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Abstract 

To mitigate the risk for devastating climate changes, there is an urgent need to change 
the energy production from the current fossil based to renewable sources. Solar cells 
will contribute to an increasing share of the future energy systems. Today silicon solar 
cells dominate the market but printed organic solar cells are promising alternatives in 
terms of cost, flexibility, possibilities for building integrations and energy payback 
times. Printing enables roll-to-roll processing that is quick and renders huge volumes. 
Thus, also characterization and quality control must be fast. Recent tests have been 
performed showing that a LED array with amplitude modulated LEDs can be used to 
provide photocurrent images of modules with series connected sub cells in-line during 
manufacturing. The purpose of this thesis work is to further evaluate and develop this 
LED array characterization technique focusing on contact methods and signal 
interpretation. Two modes were examined; a contact mode and a capacitive contact-less 
mode. Both modes gave comparable results and indicated strong variations in 
performance of sub cells in the measured modules. Other methods to address 
individual cells also showed similar behavior. However, by manually adding extra 
contact points, current-voltage curves could be measured on the individual sub cells in 
the modules. Extraction of photocurrents were similar, but the parallel resistances 
varied strongly between the cells in the module. Increasing the frequency of the LEDs 
resulted in less variations. Calculations indicated that this frequency dependence could 
be used to separate the photocurrent generation and parallel resistance in the sub cells. 
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Sammanfattning 

För att minimera risken för allvarliga klimatförändringar måste energiproduktionen 
läggas om från fossilbaserade till förnybara energikällor och i framtiden kommer 
solceller att utgöra en viktig del av energisystemen. Idag domineras solcells-
marknaden av kiselsolceller men tryckta organiska solceller är lovande alternativ vad 
gäller pris, flexibilitet, möjligheter till integrering i byggnader och installationer samt 
energiåterbetalningstid. Tryckning av solceller möjliggör så kallad roll-to-roll-
produktion, vilket snabbt ger stora volymer. De stora volymerna kräver dock att även 
karaktäriseringen och testningen är effektiv. Tidigare tester har visat att en rad av 
amplitudmodulerade lysdioder kan användas för att rendera bilder av fotoströms-
genereringen i solcellsmoduler med seriekopplade subceller. Syftet med detta 
examensarbete är att vidare undersöka och utveckla denna metod att med lysdioder 
karaktärisera solcellsmoduler, där fokus ligger på kontaktmetoder och signaltolkning. 
Två kontaktlägen har undersökts; ett där kontakter fästes direkt på solcellsmodulens 
kontaktpunkter och ett kapacitivt kontaktlöst läge. Båda kontaktlägena gav jämförbara 
resultat och visade på en stor variation i prestanda mellan subceller i de uppmätta 
solcellsmodulerna. Andra metoder för att undersöka prestandan hos individuella 
subceller gav liknande resultat. Genom att för hand lägga till extra kontaktpunkter 
mellan subcellerna, så att en subcell i taget kunde kontaktas, kunde ström-
spänningskurvor mätas på de individuella subcellerna i modulen. Dessa visade att 
fotoströmmarna var förhållandevis lika mellan subcellerna men att parallell-
resistanserna varierade kraftigt. Ökades blinkningsfrekvensen på lysdioderna 
minskade dock variationerna. Beräkningar indikerade att detta frekvensberoende kan 
användas till att separera fotoströmmen och parallellresistansen i varje subcell. 
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1 Introduction 

Global warming is a general problem and has been going on and increased without 
much interruption for a long time. Fossil fuels are considered the main contributors 
to the warming but they are still used as energy sources around the world. The use of 
fossil fuels must be significantly reduced or even completely stopped in order to avoid 
severe climate changes. [1] 

Many renewable and fossil free energy sources are available today, for example wind 
and water power. One of the most promising clean energy sources on Earth is the 
energy irradiated from the sun. In one year, more than 40 000 000 TWh of energy from 
the sun irradiates the Earth [2]. In 2014, the world energy supply was about 160 000 
TWh [3]. This means that there is way more renewable energy provided from the sun 
to Earth that we will ever need and fossil fuels should eventually be possible to discard 
completely if there are effective ways of collecting the energy from the sun. 

The electromagnetic energy in the form of solar light can be converted to electrical 
energy by solar cells. Silicon solar cells dominate the solar cell market and have been 
manufactured and used for decades. They are constantly improved and have reached 
power conversion efficiencies (PCE) well over 20 % [4]. Compared to fossil fuels, silicon 
solar cells are environmentally friendly, but even the silicon solar cells have issues. 
Silicon exist in great excess on earth but the solar cell manufacturing is energy intense. 
It often takes a few years before the invested energy in the production of a silicon solar 
cell is payed off by the energy it produces [5]. 

As a cheaper and shorter energy pay-off time alternative to silicon solar cells, thin film 
solar cells of e.g. amorphous silicon, CdTe (Cadmium Telluride) and CIGS (Cupper 
Indium Gallium Selenide) have been introduced. However, many of the thin film solar 
cell manufacturing techniques include toxic and rare materials [6]. In addition, the 
silicon solar cells have recently decreased in price due to more efficient manufacturing 
techniques, making most thin films solar cells weak competitors to conventional 
silicon solar cells [7]. 

Organic solar cells, on the other hand, have much lower ecotoxicology and potentially 
very short energy-payback times compared to other thin film solar cells [6][8]. They 
can be printed in a roll-to-roll process that allows for small usage of material and a 
low-cost production. The printing process can be compared to the process of printing 
newspaper, making it easy to produce large areas quickly. [9] Printed organic solar cells 
are light and flexible, and the possibility for semitransparent modules makes them 
interesting elements to be integrated in architectural designs and buildings. In 
addition, organic solar cells with modest power conversion efficiencies under solar 
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illumination can significantly improve the efficiency in indoor lightning thanks to a 
better overlap between absorption and the illumination spectrum [10]. 

Large-scale industrial production of printed organic solar cells (OSC) is about to 
expand, driven by companies such as Opvius, Armor, InfinityPV and Epishine. 
However, all have much development ahead before the potentially huge volumes and 
low costs can be realized. Before the solar cells can be fully commercialized and 
available for the people, all steps in the production need to be made more efficient. 
The printing process is fast, but with a fast production, characterization and quality 
control need to be fast as well to not interrupt the flow of the process. 

A solar cell can generate low power either because of internal shunts (resulting in low 
output voltage as well as low output current in the worst cases) or bad photocurrent 
generation (resulting in low output current). During the production of organic solar 
cells, printing inhomogeneity and variations in drying may result in spatial variations 
of photocurrent generation and performance of the solar cell. Dewetting may create 
pinholes leading to local shunts. There are existing techniques for spotting these 
defects but those techniques are often slow or involves moving parts making them not 
very robust. 

Most thin film solar cells, and in particular the organic solar cells used for experiments 
in this thesis work, have two electrical connecting points with multiple series 
connected sub cells in between. The lack of contact points for each sub cell makes it 
impossible to measure the current or voltage over just one sub cell at a time. 
Measurements over all sub cells together at the connection points only give 
characteristics of the whole module. If a module has lower performance than expected, 
it is difficult to determine whether all sub cells are equally bad or if one sub cell alone 
is decreasing the performance of the whole module. If one sub cell produces much 
lower current than the others, that particular cell will limit the output current of the 
whole module. It is desirable to have a robust method suitable for in-line 
measurements to spatially resolve photocurrent generation in solar cell modules for 
immediate defect detection and feedback on the printing quality. 

In this thesis, an amplitude modulated LED array based method for 2D imaging of 
photocurrent generation in printed organic solar cell modules has been evaluated. The 
method renders a map that is dependent on the blinking frequencies of the LEDs and 
where the magnitudes are proportional to not only the photocurrents but also the 
parallel resistances in the sub cells. In order to extract the photocurrent generation, 
the photocurrent and parallel resistance must be separated. Calculations based on the 
equivalent circuit of a solar cell module with three sub cells indicate that they can be 
separated using the frequency dependence in the sub cells. 
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1.1 Background 

The most common existing techniques available for spatially resolving the 
photocurrent generation in solar cells are Laser Beam Induced Current (LBIC) 
methods [11][12]. The basic principle is that a laser illuminates one spot on a solar cell 
while the output current is measured. Directing the laser on each spot on the solar cell 
provides a 2D picture of the photocurrent generation. LBIC is described more in 
chapter 2.4.1. 

