cells

Bifacial solar cells absorb solar radiation from both the front and rear side. This way, the solar cell not
only uses incident, but also albedo light. Therefore, bifacial PV modules have an increased power
density compared to monofacial PV cells and the levelized cost of energy (LCOE) is reduced [11], [12].
Bifacial solar cells have an open metallization grid on both sides to enable illumination absorption from
both sides [11]. Several different bifacial structures are in existence, such as passivated emitter rear
totally diffused (PERT) and passivated emitter rear contact (PERC). The PERC cell, shown in Figure
2.53, is largely constructed on p-type c-Si wafers. It has an efficiency in the range of 19,4-21,2% at the
front and 16,7-18,1% at the rear side, with a bifaciality factor of approximately 80%. The bifaciality
factor is the ratio of the maximal power of the rear side with respect to the maximal power of the front
side. The PERT cell, shown in Figure 2.5b, is mainly founded on n-type c-Si wafers. The front efficiency
is around 19,5-22% and the rear efficiency is 17-19%, resulting in a bifaciality factor of approximately
85% [13].

front Ag contact

Front silver contact

ARC/passivation ARC/passivation
a) b) ,
N P diffused — p* emitter
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n-type Cz wafer
p-type Cz wafer Local Al BSF
pd
& — Totally diffused
N ‘ R n* BSF
Rasi Al doekact ARC/passivation rear Ag contact ARC fpassivation

Figure 2.5: Bifacial (a) PERC cell and (b) PERT cell [13, p. 120]
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The bifacial PERT cells require screen-printed finger grids on the front side, as well as the rear side of
the cell. In contrast, bifacial PERC cells only use silver for the front contacts and use aluminium for the
rear contacts [14]. A full area BSF is present in PERT cells, while PERC cells only have local Al BSF
at the rear contacts [15].

2.1.2 Photovoltaic modules

One cell produces approximately 0,6 V. A higher voltage is necessary for the system electronics. To
acquire higher voltage levels, single cells are connected in series in a PV module. A module consists of
multiple sequences of cells. The front contact of one cell is connected to the back contact of the adjacent
cell via soldered copper interconnects [16].

PV modules are then laminated to protect them from the environment. The packaging materials are
required to withstand outdoor conditions, such as ultraviolet (UV) exposure, high temperatures, wind
loading, humidity and rain. The front sheet needs to resist mechanical stress, such as high wind speeds
and hail. Therefore, it is essential that it has an adequate tensile strength and is able to withstand high
impact. Because it is located on top the cell, a high optical transmission is necessary. Soda-lime glass is
usually used as front sheet [16].

The back sheet has the same requirements as the front sheet. However, it does not need to be optically
transparent when monofacial cells are used. For bifacial cells, however, the back sheet does need to be
optically transparent. Usually, a glass or a backsheet is used [11]. A back sheet usually consists of three
polymeric films, with a different function, which are glued together with adhesives. The inner layer
provides adhesion to the encapsulant. It is a fluoropolymer or a tie layer. The second layer ensures the
electrical isolation. A polyester such as polyethylene terephthalate (PET) is traditionally used. However,
thermoplastics such as polyolefin (PO) or polyamide (PA) are also possible. The outer layer requires
resistance against weather conditions. Usually, fluoropolymers are used, such as polyvinyl fluoride
(PVF) [16].

The encapsulant secures the cells from chemical, electrical, and physical stress. It is flexible to obstruct
expansion and contraction. Furthermore, it is an electrical isolator to guarantee the functionality of the
cells. Thermal conductivity is also a requirement to prevent unrestrained heating of the cells. Optical
transparency is also needed. The most common encapsulant is EVA [16].

A j-box is connected. In the j-box, the interconnects of the string of cells are adapted to the connector
leads of the module. It requires electrical insulation and obstruct moister intrusion to protect the internal
components. Bypass diodes are integrated in the electrical circuit in the j-box. These diodes prevent
damage from electrical mismatch. Electrical mismatch is due to damage, degradation of partial shading
of cells. This leads to loss in power output and heat dissipation [16].

Finally, a frame is used for mechanical support and the mounting of the module. Adhesives are used
between the frame and the edge of the laminate. The frame is grounded [16]. Figure 2.6 shows the cross-
section of a PV module.
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\Cell Interconnects

Connector Leads

PV modules produce a DC-voltage. This DC-voltage is converted to an AC-voltage by an inverter.
Inverters are classified into two types: inverters with and without a transformer. Galvanic isolation is
achieved between the grid and PV panel with the use of a line-frequency transformer, shown in Figure
2.7a. However, line-frequency transformers, shown in Figure 2.7b, increase the overall cost because
they are large and heavy in mass. High-frequency transformers eliminate these problems. The negative
or the positive pole of these inverters is grounded [17], [18].

Transformer-less inverters, shown in Figure 2.8, are smaller in size and lighter in mass, therefore, they
are cost-effective. Another advantage is the increase of efficiency by 1-2%. However, no galvanic
isolation is present and voltage fluctuations may occur between the ground and the PV array.
Furthermore, transformer-less inverters are not required to be grounded. This causes a floating potential;
thus, some cells are negatively biased while others are positively biased relative to the ground. These

inverters can be grounded. However, the user is not able to choose which pole [17], [18].

(
PV {
Module Grid

Low frequency
trans former

yYyy

(a)

Figure 2.7: Inverter with a line-frequency transformer (a) and high-frequency transformer (b) [17, p. 1125]
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2.2 Photovoltaic characterization

2.2.1 PV cell model

An ideal PV cell consists of a current source I, in parallel with a diode. However, some corrections are
made to take the losses in account. The first correction is the addition of a series resistance (Rs). This
resistance corrects for the current flow resistance and electrodes resistance. Another resistance, the shunt
resistance Rsh takes the leakage current into account. The model with the series and shunt resistance is
called the single diode model. The two diode model adds another diode to correct for the recombination
current loss located in the depletion region and the space-charge region. This is the most accurate model.
However, the single diode model is commonly used because of its simplicity [18].
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Figure 2.9: Two diode model [19, p. 565]

The two diode model has seven variables: the photocurrent I, the dark saturation currents of the two
diodes lo1 and loz, the shunt resistance Rs, the series resistance Rs, and the ideality factors of the diodes
n; and n,. With these parameters, the two diode model is represented by the equation (1) which describes
the IV characteristic [18].

V+IRg V+IRs
I=1L—101(en1T—1)—102(e"2T—1)—m (1)

Rsh
2.2.2 IVcurve

2.2.2.1 Light IV

The IV-curve is a graph that displays the current as a function of the voltage. On the IV-curve, different
parameters are observable. Figure 2.10 shows the open circuit voltage of the solar cell (V), the short-
circuit current (ls¢), and the virtual maximum power (P:). These parameters are best case scenario and
will make the solar cell the most efficient. However, a real measurement appears more like the red curve.
The power at the maximum power point (Pmpp) Of the red curve is calculated by multiplying the current
at maximum power point (Impp)with the voltage at the maximum power point (Vmgp).

With the maximum power and the virtual maximum power, the fill factor (FF) can be calculated with
formula (2). This means the fill factor shows how much of the virtual reachable power is generated [20],
[21].

FF = Fax = Tnpp * Vinpp @)
Py Lsc * Voc
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The maximum power is also used to calculate the efficiency n of the cell with equation (3).

Pmm
n= ©)

with A the solar irradiance with spectrum AM 1,5 and temperature T is 25°C [21], [22].

The series and shunt resistance of the cell has an influence on the IV-curve. When the series resistance
is increased, the slope at V. is decreased. The decrease of shunt resistance increases the negative slope
at lsc. Rs is calculated with equation (4) [21]. The effect of the series resistance is shown in Figure 2.11.
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Figure 2.11: IV curves with different series resistance [19, p. 566]

Figure 2.12 shows the effect of the shunt resistance on the 1V curve. The increase of the series resistance
and the decrease in shunt resistance both reduce the FF, and thus the Pmpp [19]. Rshis calculated using
the slope of the IV curve at the short circuit point. Formula (5) shows this formula, this formula also
corresponds to Ohm’s law [21], [23], [24].

o=, ©
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Figure 2.12: IV curves with different shunt resistance [19, p. 566]

2.2.2.2 Dark IV

In the dark, a solar cell can be specified as a simple diode. This means that in the dark the characteristic
exponential diode curve can be measured [25]. To measure the dark-current, first the PV cell needs to
be covered to eliminate any light to cancel out noise. Secondly, a power supply is connected to the PV
cell with the same polarization as the cell. Then, the current and voltage are measured as the voltage of
the power supply increases from zero to the upper limit. The dark-current flow is in the opposite
direction to the light-current flow; however, the electrical configuration of the cells PN-junction is still
forward biased as during typical operation [26].

