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Abstract

Thin film solar cells are claimed to have a higher performance ratio under some light

conditions, such as di↵use or low light. In order to investigate whether di↵useness could

be a cause for a higher performance ratio of thin film solar cells, we measure the perfor-

mance of six types of solar cells, while also measuring the irradiance and di↵useness. To

measure di↵useness, we developed a cubic illuminance meter and compared its perfor-

mance with a conventional sun tracker. The di↵useness metric of the cubic illuminance

meter correlated with the sun tracker with an R2 of 0.57 and a p-value of 3.25 ⇤ 10�26

for the slope of the correlation. An additional advantage of the cube is that it never

erroneously exceeds 100% di↵useness. The di↵useness metrics of the cube also had clear

correlations with irradiance and temperature, as expected. When selecting the data for

small ranges of temperature and irradiance in order to minimize the chance of a spu-

rious relationship, we find that di↵useness has a negative impact on the flexible CIGS

module with a slope of -3.98±0.4 e�ciency percentage per normalized di↵useness. Dif-

fuseness has a positive e↵ect on two of the silicon cells; 2.72±0.86 for the HIT Si cell

and 1.94±1.35 for the IBC Si cell. While on the CdTe and CIGSm cell the impact was

not significant. This means that for the cells that we measured, di↵useness is unlikely

to be a cause for a higher performance ratio.
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Chapter 1

Introduction

The development of e�cient solar panels plays a major role in the global transition to-

wards sustainable energy, as solar cells o↵er an a↵ordable, abundant source of energy,

with very little pollution. In order to apply solar cells most appropriately, it is impor-

tant to clearly understand which factors influence the e�ciency of di↵erent solar cells.

Moreover, for the development of new solar cell designs it is important to understand

their properties. Many of the thin film solar cell types are claimed to have a higher

performance ratio than silicon cells, i.e. they are claimed to have less of an e�ciency

drop during some outdoor conditions. In the scientific literature, scientific journalism

and in suppliers’ descriptions di↵erent terms are used to describe the circumstance in

which this higher performance ratio occurs. Some examples are ‘di↵use light’ O’regan

and Grfitzeli (1991), but also ‘low light’ (Heliatek, 2017). The exact factors causing this

higher performance ratio are therefore still unclear. This research aims to separate the

influence of di↵useness from other factors such as the di↵erence in spectrum, module

temperature and irradiance. An extra reason for the relevance of the influence of light

di↵useness on the e�ciency of solar cells is the development of bifacial solar panels,

which always have at least one face in almost completely di↵use light (Janssen et al.,

2015).

The research is executed by measuring the e�ciency and temperature of six types of

commercially available solar cells, while also measuring the irradiance, spectrum and

di↵useness of the incoming light. In order to measure di↵useness, a special cubic illumi-

nance meter has been developed, which measures the intensity of the incoming light in

six di↵erent directions. It therefore is able to quantify to which extent the light comes

from all directions or one direction, as a metric for di↵useness. In order to verify the

validity of the cube, a second cube is placed next to a more conventional solar tracker,

after which the data are compared. The performance data from the solar cells, together

1



Chapter 1 Introduction 2

with data of the incoming light and the cube, are analyzed to infer what the e↵ect is of

di↵useness on the outdoor performance of thin solar cells, when compensating for the

e↵ect of other factors. More specifically the goal is to infer whether di↵useness could be

a cause for a higher performance ratio of thin film solar cells compared to silicon cells.



Chapter 2

Theoretical Background

In the following chapter the necessary theoretical background is laid out. First, a short

introduction into solar cell physics is given, explaining the basic concept of a solar panel,

the characteristics of sunlight and important parameters of a solar panel. Subsequently,

for the four quantities spectrum, intensity, temperature and di↵useness, it is explained

with which mechanism it could impact e�ciency, and might therefore be a cause for a

higher performance ratio of thin film solar cells. Thereafter, an analysis is given of the

metric of choice for di↵useness. Finally, the statistical approach to analyzing the data

is explained.

2.1 Solar cell physics

2.1.1 The basic concept of a solar cell

Solar cells make use of the photovoltaic e↵ect in order to create electric power. The

basic component of a solar cell is a semiconductor. A semiconductor is characterized by

a separation between the valence band and conduction band as opposed to metals, and

a gap smaller than 3 electron-volts (eV) as opposed to insulators (see Figure 2.1).

When a photon with a higher energy than the band gap hits an electron in the semicon-

ductor material, this electron is excited and reaches the conduction band. The electron,

therefore, leaves the bonding orbital in an atom and becomes mobile. The excited elec-

tron leaves behind the absence of an electron, also called an electron hole. This electron

hole e↵ectively behaves as a second mobile charge. After having excited this electron,

the goal of a solar cell is to ensure that the electron and hole are separated and trans-

ported to a positive and negative electrode, after which the charge can flow through a

load, where the added energy of the charges is used. This separation is provided by a p-n

3



Chapter 2 Theoretical Background 4

Figure 2.1: A schematic band gap diagram of a conductor, semiconductor and an
insulator (Mahato et al., 2015)

junction. A p-n junction is a transition from a p-doped material to an n-doped material.

P - and n-doping are the addition of certain atoms into the lattice of a semiconductor.

By choosing an atom which has exactly one bonding electron less or more than the bulk

semiconductor, a mobile charge is created, in addition to a fixed charge on the atom

itself. When the mobile charge is an electron, it is n-doped (for negative) and when the

created mobile charge is an electron hole, it is p-doped (for positive). At an interface

between p- and n-doped materials, some of the mobile charges from the one material

will flow to the other and vice versa, due to di↵usion. This will create a net charge

due to the left behind fixed charges. These in their turn create an electric field, which

causes the excited electrons and electron holes to drift in opposite directions, which is

the main mechanism with which electrons and electron holes are separated by a p-n

junction (Smets et al., 2016). The e↵ect is schematically shown in Figure 2.2.

Figure 2.2: A schematic diagram of p-n junction (Christian, 2013)

When an electron and electron hole recombine, the energy of the excited electron is lost.

Three main types of recombination can be distinguished; radiative recombination, Auger

recombination and Shockley-Read-Hall recombination (SRH). Radiative recombination

occurs when the energy of the recombined electron-hole pair is lost to a photon. Auger

recombination occurs when the energy of the recombination is transferred to another
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electron in the conduction band. This electron reaches an even higher energy, but

quickly relaxes back to the lowest available state in the conduction band and the added

energy is lost as heat. Shockley Read Hall recombination is assisted by a defect which

traps one of the charges in a fixed position (Smets et al., 2016).

2.1.2 Characteristics of sunlight

Understanding the characteristics of sunlight on earth is important, s solar panels are

meant to absorb sunlight. The sun approximately radiates as a black body radiator.

However, when the light passes through the atmosphere, parts of the spectrum are

absorbed. As the path length through the atmosphere can vary depending on position

on earth and time of the day, the AirMass factor (AM) is used to quantify this path

length. Hereby AM is the ratio between the actual path length and the path length if

the sun were exactly overhead. Figure 2.3 shows the spectrum of the extra terrestrial

solar spectrum, of a corresponding black body radiator and of the terrestrial spectrum

with AM = 1.5.