The biggest disadvantage with LBIC methods is that either the laser itself has to be 
moved or e.g. mirrors must be used to move the laser spot over the solar module. In 
both cases, the system includes moving parts making it more fragile and less robust. 
The higher resolution, the smaller the laser spot must be and the more accurate the 
mechanism must be to move the laser spot over the surface, slowing down the system. 

Like the printing industry is currently moving from laser based printers to more robust 
LED array printers, LED array scans are an alternative to the laser based LBIC scans. 
A LED can do the same job as a laser spot if it is put close to the surface so that only a 
small area is illuminated. Tests performed by J. Bergqvist et. al. [13] have shown that 
scans of not only one LED but a whole array of 28 LEDs, can be used to extract the 
same information from the solar cells as can be extracted from LBIC measurements. 
The extracted images clearly show the pattern from the sub cells, and defects like e.g. 
air bubbles are visible. More detailed descriptions of the LED array method can be 
found in chapters 2.4.2 and 4.1. 

The LED array method is a robust and promising technique because its lack of moving 
parts and ability to be in-line installed in roll-to-roll production of printed organic solar 
cells, but before it can be used in an industrial process, the LED array method needs 
further developments. 

This master thesis work was performed at the organic solar cell company Epishine, 
founded in 2016 by researchers from Linköping University with many years’ 
experience of printed organic solar cells [14]. Epishine’s improving and accelerating 
printing of the organic solar cells require more robust characterization techniques for 
feedback to the process. Other companies in the same area and potentially with similar 
needs for a robust characterization technique are Opvius [15], Armor [16] and 
InfinityPV [17]. 

1.2 Goals and Purposes 

The purpose of this thesis work is to further evaluate and develop the LED array 
photocurrent imaging method. J. Bergqvist et. al. tested two modes, one contact mode 
and one capacitive contact-less mode. Both modes proved to be possible to use for the 
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2D imaging of solar cells’ photocurrent generation [13]. Electrically connecting the 
solar cell is not convenient when the scanning is taking place in-line in roll-to-roll 
production. Thus, the contact-less method suitable for in-line characterization in the 
production of printed organic solar cells is desirable and needed for a more efficient 
manufacturing. 

In this thesis, the method of using a LED array for both contact- and capacitive contact-
less imaging of photocurrent generation in printed organic solar cells will be 
evaluated. The capacitive contact-less mode will be compared to the contact mode. As 
a complement to the LED array photocurrent measurements, other measurements 
such as IV curves on individual sub cells after addition of contacts, a limiting method 
inspired by P. Vorasayan et. al. [12] and a filtering approach inspired by J. Reinhardt e. 
al. [18] will be performed. A possible frequency dependence will be evaluated and a 
way to decouple photocurrent and parallel resistance contributions to the LED array 
signal, with the use of such frequency dependence will be investigated. The thesis will 
also involve simulations and calculations as further complements for the analysis of 
the LED array scans. More information about the methods used in this thesis work can 
be found in chapter 4. 

1.3 Delimitations 

The photocurrent images as well as results from other methods are mainly 
qualitatively presented in this thesis. The focus has rather been to compare relative 
photocurrents between sub cells, than to give absolute values. The main purpose of the 
LED array characterization method is to distinguish between high and low performing 
sub cells in a solar cell module and for that purpose the qualitative results are 
prioritized before the quantitative. 

All LED array scans in this thesis have been scanned in short circuit conditions (this 
was verified by measuring the voltage over the sub cells during the scans). The module 
could have been forced into bias during the scans to provide other interesting results 
but the delimitation of this work is to only perform the scans at short circuit conditions. 

1.4 Thesis outline 

Chapter 2 explains the background theory that is necessary to understand this thesis 
work. The theory covers the solar cell operation, characterization methods for 
photocurrent imaging, organic solar cells and printing methods for organic solar cells. 

The materials used in this thesis are printed organic solar cells. In chapter 3, the solar 
cell modules used in experiments and measurement in the thesis are presented. 



5 

 

The methods used in this thesis are photocurrent imaging with LED array scanner, a 
limiting method, a filtering approach method, simulations and data evaluation and 
calculations. These methods are described in chapter 4. 

Chapter 5 is where the results are presented. They are more or less presented in 
chronological order together with related discussions and analyses. 

Chapter 6 presents the concluding remarks of the thesis. 

Chapter 7 is the last chapter and presents suggestions for future work. 

All references can be found in chapter 8. 

Additional simulations and experimental results are presented in Appendices A to C.  
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2 Theory 

To perform and understand characterization of solar cells, it is crucial to know some 
basic theory of solar cell operation, such as their JV characteristics and some common 
parameters. In this chapter, the most common solar cell parameters, two 
characterization methods (LBIC and LED array), organic solar cell operation and 
printing techniques for organic solar cells are described. 

2.1 Solar Cell Parameters 

The electrical properties of a solar cell in dark can be compared to those of a diode. An 
illuminated solar cell can be described by the equivalent circuit of a current source JL, 
a diode, a capacitor C, a parallel resistance RP and a series resistance RS, according to 
Figure 1. [19] 

The equivalent circuit of a solar cell is usually modeled without the capacitor since 
when the sun is shining on the solar cell, JL will be a DC source and the internal 
capacitor behaves like an open circuit. However, since this project involves amplitude 
modulated light from a LED array, JL will sometimes behave like an AC source and at 
higher frequencies the capacitor starts to conduct current, making it an important part 
of the equivalent circuit. 

 

Figure 1: Equivalent circuit for a solar cell, with current source JL, diode, capacitance C, 
series resistance RS and parallel resistance RP. 

The most important parameter of a solar cell is its power conversion efficiency (PCE) 
which is calculated as the ratio of the maximum output power and the incoming power. 
To determine the PCE, a voltage sweep must first be applied over the module while 
measuring the current. The result is a JV-curve that could look something like those 
in Figure 2. The black curve was measured in darkness and should ideally look like a 
diode curve. When illuminating the solar cell, the curve shifts in proportion to the light 
intensity, giving the blue curve in the figure. The photocurrent (JPH) is the difference 
between the illuminated and the dark curve at any given voltage. [19] 
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Figure 2: Example of JV curve of an organic solar cell. The blue curve is measured under 
illumination and the black is measured in darkness. 

In Figure 3, the red curve shows the output power. The power is the product of the 
current and the voltage, but with flipped sign to illustrate that the maximum power is 
a maximum. The PCE of the solar cell can now be calculated as [17] 

𝜂 = 𝑃𝑀𝐴𝑋
𝑃𝐼𝑁

= 𝑉𝑂𝐶𝐽𝑆𝐶𝐹𝐹
𝑃𝐼𝑁

, 

where PIN in common is 1 000 W/m2 from the standardized AM1.5 spectrum, the open-
circuit voltage VOC is the voltage where the current is zero and the short-circuit current 
JSC is the current at zero voltage. The Fill Factor (FF) is the ratio of the biggest rectangle 
that can fit “inside” the JV curve (green rectangle in Figure 3), divided by the (yellow) 
rectangle with corners in origin, VOC and JSC. The value of FF is an indication of the 
“squareness” of the curve and the higher FF the better is the performance of the solar 
cell. 

The parallel resistance RP in a solar cell should ideally be infinite to maximize the PCE, 
but it can be lowered due to defects from the manufacturing. RP can be extracted from 
the dark JV curve as the inverse of the slope at Jsc [19] 

The series resistances RS in a solar cell module appear in the electrodes and should 
ideally be zero to maximize the PCE. RS is more difficult to extract than RP and require 
more complicated methods for exact quantification [20]. Nevertheless, the inverse 
slope of the JV curve at forward bias can at least give an approximation [21]. 
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Figure 3: JV curve, JSC and VOC (blue), power curve and PMAX (red) and illustrations of the 
two rectangles (green and yellow) from which FF can be calculated as the ratio of the areas. 

