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Abstract 

To convert sunlight into electricity or thermal energy, usually separate photovoltaic cells and 
solar heat collectors are used. It is also possible to combine these panels to form hybrid energy 
generating units that simultaneously produce heat and electricity. In case photovoltaic and 
thermal conversion are combined, the panel is called a PV /T combi-panel. 

In the development of the current PV /T combi-panels not enough attention has been paid to 
the usage of the long-wavelength light that is not used for photovoltaic conversion. The goal 
of this project is getting insight into the phenomena that occur in the absorption of especially 
long-wavelength light in photovoltaic cells for implementation in PV /T combi-panels. The 
analysis was carried out, using the developed optical model, for two common types of silicon 
solar cells. 

The developed model was based on a previously made model. The complex index of re
fraction is implemented, the model for simulation of antireflection coatings is expanded and 
improved and the calculation algorithm is improved. A model to predict the electrical ef
ficiency of amorphous silicon solar cells is implemented as well in the model. A model to 
describe surface roughness is implemented. With this model it is now possible to simulate 
simple interfaces, as well as complex silicon solar cell configurations correctly. 

With the developed model, insight is obtained into the speetral absorption factor of sili
con solar cells. This insight is used to determine which variables can increase the absorption 
factor of silicon solar cells which enables the design of optimal configurations. 

To validate the optical model, thermal and optical measurements of the absorption factor 
of several types of silicon solar cells are performed. The optically obtained absorption factors 
already have a high accuracy, but require a more complex experimental setup. The accuracy of 
the thermally determined absorption factors is relatively low and therefore recommendations 
are made to imprave this. A new data processing procedure is developed which is expected 
the obtain much higher accuracies. 

The results show that the optical model is capable of simulating the absorption factor of 
silicon solar cells very well. Only when textured surfaces are applied in the cell samples, the 
model has shortcomings. The crystalline silicon sample with the highest absorption factor 
(85 %) can be improved to 87% and the amorphous silicon sample has an absorption factor 
of 82 % which can possibly be improved to 91 %. This makes these cells very suitable for 
implementation in PV /T combi-panels. 



Samenvatting 

Voor het omzetten van zonlicht in elektriciteit of thermische energie worden normaal gesproken 
aparte fotovoltaïsche cellen en zonnecollectoren gebruikt. Deze panelen kunnen ook gebruikt 
worden om hybride energieproductie-eenheden te vormen, die tegelijkertijd elektriciteit en 
warmte kunnen produceren. Fotovoltaïsche en thermische omzetting kunnen worden gecom
bineerd in een zogenaamd PV /T combi-paneel. 

In conventionele PV /T combi-panelen is niet voldoende aandacht voor het gebruik van lang
golvig licht dat niet wordt gebruikt voor fotovoltaïsche omzetting. Het doel van dit project 
is het verkrijgen van inzicht in de absorptie van met name langgolvig licht in fotovoltaïsche 
cellen, voor de implementatie in PV /T combi-panelen. In een hiervoor ontwikkeld optisch 
model zijn analyses uitgevoerd van twee veelgebruikte types silicium zonnecellen. 

Het ontwikkelde model is ontwikkeld uit een bestaand model. De complexe brekingsindex is 
geïmplementeerd, het model voor simulatie van antireflectie coatings is uitgebreid en verbe
terd, evenals het berekeningsalgoritme. Er zijn eveneens modellen geïmplementeerd om de 
elektrische effi.cientie van amorf silicium zonnecellen te voorspellen en voor het beschrijven 
van de ruwheid van het oppervlak. Met deze uitbreidingen is het mogelijk om zowel simpele 
interfaces als complexe zonnecelconfiguraties nauwkeurig te simuleren. 

Met het beschreven model wordt inzicht verkregen in de spectrale absorptiefactor van silicium 
zonnecellen, dat gebruikt kan worden om te bepalen met welke variabelen de absorptiefac
tor van de zonnecellen vergroot kan worden. Zo kunnen optimalere configuraties worden 
ontworpen. 

Om het optisch model te valideren zijn de absorptiefactoren van verschillende types zon
necellen thermisch en optisch gemeten. De optisch bepaalde absorptiefactoren zijn voldoende 
nauwkeurig, maar zijn gemeten met een complexe opstelling. Met de thermische methode 
wordt absorptiefactor niet nauwkeurig genoeg bepaald, aanbevelingen voor verbetering wor
den gegeven. Een nieuwe methode voor dataverwerking is ontwikkeld, waarmee veel hogere 
nauwkeurigheden worden verwacht. 

Uit de resultaten volgt dat het optisch model de absorptiefactoren van silicium zonnecellen 
uitstekend kan simuleren. Alleen bij cellen met getextureerde oppervlakten kent het model 
aanzienlijke tekortkomingen. De absorptiefactor van het kristallijne silicium sample met de 
hoogste absorptiefactor (85 %) kan worden verhoogd tot 87%. Van het amorfe silicium sample 
(absorptiefactor 82 %) kan de absorptiefactor waarschijnlijk worden verbeterd tot 91 %. Dit 
maakt deze cellen erg geschikt voor de toepassing in PV /T combipanelen. 
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Chapter 1 

Introduetion 

With the future depletion of conventional energy sources, the need for the development of 
sustainable energy sourees is increasing. Solar energy is one of the sustainable energy sources, 
next to biomass and wind energy, that is believed to play a major role in future energy supply. 

Photovoltaic/Thermal combi-panels 

Solar energy can be converted into electrical energy using photovoltaic cells ( also known 
as solar cells). This conversion is called photovoltaic conversion and the efficiencies at this 
moment, depending on the type of solar cell, are at most 16% for commercially available cells. 
Furthermore, solar energy can be converted into thermal energy using thermal collectors. 
Thermal collectors make use of a black absorber, which is capable of absorbing 95% of the 
incident solar irradiance and convert it into heat. This heat is subsequently transferred to 
water or air for tap water heating or room heating. 
Because of the relatively low efficiency of photovoltaic conversion a large amount of the 
irradiated energy on a solar cell is available for thermal conversion. To be able to exploit 
this energy a combination of a solar laminate ( consisting of a number of solar cells) and a 
thermal panel exists. This kind of panel is denoted as a Photo Voltaic/Thermal combi-panel 
(PV /T combi-panel) (figure 1.1). There are two types of PV /T combi-panels, the one as 
shown the figure with only one thermal absorber (which is the solar cell itself) or with more 
than one thermal absorber. In the latter case a part of the irradiance is transmitted by the 
solar celland absorbed by a second separate thermal absorber that is installed below the solar 
laminate. Compared to separately installed photovoltaic and thermal couverters PV /T combi-

Glass-----1 ___________________ ---------------·-··--··-:::1 

Air ---
pv laminate -----j!lll!~~~~!lEIEll!lEIEll~~ 

Adhesive 

Heat conductor 

Framing and 
insulation Water in 

Figure 1.1: Example of a PV / T combi-panel [4]. 

-. 
Waterout 

panels have several advantages. Economical advantages can be expected because of reduced 
instanation and assembly casts, as well as the aesthetic advantage of only one uniform panel 
on roofs instead of two separate ones. 
In order to achieve a reasonable thermal efficiency when solar cells are used as the primary 
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2 GRAPTER 1. INTRODUCTION 

absorberin a PV /T combi-panel, ways have to be found to improve especially the absorbtion 
of incident irradiance not used for photovoltaic conversion. To do this insight has to be 
obtained in the absorption of light in solar cells and other componentsof PV /T combi-panels. 
Therefore the working principle of solar cells and the solar spectrum are introduced. 