Figure 2.3: Extra-terrestrial spectrum, AM0 (yellow area), black body spectrum (grey
line) and terrestrial solar spectrum, AM1.5 (red area). The atmospheric compound

responsible for the absorption bands are depicted in blue (Rohde, 2007)

.

In order to be able to compare the e�ciencies of di↵erent types of solar cells, standard

testing conditions (STC) have been formulated. During an e�ciency test, the solar

cells are tested underneath a lamp with a solar spectrum of AM 1.5, at perpendicular

incidence, with an intensity of 1000 W/m2 and the temperature of the cell is kept

constant at 25 �C.
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2.1.3 Important parameters of a solar cell

Some of the most important parameters that are used to quantify the characteristics of

a certain solar cell are the short circuit current density (JSC), the open circuit voltage

(VOC), the fill factor (FF ), the maximum power (Pmax), e�ciency (⌘), external quantum

e�ciency (EQE) and performance ratio (PR). The above concepts are briefly explained

below.

VOC is the voltage that a solar cell creates when its electrodes are not connected, in

other words when the solar cell is in an open circuit. It is a quantity important to

understand what maximum voltage can be created and which fraction of the band gap

is really transformed into a voltage.

JSC is the current per area of solar panel that is achieved when the solar cell is connected

to a closed circuit. In this case, the excited charges will flow through the closed circuit

and no energy is created as there is no voltage over the circuit.

The JV -curve is a graph that depicts the current density as a function of the voltage.

An example of a JV -curve is shown in Figure 2.4. From this curve, one can infer the

maximum power and the fill factor. The maximum power is the power that can be

achieved when operating at an ideal combination of voltage and current. This combina-

tion is the maximum power point (MPP ), with corresponding maximum power point

voltage (Vmpp) and current density (Jmpp). The ratio between Pmax and the product of

Jsc and Voc is called the fill factor (FF ). In Figure 2.4, it represents the ratio between

the area of the purple and gray square.

Figure 2.4: An example of a measured JV-curve (Wei, 2015)

.

E�ciency is the percentage of total incoming power that has been transformed into

usable electric power. If one knows the power of the total incoming light, i.e. the
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irradiance or light intensity, one can use the FF , Voc and Jsc the calculate the e�ciency,

see equation 2.1.

⌘ =
Pmax

Iin
=

FF · Voc · Jsc
Iin

(2.1)

As an approximation for the current-voltage relation for most solar cells, the assumption

can be made that the current is equal to the short-circuit current minus the leakage

current. This leakage current or dark current is the current that flows through a solar

cell in the dark when an external voltage or bias is applied. This approximation is called

the superposition approximation. It is assumed that the current leaking on the opposite

direction in a solar cell in the light, due to the built up voltage over a load by the solar

cell itself, is equal to the current that flows through a solar cell in the dark with an

external voltage. For an ideal diode, the dark current is equal to (Nelson, 2003):

Jdark(V ) = J0(e
qV/kBT � 1) (2.2)

therefore, the current of a solar cell can be described as:

J = Jsc � J0(e
qV/kBT � 1) (2.3)

where J0 is a constant, kB is Boltzmann’s constant and T is the temperature in Kelvin.

When taking into account both that a real solar cell is a non-ideal diode (with a ideality

factor m), as well as that there is resistance within the system, which can be divided

into a series resistant (Rs) and a parallel resistant (Rsh), the diode equation becomes

the following:

J = Jsc � J0(e
q(V+JARs)/mkBT � 1)� V + JARS

Rsh
(2.4)

Whereby A is the area of the solar panel.

External quantum e�ciency (EQE) is the percentage of photons of a certain wave length

incident on the solar cell that are successfully transformed into an electron-hole pair that

reaches the electrodes to contribute to the produced current. It is a measure of how well

the material is able to absorb photons of a certain wavelength and is therefore defined

in the following way (Smets et al., 2016):

EQE(�) =
Iph

q · ph,�
(2.5)
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Where � is the photon wavelength, Iph is the photoinduced current, q is the elementary

charge and  is the photon flux on the panel.

Performance ratio (PR) is the ratio between the achieved e�ciency of a solar panel in

real sunlight over a long period (such as a year) and the e�ciency under standard test

conditions. When working with an actual photovoltaic array it can be calculated from

the yearly energy produced (Eyear), the total yearly irradiation (Iyear), array area (A)

and e�ciency under STC in the following way:

PR =
⌘measured

⌘stc
=

Eyear

Iyear ·A · ⌘stc
(2.6)

PR is a measure of how well a solar system is performing and how much energy is lost

due to the di↵erences between real conditions and STC conditions, such as a varying

intensity, temperature, di↵useness, but also inverter ine�ciencies, dirt, reflection and

downtime (Marion et al., 2005). It is an important quantity for calculating the expected

return on investment for a solar system. A similar quantity, however with di↵erent

units, is the specific energy yield, which is the ratio between the energy produced over

a longer period (e.g. a year) in kWh, and the nominal power in Wp (the power a solar

cell produces under STC).

2.1.4 Types of solar cells

The large landscape of solar cell types can be categorized using a variety of character-

istics, such as the semiconductor material used, the extent of crystallization (such as

monocrystalline, multicrystalline and amorphous), the thickness (such as thin film solar

cells) or the amount of junctions used (single-junction and multi-junction). Here follows

a brief explanation of these di↵erent types.

There is a large number of possible semiconductors that can be used as solar cells.

The most common, and best researched material is silicon. Commercially available

crystalline silicon (c-Si) solar cells have a typical e�ciency of 15 to 20 percent and the

current record e�ciency is 26.7% (Green et al., 2017). Advantages of silicon are the

element’s widespread availability, its relatively high e�ciency and its high stability. A

disadvantage is its relatively low absorption coe�cient, which necessitates thick panels

(Nelson, 2003).

Many of the other materials that can be used as a solar cell are thin film materials. These

are characterized as materials with a high absorption coe�cient, which makes it possible

to use rather thin films as opposed to c-Si. Examples of thin-film materials are copper
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indium gallium selenide (CIGS), cadmium telluride (CdTe) and amorphous silicon (a-Si).

Advantages of these materials are that they are relatively cheap to produce, light and

flexible. This makes it possible to combine these solar panels with building materials

such as roofing tiles or walls, and also makes installation easier. Due to their low

e�ciency though, they have not yet become as competitive as c-Si. Another advantage

which this research focuses on is that they are claimed to perform better under some

outdoor circumstances such as low intensities, higher temperatures or di↵use light. An

important disadvantage is the fact that they commonly use rare earth metals (Smets

et al., 2016). Other thin-film materials are still in the phase of research, such as polymer,

perovskite, organic and dye-sensitized solar cells. The material that currently holds the

highest single-junction e�ciency is gallium arsenide (GaAs), with a record e�ciency of

28.8% (Green et al., 2017).

Multiple materials can also be combined to create multi-junction or tandem solar cells.

In this way, multiple band gaps can be combined to maximize the energy absorption

from the incoming photons. The current record e�ciency of 38.8% is held by a 5-junction

solar cell of GaInAs/GaInP/GaAs/AlGaInAs/AlGaInP (Polman et al., 2016).