2.2.3 Electroluminescence

The solar cell is a PN-junction, which works like a diode. When a DC current is sent through the solar
cell, it functions as a light emitting diode (LED) [20]. Electroluminescence (EL) imaging of a solar cell
under forward bias is used to investigate deficiencies and material properties [22]. Regions with high
conversion efficiency have a brighter luminescence in the image, while defects such as cracks are darker.
Therefore, this image highlights defects as dark objects, however, random dark spots in the background
of the image provides for difficult automatic examination. These dark sports are grain boundaries and
dislocations [27].

The light the Si PV cell, with a bandgap of 1,1eV, emits has an infrared radiation wavelength of around
1150nm. Therefore, it is in the infrared spectrum and not visible with the naked eye [20]. To detect the
emitted light, a charge-coupled device (CCD) camera can be used in combination with a filter. The best
image is taken in the dark because it cancels out the most noise [20]. To get a brighter picture (more EL
light), a longer shutter time of the camera is used to capture more light. Another possibility is to put a
higher current through the solar cell [28].

Figure 2.13 shows two EL images of solar cells without defects (a) and with a crack (b). The crack is
noticeably darker.
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Figure 2.13: EL images of solar cells: (a) without defects; (b) with a crack [27, p. 251]

2.2.4 External quantum efficiency

External quantum efficiency (EQE) is a measuring method to get insights into the opto-electrical
properties of a solar cell. The EQE measurements are used to get the spectral response of the solar cell
[29]. The EQE presents the quantity of charge carriers accumulated by the cell from the quantity of
incident photons at a certain wavelength. The spectral response gives insight into the output of the solar
cell corresponding to a constant energy input at various wavelengths in the range of 300-1200 nm [30].
A common way to measure the EQE is by using Fourier transform photocurrent spectroscopy (FTPS).
A halogen source that emits a white light is modulated by a Michelson interferometer. As a result, the
different wavelengths of the white light are modulated at different frequencies. The spectral response
can be gained through inverse Fourier transformation of the photocurrent when a thin film of the solar
cell gets illuminated with the modulated light. This is because the photocurrent is modulated the same
as the incident light [31].

Figure 2.14 shows the schematic layout of the Fast Optical Measurement System (FOMS) to measure
the EQE. The light from the source is a halogen lamp because of its smooth emission spectrum. The
source light (1) goes through the filter wheel (2) and a slit (3). Then the polychromatic light (4) is
dispersed (5) which creates the dispersed light beam (6). The beam then illuminates the Digital
Micromirror device (7) which creates two light beams (8). These two light beams are identical and
directed through mixing and focussing optics (9) so that the created polychromatic light beam (10) can
illuminate the device under test (11) and the reference detector (12). The final value of the measurement
is obtained by dividing the demodulated photocurrent signals from the device under test (11) and the
reference detector (12) on a computer (13) [31].

This is a very specific device, there are also other methods to measure the EQE, but they use the same
principles. Therefore, it is unnecessary to explain all of them.
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Figure 2.14: Schematic layout of the Fast Optical Measurement System [31, p. 7]

2.2.5 Electron beam induced current

Electron beam induced current (EBIC) detects doping level inhomogeneity, recombination sites and
electrical irregularities in PV cell. It is very responsive to electron-hole recombination. Thus, it is useful
for detecting defects which act as recombination centres. A current is put through the cell to fabricate
an EBIC image. Physical defects are darker in an EBIC image than areas without physical defects [22].

2.2.6 Laser beam induced current

Laser beam induced current (LBIC) maps the photocurrent response of a PV cell. With the use of three
excitation wavelengths (639 nm, 785 nm and 830 nm) provided by lasers, electron-hole pairs are created
in the cell causing a DC current which is measured [22].

2.2.7 Dark lock-in thermography

Dark lock-in thermography (DLIT) imaging is used for quantitatively evaluation of inhomogeneous dark
currents in PV cells. Leakage currents are indirectly detected with DLIT. A reverse bias is applied to
concentrate current in shunts. A forward bias is applied to sense shunts. An infrared wavelength is
transmitted by the cell and is detectable with an infrared thermal camera [22].
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2.3 PID of photovoltaics

2.3.1 PIDtypes

2.3.1.1  PID of the shunting type (PID-s)

PID-s or Potential induced degradation of the shunting type is the most common type of PID in p-type
¢-Si modules [32]. This degradation mode reduces the shunt resistance and increases the dark saturation
current due to recombination in the space-charge region and ideality factor of the second diode term
[32]. Sodium ions (Na*) play a dominant role in the evolution of PID-s [32], [33]. An electric potential
of a few volts is necessary across the SiNy layer to induce PID-s [34]. The origin of the Na* ions is still
unclear. Soda-lime glass contains sodium ions which accelerates PID in comparison with modules
without a front glass. However, modules without a front glass still suffer from PID, thus another sodium
source is present. Na contamination on the cell surface is likely another origin [35]. Then, the Na* ions
are at the PN-junction where they create stacking faults a few micrometres through the PN-junction
[36]. These small channels reduce the shunt resistance drastically. Figure 2.15 shows the cross-section
of a PV cell with a stacking fault in which Na-ions diffuse under the effect of a powerful electric field.
PID is especially a problem on large strings of serially connected PV modules. At the end of the string
there will be a high electrical potential between the solar cell and the grounded frame driving the Na* in
the PV cell. This leads to the shunting PID in the field [37].

Figure 2.15: Cross-section of a PV cell with a stacking fault in which the Na+ ions diffuse [34, p. 387]

Tests indicate that the stacking faults that lead to PID-shunting do not exist until PID-stress is applied.
This means that the stacking faults get decorated with Na and grow under PID at the same time. The Na
atoms cause an additional stress to the dislocations and crystal faults in the Si. This stress makes the
dislocations larger, leading to an in-depth growth of planar defects by splitting into partial dislocations.
The stacking faults remain after the out diffusion of Na [36]. The Na decorated stacking faults are
0,57 nm wide. A shift of Si-atoms is observed as an effect of the Na within the stacking fault. Figure
2.16 shows a high-angle annular dark-field (HAADF) image of the atomic structure of the defect. The
dark diagonal stripe indicates a stacking fault [34].
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Figure 2.16: HAADF image of a stacking fault [34, p. 386]

Figure 2.17 shows a stacking fault inclined to the solar cell surface and perpendicular to the transmission
electron microscopy (TEM) lamella surface. The left image gives an overview of the defect, which is
nearly 2um. The composition of the elements is obtained by energy-dispersive X-ray spectroscopy
(EDX) in Scanning TEM (STEM) mode. The images on the right side show the elemental location of
Na, O and N, respectively. These images show that Na is present in the stacking fault [34].

Pt cover

Figure 2.17: brightfield TEM image of a stackmg fault (Ieft) EDX mappings obtained in STEM mode at the stacking fault
[34, p. 385]

2.3.1.2  PID of the polarization type (PID-p)

Potential-induced degradation of the polarization type (PID-p) is caused by the surface polarization on
the surface of the ARC, which increases the charge recombination. PID-p reduces lsc and Vo [38]. By
applying a high positive voltage, relative to the ground, to an n-type PV cell with an n-layer top induces
PID-p. Negative charges are trapped in the ARC, which leads to a concentration increase of the minority
carriers (holes) at the top of the n-layer. This increases the surface recombination. In contrast, a high
negative voltage on the cell, relative to the ground, causes PID-p in a cell with a p-type layer on top.
Positive chargers are trapped in the ARC, which leads to a concentration increase of the minority carriers
(electrons) at the top of the p-layer. This increases the surface recombination [39]. Figure 2.18 shows
the proposed PID-p mechanism for n-type PV cell s with a n-layer top (a) and p-layer top (b).
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Figure 2.18: Proposed PID-p mechanism in n-type cells with an n-layer top (a) and an p-type layer top (b) [39, p. 138]

2.3.1.3  PID of the corrosion type (PID-c)

Potential-induced degradation of the corrosion type (PID-c) is caused by electrochemical reactions.
Under negative bias, the grounded frame is an anode, while the metallization on the cells are a cathode.
Positive charge carriers, such as Na*-ions, migrate to the metallization. Electrons are the charge carriers
in the metallization. The difference in charge carriers causes electrochemical reduction reactions. The
reduction reagent is most likely water [40].

Under positive bias, oxygen and hydronium ions are generated by the oxidation of water. This results in
an acidic environment close to the metal surface. Here, dissolving metals are caused through
electrochemical reactions which produces acidic oxide species [40].

2.3.1.4  PID of the delamination type (PID-d)

Potential-induced degradation of the delamination type (PID-d) is caused by loss of adhesion of the
laminate to the cell. The adhesion reduction is accelerated by damp heat and sodium migration. Negative
voltage to the cell drives electrochemical reactions produce gaseous by-products. The gas bubbles result
in metallization delamination and increased series resistance [41].

2.3.2 PID stressing methods

The PV modules that are used to test any form of PID must be stressed to generate an artificial age of
20-25 years or even more. In the process, the solar panels will be measured to see how the PID evolves
[32], [33]. The test methods for PID in crystalline silicon PV modules are described in IEC 62804-1
[42].