Photovoltaic cells 

Photovoltaic cells directly convert sunlight into electrical energy. The materials responsible 
for this phenomenon are semiconductors. The most commonly used semiconductor for solar 
cells is silicon. Two important types of silicon solar cells are the crystalline ( c-Si) and amor
phous ( a-Si:H) type. 
Crystalline silicon solar cells are one of the earliest developed type of solar cells and currently 
have an efficiency of approximately 16%. A disadvantage of this type of cell is the relatively 
large amount of required silicon, normally the used wafers are 300 J-Lm thick, which makes the 
cell expensive. 
The thickness of the silicon layer of amorphous silicon solar cells is only approximately 0.5 J-Lm, 
which makes this type of cell potentially much cheaper. Amorphous silicon solar cells are still 
much more in a development stage and at this moment the production efficiency is approxi
mately 7%. The ':H' in the notation of amorphous silicon stands for the presence of hydrogen 
in the silicon. This is added for stabilization. Detailed information about these solar cells 
can be found in the master's thesis by Van Poppel [12] as well as an overview of other less 
common types solar cells, which will not be treated in this thesis. 

Solar spectrum 

An important factor in the performance of solar cells is the spectrum that irradiates the 
cell. The irradiance from the sun outside the earth's atmosphere is referred to as the solar 
constant and equals 1370 Wjm2 . When the light passes through the atmosphere a part is 
absorbed. Therefore, the solar spectrum is characterized by the ratio of the actual path 
length through the atmosphere and the thickness of the atmosphere and denoted by an air 
mass (AM) number. At theequator on March 21 or September 21 at noon, this ratio is one 
and the spectrum is referred to as AM 1. In the Netherlands the commonly used spectrum is 
the AM 1.5 spectrum, shown in figure 1.2, which represents the spectrumduringa sunny day 
in summer. The total power density of the AM 1.5 spectrum is 1000 W jm2 . In this figure the 
spectrum is shown as a nmction of the photon energy ( Eph or hv) instead of the wavelength 
(>.) . The relation between Eph in electronvolt (eV) and À in micrometer (J-Lm) is given by 

(1.1) 

Bandgap 

The absorption behavior of solar cells is caused by the band structure of the semiconductor 
material responsible for the generation of electrical current in the solar cell. With this band 
structure, energy levels are denoted in which electrons in the semiconductor can be located. 
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Figure 1.2: The AM 1.5 spectrum as a function of the photon energy. Bandgap energies are indicated for both 
c-Si and a-Si:H. 

In figure 1.3 two permitted energy bands of electrans in a semiconductor are shown. Normally 
almost all electrans are located in the valenee band. When a cell is illuminated and a photon 
is absorbed it causes an electron to be released from the valenee band and transferred to the 
conduction band. This electron leaves a positively charged hole in the valenee band and both 
the hole and the transferred electron cause conduction in the semiconductor. The positively 
charged hole and the negatively charged electron can be separated in the semiconductor by 
an electric field (e.g. in a p-n junction) and collected in the contact grids on both sides on 
the cell. A load can be connected to the contact grids to complete the circuit. As shown 
in the figure, the energy difference between the bands is b.E9 and is called the bandgap. 
This bandgap is constant for a certain type of semiconductor. Only photons with an energy 
higher than the bandgap can transfer electrans to the conduction band and therefore provide 

Conduction band 

----+-~--------~~--Ec 

alenee band 

Figure 1.3: The band structure of a semiconductor. Photons with hv ~ flE9 can create an electron-hole pair. 
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electrical current. However, if the energy of a photon is lower than the bandgap, the photon 
cannot be absorbed and the semiconductor is transparent forthese wavelengths. 

A bsorption in solar cells 

As mentioned, solar cells can only absorb photons when Eph > b.E9 . When Eph ~ b.E9 

the irradiance is partly absorbed and when Eph » b.E9 almost all irradiance is absorbed in 
practice. For example, the penetration depth in a crystalline silicon wafer is less than 100 J.Lm 
for photons with Eph >1.25 eV, whereas the typical thickness of such a layer is 300 J.Lm. Not 
all absorbed energy however is converted into electrical energy. In theory one absorbed photon 
can generate only one electron-hole pair and therefore can contribute only one electron to the 
electric circuit. This means that the when Eph > b.E9 , a part of the photon energy, namely 
Eph - b.E9 , will not be converted into electricity but into heat ( denoted with the dotted 
arrows in figure 1.3) . A higher bandgap means that a larger part of the photon energy of a 
photon will be converted into electricity, but also means that a larger part of the irradiance 
cannot be absorbed at all, since Eph has to be larger than b.E9 for absorption. As aresult 
there must be an optima! bandgap energy. This optima! bandgap energy is approximately 
1.4 eV. The theoretica! maximum electrical efficiency at this bandgap is 30%. The bandgap of 
crystalline solar cells is 1.12 eV and of amorphous silicon solar cells approximately 1.7-1.8 eV, 
as indicated in figure 1.2. For both silicon types the maximum theoretica! electrical efficiency, 
based on the bandgap, is approximately 27%. The irradiance denoted by the area under 
the speetral distribution of AM 1.5 to the right of the indicated bandgapscan potentially be 
absorbed and partly converted to electrical energy. Therefore crystalline silicon solar cells can 
absorb a relatively large part of the AM 1.5 spectrum in comparison to amorphous silicon, 
but amorphous silicon has a higher efficiency per absorbed photon. Both types of silicon solar 
cells however barely absorb the irradiance with Eph < b.E9 • 

For PV /T purposes this means that there is an important opportunity for improvement, which 
is the absorption of this long-wavelength light with Eph < b.E9 . Especially when amorphous 
silicon is used as a semiconductor a large amount of energy is not absorbed by the solar cell. 
In this thesis a computer model is presented, which is capable of predicting which part of 
the incident irradiance on a modeled solar cell will be absorbed, transmitted and reflected as 
a function of the photon energy. The simulated results can be used to obtain insight in the 
effect of certain solar cell properties on the absorption of the solar irradiance. Hence it can be 
an important aid in the design of new types of solar cells to be used in PV /T combi-panels. 

Problem definition 

The problem definition of this thesis is to obtain insight in possible ways to increase the 
absorption of long-wavelength light in PV /T combi-panels using a simulation model. The 
problem definition can de subdivided into the following aspects: 

• Refining the previous simulation model to increase the accuracy. 

• Develop new solar cell configurations with higher thermal absorption for PV /T combi
panels using the refined simulation model. 
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• Performing measurements on existing solar cells to gain insight in the actual absorption 
factor of existing solar cell structures and to verify the quality of the simulation model. 

Outline of this thesis 

In chapter 2 the mentioned model will be presented withits elementary components. Moreover 
the infiuence of the used model elements, like refiection on interfaces, antirefiection coatings, 
etc., is explained. In chapter 3 the model is used to obtain insight in the infiuence ofthe design 
parameters of crystalline and amorphous silicon solar cells on their absorption factors and to 
design optima! configurations fortheuse in PV /T combi-panels. In chapter 4 the methods to 
experimentally measure the absorption factor of solar cells is presented. The importance of 
experiments is to validate the simulated results. An optica! and thermal experimental method 
to do this is discussed, as well as the experimental setups. In chapter 5 the experimental results 
are presented. Finallyin chapter 6 the results are discussed and in chapter 6.3 the conclusions 
and recommendations are presented. 