2.2 Possible causes for a higher performance ratio of thin

film solar cells

This section first shows some examples of claims being made concerning thin film solar

cells. Thereafter the mechanisms are explained with which temperature, irradiance,

spectrum and di↵useness could lead to a higher performance ratio of thin film solar

cells.

2.2.1 Examples of claims concerning thin film solar cells

Here follow some key examples of di↵erent quotes on thin film solar cells, which serve

to demonstrate the wide variety of circumstances which are claimed to lead to a higher

PR of thin film soler cells. A classical example concerning di↵use light can be found in

Nature where O’regan and Grfitzeli (1991) stated concerning a dye-sensitized colloidal

TiO2 solar cell;

“The overall light-to-electric energy conversion yield is 7.1-7.9%

in simulated solar light and 12% in di↵use daylight.”

The supplier of Heliafilm, a flexible organic solar cell, makes the following claim on its

website (Heliatek, 2017):
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“Superior low light performance. Perfect for façades – even at

non-optimal orientation. Up to 25%* more energy output at low

light levels.

* compared to crystalline technology under comparable condi-

tions”

Similar statements are being made concerning CIGS solar cells, such as the following

quote from CIGS White Paper Initiative, pointing at the e↵ect of temperature, spectrum

and low intensity in one sentence (White Paper Initiative, 2015);

“A low temperature coe�cient, a favorable spectral response and

high e�ciency under low light conditions are the reason for ex-

cellent energy yields and hence low levelized costs of electricity

under most climatic conditions.”

Concerning the flexible CIGS module that is included in our investigated solar field, the

supplier claims the following (Global Solar, 2017):

“Shade Resistant. Outperforms c-Si modules in partially shady

conditions”.

In short, many di↵erent circumstances are claimed to lead to a higher PR of thin film

solar cells. In the following subsections the mechanisms are explained behind the main

possible causes; temperature, spectrum, irradiance and di↵useness.

2.2.2 Temperature and photovoltaic e�ciency

Temperature has an e↵ect on the characteristics of a solar panel in multiple ways. For

an ideal diode, three main e↵ects can be identified. The increased temperature causes

an exponential increase in charge carrier density, which increases the leakage current

and therefore decreases the voltage. The increased temperature also causes the valence

electrons to reach a higher energy, which leads to a lower band gap energy. This causes

on the one hand a higher amount of electrons to be excited, as lower energy photons

can now be absorbed. On the other hand, a smaller band gap also leads to a lower Voc,

which decreases the total energy output. There is an increase in photocurrent and a

decrease in voltage, which together lead to a net decrease in e�ciency (Nelson, 2003).

The e↵ect is visualized in Figure 2.5.

Though the above-described e↵ect is the dominant mechanism behind the influence of

temperature, other mechanisms can also be identified, such as an increase in recombi-

nation due to the increased charge carrier density at higher temperatures. The change
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Figure 2.5: A visualization of the e↵ect of temperature on a solar cell. The arrow
follows subsequent JV-curves with increasing temperature. On the top the current is
slightly increasing and at the right the voltage is significantly decreased, which leads to
a net decrease of area under the curve and therefore a loss of e�ciency. (Nelson, 2003)

.

in e�ciency due to temperatures can very greatly by material, because the impact on

voltage can very, as well as di↵erent types of recombination can be dominant.

The theoretical mechanisms involved in the temperature dependence of thin-film solar

cells are less well studied. However, experiments have shown that for a CIGS module

the e�ciency also decreases with higher temperature (Fathi et al., 2015). Table 2.1

shows which percentage of the maximum power decreases per degree Celsius increase

(i.e. the temperature coe�cients), for all six investigated panels. It shows that the

flexible CIGS module has a remarkably low temperature coe�cient, which could lead to

a higher performance ratio.

Solar panel Temp. coe�cient

CIGS 0.2136 %/�C

CdTe 0.30 %/�C

Multi Si not stated

IBC Si 0.43 %/�C

HIT Si 0.29 %/�C

CIGSm 0.30 %/�C

Table 2.1: Stated temperature coe�cient of the six investigated modules
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2.2.3 Spectrum and photovoltaic e�ciency

Another factor that has to be taken into account is the spectrum of the incoming light, as

photons with energy lower than the band gap are absorbed (quantum e�ciency) and the

extra energy of photons above the band gap energy are lost as heat (quantum defect). In

Figure 2.6 the spectral response from a variety of solar cell types is shown. In Figure 2.7

the spectral response of a various CI(G)S modules is shown. It shows that some of CIGS

cells have a slightly broader spectral response than silicon cells. It becomes apparent

not only that the spectral response can vary greatly between various technologies, but

that even within a single technology there can be great variation. This is especially the

case for CI(G)S modules (Schweiger et al., 2012).

Figure 2.6: Spectral response of a variety of solar cell technologies (Schweiger et al.,
2012)

.

Figure 2.7: Spectral response of a variety of CI(G)S modules (Schweiger et al., 2012)

.

The spectrum of di↵use sunlight commonly di↵ers from the spectrum of direct sunlight.

But the type of di↵use light greatly determines the shift of the spectrum. Figure 2.8

shows that the di↵use part of the sunlight during a sunny day is bluer than the normal

sunlight spectrum, which is presumably caused by the blue color of the sky. However,
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Figure 2.8: Spectra of, global, direct and di↵use parts of the sunlight, during a sunny
day (Futscher and Ehrler, 2016)
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Figure 2.9: Spectral shift under weather conditions (Kipp & Zonen, 2012)

.

the di↵use light during a cloudy day is commonly redder than the normal solar spectrum,

as is shown in Figure 2.9. Because some thin film cells have a broader spectral response

especially at the red side of the solar spectrum, spectrum could be a factor causing a

higher performance ratio for some thin film cells.

The fact that di↵use light can have spectral shifts in both directions also shows that it

is important to not use the term ‘di↵use light’ too broadly. It should only be used for

the extent to which light comes from all instead of one direction, rather than a light

condition concerning more than just its directional characteristics.

2.2.4 Intensity and photovoltaic e�ciency

A third quantity that has to be taken into account as a separate factor is intensity or

irradiance.
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For linear photogeneration and linear recombination the photocurrent will increase lin-

early with the intensity, as there will be more photons to excite charges (Nelson, 2003,

ch. 6). In order to understand what is the influence on the e�ciency, one needs to

rewrite equation 2.3 in the following way;

Voc =
mkBT

q

ln

⇣
Jsc

J0
+ 1

⌘
(2.7)

Equation 2.7 shows that the voltage increases with increasing current. This means that

the overall e�ciency increases with intensity according to the diode equation.

An increase in intensity causes an increase in charge carrier density, which increases

the likelihood of electron-hole pairs to find each other to recombine. If this increase is

linear, as is the case for SRH recombination, whereby only one of the two recombined

charges is mobile, recombination does not impact e�ciency during an increased intensity.

For Auger and radiative recombination, whereby multiple charge carriers are mobile,

recombination will increase quadratically or more with intensity (Smets et al., 2016).