2.2 Organic solar cells 

The solar cell modules used in experiments in this thesis are thin film organic solar 
cell modules. Organic solar cells are, as the name implies, made of carbon-based 
semiconductors. Their high absorption coefficient enables thin film architectures and 
thus low material consumption. Furthermore, the processing on Polyethylene 
terephthalate (PET) substrates permits flexibility, transparency and low weight. The 
organic materials are easy accessible and manufacturing through effective solution 
processes enables a low energy consumption. [22] 

Figure 4 shows an illustration of the operating mechanism for an organic solar cell. 
HOMO stands for highest occupied molecular orbital and LUMO stands for lowest 
unoccupied molecular orbital. Just as for any solar cell, the operating mechanism in 
organic solar cells involves incident photons creating free carriers in the active 
semiconductor layer. What is different in organic solar cells compared to their 
inorganic counterparts, is that when the photon is absorbed by an organic 
semiconductor it generates an exciton with much higher binding energy, due to the 
high Coulomb energy as a result of the low dielectric constant of organic materials. 
The excited exciton is localized a few molecules with the electron at LUMO and the 
hole at HOMO. The high binding energy makes separation of the exciton into an 
electron and a hole difficult and the exciton tends to decay to its ground state before 
separation happens. To increase the possibility of separation, a second molecule is 
introduced. The electron is attracted to this second molecule due to the energy 
difference and the electron therefore leaves the first molecule for the second. The first 
molecule is called the donor and is typically a polymer, while the second molecule is 
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called the acceptor and is typically a fullerene. Figure 5 shows an example of a polymer 
and a fullerene. To enhance the probability to have an acceptor close to the polymer 
the materials are mixed in a so called bulk heterojunction structure, see Figure 6. Once 
the electron and hole is localized on different molecules, they can separate from each 
other and travel through their respective molecule phase to the electrodes. In order 
for the carriers to reach their respective electrode, the two molecular phases must be 
blended in a way such that networks are made from each point of the molecule phase 
to the electrode. In addition, the electrodes must be electronically different so that 
electrons and holes are attracted and collected at different sides. poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), which is a doped 
conducting polymer, is often used to increase the work function of one of the 
electrodes to attract holes. For the opposite electrode, e.g. a low work function metal 
oxide like ZnO is used to decrease the work function and attract electrons. [23] 

 

Figure 4: Illustration of the operation mechanism in organic solar cells. 

 

Figure 5: Example of a) a polymer and b) a fullerene. 
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Figure 6: Simplified illustration of the bulk heterojunction structure in an organic solar cell. 

2.3 Printing Methods 

There are several different methods for printing thin film organic solar cells. One of 
them is screen printing, where the surface to be printed is placed underneath a mesh 
on which the ink paste is put, see Figure 7 a). A squeegee is used to force the ink paste 
through the openings in the mesh, making a pattern or motif on the surface 
underneath. There are several types of screen printing but the principle is the same. 
With screen printing, a thick layer can be printed which is suitable for printed 
electrodes to get the high conductivity needed. Note that “thick” in this thin-film 
context is in the range of 10 to 500 microns. [9] 

Another printing method is slot-die coating, see Figure 7 b). Using a pump, the ink is 
put through a slot to a meniscus that lets it out onto the web to be printed. Adjusting 
the pumping force or speed of the web, the ink thickness can be controlled, down to 
some limits due to the ink and web surface properties as well as the coating geometry. 
[9] 

Both screen printing and slot-die coating are compatible with roll-to-roll production, 
providing a fast manufacturing process of printed organic solar cells. The printing 
methods are suitable for the printing of series connected sub cells often present in 
organic solar cells. [9] 
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Figure 7: Simplified illustrations of a) a screen printing method and b) a slot-die printing 
method. 

2.4 Characterization Methods 

The PCE and the parameters extracted from the JV curve give a good indication of the 
solar cell’s overall performance. However, local variations within the solar cell cannot 
be detected. Neither can a varying performance of individual sub cells in a series 
connected module with two contact points be detected – only the full module 
performance can be measured. In the following sections, two mapping methods for 
imaging of the lateral variations of solar cells are described. 

2.4.1 LBIC methods 

Several methods for photocurrent imaging of solar cells have previously been 
developed [11][12][18]. Light beam induced current (LBIC) methods are the most 
commonly used. The principle behind LBIC is to illuminate one small part of a sub 
cell in a solar cell module with a laser beam with known intensity. The output current 
is measured and mapped to the position of the laser beam spot. By moving the laser 
beam spot, either by moving the laser source or using movable mirrors to illuminate 
every spot of the solar cell, a 2D image of the photocurrent generation is provided. 
This technique can be applied on both single solar cells and solar cell modules with 
series connected sub cells. Figure 8 shows a simplified illustration of a LBIC system 
with a movable mirror. [11][12] 



12 

 

 

Figure 8: Simplified illustration of an LBIC system with a movable mirror. 

There are several kinds of LBIC measurements. While the laser is directed to one spot 
on a sub cell, the whole module can be kept at zero bias, i.e. in short circuit conditions, 
by placing it in complete darkness, called dark LBIC (d-LBIC). Only one sub cell will 
be illuminated and only by a chopped laser beam. The illuminated cell will generate 
a current and the dark cells will not. In order for the current to run through the short 
circuit module of series connected sub cells, the dark sub cells will have to shift 
operation point and pushed into reverse bias, while the illuminated sub cell will be 
pushed into forward bias. This will result in a new operation point for the whole 
module that largely depends on the reverse characteristics of the dark sub cells and 
that can be difficult to predict. [12] 

The module can also be held illuminated with external light, called illuminated LBIC 
(i-LBIC). In reality, it is difficult to make a homogenous external light. The 
inhomogeneous light leads to a similar issue as described for the d-LBIC, i.e. forcing 
different sub cells into different levels of reverse or forward bias depending on the 
intensity of light hitting them. The shift of operation points complicates the 
interpretation of the measured LBIC signal. [12] 

Both d-LBIC and i-LBIC have more limitations apart from the shifting of operation 
points in the solar cell module. The magnitude of the output LBIC signal depends 
partly on the intensity and wavelength of the laser, and partly on localized absorption 
and generation properties and parameters like parallel resistances in the module. The 
intensity and wavelength of the laser is constant, but variations in LBIC signal will be 
overlayered of the photocurrent and the parallel resistance of the measured module. 
[12] 

Another LBIC method is limiting LBIC (li-LBIC). The sub cell that the chopped laser 
beam is illuminating is put under limiting conditions by manipulating the background 
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light or partly cover the sub cell, making this sub cell generate the least current of the 
sub cells in the module. The advantage with this method is that by making the desired 
sub cell the limiting one, the output current will be the actual current generated in 
that sub cell since the sub cells are series connected. P. Vorasayan et. al. also confirms 
that li-LBIC measurements are shown to be less affected by surrounding sub cells and 
therefore concur more with single sub cell measurements. [12] 

2.4.2 The LED Array Method 

The method of using a LED array to produce 2D images of the photocurrent 
generation in solar cell modules was first introduced by Bergqvist et. al. [13]. In this 
method, each LED in the array is amplitude modulated at its own blinking frequency. 
When scanning the LED array over the solar cell, photocurrent is generated including 
all these frequencies. From the output signal, the magnitude of each frequency is 
sorted out using Fourier transform. From this, a cross-section of the whole solar cell’s 
photocurrent generation can be mapped at once and scanning the LED array over the 
solar cell gives a 2D image of the photocurrent generation. [13] The LED array 
photocurrent imaging method, which is the central method of this project, is explained 
in more detail in chapter 4.1. 
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3 Materials 

The solar cells used for testing in this thesis work are printed thin film organic solar 
cells purchased from InfinityPV [17] and can be seen in Figure 9. These solar cells have 
been prepared on plastic foil with screen-printed PEDOT:PSS and silver contacts with 
slot-die coated active ink and ZnO layer [17], [24]. The reason these solar cells were 
chosen for the project is because they are possible to modify with extra contact points 
in between the sub cells. The use of the extra contact points is explained in more detail 
in chapter 5.3. The following modules were used: 

Module 1. Postcard-sized technology demonstrator fabricated by Infinity PV. 8 sub 
cells with silver contacts. Active area of about 50 cm2. [17] 

Module 2. OPV solar foil fabricated by Infinity PV. One module cut off from the 
delivered long foil of several series-connected modules. 8 sub cells, each 8 
cm long and approximately 8 mm wide. [17] 

 

Figure 9: The solar cell modules used for the experiments in the thesis. 
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4 Methods 

Photocurrent imaging using a LED array scanner is the main method of this thesis 
work but for comparison, other methods providing information about the 
photocurrent generation in individual sub cells are also used. In this chapter, the 
method of photocurrent imaging with a LED array scanner will be described. The 
limiting method and filtering approach are introduced as complements to the LED 
array method, as well as simulations, data evaluation and calculation methods. 