Chapter 2 

Optica! model elements 

2.1 Introduetion 

The goal of the optical model is to calculate the total absorption factor of solar cell con
figurations consisting of many layers. To get insight in the mechanisms that determine this 
total absorption factor, the transmission, reflection and absorption factors are calculated as 
a nmction of photon energy. With this model various types of solar configuration of layers 
can be simulated for every spectrum and every angle of incidence. The input for the model 
is therefore the desired configuration of layers with their thicknesses, the used spectrum and 
the angle of incidence. The model makes use of the refractive indices and the absorption 
coefficients of the used materials. To obtain the absorption factor as a function of the photon 
energy, all calculations are made for all the photon energies for which the spectrum is defined. 
Therefore the optical material properties have to be known as well for the entire spectrum. 
The presented model is based on a previously made [4] and refined model [12]. Important 
improvements are made such as the use of the complex index of refraction, a better model 
for antireflection coatings and the calculation of the electrical efficiency. Furthermore, the 
optical model developed by R. Santbergen [10], in which surface roughness in implemented, 
is described shortly to highlight the improvements of this model over the current model. 
First will be explained how light is absorbed in layers. It will also be explained how light 
behaves at an interface which may contain an antireflection coating. Only then the model will 
be introduced which is used to calculate the overall absorption factor of a solar cell consisting 
of multiple interfaces and layers. 

2.2 Refraction and reflection at an interface 

In this report distinction will bemadebetween the reflection factorand reflection coefficient. 
The reflection factor R is defined as the ratio between the part of the irradiance that is 
reflected by the entire cell configuration Ir and the tot al incident irradiance Ii, 

(2.1) 

For the entire cell configuration can also be defined, 

(2.2) 

(2.3) 
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2.2. REFRACTION AND REFLECTION AT AN INTERFACE 7 

with ft and Ia the transmitted and absorbed intensities and T and A the transmission and 
absorption factor. Ganservation of energy states 

(2.4) 

this means that 
R+T+A=l. (2.5) 

The reflection coefficient r is defined as the part of the incident light that is reflected from 
an interface between two infinite media. Of course, the rest of the light is transmitted, as no 
absorption can occur in an interface ( only in a layer). Therefore, 

r + t = 1, (2.6) 

with t the transmission coefficient. 

As well as reflection, refraction will occur, which means that the transmitted angle may be 
different from the incident angle at an interface, as shown in figure 2.1. Two equations are 
important todetermine what happens to the incident light at an interface. The first is Snell's 
law, which describes the changes in angles of refracted and reflected light and the second is 
the Fresnel's law, which describes the reflection coefficient at the interface. When the incident 
angle fh is known, the refracted angle (h can be written as, 

(2.7) 

where n 1 and n2 are the refractive indices of the medium above and below the interface as 
can be seen in figure 2.1. This figure shows that the angle of the reflected light is equal to 
the angle of the incident light. 

Figure 2.1: Definition of the angles, refractive indices and layer thicknesses {12}. 

To calculate which part is reflected, the refractive indices of the materials on both sicles of 
the interface, n1 and n2, have to be known for every photon energy. Furthermore the angle of 
the incident light beam and transmitted light beam and the polarization of the light have to 
be known. For transparent materials, the refractive index is the only material property that 
needs to be known to determine the reflection coefficient, but in case of absorbing materials 
like metals, the absorption factor of the material needs to be known as well. This is for 
example the case for the interface between crystalline silicon and a metal back contact. 
In this case the complex refractive index has to be used. This complex index consists of a 
real part n and an imaginary part k, which is the extinction coefficient and can be calculated 
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from the absorption coefficient a, using k = a>./47r. So insteadof the real refractive index n, 
we get the complex index N, which is defined as, 

N =n-ik. 

The reflection coefficient is calculated with, 

where rt is defined as, 

r = I 'r/1- 'r/212' 
'r/1 + 'r/2 

'r/ii = Nj cos() 

'r/j_ = N cos(), 

(2.8) 

(2.9) 

(2.10) 

(2.11) 

where the subscripts 11 and ..l represent parallel and perpendicular polarization respectively. 
To calculate a reflection coefficient, two separate calculations must be made for both polar
ization components. For every polarization component rt and () have to be calculated for the 
incident medium (subscript 1) and the transmitting medium (subscript 2). For unpolarized 
sunlight, which contains equal amounts of both polarization components, the average of rp 

and r8 has to be calculated to obtain the total reflection coefficient. 
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Figure 2.2: Influence of the angle of incidence of the irradiated light on the reflection coefficient of an interface 
between N = 1 a substrate with N = 4. 

The influence of the angle of incidence () on the reflection coefficient for an interface between 
air (N = 1) and a substrate with N = 4 is shown in figure 2.2. The reflection coefficient 
of parallel polarized light first decreases to zero before increasing to 1 at 90 degrees. Light 
with a perpendicular polarization shows a different pattern. The reflection coefficient is 
monotonously increasing with an increasing incident angle and reaches 1 at an angle of 90 
degrees as well. When light passes an interface where the incident medium has a higher 
refractive index than the transmitting medium, n1 > n2, the reflection coefficient reaches 1 
at the critical angle, 

. n2 
()c = arcsm -, 

n1 
(2.12) 
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instead of at 90 degrees. 

2 3 4 5 6 7 8 9 10 
n (-) 

Figure 2.3: Influence of n and k of a substrate on the reflection coefficient of an interface between air the 
substrate. 

The iniluence of n and k on r can be seen in figure 2.3. The reileetion coefficient is given 
for an interface between air (n = 1 and k = 0) and a substrate with a variabie n and k. As 
expected from equation 2.9, when k = 0 an increasing refractive index results in an increasing 
reileetion coefficient. The iniluence of the extinction coefficient k is visualized. From the 
figure can be concluded that the iniluence of k can be neglected when k « n. 
For metals such as aluminium k > n for the entire solar spectrum, and therefore it is important 
to take k into account when calculating a reileetion coefficient, as will become clear from the 
next example. The reileetion and transmission on an air-aluminum interface is calculated 
using the real index (N = n) and the c;omplex index (N =n-ik). The result is shown in 
figure 2.4. To illustrate the accuracy of the latter calculation methad literature data [1] of a 
measured reileetion coefficient is shown as well in this figure. 

2.3 Absorption in a layer 

In this section the absorption of irradiance in layers is discussed, as well as the electrical 
efficiency of this absorption. 