For most silicon panels, SRH recombination is dominant, due to its indirect band gap

structure. For other materials with direct band gap structures, nonlinear recombination

types are dominant. This could be one of the reasons why most thin film solar cells

produce a lower e�ciency at higher intensities. Low intensity in this way could be a

cause for a comparatively high e�ciency of thin film solar cells during outdoor conditions.

2.2.5 How di↵useness could impact e�ciency

One could think of multiple ways how di↵useness could impact the e�ciency of a solar

panel. In this section three di↵erent mechanisms are explained with which di↵useness

could impact e�ciency. In di↵use light, light comes from all angles. Di↵useness, there-

fore, has an impact on the average angle of incidence. This has two e↵ects. First, a larger

angle leads to a longer path length through the material. As photons travel through a

longer path, a higher percentage of photons is absorbed, which clearly leads to a higher

e�ciency. However, most solar panels are designed in such a way that almost all of

the absorbable photons are in fact absorbed. Hence, this e↵ect is presumably not very

large. A second e↵ect of the larger angles is an increase in reflection. As the Fresnel

equations dictate, the larger the angle of the incident light beam the larger the reflected

part. This leads to a lower e�ciency. Figure 2.10 visualizes both e↵ects. Depending on

the position of the sun, di↵useness could cause these e↵ects in both directions: when

the sun is high an increase in di↵useness means on average larger angles, and when the

sun is low an increase in di↵useness means on average smaller angles.
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More
reflection

Longer path
length

Figure 2.10: Reflection and path length under small and larger angles

.

A third mechanism with which di↵useness impacts the e�ciency of a solar panel is

through entropy. A solar cell in direct sunlight receives light only from the direction of

the sun, while emitting it as a black body radiator in all directions. This increase in

angular distribution forms an increase in entropy, and therefore a decrease in e�ciency

of the solar panel. The magnitude of the e↵ect of an increase in entropy is illustrated by

the calculations on a solar cell which limits the directions of emitted light. Researchers

calculated that a GaAs single-junction solar cell could theoretically reach an e�ciency

of 38%, far above the SQ-limit (Kosten et al., 2013).

This loss in entropy does not appear in di↵use sunlight, for both the incident and emitted

light are coming from all directions. In this way di↵useness could increase e�ciency.

The exact net e↵ect of di↵useness on solar panels is still not clearly studied. A recent

study (Mohanty and Wittkopf, 2016) has investigated the e↵ect of di↵useness on a thin

film amorphous silicon cell in a lab, by di↵using the light of the test lamp using a fabric.

The IV characteristics of the cell were measured, while varying the distance between

the fabric and the solar panel (0 and 10 cm, see Figure 2.11). Increasing this distance

could be seen as decreasing the di↵useness, for the further away the fabric is from the

panel, the more directional characteristics there are. In a preliminary study, they found

that the solar panel had a higher current with the fabric at 10 cm than at 0 cm distance

(see Figure 2.12). This suggests that this thin film solar cell’s e�ciency increases with

decreasing di↵useness, the opposite of what is commonly claimed.
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Figure 2.11: Setup of di↵useness lab
test (Mohanty and Wittkopf, 2016)

Figure 2.12: Results of di↵useness
lab test (Mohanty and Wittkopf, 2016)

2.3 Defining di↵useness

However common the phrase ‘di↵use light’ may be, the exact definition of di↵useness is

definitely not clearly agreed upon yet. There is a wide scale of possible ways to quantify

the di↵useness (Xia et al., 2016, 2017). The most common way of measuring di↵useness

in the field of solar cell science is using a solar tracker, whereby a light sensor is blocked

from direct sunlight and measures all light that comes from directions other than the

sun, which is interpreted as the di↵use fraction. In this way di↵useness is the percentage

of light coming from other directions than the sun.

For the cubic illuminance meter used in this study, a di↵erent metric is used. Hereby

the more subtle ‘flow of light’ or ‘ratio between illumination vector and scalar’ by Cuttle

(1967) is used. It is able to quantify the di↵useness of the light by measuring the light

in six opposite directions. The following calculation is used:

Evector =
�
E+x � E�x, E+y � E�y, E+z � E�z

�
(2.8)

Escalar =
|Evector|

4
+

min(E+x, E�x) + min(E+y, E�y) + min(E+z, E�z)

3
(2.9)

(DCuttle)Normalized = 1� |Evector|/Escalar

4
(2.10)

Whereby E+x, E�x, E+y, E�y, E+z and E�z are the six measurements of the light

sensors on the cube, and ‘min’ is the minimum of two values. (DCuttle)Normalized is

the final di↵useness metric between 0 and 1, whereby 1 is completely di↵use and 0 is

completely directional.
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Our measurements showed that this metric is more or less equal to the more simple

calculation of the sum of the absolute di↵erences between opposite sides divided over

the total:

(DCuttle)Normalized ⇡ |E+x � E�x|+ |E+y � E�y|+ |E+z � E�z|
E+x + E�x + E+y + E�y, E+z + E�z

(2.11)

This second calculation (eq. 2.11) gives a good qualitative understanding of what the

metric represents.

2.3.1 Mathematically comparing the two metrics

In order to gain an idea of the di↵erences between the metrics of di↵useness used for the

sun tracker and cube, we developed the following mathematical model. In this model

daylight is divided into three fractions: direct sunlight, di↵use sunlight, and reflected

sunlight. The direct fraction of the sunlight comes exactly from the direction of the sun,

the di↵use fraction of the light is all the light coming from the sky but not from the

sun, and is assumed to decrease as its direction is further from the sun. Then there is

also the reflected light, which is all the light that is reflected from earth’s surface. These

three fractions could be described in the following way:

fdir(✓) = 1 if ✓ <

1

2

�

= 0 otherwise

(2.12)

Whereby ✓ = 0,� = 0 is the position of the sun, and 1
2
�
is the angle of the sun on the

sky.

fdif (✓) =
1

✓

b
(2.13)

This creates a di↵use light function from all over the sky, but the light increases as it

comes closer to the direction of the sun. b is a constant which determines the extent

to which the di↵use light is coming from all over the sky (very cloudy), or mainly from

around the sun (less cloudy).

fref (✓) =
1

(⇡ � ✓)
(2.14)

The above equation is similar to fdif (✓), however now it comes from the opposite direc-

tion, from below, as it represents the reflected light. In Figure 2.13 a plot is shown of

these functions.
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Figure 2.13: Plot of direct, di↵use and reflected part of the modeled light function

.

Now the total light is a combination of these three parts:

� = cdir · fdir(✓) + cdif · fdif (✓) + cref · fref (✓)

= cdir · fdir(✓) + cdif · 1

✓

b
+ cref · 1

(⇡ � ✓)b

(2.15)

A solar tracker measures the value of the di↵use light (cdif ) and the value of the direct

light (cdir). It would be more precise to say it measures a hemispherical integral over the

total light function excluding the sun, compared to a hemispherical integral including the

sun. The cubic illumination meter, however, measures the total intensity in six opposite

direction. Which could be understood as integrating over six hemispheres of the total

light function. What becomes apparent here is that the cube is far more dependent

on the reflected light coming from below, than is the solar tracker. This makes the

cube especially fit for research on bifacial solar panels. For monofacial solar panels,

however, this is a disadvantage. Another di↵erence is that the cube is able to extract

more information of the directional characteristics of the di↵use fraction of the light.