4.1 Photocurrent Imaging with LED Array Scanner 

A schematic picture of the setup for the photocurrent imaging with the LED array 
scanner used in this thesis work is shown in Figure 10 and a picture of the LED array 
attached to its circuit board is shown in Figure 11. Using the software, provided by 
Intermodulation Products AB [25], the LEDs in the array are amplitude modulated and 
given individual blinking frequencies. This information is transferred to a lock-in 
amplifier (Intermodulation Products AB) which is connected to the LED array. The 
LED array consists of 28 surface mounted LEDs with peak emission at 590 nm. When 
the LED array is scanned over a solar cell (in this thesis always placed on a black 
underlay), each part of the solar cell is illuminated with a specific blinking frequency. 
The solar cell’s output current becomes a superposition of all 28 frequencies of the 
LED array. This output current is then transferred through a pre-amplifier (Stanford 
SR570) (transforming the current to a voltage) and a capacitor (removing the DC 
component) back to the lock-in amplifier. When the lock-in amplifier receives the 
signal, Fourier transform is used to sort out the frequencies that were sent to the LEDs, 
mapping each frequency to a current amplitude. Back in the software, this information 
is used to make spatially resolved 2D color images where each pixel by its color 
represents the magnitude of the extracted photocurrent in that particular spot on the 
solar cell. 
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Figure 10: Measurement setup for photocurrent measurements with LED array scanner. 

 

Figure 11: The array of 28 LEDs, attached to its circuit board. 

The left picture in Figure 12 shows an example of such an image from a LED array 
scan. The sub cells appear as areas with warmer colors in the picture, while the areas 
between the sub cells appear as dark blue. Note the strange shape of the picture. Due 
to the LED array itself being a lot smaller than the circuit board it is attached to (see 
Figure 11), the whole solar cell area cannot be reached by the LED array since the 
module’s contact points are in the way for the circuit board, illustrated the right picture 
in Figure 12, where the yellow area is the area which can be reached by the LED array. 
This was a problem for both module types used for measurements in this thesis, 
resulting in LED array images of the whole module having this characteristic shape. 
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Figure 12: Example of a) a photocurrent image using the LED array scanner and b) the solar 
cell module that was scanned. The illustration in b) of the green circuit board on which the 
LED array is attached shows that only the transparent yellow area on the solar cell can be 

covered by the LED array, giving the left picture its characteristic shape. 

The frequencies of the LEDs are set by a base frequency fb, which is the blinking 
frequency of the first LED, and an integration frequency, or inverse integration time, 
df. LED number n will then blink with the frequency 

𝑓𝑛 = 𝑓𝑏 + (𝑛 − 1)𝑑𝑓. 
To avoid overlapping overtones, df must be set so that no fn is equal to any multiple of 
fb. fb and df, as well as the scanning time, can be set in the software. In the following, a 
scan with e.g. base frequency 50 kHz and df 10 Hz will be referred to as base50kHz, 
df10Hz. 

Extracting the output photocurrent from the solar cell, two kinds of connections can 
be used, illustrated in Figure 13. In contact mode, the cables are electrically connected 
directly to the solar cell’s contacts. In contact-less mode, a capacitor is created by 
placing e.g. a copper tape right under the solar cell’s current-collecting bus bar. The 
plastic barrier of the solar cell serves as a distance and dielectric medium between the 
bus bar and the cupper tape, creating a capacitor. The cupper tape can be connected to 
wires but the solar cell itself is free from electrical contacts. A capacitive contact does 
not pass on a DC current which is normally generated in a solar cell illuminated by 
the sun, but when scanning the LED array over the module, an alternating current is 
produced which can be extracted through the capacitor. The capacitive mode could be 
useful in roll-to-roll production since electrical connections are inconvenient in a 
system where the solar cells are moving. 
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Figure 13: Illustrations of contact mode and contact-less mode. 

To make sure the scans were made straight and reproducible, arrangements of e.g. 
rulers and tape were used in all scans in this thesis work. The scan speed could not be 
controlled mechanically, but for a set scan time it is not difficult to keep an almost 
constant scan speed by hand over such small solar cell areas used in the project (up to 
10 cm). 

4.2 Limiting Method 

Another method to investigate the photocurrent generation in each sub cell is the 
limiting method. The method was first introduced as li-LBIC by P. Vorasayan et al. [12] 
and modified to fit a LED array by J. Bergqvist et al. [13]. The solar cell is placed under 
a solar simulator and illuminated with one sun. The sub cell to be measured is blocked 
from the illumination of the solar simulator, using a black paper strip and the circuit 
board on which the LED array is attached. The rest of the sub cells are covered as much 
as the one sub cell is covered by the circuit board but illuminated where the covered 
cell is covered by the strip, see Figure 14. 

 

Figure 14: Measurement setup for the limiting method. The yellow rectangle illustrates the 
LED array and the transparent green rectangle the circuit board to which the LED array is 

attached. The black rectangles illustrate black paper.  
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The LED array is kept in a fixed position while each of the sub cells illuminated by the 
LED array are covered one at a time. Their photocurrents are measured using the 
contact points of the module. Since the strip-covered sub cell is illuminated only by a 
few LEDs and the other with one sun, the covered cell will be photocurrent limiting 
and thus the measured photocurrent should be the true photocurrent from this sub 
cell. 

However, when illuminating all sub cells but one, the covered sub cells is pushed into 
reverse bias. JV curves show that the solar cells used in this thesis work has a strong 
voltage dependence of the photocurrent for reverse bias, which is not ideal (JV curves 
of the modules are presented in Appendix B).  Different sub cells are put under 
different levels of reverse bias and all sub cells have an individual voltage dependence. 
Since the operation point is moved, the measurement is not taking place under short 
circuit conditions. To reduce the level of reverse bias, 1/3 and 2/3 of the sub cell can be 
covered instead of all of it. This should give a lower reversed bias and increasing the 
probability of measuring closer to the short circuit current but at the same time there 
is a risk that the covered sub cell is not limiting anymore and the operation point is 
still unknown. 

The 2D image of the scan will in these measurements represent a 1D picture since the 
LED array is kept in a fixed position. Plotting a cross section of a photocurrent image 
made with this setup is supposed to show a peak for the LEDs illuminating the covered 
sub cell, and lower or no peaks for the LEDs shining on the other solar cells, see Figure 
15. 

  

Figure 15: Example of a) a 2D image (a) and a cross section curve (b) from fixed LED array 
scan during limiting measurement. 

Combining the plots from all measurements with different sub cells covered, provides 
a picture like the one in Figure 16, with relative magnitude of the photocurrent on the 
y-axis and position or sub cell number on the x-axis. This picture indicates e.g. that sub 
cells number 1 and 6 have the highest photocurrents, at this frequency range, here 
having line colors medium and bright blue. 
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Figure 16: Example of plot from the limiting method. When covering a sub cell so that it is 
only illuminated by a few LEDs from the LED array while the others are illuminated by one 
sun, should make the covered sub cell the limiting one and the extracted current should be 
the current from the covered sub cell. In this plot, each color represents the current for one 

covered sub cell. 

The limiting method does not have to be a cross-section method, but the plot in Figure 
16 can only say something about the specific cross-section line on which the LED array 
was kept. In a solar cell module with high inhomogeneity across the sub cells, only 
one measurement of this kind might not give a representative picture of the whole 
module. To be more reliable, the limiting measurements must either be repeated on 
more cross-sections, or the whole construction can be brought over the module so that 
the whole module is scanned. 

4.3 Filtering Approach 

In order to get another reference of the actual photocurrent generation in each sub 
cell, a filtering approach described by J. Reinhardt et al [18] was used, but slightly 
modified. A black paper strip was used to cover one of the sub cells in the module. The 
solar cell was then placed on a black paper under a solar simulator and the short circuit 
current of the whole module was measured. The measurements were repeated, having 
the paper strip covering all sub cells, one at a time. A reference measurement was also 
performed with no filters, having all sub cells equally illuminated by the solar 
simulator. 

These measurements do not give any spatial resolution, as the LED array 
measurements and potentially the limiting method described earlier, but are supposed 
to give a hint whether a sub cell is shorted. If a shorted sub cell is covered, the short 
circuit current of the whole solar cell should not be very much affected compared to 
if the same sub cell is not covered and the whole module is illuminated. However, if a 
sub cell with a high parallel resistance is covered, the current running through the 
whole solar cell is limited by the current running through that sub cell. A perfect sub 
cell will let no current through if it is completely covered. In reality, most sub cells 
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have some small leakage but the smaller amount of current let through a covered sub 
cell, the less shorted it is. 