2.3.2.1 Frame method

The moisture and temperature of the air around the solar panels have an impact on the stressing of the
PV module. To emulate the outdoor conditions, a climate chamber is used. In this chamber, the
temperature and humidity have to be controlled. This method stresses the cell especially around the
edge, as the frame is at the sides of the cell, only stressing the outline of the cell [32], [33]. According
to the IEC standard, the conditions of the frame method are: a module temperature of 60°C £ 2°C and a
relative humidity of 85% + 3% [42].
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2.3.2.2 Foil method

As shown in Figure 2.19, on top of the side where normally the light falls in (only frontside on mono
facial and both sides if bifacial), a metal foil, such as Al-foil or another electricity conductive material,
is placed to serve as an electrode for a homogeneous distribution. The positive and negative clamp of
the solar cell are interconnected. Then, a high positive voltage is put on the metal foil, the solar cell is
grounded. This creates an electric field which stimulates the Na-ions to migrate towards the solar cell
and cause the PID. The homogeneous electric field makes it possible to stress the cell equally
everywhere. [32], [33], [28]. According to the IEC standard, the conditions of the foil method are: a
module temperature of 25°C +1°C and the relative humidity is less than 60% [42].

(a) (b)

Figure 2.19: (a) shows the Al-foil on top of the PV module (b) shows the Al-foil secured with duct tape

A test setup with both the frame and the foil method is shown on Figure 2.20.
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Figure 2.20: Test setup to accelerate the migration of Na* ions towards the photovoltaic cell [33]

2.3.2.3 PID tests on cell level

The root cause of PID can be investigated at cell level. To do this, PID is induced in bare solar cells with
a technique known as corona discharge. This is done because it is difficult to test encapsulated cells. To
induce PID, a thin wire is placed in front of the front surface of the cell. By applying a high voltage on
the thin wire, positive ions are located on the tip of the wire and are deposited on the front surface.
Therefore, an electric field is created between the front and the back of the sample. Figure 2.21 shows a
schematic of the setup. The Na, which causes PID, does not come from soda lime glass, but it is believed
that it pre-exists on the surface of the cell. It is important to note that this technique ignores the influence
of the glass and encapsulation material [32].
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Figure 2.21: Schematic of the corona discharge setup [32, p. 53]

A PIDcon device uses a method to not only test solar cells with an ARC, but also individual components
such as encapsulants and glasses. To test the cell, it requires a constant temperature. This is achieved by
placing the cell on a temperature-controlled Al chuck. On top of the cell, an encapsulate layer and a
glass sheet are placed. Electrical contact to the cell is realized with a needle on the front surface and the
Al chunk on the rear. Figure 2.22 shows a schematic of the setup. To achieve a constant high voltage on
the glass surface, a solid metal block is positioned on top of the glass. Then, a positive voltage of up to
1000 V is applied to the metal block while the Al chuck is grounded. The IV curve is measured during
the test to investigate the PID process. With this method it is possible to perform tests on samples with
and without laminating the encapsulant to the cell [43].
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Figure 2.22: Schematic of the PIDcon setup [43, p. 835]

2.3.3 PID quantification

A few methods are used to determine the PID level of a PV module. The IEC 60904 series explains the
measurement methods of PV devices [44]. The cells are tested under standard test conditions (STC),
according to the IEC 60904-1 standard. These conditions are as follows: the irradiance is 1000 W/m2,
the cell temperature is 25°C, the spectral distribution is AM 1,5 and there is a normal incidence [45].

2.3.3.1 IV-curve

2.3.3.1.1 Light IV measurement

PID-s reduces the shunt resistance of the PV cell. The reduction of this resistance is observed in the IV
curve. Figure 2.23 shows the IV curve of a p-type silicon solar cell before and after PID testing. The
slope at the short circuit current decreases when the PID-s increases [38]. This causes the FF to decrease.
The Isc and Vo are not notably affected by PID-s levels of below 40%. Once the PID-s level rises above
40%, lsc and V. decrease significantly [46].
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Figure 2.23: IV curve of a p-type silicon PV cell before and after PID test [38, p. 269]

PID-p is observable in the IV curve of the cell. Figure 2.24 shows the IV curve of a standard n-type
silicon PV cell before and after PID testing. It is observed that the Isc and V. are decreased, while the
reduction of FF is insignificant [47].
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Figure 2.24: 1V curve of an n-type silicon PV cell before and after PID test [47, p. 364]

2.3.3.1.2 Dark IV measurement

PID is observable in the dark IV curves as well. Figure 2.25b shows the dark IV curves of solar cells
with different PID-s levels. PID(0) has the lowest PID-s and PID(4) has the highest level of PID-s.
Figure 2.25a displays the light IV curve of the same solar cells. Dark 1V measurements determine
parameters such as series resistance, shunt resistance, diode factor and diode saturation currents.
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Figure 2.25: Light IV curve (a) and dark IV curve (b) of solar cells with different PID [48, p. 1000]
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It is possible to estimate the module power decrease at STC from PID-s with the use of the dark IV
measurement at 25°C. The dark 1V derived power is necessary for this method. The dark IV derived
power is calculated by shifting the dark IV curve by the average of the short circuit current before and
after PID testing, following to the superposition concept. The short circuit current is acquired from the
light IV measurement at STC. Figure 2.26 shows the correlation between the normalized module power
of the dark IV measurement at 25°C as a function of the normalized module power of the light IV
measurements under STC. The normalized power is calculated by dividing the power after testing with
the power before testing. The dashed line corresponds to y = x [49].
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Figure 2.26: Normalized module power measured with dark 1V at STC as a function of the normalized module power
measured with light IV under STC [49, p. 2157]

However, PID is usually tested at temperatures higher than 25°C, to accelerate the degradation. This
difference in temperature presents an error to the module power prediction by in situ dark IV
measurements. Therefore, equation (6) is created to convert the module power derived from the dark IV
at higher temperatures to the dark IV module power at 25°C [49].

[e] P ar TSft
Paar(25°C, t) = dark(Ts ) (6)

_ i _Pdark(TS't)) _
1+<1 kestlmated(l PaarkTs0) *Y dark(0)*(Ts—25)

Paark(25°C,t) and Paark(Ts,t) is the dark module power at stress time t, at 25°C and stress temperature
respectively. Pgar(Ts,0) is the dark module power before stressing, at stress temperature. Kestimated iS
calculated with equation (7) [49].

— _ Ydark(tn) _ Paark(Ts.tn)
keStimated N (1 Ydark(o) ) / (1 Pdark(TSrO) ) (7)

The dark IV derived temperature coefficient yqark is calculated with equation (8). Here, yark(tn) is the
temperature coefficient measured at stress time t, and yqark(0) is measured before stressing [49].

Paark (Tc)

Paari(Trer) =1+ Yaark(t) (Tc - Tref) (8)
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Paar(Tc) and Poar(Trer) is the dark module power at cell temperature and reference temperature
respectively [49].

2.3.3.2  Electroluminescence imaging

The EL imaging gives a general idea how the PV modules react to the PID stress [28]. PID-s is
observable in EL images. Figure 2.27 shows the EL images of a standard p-type silicon PV cell before
and after PID testing. The entire cell is darker after the PID test. However, some areas are degraded
more than others. PID-s is caused by sodium ions migrating into the cell, which is not uniform on the

surface [38].

Figure 2.27: EL images of p-type silicon PV cell s before (left) and after (right) PID test [38, p. 271]

PID-p is also observable in EL images. Figure 2.28 shows the EL images of a standard n-type silicon
PV cell before and after PID testing. It is observed that the entire cell is homogeneously darker after
PID testing. The overall darkening is due to the polarization of PID-p, which occurs everywhere on the
surface [47].

b

Figure 2.28: EL images for a n-type silicon PV cell (a) before PID test and (b) after PID test [47, p. 363]

2.3.3.3  External quantum efficiency

For crystalline silicon, EQE is also often used to determine the quality of the emitter and the passivation
scheme [50]. Figure 2.29 shows the EQE as a function of the wavelength. The graph shows how efficient
the photovoltaic cell is at each wavelength. At the lower frequencies, the efficiency of the light is reduced
due to front surface recombination. In the middle range, the EQE is still not 1 (this is the maximum it
can be) due to overall losses caused by reflection and a low diffusion length. At the larger wavelengths,
the efficiency will go down again because the reduced absorption at long wavelengths, low diffusion
lengths and surface recombination. Finally, the efficiency will go to zero once the wavelength passes
the bandgap [51].
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Figure 2.29: An example EQE measurement [51]

Figure 2.30 shows the EQE of a standard n-type silicon PV cell before and after PID test. The EQE is
only notably decreased in the short-wavelength region from 400 to 600 nm. The increased surface
recombination in the front is considered as the cause of the change in EQE. In contrast, PID-s is not
observable with EQE measurements until Is starts decreasing at PID-s levels above 40% [39], [47],
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Figure 2.30: EQE of an n-type silicon PV cell before PID test (a) and after PID test (b) [47, p. 363]

2.3.3.4  Electron beam induced current

On EBIC images, particles, shunts and recombination active regions are darker, thus, PID-s is detectable.