In further research, these integrations could be calculated in order to come to a theo-

retical mathematical relation between the two measures of di↵useness. One can already

derive from this model though, that an always valid relation between the two metrics

does not exist, for the relation is dependent on the amount of reflection coming from

below.

2.4 Statistical analysis

As we are measuring solar cells in real light environments as opposed to a lab experiment,

statistical tools are necessary to distinguish the e↵ects of di↵erent factors. Because many

factors are impacting the solar cell performance, a correlation between two variables does
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not imply causation, as there may be a spurious relationship. A spurious relationship is

an apparent relationship, which is actually caused by a third factor which impacts both

other variables. This third factor is called a confounding factor (Burns, 1997). This

research is investigating whether di↵useness could be a cause for a higher PR of thin

film solar cells. For this we need to compare the e↵ect of di↵useness on the e�ciency

of thin film solar cells and silicon solar cells. The possible confounding factors that we

have selected are module temperature, irradiance and APE.

With the goal of identifying the sole e↵ect of di↵useness we carry out the following pro-

cedure. First, we check for correlation between di↵useness and the possible confounding

factors. When there is a clear correlation, it means that the factor has to be taken into

account as a possible confounding factor. Secondly, we graph the correlation between

these other factors and e�ciency, in order to better understand the e↵ect of these fac-

tors. Finally, we graph the correlation between di↵useness and e�ciency, while selecting

for small ranges - or ‘bins’ - of the confounding factors. In this way the impact that the

other factors might have is minimized as the data shows only a very small variation of

those factors. A disadvantage of this method is the large amount of data that is unused.

Hence, it is necessary to work with a high amount of measurements.

If di↵useness has a more positive e↵ect on the performance of thin film solar cells than

on silicon cells, it means that di↵useness could be a reason for higher performance ratios

of thin film solar cells.
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Research Methods

3.1 Measuring the irradiance, module temperature, spec-

trum and module power

At the AMOLF institute there is a setup of six types of commercially available solar

panels. Figure 3.1 shows a picture of the solar panels. Table 3.1 shows the six di↵erent

solar panel types and characteristics.

Figure 3.1: A picture of the AMOLF solar field.

Three out of the six solar panels are thin film solar cells; CIGS, CIGS with back mirror

and CdTe. The others are specific types of silicon cells; a multicrystalline silicon cell, a

highly e�cient monocrystalline silicon cell, whereby all contacts are placed at the back

20
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Module # Name Dimensions (m x m) Band gap (eV) nominal e�ciency (%)

1 Copper Indium Gallium Selenide (CIGS) 2.017 x 0.494 1.2 12.7

2 Cadmium Telluride (CdTe) 1.200 x 0.600 1.45 12.0

3 Multicrystalline Silicon (Poly-Si) 1.675 x 1.001 1.12 15.5

4 Integrated Back Contact Monocrystalline Silicon (IBC Si) 1.559 x 1.046 1.12 32.5

5 Heterojunction Intrinsic Layer Monocrystalline Silicon (HIT Si) 1.580 x 0.798 1.12 19.3

6 Copper Indium Gallium Selenide with back mirror (CIGSm) 1.656 x 0.656 1.2 32.5

Table 3.1: A table of the characteristics of the 6 analyzed solar panels.

(integrated back contact), and a heterojunction intrinsic layer monocrystalline silicon.

Every five minutes a large variety of quantities are measured for these solar cells, such

as the Voc, Jsc, e�ciency, FF and module temperature. In addition, the weather and

incoming light characteristics are measured, using a spectrometer, pyranometer and a

weather station (De Hart, 2016).

Specifically for this research, a cubic illuminance meter has been added to this solar field,

which also measures every five minutes. We have gathered data from this setup for over

a month, from 22 May until 26 June 2017. The cube has been placed behind and above

the solar panel array, placed exactly in the plane of the panels to minimize reflection of

the panels on the cube. The details of this cube are explained in the following section.

3.2 Measuring di↵useness

In the need to measure light di↵useness in an easy and a↵ordable manner, a cubic

illumination meter has been designed and built. The design was inspired by the work

of Cuttle (2014) and Xia et al. (2016, 2017), whereby a similar cube is used in the field

of light design and interior architecture. As such a cube is new to the field of solar cell

science, we have executed a comparison to verify the validity of this method. In the

following chapter the cube design is laid out, as well as the setup for this comparison.

3.2.1 Cube design

For this research two cubes have been built, one for measuring the light incident at

the solar panels and another for comparing the cube to a more conventional method of

quantifying di↵useness, a solar tracker. Both cubes are ten x ten x ten centimeters, are

colored black to minimize light reflection and have a light intensity sensor on each face.

As sensors we have used the Yoctopuce Light V3 modules, which consist out of a lux

sensor (BH1751FVI produced by ROHMS) and a command sub-module which is able to

directly communicate the sensor signal to a computer through a USB cable. This model
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is able to measure light intensity with an error of 1.4 lux, which is a remarkable precision,

given the measurement range of 100.000 lux. The sub-modules with USB connection

enable us to integrate the system without having to construct any circuits. The sub-

modules are separated from the sensor and reconnected with soldering cables, to be able

to place the sensor on the outside of the cube and the sub-modules safely inside. All

sub-modules are connected through USB-cables, which leave the cube through a hole at

the bottom of the cube.

The first cube is made by laser cutting black plastic into six squares, on each of these

squares the sensors are attached and the squares are glued together into a cube. In

order to weather proof this cube, another cube is formed around the inner cube made

out of six squares of transparent perspex glass. The inner and outer cubes are connected

through 3D-printed edges.

The second cube is made from black painted metal, which is cut and bent into three

parts, all making two faces of the cube. Instead of building a second cube for weather

proofness, watch-glasses are placed over the sensors. Although the design is slightly

di↵erent the concept is still very much the same.

In appendix A 3D drawings of both cubes are attached.

Figure 3.2: A picture of the di↵erent parts of the first cube.
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Figure 3.3: The first cube being placed next to the solar field.

Figure 3.4: A picture of the second cube at ECN.

3.2.2 Comparing the cube with a sun tracker

In order to gain an idea of how the cube measures di↵useness, we have place one of the

self-made cubes next to a commercially available Solys Sun Tracker at the Energieon-

derzoek Centrum Nederland (ECN). This sun tracker, from the supplier Kipp & Zonen,

measures di↵useness by separately measuring the total, di↵use and direct part of the

light. This apparatus uses pyranometers as light sensors, which are able to measure

all incoming light irrespective of the spectrum, by measuring the heat light creates. A

small black hemisphere is constantly following the path of the sun, in order to block the

direct sunlight on one of the pyranometers. In this way, the total intensity of the light

coming from other directions than the sun is measured, which is interpreted as the total
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Figure 3.5: A picture of the cube and sun tracker at ECN.

intensity of the di↵use light. A second pyranometer is measuring in all directions (the

‘global light’).

Four meters from this sun tracker the cubic illuminance meter is placed on top of a 1.6

m long pole. As explained, the cube measures the intensity of the light in six directions.