Figure 17 shows an example of how a plot from the filter approach may look like. The 
dots represent the current let through when that sub cell was covered and the solid 
line represents the amount of current let through when no sub cell was covered. In 
this example, sub cell number 3 seems to be quite shorted. Even when it was covered, 
it let almost the same amount of current through as when it was not. Sub cell 6, on the 
other hand, blocks the current a lot when it is covered, indicating it is not shorted. 

 

Figure 17: Example of a measurement using the filter approach. Dots are short circuit 
current of the module when individual sub cells are covered by the paper strip, and the line is 

the short circuit current of the module when no sub cell is covered. 

Like the case in the limiting method, the covered sub cell is pushed to reverse bias, 
making it operate far from short circuit. To reduce the reverse bias, the filtering 
approach can also be performed with the covered sub cell partly illuminated but just 
as in the limiting method, this might make another sub cell the limiting one instead 
and there will still be a shift of operation point. 

4.4 Simulations 

Simulations were made in the program LTSpice on the equivalent circuit of a solar cell 
module with three series connected sub cells, see Figure 18. Values for parallel and 
series resistances, RP and RS, were calculated from JV-curves (see chapter 2.1) and the 
capacitances C were calculated using the formula [26] 

𝐶 =  𝜀0𝜀𝑟𝐴
𝑑  

with area A, thickness d, dielectric constant εr and permittivity ε0. 
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To get reasonable values of the magnitudes of the current sources, measurements were 
performed with an oscilloscope. All LEDs but one was turned off in the LED array. The 
last LED was set to blink with a low frequency (50 Hz) on a spot on one of the sub cells 
in the module. The magnitude of the output signal from the sub cell was measured by 
the oscilloscope for several spots on the sub cell and a mean value of that was used for 
the peak to peak value of the current source in the simulations. The low frequency was 
choosen to avoid impact from the internal capacitance in the circuit. The indoor light 
is, however, blinking with 100 Hz due to the 50 Hz frequency of the AC current in the 
European power system which might interfer with these measurements. The text in 
the red boxes in Figure 18 explain the settings of the current source in the simulations, 
with the syntax 

𝑤𝑎𝑣𝑒𝑡𝑦𝑝𝑒(𝐷𝐶𝑙𝑒𝑣𝑒𝑙 𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦) 

The green box marks where the settings for start and stop time of the simulation with 
the syntax 

𝑡𝑟𝑎𝑛 𝑇𝑃𝑟𝑖𝑛𝑡 𝑇𝑆𝑡𝑜𝑝 𝑇𝑆𝑡𝑎𝑟𝑡. 

The simulation time was set to be a multiple of all period times of the current sources 
(read more about this in Appendix A). The FFT current through the last series 
resistance (RS5 in Figure 18) shows magnitudes correlated to each frequency and can 
be used to view the output signal of each sub cell. 

 

Figure 18: Example of the equivalent circuit of three sub cells in a module, used for 
simulations in LTSpice. 

To simulate that the LED array is scanned over the module with a base frequency fB 
and integration frequency df, the first current source was set to have the frequency of 
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LED number 5 since in the real scan, the fifth LED is in the center of the first sub cell. 
At the center of the next sub cell, LED number 15 will be, and so on. Figure 19 is an 
illustration of which LEDs’ frequencies (marked with red) in the array that are used in 
the simulations. 

 

Figure 19: The frequencies of the LEDs marked with red are used in the simulations. 

Note that these simulations assume that the sub cell is 100 % homogenous in all its 
parameters. The simulation will therefore not give a spatially resolved image of the 
output signal, but peaks in the FFT view that can be translated to one current 
magnitude per frequency, i.e. sub cell. 

4.5 Data Evaluation and Calculations 

Data evaluation and complicated calculations were performed in the program 
MATLAB provided by Mathworks. The matrix-based language was suitable for data 
evaluation of large matrix files such as the data files of the LED array scans. [27]  
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5 Results and Discussions 

In this chapter, the experimental results are presented with correlated discussions and 
analyses. 

5.1 LED Array Scans 

Hundreds of LED array scan files were produced during the first weeks. The 
reproducibility of the scans was tested, by performing identical scans several times at 
separate occasions, and it turned out to be high. The files were evaluated and compared 
to each other and three main things were observed. 

The first observation was that contact mode and contact-less mode give very similar 
images. As one example of this, Figure 20 shows images from the two scan modes, 
both scanned at base50kHz, df10Hz on Module 1. The two images have minor 
differences but in general they concur. For this frequency, both scan modes show a 
high performance of sub cells number 3, 5 and 7, and a lower performance on sub cell 
number 6. The performances of sub cells number 1 and 2, however, differ more 
between the two modes. The air bubble on sub cell number 4 is visible on both images 
and sub cell number two has a lower performance below the invisible area than above. 

 

Figure 20: Comparison of LED array scans in a) contact mode and b) contact-less mode. 
Both scanned at base50kHz, df10Hz on Module 1. 

The second observation was the frequency dependence in the sub cells. Different 
blinking frequencies of the LED array most commonly resulted in different relative 
magnitudes on the output signals from the same sub cell. An example of this can be 
seen in Figure 21, which shows three LED array scans performed in contact mode for 
the three base frequencies 1, 10 and 50 kHz, all with df at 10 Hz on Module 1. The 
frequency dependence for sub cell number 3 is clear, the magnitude of the output 
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current increase with increasing frequency. The opposite yields for sub cell number 6, 
which shows a decreasing signal magnitude with increasing frequency. 

 

Figure 21: Three LED array scans on Module 1 in contact mode with three different base 
frequencies; 1, 10 and 50 kHz. df was 10 Hz in all cases. 

The third observation from the LED array scan sessions was that there is often a 
significant difference in performance between the sub cells. This can be seen in the 
scans both in Figure 20 and Figure 21. All three pictures in Figure 21 have the same 
color reference which is represented by the color bar in the right of the figure. With 
the help of this color bar one can see that e.g. between sub cell number 3 and 6 the 
relative amplitudes of the output signals differ with a factor almost 10 at base 
frequency 1 kHz. 

These significant differences in performance between sub cells in the same module 
were not expected. The question whether the images from the LED array scans shows 
only the photocurrent generation arise. There is no obvious reason for why there 
should be such significant difference in photocurrent generation between the sub cells 
in these modules. There might be more factors affecting the output signal making the 
images from the LED array scans dependent on something else than only the 
photocurrent generation. 

More scans were made to further analyze the frequency dependencies. Figure 22 shows 
5 scans of the same three sub cells in Module 1. Base frequencies are 1, 10, 30, 50 and 
75 kHz and df is 10 Hz. The differences in performance between the three sub cells are 
significant for the lower frequencies. With increasing frequency, however, the 
differences become less significant. At the highest frequency, all three sub cells have 
comparable performances. 
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Figure 22: Frequency dependence for sub cells 5–7 in Module 1. 

For the new scans, it was also discovered that scanning two good cells together with 
one bad made the good ones look better, compared to when they were scanned with a 
third good cell. Figure 23 shows an example of this on Module 2, in which it was 
possible to contact three sub cells at a time, due to extra contact points between the 
dub cells (more about this in chapter 5.3). Four sub cells in a module were used in the 
experiment. The LED array was wide enough to cover three sub cells at a time so first 
sub cells number 4, 5 and 6 were scanned together. The result can be seen in the bottom 
left image in Figure 23. Sub cell number 4 was already known to have a low 
performance which is confirmed by the scan. Next, sub cells number 5, 6 and 7 were 
scanned together, which is the bottom right image Figure 23. Both images have the 
same color bar. Note that sub cells number 5 and 6 now seem to have a lower 
performance when they are scanned together with a sub cell number 7, compared to 
their performance when they were scanned together with sub cell number 4. This 
suggests that not only the sub cell’s performance itself plays a role on the output 
signal, but the surrounding sub cells’ performances as well. 
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Figure 23: The picture shows two scans, marked with blue and yellow, on Module 2. Sub 
cells 5 and 6 show different behavior when they are scanned together with sub cell number 4 

compared to number 7. 

5.2 Limiting Method and Filter Approach 

The differences in performance between the sub cells and their frequency dependences 
needed to be further examined. To address the performance of the individual sub cells, 
two reference methods were used, namely the filtering approach and the limiting 
method described in chapter 4. 

Figure 24 shows the results from three measurements on Module 1 using the limiting 
method. Base frequencies are 1, 10 and 50 kHz and df is 10 Hz. These graphs from the 
limiting method measurements are consistent with the images from the LED array 
scans in terms of showing significant differences between the sub cells as well as 
showing less difference with increasing frequency. 
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Figure 24: Three result of the limiting method on Module 1. There are significant differences 
in performance between the lower frequencies, but more similar behavior between the sub 

cells for higher frequencies. The Limiting method is described in chapter 4.2. 