2.3.1 Absorption 

The absorption factor A, as defined in equation 2.3, in a cell is dependent on the absorption 
coefficient a and the lengthof the path that light travels through the layer. The absorption 
coefficient is a function of the photon energy, especially for semiconductor wafers that are 
opaque when Eph > 11E9 and almast transparent when Eph < 11E9 • 

In case of normal incidence the intensity I of a beam entering an absorbing medium is given 
by 

(2.13) 
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Figure 2.4: Hefteetion coefficient as a function of Eph of an air/aluminium interface simulated with real and 
complex refractive index and compared to literature data. 

with a the absorption coefficient, Io the initial intensity and x the path length of the light 
in the materiaL In case of oblique incidence a geometrie factor has to be introduced to 
compensate for the longer path through the layer. The intensity of the light after passing a 
layer is then given by 

( -aS) 
I( 8) = I oe cos IJ , (2.14) 

where 8 is the thickness of the layer. The layer-transmission coefficient '"'ti of layer i of a 
simulated configuration, used in the model is given by, 

( -aS) 
'"'ti = e cosiJ • (2.15) 

2.3.2 Electrical efficiency 

As mentioned in the introduction, the main point of impravement for PV /T combi-panels is 
to increase the thermal absorption factor. When doing this it is important that the electrical 
efficiency is maintained. Therefore it is important to be able to predict the electrical efficiency 
'rJe of a solar cell configuration. 
For this thesis a first order approximation is made to calculate 'rJe. However, the order of 
magnitude of the calculated 'rJe is correct. Moreover, for comparison purposes between similar 
types solar cells this approach should be sufficient. One of these assumptions is that 'fJe is 
insensitive to the absorption depth in the silicon layer. In practice, recombination of electron
hole pairs occurs, which reduces 'fJe· The chance an electron-hole pair recombines is very 
much dependent on the absorption depth in the silicon. For this thesis the 'rJe will only be 
implemented for amorphous silicon solar cells. 
'rJe is defined as 

Petectrical 
'fJe = (2.16) 

PI 

with Pezectrical the generated electrical power and PI the irradiated power. Because the 
calculation of 'rJe is sensitive to the spectrum, the simulation has to be performed as a function 
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of the photon energy. rJe can be calculated using: 

with Vac the open circuit voltage and F F the fill factor, which is defined as 

F F _ Vmpplmpp 

- Vaclsc ' 

11 

(2.17) 

(2.18) 

where the subscript mpp denotes the maximum power point and the subscript se denotes 
short circuit. I is in this case the current. Furthermore, e is the charge of an electron and 
'r/q the quanturn efficiency, which is defined as the number of electrous flowing into the circuit 
per photon incident on the cell, and is a function of the photon energy [6], 

(E ) - nelectron 
'r/q ph - . 

nphoton 
(2.19) 

The calculation of the quanturn efficiency is rather complicated because it is influenced by a 
number of factors which are hard to predict, like recombination of electron-hole pairs and the 
absorption depth of photons, and is therefore outside the scope of this research. Therefore 'r/q 

is obtained from literature [13], where 'r/q was experimentally determined. The measurement 
of 'r/q was performed under short circuit conditions. In figure 2.5 'r/q is shown for a typical 
amorphous silicon cell with an aluminium back contact. 
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Figure 2.5: The quanturn efficiency and absorption factor of an amorphous silicon cell with an aluminium back 
contact. 

The approach in this thesis is to find a quanturn efficiency that is dependent of the speetral 
absorption factor in the semiconductor and therefore dependent of the solar cell configuration, 
instead of a constant literature value. Therefore the internal quanturn efficiency 'r/qint is 
introduced. It is defined in this thesis as the number of electrous flowing into the short
circuit per absorbed photon in the semiconductor. The quanturn efficiency 'r/q can then be 
calculated from 'r/qint using, 

(2.20) 
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where asc is the absorption factor in the semiconductor. When 'r}qint is known, the absorption 
factor of the semiconductor in a solar cell can be used to calculate 'r}q, which subsequently 
can be used to calculate fJe with equation 2.16. 
'r}qint is determined by dividing the known 'r}q by the corresponding a 8 c using, 

'r}q,literature 
'rJqint = 

asc,literature 
(2.21) 

In the specific case of amorphous silicon aa-Si:H,literature is determined by simulation of the 
solar cell configuration corresponding to the literature data of 'rJq· This absorption factor is 
shown in figure 2.5. It is clearly visible that aa-Si:H is larger than 'r}q for the entire photon 
energy domain, which makes sense because one absorbed photon can in theory create a max
imum of one electron-hole pair. 

2.4 Antireflection coating 

Antirefiection coatings (AR coatings) are used to decrease the amount of refiected light at 
an interface. In the case of a PV /T panel the purpose is obvious, the less light refiects on 
interfaces above the absorbing layers, the more light can be absorbed to increase the efficiency. 

2.4.1 Properties of AR coatings 

An AR coating is a thin layer that has two specific properties that reduce the total refiection. 
The first is based on the fact that the larger the step in refractive index over an interface, the 
larger the refiection coeffi.cient, which can be concluded from equation 2.9. In the case of an 
AR coating, this step is reduced by dividing it between the two interfaces above and below 
the coating. This is clone by choosing the refractive index between the indices of the layer 
above and below the coating. The optimal value is given by 

(2.22) 

where the subscript ARC denotes antirefiection coating. In practice, a coating will be chosen 
that has a refractive index that approaches this optimal value the best in the part of the 
spectrum that is most important for the purpose. 
The second property of the AR coating is to obtain destructive interference in the coating. 
The purpose is to make sure that the light that refiects from the interface below the coating 
has a 180-degree phase shift compared to the light that refiects on the interface above the 
coating. For normal incident light, this is obtained when the double optical thickness of the 
coating is equal to the wavelength of the incident light, for which the coating is optimized, 
multiplied withafactor (M + ~), where Mis [0, 1, ... , oo]. The optical thickness is nARe· 6, 
with 6 the physical thickness of the layer. Therefore destructive interference occurs if, 

1 
2nARc6 = (M + 2 )> •. (2.23) 

Most favorable is to choose M = 0. In this case the optical thickness equals a quarter of 
the chosen wavelength. Destructive interference will take place at the optimal wavelength 
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and at wavelengths multiplied with a factor 1/(2M + 1). When multiplied with 1/2M the 
wavelengths where constructive interference takes place are found. The refiection coefficient 
is given by 

with Y the admittance, defined as 

r = 1171- y 12' 
171 + y 

y = 172 COS p + i17ARC sin p. 
cos p + i :;!lL sin p .,ARC 

(2.24) 

(2.25) 

17 is defined the same as in equation 2.11, i.e. for both polarization orientations different 
calculations have to be made. pis the phase factor, defined as 

p = 27rNARc8 cos()ARc/>.. (2.26) 

In figure 2.6 botheffects of an AR coating can be seen. In all situations there is an interface 
between two imaginary materials with infinite thickness with N=1 and N=4 and respectively 
for the whole photon energy domain. The solid line shows that when there is no AR coating, 
r is 36 %. The dashed line shows that r is reduced to 20 % when there is a coating with 
the optimal refractive index Nare = 2 but no interference occurs. The dotted line shows 
the same situation as the dashed line but in this situation interference does occur, and as a 
result r varies between 0 and 40 %. The AR coating is optimized for 2.25 eV or 0.55 J-Lm. It 
is clear that the interference does not decrease the average refiection coefficient appreciably. 
This is because the constructive interference cancels out most of the effect of the destructive 
interference. Nevertheless the destructive interference is useful to decrease the refiectance at 
a certain area of the spectrum. By integrating over the AM 1.5 spectrum, withits peak near 
2.25 eV, an average refiection coefficient of as low as 12.5% is found (dash-dotted line). 
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Figure 2. 6: Reflection coefficient of an interface between air and a material with N = 4 without an AR coating 
{solid), with an AR coating (NARe = 2} without interference {dashed) and with an AR coating (NARe = 2} 
with interference { dotted). The dash-dotted line shows the reflection factor when the dashed reflection coefficient 
is integrated over AM 1.5. 
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2.4.2 Coherent and incoherent model 

As mentioned in the previous section, in thin layers like antirefiection coatings interference 
occurs. The reason this only happens in thin layers is because the coherence length of sunlight 
is relatively small compared to the thickness of most layers in a solar cell. The average 
coherence length of sunlight is approximately 900 nm [7]. A layer is called thin or coherent 
when interference can occur, which means that the optical thickness has to be smaller than 
approximately 450 nm. Because the optical thickness is the product of the physical thickness 
and the refractive index, the physical thickness of a layer to be thin is appreciably smaller 
than the optical thickness in case of high index materials. For example, amorphous silicon 
has a refractive index of 4 at a wavelength of 750 nm, which means that the layer has to be 
thinner than 112.5 nm to be treated as a coherent layer at this wavelength. In fact, because 
in practice amorphous silicon layers are approximately 500 nm thick, interference will not 
play an important role. However, there may be other layers in addition to the AR coatings, 
which have an optical thickness that is sufficiently small for interference to occur. 
When a layer is likely to be coherent it is treated as an AR coating and the equations presented 
in the previous section will be used to calculate refiection coefficients. Otherwise equation 2.9 
is used in the model. 