The equations of Cuttle (1967) are applied to these values, in order to quantify to which

extent the light comes from all directions or one direction, as a metric for di↵useness.

A picture of the setup is shown in Figure 3.5.
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Results & Discussion

In this chapter the results of our research are presented and discussed. First, we present

the results of the comparison between the self-made cubic illuminance meter and the

commercially available sun tracker. Second, we show how our di↵useness metric cor-

relates with other variables such as temperature, irradiance and APE. Third, we show

the correlation between solar cell e�ciency and di↵useness. Fourth, we plot the corre-

lation between e�ciency and other possible confounding factors. Finally, we show the

correlation between di↵useness and solar cell performance, while selecting for possible

confounding factors.

4.1 Comparing the cubic illuminance meter with a sun

tracker

In order to verify the validity of the cubic illuminance meter, we have stationed a second

cube next to a sun tracker at ECN. After a week of measuring it became apparent that

the second cube is not well protected against rain, for water condensed at the inside of

the watch glasses. This means that for the comparison only the first 1.5 day of data

is usable, the time before it started raining. Figure 4.1 (a) shows the data of the cube

(yellow) and the data of the sun tracker (blue).

25
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Figure 4.1: Di↵useness measured by the sun tracker and cube over time (a) and the
the correlation between both metrics (b). The dotted line represents the x = y line and

the black line shows a linear fit.

At first sight, the graph definitely shows a correlation between the two metrics of dif-

fuseness. This is quite remarkable, for they are qualitatively a di↵erent metric. When

examining this graph, a variety of findings can be made. First, in the early morning

and late night, the value of the sun tracker can exceed 1, which are non-physical values.

It means that at some points in time, the pyranometer for the di↵use light measures a

higher value of irradiance than the pyranometer for the global light. This measurement

error could be caused by shadow which only falls on the global pyranometer, or artificial

light falling on the di↵use pyranometer. For the cube this problem does not arise, as it

is mathematically impossible for its metric to exceed 1.

In order to quantify the correlation, both metrics have been graphed against each other

in Figure 4.1 (b). The dotted line shows the line of x = y and the black line shows a

linear fit for the data. The statistical parameters have been displayed below the graph.

Although there is some scattering especially at higher di↵useness levels, there is a clear

correlation, with an R2 of 0.574 and a p-value of 3.25 ⇤ 10�26 for the slope of the fit.

The scattering at higher di↵useness values is mainly caused by the slight diverging of

the two metrics after around 18:00 (see Figure 4.1 (a) ). This is presumably caused

by a combination of the following two e↵ects. First, the measurement error of the

sun tracker, whereby the di↵useness exceeds 1, might have caused an incorrect increase

of measured di↵useness already below 1. This might explain the diversion of the two

metrics. Another factor which could play a role is the characteristics of the evening light

at the ECN, which is located right at the seaside. The reflection of the sun on the sea

could be registered as di↵use light by the sun tracker, as it does not originate exactly
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from the direction of the sun. Whereas it is registered as rather direct light by the cube,

because it is still coming from mainly one direction.

As expected, these two metrics can not be correlated perfectly as they are di↵erent ways

of defining di↵useness itself. A longer time of measuring could potentially further clarify

the relationship. These first 1.5 of day of measurements, however, show a correlation

and highlight a potential for the cubic illuminance meter.

4.2 Correlating di↵useness with temperature, irradiance

and APE

The other cube, that measured di↵useness next to the solar panels, did survive all rain

and weather. This means that we have data for over 33 days of the di↵useness as well as

the performance of the solar cells, the incoming radiation and spectrum. In order to infer

how di↵useness relates with other possible factors impacting the e�ciency, the di↵useness

data is compared with module temperature (T), average photon energy (APE) and

irradiance (I). Figure 4.2 shows the relation between di↵useness and irradiance (a),

module temperature (b) and average photon energy (c). For the module temperature

the CIGSm module has been chosen, as a representative module for thin film solar

cells. The yellow dots are the median of the data groups, grouped for small steps in

the x-variable. The height of the error bars display the median deviation, and the black

line is a linear fit of the data. Below the graphs, the residuals of the fit, as well as

some statistical parameters, are depicted. The data show that di↵useness consistently

decreases with irradiance, the fit has a slope of 0.123±0.012 di↵useness decrease per 1000

W/m2. Di↵useness decreases consistently with module temperature; 0.0021±0.00021

decrease in di↵useness per �C. There is no clear correlation between di↵useness and

APE, with a p-value of the slope of the fit far above 0.05.

The fact that both temperature and intensity correlate with di↵useness indicates that

statistical tools will be necessary to separate the e↵ect from di↵useness and the other two

variables. Furthermore, it shows that the cubic illuminance meter appears to measure

a sensible quantity, as it is expected that di↵useness correlates with temperature and

irradiance.
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Figure 4.2: Di↵useness against module irradiance (a), module temperature (b) and
average photon energy (c). Gray dots represent single data points and yellow dots
are the average over a small range of the x variable. The error bars show the median
deviation. The black line is a linear fit for the data and below the graphs are the

residuals as well as statistical parameters.

4.3 Performance ratios of all six modules

The motivation for this research is that many thin film solar cells have a higher perfor-

mance ratio than silicon cells. In order to verify to which extent this premise is valid

for the investigated solar panels, we calculate the PR of all the six module types. The

PR has been calculating by taking the median e�ciency over the total measuring period

and dividing this over the stated STC e�ciency.
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Solar panel PR over a month PR over a year

CIGS 63.6% 62.2%

CdTe 68.7% 56.2%

Multi Si 92.4% 93.3%

IBC Si 93.7% 87.7%

HIT Si 93.0% 86.8%

CIGSm 100.98% 95.5%

Table 4.1: Performance ratio of all six modules over a month (20 May until 22 June
2017), and a year (July 2016 until May 2017)

Table 4.1 shows the PR values, calculated over the period of a month (the period in which

the cube also measured), and a period of a year (before having installed the cube). It

shows that the CIGSm module has indeed remarkably high performance ratios, even

exceeding the STC e�ciency in June/May, and having the highest PR when calculated

over a full year (95.5%). The other two thin film types however (CIGS and CdTe) have

a remarkably low performance ratio of around 60 percent. This might be caused by the

partial shading by the tree or building next to the solar field, leading to unrealistically low

e�ciencies. It does mean that the panel of most interest to our research is the CIGSm

panel, as we are sure it has the higher performance ratios that we are investigating.

Despite their low PR, we will continue to include the flexible CIGS and CdTe modules

in our results, as it is still relevant to understand how they are impacted by di↵useness.

4.4 Correlating di↵useness with e�ciency

Now that we have gained insight in the validity of the cube, the correlations between

di↵useness and temperature, irradiance and APE and have gained insight in the the PR

of the modules, we move on to correlating the measured factors with the performance

of the solar cells. In this section, we show the correlation between di↵useness and solar

cell e�ciency. Note that in these graphs we have not yet selected for specific ranges of

possible confounding factors. This means that these correlations do not imply causation.