As another comparison, the filtering approach was used. One result of a filtering 
measurement on Module 2 is presented in Figure 25. Note that unlike the LED array 
method and limiting method, the filtering approach measurements are performed in 
DC light. The result concurs with LED array scans in terms of the significant 
differences between the sub cells. 
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Figure 25: Filtering approach result on Module 2. 

As mentioned in chapter 4.3, the covered sub cell might be forced into reverse bias. 
Voltage measurements over the covered sub cell during limiting measurements and 
filtering approach measurements can be seen in Figure 26. Note that the 
measurements are performed on different modules. The point of the figure is to show 
that the sub cells in both methods are pushed into different amounts of reverse bias 
and do not operate in short circuit conditions. The delimitation in this thesis of 
performing all measurements in short circuit conditions makes the limiting method 
and filtering approach results less valuable when comparing them to the LED array 
scans. The significant differences in performance between sub cells are, however, 
confirmed by both methods. 

 

Figure 26: Voltage over the covered sub cell during a) limiting measurements on Module 1 
and b) filter approach measurements on Module 2. 
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5.3 JV measurements on Individual Sub Cells 

As stated earlier, the best way to investigate the performance of a solar cell is to 
measure its JV characteristics. To be able to compare the results of the LED array scans 
with JV characteristics and other methods described in the former sections, the solar 
cells were gently cut open and modified by manually adding contact points between 
each sub cell. 

All sub cells’ JV curves could now be measured (see Appendix B) and from those the 
true short circuit current of each sub cell could be extracted. Figure 27 is a plot of the 
extracted JSC from all sub cells in Module 1. What is interesting with this picture is that 
the difference between the sub cells’ true photocurrents is less significant compared to 
the LED array scans in Figure 20 and Figure 21 and the limiting measurements in 
Figure 24. Only sub cell number 4 has a different behavior that probably can be 
explained by an air bubble caused by delamination, visible in Figure 20 and Figure 21. 
The more or less uniform short circuit currents from the individual sub cells concur 
with LED array scans performed on only one sub cell at a time, see Appendix C. 
However, the significant differences between the sub cells that appear in the normal 
LED array scans where three sub cells are scanned together, do not match the true 
photocurrents extracted from the JV-curves. 

 

Figure 27: Photocurrents for each sub cell in Module 1, extracted from their JV-curves. All 
sub cells have very similar photocurrents, except number 4 that has an air bubble visible in 

Figure 20 and Figure 21. 

As described in chapter 2.1, approximate values of the parallel resistance can be 
calculated from the dark JV curves. Figure 28 shows a plot of the calculated parallel 
resistances of the sub cells in Module 1. The differences in parallel resistances between 
the sub cells are much more significant than the differences between the 
photocurrents plotted in Figure 27. The parallel resistances concur with the relative 
amplitudes in Figure 22 but less with Figure 20 and Figure 21. This could be due to a 
change in parallel resistance in some sub cells when adding extra contact points, since 
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Figure 22 was scanned after modification and Figure 20 and Figure 21 before. In 
Appendix B, the JV curves before and after adding contact points in Module 1 are 
shown and it is clear that the JV curve was affected by the modification. All the 
following analysis are based on scans on three sub cells at a time, using the extra 
contact points. 

 

Figure 28: Parallel resistances of the sub cells in Module 1. Both plots show the same data 
but the right is more zoomed in. 

5.4 Equivalent circuit 

To address the differences in performance between the sub cells, the equivalent circuit 
of three sub cells in a module was analyzed, see Figure 29. One delimitation in this 
thesis is that all measurements are performed in short circuit conditions, which is why 
the diodes present in the equivalent circuit in Figure 1 in chapter 2.1 are not included 
here. 

 

Figure 29: Equivalent circuit of a solar cell module with three sub cells at short circuit. 
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What can be observed in this equivalent circuit is that the generated AC current JPh3 
will split up between C3, RP3 and the rest of the circuit. The higher the frequency, the 
more of it will go through C3. The rest will split between RP3 and RS3. The lower RP3 is, 
the more of the current will go through it and be lost, while the rest goes through RS3 
and continues through the rest of the circuit. The current will take the way with the 
lowest impedance which is why the parallel resistances of neighboring sub cells also 
affect the performance of each sub cell, as seen in Figure 23 in chapter 5.1. Those scans 
were performed after addition of extra contact points between the sub cells so that only 
three sub cells were contacted at a time. The current running through RS3 will split up 
between RP2 and C2 (and occasionally JPh2 when both are high) but then reunite and go 
through RS2, and continue to the last sub cell. 

All currents generated in JPh1, JPh2 and JPh3 will meet the same series resistance, namely 
the sum of RS1, RS2 and RS3. In all sub cells, the leakage current through the 
capacitances will be the same if the values of the capacitances are the same. According 
to I. L. Eisgruber [28], cell capacitances are not affected by e.g. local defects so assuming 
all sub cell capacitances are equal is generally a justified assumption. 

However, the part of the current lost through the parallel resistances will vary as much 
as the resistances vary between the sub cells. This means that the measured LED signal 
of each sub cell depends on the amplitude of the current source and the parallel 
resistance. The statements about the operation of the equivalent circuit are verified by 
simulations in Appendix A. 

5.5 Simulations 

With the use of the equivalent circuit in Figure 29, simulations were performed using 
LTSpice and compared to measurements on Module 1 where only three sub cells were 
connected, using the manually added contact points. 

Values for parallel and series resistances (RP and RS) were calculated from the JV-
curves of the individual sub cells. The values are displayed in the figure in the unit Ω. 
With the area 6,5 cm2, the thickness 250 nm and the dielectric constant 3.5, the 
capacitances were calculated to be 81 nF for all three sub cells. 

Figure 30 a) shows a screen shot of the equivalent circuit used for simulations in 
LTSpice of sub cells 5–7 in Module 1. Figure 30 b) shows a diagram of the magnitudes 
translated to Ampere. This diagram concurs qualitatively very well with Figure 30 c), 
which is the experimental LED array scans of sub cells 5 – 7 in Module 1, in terms of 
the relative performance between the sub cells. 
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Figure 30: a) Screenshot of equivalent circuit in LTSpice of a solar cell module with three 
sub cells simulating a LED array with base10kHz, df10Hz. b) The magnitudes of the different 
frequencies, i.e. sub cells, in the simulation. c) Experimental LED array scan of the three sub 

cells that are simulated. 

The frequency dependence in the sub cells that was observed in the LED array scans 
appear in the simulations too, see Figure 31. The figure shows the LED array images 
for base frequencies 1 (a), 10 (b) and 75 (c) kHz and df 10 Hz on Module 1, together 
with simulations with the same frequencies. The relative differences in output signal 
between the sub cells are most significant for the lower frequencies in both the real 
scans and the simulation, while the differences get less significant for higher 
frequency. 
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Figure 31: Comparison of experimental LED array images (top) of sub cells 5–7 in Module 1 
with simulations (bottom).  

5.6 Calculations 

From the equivalent circuit, I. L. Eisgruber et. al. [28] derived an equation which shows 
that the obtained output signal from a solar cell in an LBIC measurement is 
proportional to both the generated photocurrent and the parallel resistance in the solar 
cell. If the solar cell module is assumed to have the equivalent circuit as in Figure 29, 
the signal of the k:th sub cell is, according to the article 

𝐽𝐿𝐵𝐼𝐶(𝑘, 𝜔) = 𝑟𝑘𝐽𝐿𝑘

√1 + 𝜔2𝐶𝑘
2𝑟𝑘2𝑍𝑇𝑂𝑇(𝜔)

 

where rk is the parallel resistance of sub cell k, JLk the photocurrent of sub cell k, Ck the 
capacitance of sub cell k and ZTOT the total impedance of the whole module. ω comes 
from the amplitude modulated laser. All capacitances can be assumed to be equal (see 
section 5.4) so if all parallel resistances in the module are equal, the output signal will 
indeed be proportional to the photocurrent. However, this equation reveals that if the 
parallel resistances vary between the sub cells, it cannot be concluded from the scans 
if a low signal comes from a low photocurrent or from a low parallel resistance. To 
fully characterize the solar cell, the photocurrent and the parallel resistance must be 
separated. [28] 