2.4.3 Optimal refractive index of the AR coating 

To obtain more insight in the principal effect of AR coatings, imaginary materials with a 
constant refractive index are used for substrates and coatings. To show the effect of the 
refractive index of an AR coating on an interface between air (N=1) and a transparent 
substrate with N = 4, the index of the AR coating is varied from 1 to 4. 
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Figure 2. 7: The influence of nARC on r(Eph) for different values of nARe on a substrate with N = 4. 

In figure 2. 7 the speetral distri bution of the refiection coefficient is shown for AR coatings 
with N between 2 and 4 with a step size of 0.2. It shows how the antirefiective effect of the 
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AR coating is reduced if NARC deviates more from the optimal value N = 2, which can be 
concluded from equation 2.22. 

2.4.4 Multiple antireftection coatings 

This section will describe the effect of multiple anti-refiections coatings stacked on a substrate. 
Multiple AR coatingscan be important for PV /T applications because they can reduce r in 
a much wider part of the solar spectrum and therefore not only imprave the absorption factor 
when Eph > !:l.Eg (for solar cells) but also when Eph < !:l.Eg (for PV /T combi-panels). The 
effect is demonstrated on an interface between air and a transparent substrate with N =4. In 
figure 2.8 (left) the speetral distribution of the refiection coefficient of this interface is shown 
for 0, 1, 3 and 7 AR coatings. The refractive indices of the coatings are chosen in such a way 
that the quotientof the refractive indices between alllayers is equal [8]. So for 3 coatings the 
refractive indices are given by 
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Figure 2.8: r(Eph) (left) and r (right) for an interface between air and a substrate with n = 4 with no, 1, 3 or 
7 AR coatings. 

For 7 coatings the calculation is performed in a similar way. The average refiection from 
0 eV to 2 eV of these configurations is shown in figure 2.8 (right). Without an AR coating 
the refiection coefficient is 36%, which can easily be calculated using equation 2.9. From the 
trend can be concluded that the refiection coefficient is approximately halved if the number 
of AR coatings is doubled. 
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2. 5 M ulti-layer model 

In this section is explained how the presented formulas are used to calculate the overall 
reflection, transmission and absorption factors. By integrating over the spectrum the reflected, 
transmitted and absorbed intensities are found as well. 
Furthermore, the model developed by Santbergen [10] is briefly discussed to introduce the 
improvements implemented in this model. 

2.5.1 Current model 

In the previous paragraphs a number of equations is presented which can be used todetermine 
absorption factors of layers and reflection and transmission coefficients of interfaces as a 
function of the photon energy. In this paragraph the method to calculate the reflection R, 
absorption A and transmission T of a configuration of multiple layers is presented. 
The input in the model is the light spectrum, the angle of incidence, the number of layers, 
the thicknesses, refractive indices and the absorption coefficients of the layers. The solar 
spectrum, absorption coefficients and the refractive indices are a function of the wavelength. 
With this data for every interface the reflection coefficient rand transmission coefficient t are 
determined and equations are set up. Furthermore for every layer the absorption equation is 
set up as well. 
Because most input variables are functions of the wavelength, all equations are set up and 
solved for every wavelength separately. Because the equations for parallel and perpendicular 
polarized light differ, all the calculations for the wavelengths have to be made twice for these 
two polarizations. Because the spectrum is defined for 120 wavelength segments, the set of 
equations has to be solved 240 times. 

ql q2 

)\ q4i-3 q4i-2 I 

n 

q4n-1 4n 

Figure 2.9: Definition of the numbering of the radiative fluxes. 

In figure 2.9 a cross section of an arbitrary laminate is shown, in this case 2 layers with 
air above and below the laminate, but theoretically an any number of layers can be chosen. 
This means that in this case there are three interfaces and thus three reflectance coefficients. 
Obviously there are two layer-transmission coefficients in this case. Per interface four light 
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fiuxes can be defined, namely the light approaching the interface from above and from below 
and the light leaving the interface up and down. The radiance visualized by each arrow can 
be described by an equation. Tagether with the boundary conditions all equations can be 
defined as: 

q1 = 1 

q2 = r1q1 + (1 - r1)q3 
q

3 
= e-a18I/cos(B2)q

6 

q4 = r1q3 + (1 - r1)q1 

qs = e-a18I/ cos(B2) q
4 

q6 = r2q5 + (1- r2)q7 
q

7 
= e-a282/cos(B3)ql0 

qs = r2q7 + (1 - r2)q5 
qg = e-a282/cos(B3)q

8 

q10 = r3qg + (1 - r3)qn 

qn = 0 

q12 = r3q11 + (1 - r3)qg. 

(2.28) 

'"Yi is the factor in equation 2.15 and Ói the layer thickness of the layer below and ei the beam 
angle above interface i. These equations can be written in matrix form, which takes the shape, 

1 
-r1 1 r1 -1 

1 -'"'(1 

r1- 1 -r1 1 
-'"'(1 1 

1 r2 -1 
1 

M 

-'"'(2 
1 

-'"'(2 1 
-r3 1 

q1 1 
q2 
q3 
q4 

qs 
q6 
q7 

. (2.29) 

qs 
qg 

r3 -1 qlO 
1 qn 0 

-r3 1 q12 
'--v--" 

F 

Note that zeros are denoted by dots for clarity. F can be solved numerically by using the 
inverted configuration matrix M, 

(2.30) 

The overall refiection, transmission and absorption factors can be calculated from the fiuxes 
q stared in F using the following equations, 

R= q2 (2.31) 
q1 

T= q4n (2.32) 
q1 
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(2.33) 

n-1 

A= Lai. (2.34) 
i=l 

Note that these calculation are performed for all photon energies for which the spectrum is 
defined. The calculated factors are therefore still a function of the photon energy and have to 
be integrated over the spectrum to obtain Ir, It and Ia. The model output can therefore be 
given as a nmction of the photon energy ( or wavelength) or as integrated factors or intensities. 