Figure 2.31 shows an EBIC image of a solar cell with PID-s. A shunt is visible as a dark region.

EBIC

Figure 2.31: EBIC image of a PV cell with shunts from PID [53, p. 79]
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2.3.3.5 Dark lock-in thermography

DLIT images are used to investigate shunts on the cell surface, thus, it is able to detect PID-s. Figure
2.32 shows a DLIT image of a solar cell with PID-s. Local shunts are observed [53].

Figure 2.32: DLIT image of a PV cell with shunts from PID [53, p. 78]

2.3.4 PID kinetics

PID can behave differently under different circumstances. The main factor that changes the behaviour
is the leakage current. The leakage current between the frame and the photovoltaic cell is related to PID.
Reducing the leakage current by increasing the resistance between cell and frame, will slow the PID
down [54]. This leakage current changes under different circumstances, mainly under temperature,
humidity and the voltage between the frame and the solar cell. To be able to test PV modules, it is
necessary to know how these parameters influence the PID.

2.3.4.1 Temperature

PID is caused by the migrating Na*, the process is influenced by the temperature. The higher the
temperature, the more energy the Na* will have, and thus more degradation because the sodium ions
migrate faster. The relation between the leakage current and the temperature is an Arrhenius-type
relation. Figure 2.33 shows the relation between the leakage current and the module temperature with
the leakage current plotted logarithmic. This relation is exponential if the voltage and the humidity are
kept constant increase [32].
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Figure 2.33: Leakage current for mono-crystalline Si modules at different temperatures and three different RH-levels
[32, p. 54]
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2.3.4.2 Humidity

The humidity of the climate can affect the growth of PID in multiple ways. A first effect is that at the
same temperature, when the humidity is higher, the leakage current is higher [32], [55]. This can also
be observed on Figure 2.33. The second effect is that the humidity affects the dominant leakage current
paths. In low humidity conditions, the front glass’s surface conductivity is lower than in higher humidity
conditions. In this case, the surface and bulk glass conductivities dominate the leakage current. In high
humidity conditions, a film is formed on the front glass which is generally not the case in low humidity.
This film has a relatively high electrical conductivity. Therefore, the ionic current on the front glass
becomes the predominant factor of determining the leakage currents path [32].

Finally, in the long term the humidity also influences the PID. After long periods of exposure, the
moisture can penetrate the module. This increases the PID progression as the bulk resistivity of the
encapsulant materials is reduced [32].

It can be concluded that the PID risk is higher when the humidity increases. In dry climates PID has
shown to occur at the module edges because only the grounded frame has a high potential relative to the
cell, thus sodium ions only migrate beneath the frame [32].

2.3.4.3 Voltage

The voltage between the frame and the cell is the factor for PID. With a different polarity or magnitude,
the behaviour of the PID changes. The level of PID can grow in standard p-type c-Si modules if the
voltage between the frame and the cell is negatively biased. The Na*-ions are attracted towards the cell
and repelled from the frame because the cell is negatively biased and the frame positively. The Na*-ions
will then migrate towards the cell as discussed in 0. With the polarity changed and thus the cell positively
biased and the frame negatively, the Na*-ions will be attracted to the frame and therefore migrate
towards the frame. This can help to cure the PID or prevent it [32].

The magnitude of the voltage also has an influence on the PID behaviour. The higher the voltage, the
more the PID increases [32].

2.3.5 PID preventive measures

Considering the drastic effects of PID on PV modules, methods are developed to minimize the effects.
PID can be prevented at different levels: cell level, module level and system level [32].

2.3.5.1 Cell level

For p-type c-Si solar cells, the ARC has an influence on the PID susceptibility. When the refractive
index increases, the PID-s resistance increases as well. This is realized by enlarging the Si/N ratio. This
also ensures that the conductivity increases, and the transport of positive charges reduces onto the ARC.
By reduction of the electric field and neutralizing advancing Na* ions, the resistance against PID is
increased. A refractive index of 2.2 eliminates PID, however, the efficiency is lower due to more light
absorption in the coating [32].
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2.3.5.2 Module level

On module level, the leakage current can be reduced by changing the resistance of the layers between
the cell and the frame. By changing the resistance of one of these layers, the leakage current can be
reduced significantly, slowing down the PID [56].
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Figure 2.34: Voltage divider model for PID on module level [56, p. 10].

2.3.5.2.1 Glass

As discussed before, Na* causes the PID-s. The origin of the Na* ions is still unclear. However, PID is
accelerated when soda-lime silicate glass, which contains sodium ions, is used [35]. This glass is used
due to its low cost in conventional c-Si p-type modules [32]. Modules with glass without Na* ions are
less effected by PID. An example of a glass that can be used is chemically strengthened aluminosilicate
glass. Modules with conventional and aluminosilicate glass are both tested under the same conditions
by [47]. These modules were stressed under -1000 V, 60°C and 85%RH with the glass surface kept wet.
The power of the aluminosilicate glass modules degraded by less than 5% after 100 hours. The soda-
lime glass module on the other hand lost almost 80% of their power within the first 50 hours [32], [47].
Other sorts of glass that are also reported to be able to prevent PID-s are Borosilicate- and quartz glass.
The downside of these different PID-resistant glass sorts is that they all are more expensive to fabricate,
which means the initial cost of the module is higher [32].

It is also possible to keep the soda-lime glass but apply a coating on the glass to stop the Na* migration.
This layer adds an extra resistance for the leakage current. A layer that gives a significant protection
against the migrating Na* ions under high voltage is TiO. The downside of these layers is that the optical
performance of the modules decreases significantly. The extra layer reflects, absorbs and scatters the
light. This leads to less light reaching the photovoltaic cell itself and thus a decrease in efficiency [32].

2.3.5.2.2 Encapsulant material

The solar cells in standard c-Si PV modules are encapsulated with an encapsulation material. This
provides electrical protection for module components, a resistance to moisture, better thermal and UV
degradation stability. The most commonly used encapsulant is EVA. The most important physical
property of the encapsulant to PID effects is the bulk resistivity. Higher bulk resistivity leads to a smaller
leakage current for a same electric potential difference, reducing voltage build-up on the solar cell
surface to the solar cells and thereby mitigating PID effects [32].

38



2.3.5.3 System level

On system level, long serial strings of PV modules produce a DC-voltage. This DC-voltage needs to be
converted to an AC-voltage. To do this an inverter is used. These inverters exist with and without a
transformer [32].

The inverters that use a transformer, the negative or the positive pole needs to be grounded. As discussed
before in 2.3.1.1, p-type c-Si PV modules that are negatively biased are sensitive for PID-s and PID-p.
This can be taken care of by connecting the negative system pole to the ground instead of the positive
pole. This causes a positively biased field and cancels out any PID-s in p-type c-Si PV modules [32].
Transformer-less inverters are floating or grounded, however, the grounded pole cannot be changed.
Therefore, the solution mentioned for the inverter with a transformer cannot be used [32].

2.3.6 PID recovery

PV modules suffer from power loss due to PID, reducing the efficiency. However, research has found
that most PID is reversible. PID-c and PID-s levels that is too high, cannot be recovered [32], [37].

2.3.6.1 Thermal recovery

The recovery rate of PID increases with the temperature. This is caused by the concentration difference
between the Na decorated stacking fault and the oxide layer. Therefore, Na atoms diffuse out of the
cells’ stacking faults. The Na is relatively mobile in the oxide layer and spreads across the cell surface.
In the oxide layer, this leads to a continuous low Na concentration close to the defect. Then, Na diffuses
back into the ARC, however, this process is slower. Increased temperature accelerates the movement of
the sodium atoms, thus accelerates the recovery [57]. Figure 2.35 shows a schematic of the thermal
recovery process.
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Figure 2.35: Schematic of the thermal recovery process [57, p. 492]

After recovery, the traces of PID-s were investigated by STEM. The defect is not decorated with Na
after recovery. Thus, Na has diffused out of the defect. The conductive path is not conductive after
recovery [37].

2.3.6.2 Voltage recovery

As discussed in 0, a high voltage between the frame and the photovoltaic cell causes PID. If the polarity
of the voltage is changed and the photovoltaic cell is positively biased instead of negatively, the Na is
repelled from the cell. Therefore, they migrate to the frame which is negatively biased [32].
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To regenerate the PV-efficiency and have an accelerated recovery of the efficiency lost during the day,
a reverse biased voltage can be applied at the modules during the night. At systems with an inverter with
transformer, this method also can be used for regenerating the efficiency [32].