Using two frequencies, one high and one low, the photocurrent JLk and parallel 
resistance rk, can be extracted using the following equations. 
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𝑟𝑘 = 1
𝐶𝑘

√ [𝐽𝐿𝐵𝐼𝐶(𝑘, 𝜔𝐿)𝑍𝑇𝑂𝑇(𝜔𝐿) 𝐽𝐿𝐵𝐼𝐶(𝑘, 𝜔𝐻)𝑍𝑇𝑂𝑇(𝜔𝐻)⁄ ]2 − 1
𝜔𝐻2 − [𝐽𝐿𝐵𝐼𝐶(𝑘, 𝜔𝐿)𝑍𝑇𝑂𝑇(𝜔𝐿) 𝐽𝐿𝐵𝐼𝐶(𝑘, 𝜔𝐻)𝑍𝑇𝑂𝑇(𝜔𝐻)⁄ ]2𝜔𝐿2 

𝐽𝐿𝑘 = 𝐶𝑘𝐽𝐿𝐵𝐼𝐶(𝑘, 𝜔𝐻)𝑍𝑇𝑂𝑇(𝜔𝐻)𝜔𝐻√ 1 − (𝜔𝐿2 𝜔𝐻2⁄ )
1 − [𝐽𝐿𝐵𝐼𝐶(𝑘, 𝜔𝐻)𝑍𝑇𝑂𝑇(𝜔𝐻) 𝐽𝐿𝐵𝐼𝐶(𝑘, 𝜔𝐿)𝑍𝑇𝑂𝑇(𝜔𝐿)⁄ ]2 

The expectation from this was that using two frequency ranges in the LED array scan 
and inserting the signals together with values of the impedance and capacitance in the 
equations, could be used to separate the photocurrent and the parallel resistance and 
render two 2D images, one of each parameter. 

I. L. Eisgruber et. al. performed their measurement with a laser illuminating only one 
spot at one sub cell and in this thesis the measurements are performed with a LED 
array covering a cross-section of three sub cells at a time. The calculations should 
nevertheless be possible to transfer to this situation too. In Appendix A, simulations 
are presented that verify that the illumination of other sub cells do not impact the 
signal from one specific sub cell. 

Inserting the equations in MATLAB gave the result in Figure 32. Values for ZTOT were 
measured using an LCR meter and C was calculated with the formula in chapter 4.4. 
Values for JLBIC were taken from the simulation in Figure 30 a). 

 

Figure 32: Calculated values for the photocurrent and parallel resistance in Module 1. 

The values of both the photocurrent and the parallel resistance have imaginary parts. 
The imaginary parts are relatively small but ideally they should not be complex at all. 
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The values for the parallel resistances calculated in MATLAB concurs well with the 
values in Figure 30 a), within a margin of 10 %. The values for the photocurrents 
calculated in MATLAB concur less with the ones in the simulation circuit i.e. within a 
margin of 20 %. 

The calculations in MATLAB should give the same result as the simulations, since 
both methods are based on the same equivalent circuit. The values for the signals JLBIC 
were taken from the simulations, but the total impedance ZTOT was experimentally 
measured for the MATLAB calculations. Due to the manually added contact points in 
the modules, the connection between the LCR meter and the module was weak, giving 
doubtful results. The imaginary parts might be a result of that. A possible next step 
could be to take the values for ZTOT from the simulations too, to see whether the 
calculations concur with the simulations. 

The LED array method is supposed to be used in-line in roll-to-roll production so there 
cannot be any measurements of JV curves from which the parameters are extracted. 
The MATLAB calculations require the total impedance ZTOT, which must be possible 
to measure in-line, and the capacitance, which must be possible to calculate and insert 
before-hand.   
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6 Conclusion 

Before this thesis work started, it was already known that scanning a LED array, with 
different blinking frequencies of the LEDs, over a solar cell module, can be used to 
extract a 2D image of the performance of the module. The extracted images clearly 
show the pattern from the sub cells, and defects like e.g. air bubbles are visible. What 
can be concluded from this thesis is that the magnitude of the output signal, which is 
represented with respect to a color bar, depends on both the generated photocurrent 
and the parallel resistance. A sub cell presented with warm colors in the image from 
the LED array scan does not necessarily have a higher generation of photocurrent than 
a sub cell presented with cold colors. More likely, the sub cell with cold colors has a 
lower RP. 

Contact mode and non-contact mode show the same behavior in terms of frequency 
dependence and impact of both the photocurrent generation and parallel resistance in 
the LED array signal. The impact of both parameters results in significant differences 
between the sub cells in the module. These differences are present in the limiting 
method and filter approach as well but without further analysis, none of these methods 
can separate the photocurrent and parallel resistance.  

The simulations of the equivalent circuit of three sub cells in a module show 
qualitatively the same behaviors as the real LED array scans. This indicates that the 
equivalent circuit can be used in the analysis. 

From the simulations, it can be concluded that the frequency dependence of the sub 
cells comes from the fact that the equivalent circuit of the sub cells involves a 
capacitance. For a higher frequency, the capacitor conducts more and more which 
reduces the output signal. All sub cells’ capacitances are close to equal, so the 
decreasing differences between the performance of the sub cells for higher frequency 
is the result of that the current “escapes” through the capacitances which are all the 
same, rather than through the parallel resistances which differ a lot between the sub 
cells. 

In order to separate the photocurrent and the parallel resistance, two frequency ranges 
must be used. Calculations indicate that the LED array method might be possible to 
use for this purpose by scanning it at two frequency ranges at the same time. However, 
the method needs further examination. 
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7 Future Work 

As the output signal from the LED array scans turned out to be dependent on both the 
photocurrent and the parallel resistance, and that these two parameters could be 
separated, it would be desirable to utilize this feature. The MATLAB calculations were 
the starting point of this but it need more work. It must be verified that the calculations 
give the same result as the simulations and experimental LED array scans. If the 
MATLAB calculations turn out to be trustworthy, an interesting future work would be 
to provide two 2D images of each LED array scan – one of the photocurrent generation 
and one of the parallel resistance. As stated earlier, two different frequency ranges 
must be used to separate the two parameters. Therefore, the LED array should be 
programmed to blink with two frequencies – one high and one low – in each LED. 
Indoor application solar cell modules require higher parallel resistance compared to 
outdoor application modules. Thus, a 2D parallel resistance image provided from the 
LED array scans would be a useful tool for characterization of these modules. In order 
for the LED array method to be suited for in-line scans in roll-to-roll production, the 
total impedance must be possible to measure before the scan. The capacitance must 
also be set beforehand. 

Contact mode and contact-less mode gave similar images but not identical. In a future 
work, it would be interesting to analyze these two modes in more detail. Potential DC 
components of the light can in contact mode be transferred away from the module, 
but in contact-less mode they cannot. This might change the modules operation point 
in contact-less mode, resulting in slightly changed images compared to contact mode. 
A way to examine this would be to use the manually added contact points in a module 
and measure the voltage over each sub cell during contact mode and contact-less mode 
scans. No simulations were made of contact-less mode in this thesis, which is another 
interesting analysis point as a future work. 

A delimitation of this thesis work was that only qualitative results have been analyzed. 
The absolute values of the LED array scans have not been examined and at this point 
only the relative magnitudes of photocurrent have been at interest. To further develop 
this method, it would be relevant ensure that the results are not only qualitatively 
reliable, but also quantitatively. 

Another delimitation has been to focus only on LED array scanned when the solar cell 
module is in short circuit conditions. As a future work, it would be interesting to 
investigate what happens if the scan is performed when the module is set to a bias. 

As a reference, the diode should be included in the equivalent circuit. The diode was 
neglected in this work as an approximation and due to all measurements being close 
to short circuit conditions that should be a justified simplification. However, as shown 
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in Appendix B, the JV curves of the organic solar cells do not behave like ideal diodes, 
but has a voltage dependence of the photocurrent. To include the diodes, the JV curves 
must be considered. This can of course not be used in the LED array method since the 
point of the method is to perform measurements when the sub cells cannot be 
individually addressed and this would be a further reference of that the method works 
and that the equivalent circuit is a good approximation that can be used in the analysis. 

In a further work, it would be necessary to perform more scans on other types of 
organic solar cell modules than the ones used in this thesis. All scans have been 
performed on two kinds of solar cell modules from the same company, InfinityPV [17], 
and therefore the method might, without purpose, have been adjusted to fit those 
modules better than others. The problem is that if the LED array scans should be 
compared to e.g. the individual sub cells’ JV curves, it must be possible to manually 
add contact points for the sub cells. This reduces the number of possible solar cell 
modules to use. 
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Appendix A LTSpice Simulations 

This appendix includes simulations that were performed in LTSpice along with the 
thesis to verify the reliability of the results. 