2.5.2 Model Santbergen [10] 

The advantage of this model over the previously presented model is the implementation of 
surface roughness. Surface roughness is often applied in solar cells to increase the absorption 
factor. Rough surfaces cause transmitted and refiected light to be scattered. This means 
that light is no longer only refiected and transmitted at a specular angle, but spread over 
a range of angles. In figure 2.10 a layer is shown with rough upper surface and a smooth 

Air 

9.um..e··············· ••• 
...... ft 

--~-+---...:a.:--smooth interface ..... ·· 

Layer 

Air 

Figure 2.10: Optical path increase and light trapping due to surface roughness. 

lower surface. The dotted arrows represent light that is transmitted diffusively. Clearly, the 
diffusively transmitted light has a larger path length through the layer, which increases the 
absorption factor, but when a beam reaches the lower surface at an angle larger than the 
critica! angle (see equation 2.12), it is totally refiected and therefore trapped in the layer. 
This phenomenon is called light trapping and increases the absorption factor even more. 
The surface roughness can be described by a model called the Phong model. This model 
describes the intensity distribution over the range of angles over which the light is spread. 
The angular intensity distribution is, 

(2.35) 

where ()diffuse is the angular distance between the specular light beam and a diffuse light beam 
(see figure 2.10) and m the so-called roughness parameter. Furthermore cis a normalization 
constant. In figure 2.11 the normalized angular intensity distribution is shown for several 
values of m. Note that a high roughness parameter, in this case m = 1000, results in an 
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m=1000 

-90 -60 -30 90 

Figure 2.11: The angular intensity distribution for several values of the roughness parameter m. 

almast specular distribution. When m = 1 the distribution is almast fiat. It must be noted 
that the Phong model does nat change the refiection and transmission coefficient, but only 
the angular distribution of refiected or transmitted light. This can be a limitation of the 
model when enhanced light incoupling occurs. Enhanced light incoupling is the effect that a 
beam of light may refiect more than once on a textured interface, which means that a part is 
transmitted more than once. Therefore the refiection coefficient is reduced. Enhanced light 
incoupling occurs only with textured surfaces whereas light scattering occurs also for slightly 
rough surfaces. Bath effects are shown in figure 2.12. 
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Figure 2.12: Enhanced light incoupling and light scattering. 



Chapter 3 

Solar cell simulations 

3.1 Introduetion 

Asolar cell has many design variables infiuencing the total absorption factor. In this chapter 
the infiuence of each variabie is systematically analyzed using the the model presented in the 
previous chapter. This will gain insight in mechanisms determining the absorption factor, 
which will help to understand the result that will be presented in chapter 5. Furthermore, 
insight is gained in how the variables can be adjusted to find solar cell configurations that 
have an improved absorption factor. 

3.2 Simulation variables 

When simulating the absorption factor of a silicon solar cell configuration, a number of vari
ables can be adjusted to infiuence the simulated absorption factor. These variables are: 

• The thickness of the layers and then especially the silicon layer. Thicker layers will 
result in higher absorption. 

• The application of AR-coatings. AR-coatings reduce the refiection coefficient of an 
interface and therefore can increase the absorption of layers below this coating. 

• Implementation of surface roughness using the Phong model. Lower values of the rough
ness parameter m will result in higher absorption factors. 

• The type of back contact. Usually the back contact is made of aluminium or silver, 
because of the refl.ecting properties of these materials. This allows light to pass through 
the silicon layer again to increase to absorption. Absorbing back contacts may increase 
the overall absorption but decrease the absorption in the silicon layer. 

• The type of contacts applied. Advanced types of top contact grids with a smaller total 
surface exist, which allows more irradiance to be absorbed in the silicon layer. This 
type will be described in chapter 4. In this chapter the surface of open grids will be 
neglected and only distinction between cells withopen back contacts (for PV /T panels 
with a second separate absorber) and closed surface back contact will be made. 

3.3 Crystalline silicon solar cells 

Crystalline silicon solar cells are the most commonly used solar cells. There are 2 types of 
crystalline silicon, mono- and multi-crystalline silicon. Both can be used in solar cells, but 

20 
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the configuration of these solar cells does not differ basically. Multi-crystalline silicon solar 
cells however are the most used type. In figure 3.1 the configuration of a typical crystalline 
silicon solar cell is shown as well as a photo of a multi-crystalline silicon solar cell. The metal 
lines are the contact grid on top of the silicon wafer. 

As can be seen in the figure, on top of the silicon layer an AR-coating is applied, usually 

Glass 3200 J.!m 

Figure 3.1: The configuration of crystalline silicon solar cells (left) and a photo of a typical poly-crystalline 
silicon solar cell {right}. 

made of Si3N4, TazOs or TiOz. The contact grid, consisting of thin metallines called fingers, 
is also applied on top of the silicon layer. Below the silicon layer a back contact is applied. 
This contact can consist of fingers like the contact on top of the silicon, but may also be a full 
area contact. The cell is covered with a glass layer. A layer of EVA, ethylene-vinyl-acetate, 
is applied between the layers and serves as a mechanical, thermal an optical interface. 

3.3.1 Model results 

In this section the infiuence of the model variables on the absorption factor of crystalline 
silicon solar cell configurations is shown. 
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Figure 3.2: The inftuence of the thickness of the silicon layer on A, R and T {left) and A, R and T versus Eph 

for a 300 p,m thick crystalline silicon layer {right}. 
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Layer thickness 

In figure 3.2 (left) the infl.uence of the thickness of a bare crystalline silicon wafer on the 
absorption factor is shown. The layer is simulated using the AM 1.5 spectrum as light source. 
It can be seen that a thicker wafer has a higher absorption factor. In figure 3.2 (right) the 
absorption factor is shown versus the photon energy fora 300 11-m thick layer. Clearly visible 
is the increase in absorption for Eph > !lEg. It must be noted that when the thickness is 
further increased, the absorption factor will rise, but this will be caused by irradiance with 
Eph < !lEg or Eph ~!lEg and will therefore mostly be converted to heat insteadof electricity. 
Fortheuse in PV /T combi-panels this could be useful, but because silicon is rather expensive 
probably not the most economical option. 

AR coating 

As mentioned, AR coatings are useful in decreasing the refl.ection coefficient r in a certain 
part of the solar spectrum. In figure 3.3 (left) A, R and T are shown for several thicknesses 
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Figure 3.3: The inftuence of the thickness of an AR coating on a 300 p,m silicon layer on A, R and T {left) 
and A, R and T versus Eph for the case the AR coating is 0.068 p,m thick {right) . 

of the AR coating (Si3N4) on a 300 11-m thick bare silicon wafer. A thicker AR coating has 
a larger wavelength or lower photon energy where the refl.ection coeffi.cient is lowest. The 
absorption factor is highest when the AR coating is 0.068 11-m thick. In figure 3.3 (right) A, R 
and T are shown versus the photon energy. The refl.ection is low in the part of the spectrum 
where the AM 1.5 spectrum has a high energy and the absorption of the silicon is high. 
When asolar cellis designed for use in a PV /T combi-panel with a second separate absorber, 
not only the absorption in the solar has to be optimal, but the transmission through the cell 
has to be optimalas well. This means that the refl.ection factor has to be as low as possible. 
This can be achieved by applying a second AR coating ( denoted with ARC2) on the backside 
of the silicon which improves the transmission of the unabsorbed irradiance (Eph < !lEg) · 
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Figure 3.4: The infiuence of the surface roughness of the interfaces a 300 J.Lm silicon layer on A , R and T 
{left) and A, R and T versus Eph for the case m = 3 (right) . 