2.3.6.3 Light recovery

Light illumination is found to slow, or even recover, PID-p. Mainly, UV light from 300 to 400 nm is
accountable for the recovery. Visible wavelengths in the range of 400 to 600 nm also recover the solar
cell, however, in a lower degree. Different types of cells have different illumination recovery rates. The
front side of an n-PERT cell exhibits no decrease in PID-p susceptibility under light irradiance up to
800 W/m2, In contrast, in the rear side of an p-PERC cell, PID-p was stopped under illumination as little
as 10 W/mz2. Moreover, in these cells, a full recovery in 20 minutes was observed under light irradiance
of 40 W/m2, In this case, the recovery rate surpasses the degradation, which leads to the regeneration of
power. The cause of the difference in recovery rate are still unknown [58].
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3 Material and methods

3.1 Software

In this Master’s thesis, software is used to control the switch matrix setup and do the post process data
processing. To control the switch matrix setup, LabVIEW is used. The post processing is achieved with
the use of Python.

3.1.1 LabVIEW

LabVIEW, developed by National Instruments, is used to create a graphical user interface (GUI) to
control the switch matrix. It is a visual programming language for system-design and development. The
dataflow programming language used is called “G”. Subroutines are called virtual instruments (VIs).
The LabVIEW VI is composed of two features: the front panel and block diagram. The front panel is
the graphical user interface. Through controls, the user can insert input to the program, and receive
output from the program. The block diagram is the name of the visual source code. This code consists
of controls, functions and indicators. Controls are shown in the front panel. This way, the user can
specify certain parameters. Functions perform operations on its inputs to obtain an output. Finally,
indicators are also shown in the front panel. It displays output to the user [59].

3.1.2 Python

Python is a high-level, interpreted, object-oriented programming language developed by the Python
Software Foundation. It was used to automatically process the data from the LOANA, PME and the
switch matrix measurements of the Keithley 2400 (K2400). Python has a simple syntax which
strengthens the readability. Classes, modules, dynamic typing and modules are included. Python runs
on Windows, Mac, and many Unix variants. The extensive standard library covers a wide range of areas
such as text processing, file and directory access, file formats, generic operating system services and
more. On top of this, a variety of third-party extensions is obtainable [60].
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3.2 Hardware

To be able to do the measurements and stressing, extra hardware is necessary. This hardware includes
everything that is required for the switch matrix setup, as well as the measuring devices used.

3.2.1 PV-tools LOANA

The pv-tools LOANA solar cell analysis system, shown in Figure 3.1, was used to do the characterisation
of the PV modules. This device was utilized to do light and dark 1V measurements of the modules, as
well as EQE measurements. The IV measurements are realized by illuminating the module with an array
of infrared LEDs to determine V., FF, and the efficiency at arbitrary light intensities. The series
resistance can also be determined with the Isc and V.. characteristics. To determine the short circuit
current only, during the decay of a short illumination with a xenon flash while the module is in short
circuit, the short circuit current is measured [61].

The EQE characteristic is measured with a focussed light spot of 20 x 20 mm from the monochromator.
The monochromator can project light between 280-1600 nm with a wavelength accuracy of 1nm. In our
measurements, the monochromator is used between from 280 nm to 1200 nm with a step of 10 nm [61],
[62].

Figure 3.1: LOANA solar cell analysis system [61]

3.2.2 ElL-camera

EL-photos of the PV modules are acquired with a Nikon D5500 camera. The single-lens reflex CMOS
camera takes digital photos with an image size of 6000x4000 pixels [63]. To make the camera suitable
to take EL-photos, the IR-filter of the camera was replaced with a visible light filter.

3.2.3 High voltage source

The high voltage source (HV-source), shown in Figure 3.2, was custom-made for the ESE research
group. It is used to stress the PV modules for PID. The device is capable of generating voltages ranging
from -2000 V to +2000 V. The maximum current it can deliver is 5 mA. The source can be controlled
via a computer or used as a standalone source. In the switch matrix setup, it will be controlled via
LabVIEW.
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Flg-Lifé 32 High voltage source
3.2.4 Keithley 2400

The Keithley 2400, shown in Figure 3.3, is a source measure unit (SMU). It can do a voltage sweep and
measure the current, this makes an IV curve. The Keithley 2400 can handle a maximum of 1 A at 20 V
and 0,1 A at 200 V, for a maximum power draw of 20 W. It is possible to use the Keithley 2400 via
LabVIEW. LabVIEW is used to provide the Keithley 2400 with the right parameters and can also collect
the measured data. The connection between LabVIEW and the Keithley 2400 is done with GPIB, it can
handle up to 1700 reading/second at 4,5 digits via GPIB [64].

The measurement performed is a 4-wire measurement. With the four wires, it is possible to source the
voltage while measuring the current. This cancels out any interference of the wires and reed relays to
get a more accurate measurement. To make an IV curve, the voltage is sourced using a linear staircase
sweep. This sweep changes the voltage from the start level to the stop level in linear steps [64].

Figure 3.3: Keithley 2400 front interface [65]

3.2.5 Climate chamber

The Binder model KB 53 climate chamber, shown in Figure 3.4, was used to control the test
environment. This device is able to reach temperatures up to 100°C. Furthermore, it has two stainless
steel racks to place the PV modules on [66].

Figure 3.4: Binder KB 53 climate chamber [66]
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4 Design results

4.1 Switch matrix

To automate the dark IV measurements and PID stressing, a switch matrix is necessary. The switch
matrix can switch the high voltage mechanically on or off. It can also invert the polarity of the HV-
source, making it possible to stress and cure the modules. By connecting the modules one by one to the
K2400, it is possible to measure the modules in-situ. This data is sent directly to the laptop controlling
the switch matrix setup.

4.1.1 Setup

The design of the setup, in which the switch matrix is use, is shown in Figure 4.1. A laptop, running the
custom LabVIEW program, is connected to the K2400, a HV-source, and the switch matrix. The high
voltage outputs of the HV-source are connected to the switch matrix. In the switch matrix, the high
voltage can be switched on and of mechanically with the use of reed relays. The high voltage should
never reach the K2400, as it is not designed to withstand such high voltage. Therefore, before measuring,
the HV-source is shut of through LabVIEW and the reed relays of the high voltage input are switched
open to make sure no voltage will be over the K2400 terminals. The high voltage polarity can also be
inverted with the switch matrix, switching the plus and minus, while the ground connection will always
stay the same. The K2400 is used to measure the dark 1V curves. Reed relays are used to switch between
stressing and measuring the modules. These reed relays are controlled by an Arduino Nano via
LabVIEW. The Arduino and all the reed relays are located in the switch matrix. Figure 4.1 shows two
PV modules connected to the switch matrix, however, up to six modules can be connected.

Keithley 2400 Al-foil
Q
Laptop with )
LabVIEW H +V souree
i:EI Al-foil
Switch Matrix
GND + P1 P2 P P4 PS 537
T pI®] S OO0

Figure 4.1: Design of the switch matrix setup. The blue lines are USB cables, the red lines are high voltage cables, and the
green lines stand for 2 wires to connect the modules. In this case, two PV modules are connected, maximum six modules can
be connected

45



4.1.2 Photovoltaic characterisation

The schematic used for switching the modules for measuring is shown in Figure 4.2. The schematic is
portrayed for two modules. The switch matrix is accommodated for maximum six modules.

The left reed relays in Figure 4.2 are used to short the positive and negative output of the module. This
is done when the module is stressed (or cured) and is therefore activated at the same time as the HV-
source. When the cell is measured, these reed relays interrupt the circuit.

The other four reed relays are activated when the specific module requires to be measured. For example,
when module one needs to be measured, only the four reed relays of module one are activated. These
are deactivated as soon as the measurement is finished.

Because of the high voltage present in the switch matrix, a good isolation is necessary to ensure there
are no voltage sinks. Therefore, reed relays are used. The used reed relays can switch up to 10 kV and a
maximum current of 3 A. They are not only used for switching the high voltage but also for the
separation between the modules and the K2400 because of their breakdown voltage of 15 kV [67]. They
are chosen for their low contact resistance (150 mQ [67]), quick switching, and simple control circuit.

Module 1

Keithley 2400

Module 2

Figure 4.2: Schematic of the reed relays used to switch between the modules for measuring. The blue lines are the control of
the reed relays at a voltage of 24 V, the red lines are the positive lines of the modules/K2400, and the black lines are the
negative lines of the modules/K2400

4,13 Stress testing

The schematic of the high voltage polarity switching in the switch matrix is shown in Figure 4.3. This
switching allows to mechanically disconnect the high voltage from the PV modules and invert the
positive and negative poles. Four reed relays are necessary to make this switching possible. As shown
in Figure 4.3, the two upper reed relays are connected to the Arduino and the lower are connected to the
Arduino separately. The reason for this is that the upper reed relays and the lower reed relays should
never be activated at the same time, because this shorts the HV-source. When the high voltage is turned
on without being inverted, the upper two reed relays are activated. When the high voltage is turned on
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and is inverted, the lower two reed relays are turned on. With the ability to switch the polarity of the
HV-source, it is possible to stress and cure the modules.