A.1 Simulation Time 

When performing a simulation in LTSpice, the simulation time must be set by the user. 
The equivalent circuit used for testing of simulation times was the one in Figure 33, 
with parameters taken from sub cells 1–3 in Module 1. The current signal was 
measured though RS1 and analyzed with FFT. 

 

Figure 33: The equivalent circuit of a module with three sub cells used for tests of simulation 
times. 

The blinking frequencies were set to multiples of df, and the simulation time was set 
to an integer multiple of 1/df. The reason is that if the frequencies are multiples of e.g. 
10 Hz, like in the figure where they are 110 Hz, 140 Hz and 170 Hz, all three sub cells 
will have passed an integer number of periods after 1/10 Hz = 100 ms, that is 11, 14 and 
17 periods. 

Figure 34 shows the results of two simulations where the simulation times are 
multiples of 1/df, one is 100 ms (a) and one is 1 s (b). All peaks are symmetric and the 
amplitudes concur between the two simulation times. 
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Figure 34: Multiples of 1/df s as simulation time, a) 100 ms, b) 1 s. 

Figure 35 shows three simulations where the simulation times were not integer 
multiples of 1/df = 100 ms, that is 950 ms (a), 1950 ms (b) and 233 ms (c). It is obvious 
that these simulation times give less symmetric peaks than the simulation times of 
multiples of 100 ms. In addition, the amplitudes of the peaks in Figure 35 differ a lot 
– both between each other and compared to the ones in Figure 34. 

 

Figure 35: Simulation times that are not multiples of 1/df s. a) 950 ms, b) 1950 ms and 
c) 233 ms. 

These tests show that the frequencies should be chosen as integer multiples of even 
numbers like e.g. 10 Hz and simulation times should be chosen as integer multiples of 
e.g. 1/10Hz. 
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A.2 Impact of Background DC Component 

To examine if the signals are affected differently by different background lights, a few 
situations were simulated. In Figure 36 a), all three sub cells were given an AC 
component and no DC component. In Figure 36 b), one of the sub cells was given a DC 
component as well. In Figure 36 c), all three sub cells had both an AC component and 
a DC component. These three simulations all give the same output signal, i.e. the one 
in Figure 37. 

 

Figure 36: Simulations of impact of DC component. a) All three sub cells have an AC 
component but no DC component. b) All sub cells have an AC component and one has a DC 

component as well. c) All sub cells have an AC component and all have a DC component. 
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Figure 37: Result from simulations in Figure 36. All three simulations gave the same result. 

Next, only one of the sub cells was given an AC component while the two others had 
no current at all (simulating that the sub cells were put in complete darkness), see 
Figure 38 a). This was compared to when two sub cells had an AC component when 
the last one had no current, see Figure 38 b). 

 

Figure 38: a) One sub cell has an AC component and the two others have no current at all. b) 
Two sub cells have an AC component and the last one has no current at all. 
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All five simulations in Figure 36 and Figure 38 gave the same amplitudes of the FFT 
peaks. These simulations verify that any background DC component does not affect 
the output signal of the LED array measurements 

The first sub cell has the same signal in Figure 36 a), Figure 38 a) and Figure 38 b). 
Regardless of the neighboring sub cells being illuminated by an AC current or not, the 
same signal of the first sub cell is measured through RS1. 

As discussed earlier, the equivalent circuit of a solar cell includes a diode and having 
different illumination at different sub cells will shift the sub cells’ operation points 
which is relevant for organic solar cells due to their voltage dependence in reverse 
bias. However, since the delimitation of only analyzing in short circuit conditions, these 
simulations only focus on examining where the currents go, making the diodes not 
necessary. 
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A.3 Impact of Background Indoor Light  

Normal indoor light has a blinking frequency of 100 Hz as a result from the 50 Hz 
frequency of the AC current in the European power system. All Led array scans were 
performed in this light so its impact was simulated. Figure 39 a) shows a simulation 
without background light and Figure 39 b) shows the same simulation but with added 
background light at a blinking frequency the same as the LED frequency on the first 
sub cell (100 Hz). These simulations show that the signal of an LED with the same 
blinking frequency as the background light is highly affected and cannot be trusted. 
Other frequencies are, however, not affected by the background light. Therefore, LED 
array scans should not be performed with blinking frequencies of 100 Hz. 

 

Figure 39: Simulations a) without and b) with background indoor light. 
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A.4 Verification of the Operation of the Equivalent Circuit 

In chapter 5.4, a few assumptions are made on the equivalent circuit that will be 
verified here. 

Figure 40 a) shows an equivalent circuit where the photocurrents for the three sub cells 
are equal as well as the series resistances and capacitances. The only parameter that 
differs between the sub cells is the parallel resistance, which are taken from sub cells 
1 – 3 in Module 1. Figure 40 b) is the FFT view of the signal through RS1. The relative 
amplitudes of the peaks are concurring with the parallel resistances. The first sub cell, 
having the largest parallel resistance, has the highest peak (left peak) and the third sub 
cell, having the smallest parallel resistance, has the lowest peak (right peak). Thus, the 
impact of the parallel resistances can be verified. 

 

Figure 40: a) Equivalent circuit of a module where the only parameter that differs between 
the sub cells are the parallel resistances. b) FFT view of the simulation that verifies that the 

parallel resistances do have an impact of the individual sub cells’ amplitudes. 

In Figure 41 a), the photocurrents are taken from sub cells 1 – 3 in Module 1 which 
differ between the sub cells. All other parameters are equal between the sub cells. 
Figure 41 b) verifies that the photocurrents have impact on the amplitudes of the sub 
cells with the largest photocurrent (middle sub cell) giving the highest peak. 



49 

 

 

Figure 41: a) Equivalent circuit of a module where the only parameter that differs between 
the sub cells are the photocurrents. b) FFT view of the simulation that verifies that the 

photocurrents do have an impact of the individual sub cells’ amplitudes. 

Figure 42 a) shows an equivalent circuit where the series resistances are taken from 
sub cells 1 – 3 in Module 1 and differ between the sub cells. All other parameters are 
equal between the sub cells. Figure 42 b) verifies that the series resistances do not have 
impact on the individual sub cells’ amplitudes. 

 

Figure 42: a) Equivalent circuit of a module where the only parameter that differs between 
the sub cells are the series resistances. b) FFT view of the simulation that verifies that the 

series resistances do not have any impact of relative amplitudes of the sub cells. 

Figure 43 shows two circuits (top) with the same parameters except that a) has current 
sources with frequencies 1010, 1040 and 1070 Hz while b) has current sources with 
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frequencies 5010, 5040 and 5070 Hz. The current was measured through the 
capacitances and the FFT was viewed (bottom). It can be verified from the amplitudes 
of the peaks that the current running through the capacitances increase with 
increasing frequency. 

 

Figure 43: Verification that more current run through the capacitance at higher frequencies. 
a) has the frequency range at 1010 to 1070 Hz and b) at 5010 to 5070 Hz and almost five 

times as much current goes through C in b) compared to a).  
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Appendix B JV curves of Module 1 and Module 2 

In this appendix, JV curves of Module 1 (Figure 44) and Module 2 (Figure 45) are 
presented. The black curves are JV curves measured in darkness and the blue are 
measured in illumination by one sun. The photocurrent is the difference between the 
black and the blue curve. 

 

Figure 44: JV curves of Module 1. Whole module before and after modification of extra 
contact points, and all individual sub cells after modification. 
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Figure 45: JV curves of Module 2 after modification of extra contact points. Whole module 
and all individual sub cells. 
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Appendix C LED array scans on individual sub cells 

LED array scans were performed on Module 1 when only one sub cell was contacted, 
using the manually added contact points. In these scans, the surrounding sub cells 
cannot interfere with the scanned sub cell. The result can be seen in Figure 46 where 
the images of all sub cells have been arranged together to build up the whole module. 
Note that all sub cells seem to have very similar performance, except sub cells 1 and 4 
that have some air bubble defects. The air bubble in sub cell 4 can also be seen in 
Figure 20 and Figure 21 before it became this big. The similar performance between 
the sub cells when scanning only one sub cell at a time, concurs with the photocurrent 
plot in Figure 27. 

 

Figure 46: LED array scans on Module 1 when only one sub cells is contacted. 

 

 