In these graphs some interesting trends become apparent. First of all, for the flexible

CIGS module the e�ciency decreases with di↵useness and for all other modules, e�-

ciency increases with di↵useness. This might be caused by the fact that this is the only
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flexible panel, and has a polymer rather than glass cover. The question now however

is, to which extent this is caused by di↵useness itself or by other circumstances that go

together with di↵useness, such as low temperatures and low irradiance. More specifically

the question is whether the influence of di↵useness is larger for the CIGSm cell than for

the silicon cells, so that it could be a cause for the relatively high performance ratio.
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Figure 4.3: E�ciency against di↵useness for all six modules. Gray dots represent
separate data points, yellow dots represent the median e�ciency over a range of 0.05 of
di↵useness, blue dots are not used in the fit as they represented too little data or were
unrealistic values of e�ciency. Error bars show the median deviation. The black line is
a linear fit of the data and below the graphs are the residuals as well as the statistical

parameters.
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4.5 Influence of irradiance, temperature and spectrum on

e�ciency

As a first step in answering the question whether the influence of di↵useness is caused

by di↵useness itself or could be caused by other constants, we graph the influence of

irradiance, spectrum (average photon energy) and module temperature against e�ciency.

Figure 4.4 shows the influence of irradiance on e�ciency. It becomes clear that from 200

to 1000 W/m2 e�ciency decreases with increasing irradiance for all six types of solar

panels. The e↵ect is presumably mainly caused by the increase in module temperature

caused by the increase in irradiance. Above 1000 W/m2 however, all modules, except

for CdTe, e�ciency increases slightly with irradiance. The fact that e�ciency increases

for low-irradiance levels shows that it is indeed possible that lower irradiance is causing

the increased e�ciency of di↵useness.

Figure 4.5 shows the influence of module temperature on e�ciency. Here, a very clear

relation is visible, whereby as expected an increasing temperature causes a decreasing

e�ciency. This means that temperature could also be a cause for the positive correlation

between e�ciency and di↵useness.

Figure 4.7 shows the influence of average photon energy on the average e�ciency. E�-

ciency seems to decrease with average photon energy. An interesting pattern is visible

in which the e�ciency decreases strongly until 1.9225 eV, then suddenly goes back to

higher levels to slowly decrease again. In order to show the cause of this e↵ect, we have

colored all data points according to the temperature. This clearly shows that the down-

ward peak has a large amount of points with temperatures between 40 and 50 �. The

e↵ect is therefore not caused by APE but by the negative e↵ect on e�ciency by temper-

ature. In the region of 1.93-2.0 eV where the temperature appears more or less constant,

there still is a downwards trend in e�ciency with increasing APE. This suggests that the

e↵ect of quantum defect is larger than the e↵ect of EQE. Strikingly the CdTe module

has an upwards trend in this region, which suggests that for CdTe the EQE is more

dominant the quantum defect. As di↵useness was not correlating well with APE, APE

can not be the cause for the correlation between e�ciency and di↵useness. However,

it is a separate factor that could be part of the high performance ratio of a thin film

solar cell. Figure 4.7 also shows the relevance of small ranges of possible confounding

variables, as a pattern between APE and e�ciency was actually caused by temperature.
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Figure 4.4: E�ciency against irradiance for all six modules. Gray dots represent
separate data points, yellow dots represent the median e�ciency over a small range of
temperature, blue dots are not used in the fit in order to fit the slope between 200 and
1000 W/m2. Error bars show the median deviation. The black line is a linear fit of the

data and below the graphs are the residuals as well as the statistical parameters.
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Figure 4.5: E�ciency of the six di↵erent modules vs module temperature. Gray dots
represent separate data points, yellow dots represent the median e�ciency over a small
range of temperature. The error bars show the median deviation. The black line is a
linear fit of the data and below the graphs are the residuals as well as the statistical

parameters.
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Figure 4.6: E�ciency of the 6 di↵erent modules against average photon energy. Small
dots represent separate data points and are colored according to the module temper-
ature. Yellow and green dots represent the median e�ciency over a small range of
temperature, whereby the yellow dots have been used for the first fit and the green
dots have been used for the second fit. The error bars show the median deviation. The
black lines are a linear fit of the data and below the graphs are the residuals as well as

the statistical parameters.
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4.6 Influence of di↵useness on e�ciency, holding temper-

ature and irradiance constant

The previous sections have shown the basic correlations between e�ciency and di↵use-

ness, as well as the correlation between e�ciency and possible confounding factors.

Because irradiance and temperature correlate well with di↵useness and have a similar

correlation with e�ciency, they might be the cause behind the relation between di↵use-

ness and e�ciency. In order to deduce whether di↵useness has any influence by and

of itself, we plot the e�ciency versus di↵useness, while selecting small ranges for other

quantities.

Figure 4.7 shows the e�ciency versus di↵useness for all six solar panel types. The graph

only shows the data points for which irradiance is between 100 and 250 W/m2 and the

temperature is between 20 and 26 �C. In order to qualitatively verify whether the trend

is not caused by APE, we have colored the data points according to the APE value.

Now that we have both colored and binned for the three possible confounding factors, the

following observations can be made. As an exception to the six modules, the e�ciency

of the flexible CIGS module is negatively impacted by di↵useness. The fit has a strong

negative slope of -2.20±0.49 e�ciency percentage point per normalized di↵useness met-

ric. This exceptional case might be caused by the special characteristics of this flexible

module, which has a polymer coating as opposed to a glass cover. It is a remarkable

result, as the supplier of this solar cell claimed the cell to be ‘shade resistant’. The

CdTe and the CIGSm solar cell appear not to be significantly impacted by di↵useness,

as the p values of the slope far exceed 0.05, and the standard error of the slope is almost

equal to the slope itself. For the IBC and HIT silicon solar cells however, di↵useness

significantly impacts e�ciency, whereby the slope of the fit is 1.36±0.35 for the HIT Si

cell and 2.42±0.29 for the IBC Si cell (in e�ciency percentage points, per normalized

di↵useness metric).
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Figure 4.7: E�ciency against di↵useness for the six di↵erent modules. Small dots
represent separate data points and are colored according to the APE. Black and blue
dots represent the median e�ciency over a range of 0.05 of di↵useness, while the blue
dots have not been used for the fit as they represented too little data or unrealistic
values of e�ciency. The black line is a linear fit of the data and below the graphs are

the residuals as well as the statistical parameters.
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In Appendix B two sets of six graphs are added, here in the first set we have selected

for irradiance and in the second for temperature. As the selections are separate, more

data points remain. In these graphs, the same tendencies arose, whith a clear negative

relation for the flexible CIGS module, no clear relations for the CdTe and the CIGSm

modules and significant relations for two of the three silicon cells. We have verified that

for some other ranges of temperature and irradiance the same trends remain, however,

further research could investigate whether the same conclusion holds for a larger variety

of selections of temperature and irradiance.

This analysis shows that for the investigated solar cells, di↵useness is not likely to be

an explanation for a higher performance ratio of thin film solar cells. In fact, the silicon

cells are positively impacted by di↵useness, as opposed to the thin film cells which are

either negatively impacted or not impacted by di↵useness. More likely causes of a higher

performance ratio are therefore better e�ciencies at lower irradiance, lower temperature

coe�cients and a broader spectrum sensitivity.