HV IN
-] ) +|
- 0 +
HV OUT

Figure 4.3: Schematic of the high voltage polarity switching. The blue lines are the control lines of the reed relays at a
voltage of 24 V, the red lines that are connected to the positive high voltage output, the black lines are connected to the
negative high voltage output, except the lines for the zero, this line is connected straight from input to output without any
interference

4.1.4 Front panel layout

The front panel of the switch matrix is shown in Figure 4.4. In the top left, the high voltage inputs are
located. Below the inputs, the high voltage outputs are located. The connections for module one up to
six are located to the right of the high voltage connectors. The K2400 should be connected to the most
right column of banana connectors. For one column of connectors, the upper red banana connector is
used as the positive wire of the voltage, the red connector underneath is for the positive current wire. In
the same row, the upper black connector is for the negative wire of the voltage, the black connector
underneath is for the negative current wire. The USB cable to the laptop running the LabVIEW program
and the power switch are located to the right of the panel.
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Figure 4.4: Front panel of the switch matrix

4.1.5 Low voltage electrical control

To control the reed relays, a printed circuit board (PCB) is made to provide the low voltage logic. Figure
4.5 shows the schematic of the PBC. The main part of the PCB is the Arduino Nano in the centre. The
Arduino Nano communicates with the LabVIEW program via a USB connection. LabVIEW controls
the Arduino to set each port high or low. With this, the right port is made high at the right time.
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On the left of Figure 4.5, the connector to the LEDs on the front panel of the switch matrix is shown.
On the right of Figure 4.5, the connector to the reed relays is displayed. The reed relays operate at a
voltage of 24 V, the Arduino can only handle 5 V. To be able to switch the reed relays with the Arduino,
a transistor circuit is used to amplify the signal from 5V to 24 V. The diodes on the schematic are
flyback diodes to eliminate any voltage peaks from the coil of the reed relay. The three two-pin
connectors in Figure 4.5 are used for: 5 V and ground, two extra ground pins, and 24 V and ground.
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Figure 4.5: Schematic of the PCB to control the reed relays

4.1.6 Software: LabVIEW

The LabView program consists of two main tabs, shown in Figure 4.6 and Figure 4.7. The tab shown in
Figure 4.6 is the main tab of the program. The second tab, shown in Figure 4.7, is the tab with all the
settings for the switch matrix, high voltage source and the K2400.

The main tab has the start-, stop buttons and the pause-, resume buttons. Underneath the buttons, there
are five indicators. If a measurement is in progress, the first indicator shows the module that is currently
being measured. The second indicator shows the total runtime of the program, the third indicator shows
the total time the HV- source was active, the fourth indicator displays the voltage of channel one of the
HV-source, and the fifth indicator displays the voltage of the second channel of the HV-source.

The left graph shows the last measured IV-curve. The right graph displays the shunt resistance of the
module as a function of the time. Each time a measurement is acquired, the shunt resistance is calculated,
as discussed in 2.2.2, and added to a separate .csv file with the corresponding stressed time. It should be
noted that this shunt resistance is an estimation and is used above all to have a reference how the PID-s
changes during the stressing/curing as a function of time. Each module has its own tab with the shunt
resistance graph and an indicator with the last shunt resistance value measured.
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Figure 4.6: Main tab of the LabVIEW program

The necessary settings to run the setup can be adjusted in the settings tab displayed in Figure 4.7. The
settings are grouped for each device. The settings for the switch matrix are on the left, the COM port,
starting stressed time, polarity of the HV-source, total HV-source active time, time between
measurements, number of modules to be measured, and the path to the location where the .csv files
should be saved is entered here. In the second cluster, the settings of the Keithley 2400 are entered. The
settings that are required are the GPIB address, the source mode, sweeping range, the number of points
to be measured, and the timeout time. The last cluster contains the settings for the HV-source. The COM
port of the HV-source, the mode of the source, constant voltage or constant current, the desired voltage
and current for the first and second channel, and an on/off button whether this channel should be active
during the time the HV-source is active is entered here. If this button is deactivated for a channel, no
voltage will be over this channel. Most of the time, only one of the two channels the HV-source provides
is needed, the other channel can be turned off to increase the safety of the setup.
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Figure 4.7: Settings tab of the LabVIEW program
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4.2 Data automation with Python

4.2.1 Data processing of PV module measurements

In this Master’s thesis, different devices are used to characterise the PV modules. All the data from one
device needs to be assembled into one clear Excel file. To do this with Python, the openpyxlI library was
used. This library allows to read and write to cells, create new sheets, and generate graphs in Excel.

4.2.1.1 [OANA

The pv-tools LOANA was used for measuring the light and dark IV characteristics, as well as the EQE
of the PV modules. This device generates numerous files: .Igt, .drk and .eqe, with the ligh 1V, dark IV
and EQE measurement data. Besides the measurement data, these files contain information about the
date of the measurement, the settings of the LOANA, and measurement conditions. Furthermore, a data-
exchange Excel file is created. This file contains the parameters of the sample, such as s, Vo, FF, n and
more. These files are stored in a specific file hierarchy, shown in Figure 4.8.
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* Loana
l‘

stress time

=™

sample name
l‘ ||-.

v
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¥ sample name.drk
B- * IQE
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sample name.lgt

sample name.eqe
L
@Y data-exchangexlsx

Figure 4.8: File hierarchy of LOANA files. The stress test folder (here LOANA) contains the data-exchange file and the
folders of different stress times. These folders contain all the measured samples. The sample folders contain an IQE folder,
with the EQE data in the .eqe file, and an 1V folder, with the light and dark IV data in the .Igt and .drk files respectively

The custom-made Python program finds these files in the right location and stores the data together in
an Excel file. A sheet is created for every sample with the light and dark IV data and graphs. This sheet
also contains a table with the sample parameters from the data-exchange file and the calculated PID
percentage. The PID percentage is calculated with the following equation:

%PID =1 — %")) 9)

Another sheet is generated for each sample with the EQE data and calculated normalized EQE. Graphs
of both EQE and normalized EQE are generated. Figure 4.9 shows an example of the generated graphs
of one sample.
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Figure 4.9: Generated graphs of one sample of (a) light IV, (b) dark IV, (c) EQE and (d) normalized EQE

Another four graphs are created to compare the samples with each other: PID percentage as a function
of stress duration, FF percentage as a function of PID percentage, V.. as a function of PID percentage,
and Iy as a function of PID percentage. Figure 4.10 shows an example of these graphs. This way, the
data can be easily interpreted.
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Figure 4.10: Generated graphs of all samples of (a) %PID, (b) %FF, (c) Voc and (d) Isc

The stress time folders are manually set in the LOANA software. Because the times are not always
correctly set, the Python program calculates the stress times exactly. To do this, five columns, ‘Date’,
“Time (out)’, ‘“Time (in)’, ‘Interval [h]’ and ‘Acc. Hours [h]’, need to be present in an Excel sheet with
the name ‘General’. It is important that these columns are in this order and in columns A through E. The
row does not matter. In column A, the date is filled in by the user (format dd:mm:yyyy). In column B,
the time is filled in, by the user, when the stress test pauses (format hh:mm). In column C, the time is
filled in, by the user, when the stress test resumes (format hh:mm). In column D, the interval between
two stress test pauses is displayed in hours. This is calculated by the Python program. In column D, the
total stress duration in hours is displayed. This is also calculated by the Python program. These
calculated hours are then used in the graphs to ensure the correct presentation of the PID process.
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A B C D E
Stress duration

Date Time (out)  Time (in) Interval [h] Acc. Hours [h]
22/05/2019 16:45 0,00
24/05/2019 9:48 11:57 22,10 38,87
27/05/2019 10:22 15:51 70,42 109,28
28/05/2019 15:15 16:46 23,40 132,68

Figure 4.11: General sheet with the five necessary columns. In column A, the date is filled in (format dd:mm:yyyy). In column
B, the time is filled in when the stress test pauses (format hh:mm). In column C, the time is filled in when the stress test
resumes (format hh:mm). In column D, the interval between two stress test pauses is displayed in hours. This is calculated by
the Python program. In column D, the total stress duration in hours is displayed. This is calculated by the Python program

4.2.1.2 PME

Light IV measurements of thin film modules are saved in .dat files, which also need to be collected into
one clear file. Other data, such as the open circuit voltage, fill factor and efficiency are stored in .ini
files. The names of these .dat and .ini files need to have the format: sample name - number of stressed
minutes - sample number - measurement number. The thin film files are all saved together in one folder.
The file structure is shown in Figure 4.12.

] * -

* Thin film
- sample name-stress time-sample number-measurement number.dat

b=} sample name-stress time-sample number-measurement number.ini

Figure 4.12: File hierarchy of thin film files. One folder of the stress test (here Thin film) contains all the files of all the
samples for all the stress durations

Every sample with sample number and measurement number is parsed to one sheet in the Excel file.
This sheet contains the light IV measurement data with the IV graph, similar to Figure 4.9a. A %PID
sheet is also generated with a graph containing the PID percentage of all the samples as a function of
the stress duration, similar to Figure 4.10a.