Surface roughness 

In figure 3.4 (left) the influence of the surface roughness coefficient m of both surfaces of a 
300 f..Lm thick bare silicon wafer on A, RandT is shown. Apparently an optimum occurs at 
m = 3. In the right figure A, R and T are shown versus the photon energy for this value of 
m. Camparing this figure with figure 3.2 (right) it can be seen that surface roughness only 
influences A, RandT of irradiance with Eph ~ b..E9 or Eph < b..E9 . 

Back contact 

In table 3.1 asi, abc, R and T are shown for a 300 f..Lm thick bare silicon wafer (without 
AR coating) with different types of back contact . Distinction can be made between the 
open back contacts, reflecting back contacts, like silver and aluminium and absorbing back 
contacts, like graphite. Graphite is chosen because this was tested to be most absorbing and 
therefore represents the upper limit. The first can be used in PV /T combi-panels with a 
separate second absorber, while the last is especially useful when the solar cell is used in a 
PV /T combi-panel where the solar cell itself acts as the thermal absorber. Reflecting back 
cantacts are useful to increase the electdeal efficiency by increasing the absorption factor of 
irradiance with Eph ~ b..E9 , but are less suitable for PV /T combi-panels since they tend to 
increase the overall reileetion factor R. 

Table 3.1: Absorption, refiection and transmission factors of 300 J.Lm thick bare crystalline silicon wafers with 
several types of back contact (subscript bc). 

Type of back contact R as i abc T 
open back contact 0.39 0.49 0.12 
silver 0.49 0.50 0.01 0 
aluminium 0.48 0.50 0.02 0 
graphite 0.37 0.49 0.15 0 
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3.3.2 Optima! configurations 

Two types of solar cell configurations seem suitable fortheuse in PV /T combi-panels, a cell 
with an open back contact and a cell with an absorbing back contact. In table 3.2 aglass , asi, 

abc, R and T are shown for optimized cell configurations as shown in figure 3.1. Subscript bc 
denotes the back contact. The surface roughness parameter m denotes the surface roughness 
of both interfaces of the silicon. The value m = 3 is chosen because the maximum absorption 
factor is expected for this value, and m = 30 is chosen because an intermediate absorption 
factor can be expected (see figure 3.4). The air/glass interface has no roughness applied. 
ARC1 denotes the AR coating on the glass/silicon interface and ARC2 the AR coating on the 
silicon/ air interface. ARC1 is optimized for approximately 2.2 e V for both cells and ARC2 is 
optimized for 0.9 eV. It can beseen that most irradiance is absorbed in the silicon wafer and 
at most 17 % can be absorbed either in a second absorber or in the back contact. 

Table 3.2: Optimized crystalline silicon solar cell configurations with open and graphite back contact for 3 
surface roughnesses. 

Type of back contact m ARC1 (J.Lm) ARC2 (J.Lm) R aglass as i abc T 
0.069 0.173 0.12 0.04 0.67 0.17 

open back contact 30 0.069 0.173 0.13 0.04 0.70 0.13 
3 0.069 0.173 0.10 0.05 0.81 0.04 

0.068 0.14 0.04 0.67 0.16 
graphite 30 0.068 0.12 0.04 0.67 0.17 

3 0.068 0.09 0.04 0.70 0.17 

3.4 Amorphous silicon solar cells 

There are several types of thin film solar cells. The advantage of thin film solar cells is the 
reduced amount of material and production energy in comparison to i.e. crystalline silicon 
solar cells. Furthermore, thin film solar cells can easily be combined in tandem structures 
with cells with a different band gap to increase the total efficiency of the solar cell. For this 
thesis only the optical properties of amorphous silicon solar cells are studied. 
In figure 3.5 the contiguration of an amorphous silicon solar cell is shown. There are a 
lot of variations in the contiguration of a-Si:H solar cells, but they all can be derived from 
this configuration. The amorphous silicon layer is deposited on a glass superstrate that is 
coated with a textured TCO (Transparent Conductive Oxide) , made of Sn02 or ZnO, and 
acts as front electrical contact. The surface texture causes light scattering and trapping. 
The aluminium back contact is subsequently deposited on the amorphous silicon layer [2]. 
Furthermore, AR coatings may be implemented. 
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Figure 3.5: The configuration of an amorphous silicon solar cell. 

3.4.1 Model results 

In this section the infl.uence of the model variables on the absorption factor of amorphous 
silicon solar cell configurations is shown. 

Layer thickness 

In figure 3.6 (left) the infl.uence of the thickness of an untextured amorphous silicon layer 
on the absorption factor is shown. Again, the AM 1.5 spectrum is used as light source. 
Although the absorption factor is still rising strongly with increasing thickness at 0.5 11m, this 
thickness proves to be thick enough to absorb sufficient irradiance when textured surfaces are 
implemented. In figure 3.6 (right) the absorption factor is shown versus the photon energy for 
an amorphous silicon layer of this thickness. In comparison to crystalline silicon the increase 
in absorption at the bandgap, which is at a higher photon energy, is less sharp. 
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Figure 3.6: The infiuence of the thickness of the amorphous silicon layer on A, R and T {left) and A, R and 
T versus Eph fora 0.5 t-tm thick amorphous silicon layer {right). 
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Figure 3. 7: The inftuence of the thickness of an AR coating on a 0.5 J.Lm silicon layer on A , R and T {left) 
and A , R and T versus Eph for the case the AR coating is 0.045 J.Lm thick {right} . 

AR coating 

The assumption is made that AR coatings can be applied in amorphous silicon solar cells 
although they are not shown in the standard configuration (figure 3.5). The assumption is 
made that the thickness of AR coatings can be varied. In figure 3. 7 (left) A, R and T are shown 
for several thicknesses of the AR coating on a 0.5 J-Lm thick amorphous silicon layer. A thicker 
AR coating has a larger wavelengthor lower photon energy where the refl.ection coefficient is 
lowest. The absorption factor is approximately 0.3 when the AR coating is 0.045 J-Lm thick, 
compared to 0.17 without the coating. In figure 3.7 (right) A, RandT are shown versus the 
photon energy for the amorphous silicon layer with this AR coating. Furthermore, in figure 
3.8 the electrical efficiency is shown together with the absorption factor versus the thickness 
of the AR coating. The optimal value of "le occurs with a thicker AR coating, which means 
that a refl.ection minimum occurs at a lower photon energy. This makes sense because as can 
be seen in figure 2.5 the quanturn efficiency is highest for a photon energy just above the 
bandgap. 

Because the absorption is still very low compared to crystalline silicon solar cells there is 
an important opportunity to optimize the transmission factor in order to allow a separate 
absorber behind the solar cell to absorb this irradiance. 

Surface roughness 

In figure 3.9 (left) the infl.uence on A , RandT is shown when both surfaces of a 0.5 J-Lm thick 
amorphous silicon layer (without AR coating) are textured. This texture is described with 
the Phong model. In this case an optimum occurs when the roughness parameter m = 4. At 
this value of m the absorption factor is higher than 0.3 which would require a thickness of 
the amorphous silicon much larger than the usual thickness of 0.5 J-Lm as can be seen in fig
ure 3.6. In the right figure A, R and T are shown versus the photon energy for this value of m. 