Further research could be done in order to investigate which other factors mainly lead

to a high PR of thin film cells. A preliminary example of such an analysis is shown in

Appendix C, here the influence of temperature is quantified, with small ranges selected

for APE and irradiance.

More research will need to be done in order to investigate whether the same conclusion

holds, when measuring over a longer period of time. This research has also shown that

there can be great di↵erences between several types of thin film solar cells, even when

based on the same material. It is therefore relevant to further research the impact of

di↵useness on a wider range of solar cell types and materials.



Chapter 5

Conclusions

Many of the thin film solar cells are claimed to have a higher performance ratio than

silicon cells. In order to investigate whether di↵useness partially explains this higher

PR, we measure the e�ciency and module temperature of six types of commercially

available solar panels, while also measuring the APE, irradiance and di↵useness. The

di↵useness is measured using a cubic illuminance meter. Our results show that the

cubic illuminance meter could potentially be a valid and a↵ordable alternative for a sun

tracker. It correlates reasonably well with the data of a sun tracker, with an R2 of 0.57

and a p-value of 3.25 ⇤ 10�26 for the slope of the fit. It has the added benefit of not

being able to erroneously exceed 1.

In order to verify the premise that some of the thin film solar cells have a higher per-

formance ratio than silicon cells, we calculate the PR of all six modules. We find that

the CIGSm has the highest PR of 101% in June/May and 95.5% over a year, while

the silicon cells all had a PR of around 90%. The CdTe and flexible CIGS cells had a

remarkably low PR at around 60%. This means that not all thin film solar cells have

a higher PR, and that our research mainly focuses on the CIGSm module as it has the

higher PR we are investigating.

The measurements of the cubic illuminance meter, when compared to irradiance and

module temperature, show a clear correlation, here di↵useness decreases with 0.123±0.012

per 1000 W/m2, and di↵useness decreases; 0.0021±0.00021 per �C. These correlations

are expected, and hence further suggest that the cubic illuminance meter measures a

sensible definition of di↵useness.

Furthermore, we find that di↵useness clearly correlates with the e�ciency of the six solar

panels, here di↵useness increased the e�ciency except for the flexible CIGS module,

where di↵useness decreased the e�ciency. In order to find out whether di↵useness was

39
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actually causing this correlation, we analyzed the same correlations while selecting a

small range of temperature and irradiance. This showed that di↵useness has a negative

impact on the flexible CIGS module with a slope of -3.98±0.4 e�ciency percentage point

per normalized di↵useness metric. Di↵useness has a positive e↵ect on two of the silicon

cells; 2.72±0.86 for the HIT Si cell and 1.94±1.35 for the IBC Si cell. While on the

CdTe and CIGSm cell the impact was not significant.

From these analyses, we conclude that di↵useness is not a likely cause for a higher

performance ratio of thin film solar cells. In fact, when holding other variables constant,

we measured the silicon cells to perform better under di↵use light than thin film cells.

This means that when thin film solar cells have a higher performance ratio, it is likely

caused by other factors than light di↵useness. Possible factors are better performance

under low intensities, under higher temperatures or lower spectra.

However, more research needs to be done in order to test this conclusion. We have

measured the di↵useness for 33 days. It would therefore be relevant to carry out the

research over a longer measurement period to investigate whether the same conclusion

holds. Especially, because we are using a method where large amounts of data are

necessary a longer period of measurement would further strengthen the research. It could

also investigate whether some significant relations can be found between di↵useness and

the flexible CIGS and CdTe modules, when looking over a longer period of time.

In this research we have verified for some other ranges of temperature and irradiance

that similar patterns were visible, however further research could verify whether this

is the case for all ranges of temperature and irradiance. Furthermore, we have found

that there can be significant di↵erences between similar solar cell types, which makes it

relevant to carry out a similar research on a larger amount of solar cell types, to be able

to map the characteristics of a large variety of thin film solar cells.

In order to further clarify the e↵ect of di↵useness, it would be useful to carry out

experiments in a lab situation, by aiming to exclusively change di↵useness while holding

all other quantities constant. The lab research on the e↵ects of di↵useness that has

been done is still preliminary and measured only for two discrete values of di↵useness

(Mohanty and Wittkopf, 2016) .

Also, more research needs to be done on the cubic illuminance meter. Especially a

longer measurement period to compare the sun tracker and cubic illuminance meter

could further clarify the relation between the two ways of measuring di↵useness, and

further verify the validity of the cubic illuminance meter as a sensor for di↵useness in

the realm of solar cell science. The cube quantifies di↵useness based on the light from

all directions, whereas monofacial solar cells are only impacted by the light from half of
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all directions. Hence, a new design for the cube, specifically equipped for measurements

on monofacial solar cells, could be a hemisphere with a number of light sensors, which

only measure in half of all directions. For this, a new mathematical definition would

need to be formulated, but it could further perfect the a↵ordable alternative of a sun

tracker.



Appendix A

3D drawings of both cubes

In this appendix, we have added two 3D drawings of the first and second cube, in order

to clarify the design of the cubes. The drawings only show the basis of the cubes, on

top of all sides the sensors are placed and inside the cube are the sub-modules of the

sensors. Around the first cube an extra perspex cube was placed for weather proofness.

On the second cube watch glasses were placed over the sensors.

Figure A.1: 3D drawing of first cube
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Figure A.2: 3D drawing of second cube



Appendix B

Additional graphs; e�ciency

against di↵useness binned

separately

In the following appendix, we have added two sets of six graphs that serve to further

justify our conclusion. In these graphs, we have used slightly di↵erent ranges of temper-

ature or irradiance. Also, the temperature and irradiance have been selected separately.

Despite the di↵erent binning, the same trends arise.
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Figure B.1: E�ciency of all six modules vs di↵useness. Gray dots represent single
data points, yellow and blue dots are the median e�ciency over a range of 0.05 of
di↵useness, blue dots were not used for the fit as they represented too little data or
unrealisic values of e�ciency. For these graphs a selection has been made for irradiance

to be between 20 and 24 C
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Figure B.2: E�ciency of all six modules vs di↵useness. Gray dots represent single
data points, yellow and blue dots are the median e�ciency over a range of 0.05 of
di↵useness, blue dots were not used for the fit as they represented too little data or
unrealisic values of e�ciency. For these graphs a selection has been made for irradiance

to be between 50 and 150 W/m2.



Appendix C

Additional graphs; e�ciency

against temperature

In this Appendix an example is given on how further research could be executed to

analyze which other factors cause a higher PR of thin film solar cells. In these six graphs

the temperature dependence is graphed, with a small range selected for irradiance and

APE and the dots are colored for di↵useness.
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Figure C.1: E�ciency of all six modules against temperature, with the irradiance
between 200 and 300 W/m2 and the APE between 1.9 and 1.95 eV. The small dots
represent single data points, the colors of these dots represent the di↵useness, the black
dots are the median e�ciency over a range of 2 � of temperature. The error bars show
the median deviation. The black line represents a linear fit of the data. Below the

graph are the residuals of the fit as well as the statistical parameters.
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