4.2.1.3 K2400

The switch matrix with the LabVIEW program was used to measure the dark 1V characteristics of PV
modules in-situ. The switch matrix measures the PV modules after a certain number of minutes and
saves the data on the computer. This data is organised on the computer in a specific way. Each module
under stress has a folder with its name. In this folder, the dark IV data is stored. These .csv files are
named after the number of minutes of stressing since the start of the program. It also contains the Rsh
.csv file. This contains the value of the R of each dark IV measurement. The file structure is shown in
Figure 4.13.

* Switch matrix
. L]
EH- * module name
L | »
B:Y stress time.csv

1% Rsh.csv

Figure 4.13: File hierarchy of switch matrix files. In the stress test folder (here Switch matrix), a folder is located for each
module under stress. These folders contain the measurement data of all stress durations and the Rsh file
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The Python program collects the data for all PV modules, for all minutes, and assembles it all in one
Excel file. This file consists of several sheets, one for each PV module. In this sheet, the dark IV data is
arranged from the first measurement through the last. The program also generates a graph of the data,
similar to Figure 4.9b. A sheet with all the Rs, values of each module at each time is created. The shunt
resistances of each module as a function of the stress duration is visualised in a graph, an example is
shown in Figure 4.14.
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Figure 4.14: Graph of Rsh values of each module

4.2.2 Combine EL-photos of PV-laminates

The Python Image Library (PIL) is used to put all the EL-photos together in one .jpg image, with the
sample names and stress times on the left and on top of the images respectively. The OpenCV and
Numpy libraries are used to first transform the EL-photos into a square. This is achieved by first
detecting the edges of the samples and then finding the corners. These corners are then used to form a
square image. This way, no black borders are present in the resulting image. Figure 4.15 shows an
example of a resulting image for two samples and two stress durations.

Figure 4.15: Resulting image of EL-photos. On the right, the sample names are mentioned. On top, the stress duration is
displayed. In the top left corner, the stress test name is displayed

4.2.3 Graphical User Interface of data processing program

A GUI was made to easily operate the program. The Tkinter library was used to achieve this. The
interface consists of two tabs: processing and info. Figure 4.16 shows the processing tab. The user is
able to select a few options before running the program. First, the device with which the data is obtained
is selected. Three options are available: LOANA, PME and K2400. Then, the stressing duration is
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chosen. If “All’ is selected, all the stressing data is combined in the Excel file, however, an interval can
be selected when necessary. If the user only wants data with at least a certain amount of time in between,
the ‘Data every ...” checkbox is checked. Furthermore, an Excel file is chosen in which the data is saved.
Finally, the user is able to choose which data to save: IV, EQE or EL picture. Multiple options are
possible, however, these options are only available if LOANA is selected, because thin film and switch
matrix only have IV data. When everything is correctly selected, the begin button is pressed. The label
on the left of the button displays the current state of the program. It gives an error message if something
is not filled in correctly, for example if the selected file is not an Excel file. Furthermore, when the
program is running, it displays the message: ‘Running...’. Finally, when the program is done, it displays
‘File saved’.

{8 PID data automation - O x

Processing Graphs

Select device

O 10ANA @ PME ® K2400

Stressing duration?

O all ® Between _ and _ B Data every _ ]
Select Excel file

Select data types

M W EQE M EL picture

Figure 4.16: Processing tab. On top, radio buttons of different measurement devices are present. The stressing duration
which needs to be processed can be controlled. An Excel file is selected with the ‘Select file’ button. Three checkboxes can be
checked to choose which data needs to be processed. With the begin button, the program is run

The graph tab, shown in Figure 4.17, is used to plot the IV graphs. This way, the user is able to
immediately inspect the curves. After the user has processed data in the processing tab, the names of
the modules appear in the graph tab. After a sample is selected, the graphs are displayed when the
begin button is pressed. A table with the evolution of the parameters %PID, s, Voc and FF is shown on
the right side. For K2400, only Rsn is shown. With the toolbar below the graphs, the user is able to zoom
in on the graph and save it on the computer.
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Figure 4.17: Graphs tab. On top, radio buttons of all the sample names are present. When the begin button is pressed, IV
curves are shown and on the right side, a table with the evolution of a few parameters of the chosen sample is shown
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5 PID-s test with switch matrix

The switch matrix and the associate setup are tested with five monofacial multi crystalline PV modules.
First, these modules are stressed to induce PID-s. After these modules have a copious amount of PID-s,
they are cured to test the inverted high voltage mode of the switch matrix. The results of these tests are
post-processed with the custom-made Python program to verify the performance of the software.

5.1 Experimental

Five monofacial multi crystalline AI-BSF PV laminates are stress tested to induce PID. Figure 5.1 shows
one of the laminates, the others are identical to this one. The cells are laminated with an EVA
encapsulant between a 2 mm thick soda-lima glass on the front and a backsheet on the back.

The frame and foil methods, explained in 2.3.2, are used together to enhance the PID stressing process.
The laminates are stressed with a voltage of 2000 V between the cell and the aluminium foil, on a
temperature of 60°C. The cell is negatively polarized relative to the aluminium foil. After more than
100 hours of stressing, the laminates are cured by reversing the voltage polarization. This means that
the cell is positively polarized relative towards the aluminium foil.

The PID process is mapped by measuring the dark IV curve every 15 minutes with the use of the switch
matrix. Furthermore, light IV characteristics are measured regularly with the LOANA.

Figure 5.1: PV-laminate
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5.2 Results

First, the samples were stressed for 119 hours. Figure 5.2a shows the graph of the PID percentage as a
function of the stress duration. The %PID increases for all the samples similar during the stress test. The
Rsn values from all samples are shown in Figure 5.2b. Ry decreases during the stress test, as the %PID
increases. This change of Rs is also the same for all samples.

Figure 5.2c shows the EL images of the samples at different stress durations. The EL images show that
the emitted light decreases in strength over time. The samples all show similar decreases of emitted
light.
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Figure 5.2: Comparison of the samples after stressing. (a) %PID as a function of the stress duration of all the samples (b) Rsh
of every sample as a function of stress duration (c) EL-images of all the samples at different stress times

Because the samples are so similar, the data discussed in this section originate all from the sample T1-
4 laminate. This sample is chosen because it has the highest %PID after stressing. The dark IV
measurements, obtained from the switch matrix setup, is shown in Figure 5.3. This graph shows data
from 0 hours up to 63 hours of stressing. A dark IV measurement was done every 15 minutes. The PID
process is observed. The slope of the graph is increasing with each measurement, because of the
decreasing Rs. The blue arrow indicates the direction the graph shifts through the stressed time.
However, this graph is to crowded to be legible. Furthermore, Excel can only manage up to 250
measurements in one graph. For this reason, the data is filtered to show a measurement every 6 hours
instead of every 15 minutes.
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Figure 5.3: Dark 1V data of one sample obtained from the switch matrix setup. All measurements from 0 hours up to 63 hours
of stressing are present. The blue arrow indicates the direction the graph shifts through the stressed time

The filtered dark IV measurements are shown in Figure 5.4. Because less measurements are displayed,
the graph can show until 120 hours of stressing. Because of the filtering, this graph is more readable

than Figure 5.3. In this graph, the decrease of Rsn is observed, as well as the rate of the PID process. The
blue arrow indicates the direction the graph shifts through the stressed time.
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Figure 5.4: Dark 1V data of one sample obtained from the switch matrix setup. The graph has measurement data of every 6
hours instead of every 15 minutes. It contains measurements from 0 hours up to 120 hours of stressing. The blue arrow
indicates the direction the graph shifts through the stressed time

From these dark IV measurements, the Rg, is calculated. The Rshas a function of the stress duration is

shown in Figure 5.5. It is observed that the Rsy decreases significantly in the first 2000 minutes of
stressing. After that, it converges slowly to 0.

57



300

250

Rsh [Ohm]

N

0 1000 2000 3000 4000 5000 6000 7000 8000

Time [min]

Figure 5.5: Rshas a function of stress duration

The light IV characteristics were measured at several times during the stress test. In Figure 5.6, the light
IV curve is shown. It is observed that the V. decreases drastically while Is stays relatively the same.

The increase of the slope at |y indicates the decrease of Rsn. The increased slope results in a reduction
of the FF.
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Figure 5.6: Light IV curve of T1-4

The values of the cell parameters are shown in Table 5.1. As observed in the graph, V. decreases
significantly, while Iy stays relatively the same. The efficiency decreases drastically, as well as the FF.
The PID is increased from 0% to 84,5% after 119 hours of stressing.

Table 5.1: Cell parameters before and after stressing

Time [h] Efficiency [%] Isc [mA] Voc [mV] FF [%] %PID [%]
0 15,93 8801,2 624,1 70,57 0

36 12,43 8700,1 609,4 57,05 21,97112
100,58 3,247 7775,8 365,9 27,78 79,61707
119,25 2,468 7653,3 287,4 27,31 84,50722
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The PID percentage as a function of stress duration is shown in Figure 5.7. It is observed that the PID
increases as the stress duration increases. This graph forms an S-shape. At first, the PID increases
significantly. However, after, 110 hours, the PID rate decreases.
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Figure 5.7: PID percentage as a function of stress duration

The EL images of the sample are shown in Figure 5.8. The brightness is decreased after 36 hours of
stressing. A few new dark spots are also noticed between 36 hours of stressing and before stressing. This
indicates PID-s. After 100 hours of stressing, the sample does not emit any EL light anymore, indicating
the module has degraded so much that no EL light can be observed anymore.

PID
Temperature

Figure 5.8: EL images at different stress durations. The brightness of the images decreases over time. After 100 hours of
stressing, the images are completely dark. New dark spots after stressing indicate PID-s

As discussed in 2.3.3.1.2, the power at 25°C can be calculated from the dark 1V measurements at stress
temperature. With the use of equations (6), (7) and (8), the dark 1V derived power at 25°C is calculated.
The normalized dark 1V derived power at 25°C correlates to the normalized light 1V derived power at
25°C. Figure 5.9 shows the y = x relation. The normalized light and dark IV derived power are calculated
for 36, 100 and 119 hours.
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Figure 5.9: Normalized dark 1V derived power at 25°C as a function of the normalized light IV derived power under STC

To calculate the dark IV derived power at a certain stress time, the dark IV derived temperature
coefficienty is calculated with equation (8) for two stress times. Here, 36 hours and 100 hours are chosen
because the dark IV at stress temperature was measured for these times.

23338 4 (36Rh) (60 — 25)
31426 7
—043559 . 100h)(60 — 25
~0,95553 L+ T ¢ ( )

The dark IV derived temperature coefficients are: y(36h) = -0,007353 and y(100h) = -0,015547. Now,
with the use of equation (7), the estimated k value is calculated:

—0,015547> ( —0,43559

kestimated = (1 - W 1- m) =—1,3701

Then, the dark IV derived power at 25°C of a stress time can be calculated with equation (6). Here, 119
hours is chosen because the light IV characteristics are measured for this stress time, thus, the calculated
power can be compared to the actual value.

—0.33544

—0,33544
—2,3338

Pyari(25°C, 119h) = = —0,761113

1+ (1 — (-1,3701) )) (—0,007353)(60 — 25)

With equation (6), the calculated dark IV derived power at 25°C for 119 hours of stressing is
-0,761113 W. The actual dark 1V derived power, measured at 25°C is equal to -0,74571 W. The
difference between the actual value and the calculated value is negligible.

After, the samples were stressed for 119 hours, they were cured for 10 hours. Figure 5.10a shows the
graph of the PID percentage as a function of the stress duration. The %PID decreases for all the samples
similar during the curing test. The Rsh values from all samples are shown in Figure 5.10b. Ry, increases
during the curing test, as the %PID decreases. This change of Rs is appears different for the samples,
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because they converge to different values. However, in comparison to the R, of approximately 200
before the stress test, this difference is negligible.

Figure 5.10c shows the EL images of the samples at different stress durations. The EL images show that
the emitted light increases after curing. The samples all show similar increase of emitted light.
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Figure 5.10: Comparison of the samples after curing. (a) %PID as a function of the stress duration of all the samples (b) Rsn
of every sample as a function of stress duration (c) EL-images of all the samples at different stress times

Because the samples are so similar, the data discussed in this section originate all from the sample T1-
4 laminate. This sample is chosen because it was also used previously.

Figure 5.11 shows a graph of the dark IV data obtained from the switch matrix setup. Measurement data
every 15 minutes is shown from 0 hours up to 53,5 hours of curing. In this graph, the increase of R is
observed, as well as the rate of the PID curing process.
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Figure 5.11: Dark 1V data obtained from the switch matrix setup. All measurements from 0 hours up to 53,5 hours of curing
are present. The blue arrow indicates the direction the graph shifts through the stressed time
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Figure 5.12 shows the Rsh as a function of the curing duration. It is observed that the Rsh increases as a
logistic function.
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Figure 5.12: Rsh as a function of curing duration

Figure 5.13 shows the percentage PID as a function of the stress duration. The PID decreases
significantly after curing. The PID decreases from approximately 80% to 10% in only 10 hours.
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Figure 5.13: %PID as a function of the stress duration. From 0 to 119 hours the sample was stressed. From 119 hours to 129
hours the sample is cured

Figure 5.14 shows the light IV curve of the sample. It is observed that the Rsh is decreased after 119
hours of stressing. After 10 hours of curing, the Rsn is significantly increased. After curing Vo increases
drastically while I stays relatively the same.
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Figure 5.14: Light IV curve before stressing, after stressing and after curing

Table 5.2 shows the evolution of the cell parameters. It is observed that the efficiency decreases
drastically after 119 hours of stressing and increases significantly again after 10 hours of curing, as well

as the FF. I stays relatively the same while and V. first decreases while stressing and then increases
again when the sample is cured.

Table 5.2: Cell parameters before stressing, after stressing and after curing

Time [h] Efficiency [%] Isc [mA] Voc [mV] FF [%] %PID [%]
0 15,93 8801,2 624,1 70,57 0
119,25 2,468 7653,3 287,4 27,31 84,50722
129,25 14,2 8866,5 613,2 63,54 10,86001

Figure 5.15 shows the EL images of the samples at different stress times. After 119 hours of stressing,
the images are completely dark. After 10 hours of curing, the brightness is increased. However, the
brightness is still lower than before stressing. A few dark spots have disappeared, while others are still
present after curing. Thus, the PID-s is still present, however, an improvement is observed.

PID
Temperature

Figure 5.15: EL images at different stress durations. The brightness of the images decreases over time. After 119 hours of
stressing, the images are completely dark. After curing, the brightness increases again. New dark spots are still present,
indicating PID-s
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5.3 Discussion and conclusion

The switch matrix measures the dark IV curve of the samples under stress every 15 minutes. However,
a graph with all the measurements is not legible. Therefore, the data is filtered and processed with the
custom-made Python program. At a few times during the stress test, light IV measurements are done
with the LOANA. The Python program is also used to process this data. From these measurements, the
cell parameters are obtained and the PID percentage is calculated. It is observed that the PID-s
progresses in the samples. Therefore, it can be concluded that the switch matrix, controlled by the
custom-made LabVIEW program, stresses and measures the samples correctly.

Furthermore, the equations discussed in 2.3.3.1.2 are used to convert the dark IV derived power at stress
temperature measured with the K2400 to the light 1V derived power at STC. It is concluded that the
custom-made software and hardware for the switch matrix setup operates correctly, as well as the
software for the data processing.

The samples are also cured after the stress test with the switch matrix in inverted mode. The dark IV
curves are also measured every 15 minutes. After 10 hours of curing, light IV measurements are done
with the LOANA. It is observed that the PID percentage is decreased drastically. It is concluded that the
inverted mode of the switch matrix operates correctly as well.
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6 Conclusion

PID reduces the efficiency of PV modules drastically. Thus, preventing PID is desired to obtain the best
possible LCOE. It is important to research the PID process to understand the underlying mechanisms.
This way, PID-proof PV modules can be produced. To detect PID, the PV modules are characterized.
The characterization is achieved with the use of light and dark IV measurements, as well as EQE
measurements and EL images.

In this thesis, the focus lies on the automation of the time-consuming PID measurements, reducing the
labour time. This is achieved by automating the two most time-consuming operations in this process: (i)
intermediate PV module characterization and (ii) processing of the acquired data. For the first part, a
switch matrix setup is made to stress samples and automatically measure the dark IV curve in-situ. This
was achieved by designing and implementing the switch matrix and a custom-made LabVIEW program.
The program controls the settings of the K2400, which is used for the dark 1V measurements, and the
settings of the HV-source, used for stressing. For the second part, a custom-made Python program is
made to automatically post-process the data. The measurements are assembled in one Excel file. With
the use of graphs, the data is visualized. The EL images are first transformed to remove black borders,
and then they are combined into one image. Finally, a method is found to calculate the power at STC
from the dark IV measurements at stress temperature.

In order to verify the correct operation of the self-developed tools, accelerated PID tests were conducted
on five single-cell PV modules. These samples are stressed with the switch matrix setup. The dark IV
characteristics were measured every 15 minutes. At certain moments, light IV measurements were
conducted with the pv-tools LOANA, and EL images were taken. The data from the switch matrix,
LOANA and EL camera were post-processed with the custom-made Python program. It was observed
that the samples suffer from PID-s after stressing. To test the inverted mode of the switch matrix, the
samples were then cured. After curing, the PID of the samples decreased. The method to calculate the
power at STC from the dark IV measurements at stress temperature was verified. The difference between
the calculated and actual power is negligible.

The switch matrix setup successfully induced PID in the stressed samples. Therefore, it can be concluded
that the custom-made LabVIEW software correctly controls the HV-source, switch matrix and K2400.
On top of the basic requirements set by ESE, the tool is also able to reverse PID stress in-situ while the
characterization continues. Furthermore, the Python program processed the data correctly, and
immediately visualizes it with the use of graphs and tables.
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