3.4. AMORPHOUS SILICON SOLAR CELLS 27 

0.35 ,-----~-~-~-~-~-~-~--,0.07 

0.34 0.068 

0.33 0.066 

0.32 0.064 

0.31 

:!:: 0.3 
<( 

0.29 

0.28 
, 

' " 

, ...... ----- ... 0.062 

-----<:___ ::~ ~ 
• • • 0.056 

0.27 ..... 0.054 

0.26 

0.28.03 ~-0~.0~35~~0.~04~~0.0~45~~0.~05~~0.0~5~5~0.~06~~0.0~6~5~0.~05 
Thickness AR coating (!un) 

Figure 3.8: A and 'f/e versus the thickness of the AR coating on a 0.5 p,m thick amorphous silicon layer. 
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Back contact 

In table 3.3 asi, abc, R and T are shown for a 0.5 pm thick silicon layer with different types 
of back contact. In this case there are no AR coating and no textured surfaces. 

3.4.2 Optimal configurations 

Three types of amorphous silicon solar cells are optimized. Two of those configurations have 
oblique back contacts, one reflecting, aluminum, and one absorbing, graphite. The other has a 
transparent backside. The most important variabie that can be optimized is the number and 
kind and thickness of the used AR coatings. For the configurations with a back contact, only 
AR coatings are used between the glass layer and the amorphous silicon. For the configuration 
without oblique back contact, an AR coating can be used to reduce reflection on the interface 
on the backside of the amorphous silicon layer. This is important fortheuse in PV /T combi
panels because the transmitted light will be absorbed in a separate absorber behind the solar 
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Table 3.3: Absorption, refiection and transmission factors of 0.5 !Jm thick amorphous silicon layers with several 
types of back contact (subscript bc). 

Type of back contact R aa-Si:H abc T 'f/e 

open back contact 0.49 0.18 0.33 0.037 
silver 0.75 0.21 0.04 0.041 
graphite 0.41 0.17 0.42 0.034 

cell. Therefore the transmission of mainly the irradiance with Eph < !:lEg has to be as high 
as possible. It can be seen that by using an open back contact 51 % of the irradiance can be 
transmitted by the cell to be absorbed in a second absorber. In an absorbing contact up to 
55 % can be absorbed. However, in both cases the electrical efficiency is lower than for the 
configuration with a highly refiective back contact. 

Table 3.4: Optimized amorphous silicon solar cell configurations with an open, silver and graphite back contact 
for 3 surface roughnesses. 

Back contact m ARC1 (p,m) ARC2 (p,m) R aglass aa-Si:H abc T 'f/e 

open 0.052 0.103 0.18 0.04 0.28 0.51 0.057 
back contact 40 0.052 0.103 0.19 0.07 0.34 0.40 0.064 

4 0.052 0.103 0.19 0.14 0.47 0.21 0.078 
0.052 0.18 0.04 0.27 0.52 0.055 

graphite 40 0.052 0.16 0.04 0.27 0.53 0.055 
4 0.052 0.12 0.04 0.30 0.55 0.060 

0.052 0.59 0.05 0.31 0.05 0.063 
silver 40 0.052 0.34 0.09 0.38 0.19 0.071 

4 0.052 0.16 0.09 0.45 0.29 0.079 



Chapter 4 

Experimental methods 

4.1 Introduetion 

In this chapter two methods for determining the absorption factor of solar cells are presented 
as well as the experimental setups used. Furthermore, the samples that were measured are 
descri bed. 
The first method is a thermal measurement. This means that the absorption factor is deter
mined by measuring the temperature increase of a cell sample due to absorbed irradiance. 
Therefore the obtained absorption factor is independent of the wavelengthof the light. This 
setup, which was built in the TFE-laboratory [11], is relatively simple. It is hoped that us
ing this setup an accuracy can be reached approaching the accuracy of the more complex 
optical setup. In case of this setup, the speetral distribution of the absorption factor can be 
calculated from the measured transmission and reileetion factors. 

4.2 Thermal absorption factor 

The absorption measurements are dorre using an experimental setup where samples can be 
irradiated with a light souree with a known irradiance. When the irradiance is switched 
on the sample will start absorbing the irradiance and will rise in temperature until a new 
equilibrium is reached. When the irradiance is turned off, the sample temperature will drop 
again to ambient temperature. When the temperature progress is measured curves as shown 
in figure 4.2 are obtained. Because the rise time and equilibrium temperature depend on the 
absorption factor of the sample and the irradiance, the irradiance can be calibrated when the 
absorption factor is known. 

4.2.1 Energy balance 

First a theoretica! model is made and analyzed to obtain insight in the phenomena associated 
with the heating and cooling of cell samples. Three different heat flux mechanisms can be 
defined, namely the irradiance from the light souree absorbed by the sample, radiation loss 
and convection loss. Conduction to the environment is neglected because the sample is only 
in contact with the environment through thermocouples [14], which measure the temperature 
of the sample. In figure 4.1 these fluxes are defined. The energy balance then becomes, 

ÖTs 4 4 
ÓsPsCs Öt = Asfi- 2hs(Ts- To) - 2ECJ(T8 -Ta), (4.1) 

where ó denotes the sample thickness, p denotes the density, c8 the specific heat, A the ab
sorption factor, Ii the irradiance, T temperature, t time h the heat transfer coefficient E the 

29 
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Convection 
2 ·hs -As ·(Ts-To) 

b ·p ·C • ()Ts 
s s s dt 

Irradiance 
As.fi 

Radiation 
2·ë·CJ·(T/-To4

) 

Figure 4.1: Definition of the energy ftuxes. 

emissivity, (}' the Stefan-Boltzmann constant and subscript s denotes sample. Conduction in 
the sample is neglected because the irradiance was designed to be homogeneaus on the entire 
cell, which means that no temperature gradients in the cell will occur caused by inhomoge
neous heating. The samples are considered thin enough to neglect temperature differences 
between the front and the back. 

4.2.2 Heating/cooling curve 

In this section the method to obtain an absorption factor of a cell sample, or the incident 
irradiance on the sample if the absorption factor is known, is presented. To do this a measure
ment of the sample temperature T8 during the heating due to irradiance and a measurement 
of T8 during the cooling of the sample when the irradiance is ceased again are necessary. The 
energy balances for these situations are then, 

(4.2) 

Note that this is equation 4.1 with the loss terms combined in qz088 • In case that there is no 
irradiance, 

(4.3) 

In these equations qz088 is only a function of the temperature of the sample. This means that 
for every sample temperature the derivative of the sample temperature can be calculated for 
both the heating and cooling curve. From equations 4.2 and 4.3 the following relation can be 
formulated: 

( aT8 aT8 ( ) ) Asi = 8sPsCs at (T)heating - at T cooling . ( 4.4) 

With this relation an absorption factor can be calculated for every measured temperature. 
Theoretically, these factors should be the same. 
To eliminate measurement noise the data are fitted to an exponential curve, from which ~I can 
be derived. An exponential fit is chosen because it is the analytica! solution of the linearized 
energy balance ( equation 4.1) and therefore has a similar shape as the measurements. The 
exponential fits are given by: 

(4.5) 
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in the case of heating and 
(4.6) 

in the case of cooling. f:lT is the difference between the ambient and the maximum temper
ature. 
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Figure 4.2: Numerical salution of the energy balance (solid) and exponentials fits of this salution ( dashed) for 
the heating and cooling of a black aluminum sample. 

In figure 4.2 the exponential curves ( 4.5) and ( 4.6) are shown as well as the numerical salution 
of the energy balance ( 4.1) for a black aluminium sample. Although the numerical salution 
is very similar to the exponential curves, they are not identical. This is caused by the non
linear radiation term in (4.1). In appendixBit is shown that the error introduced by fitting 
is largely canceled out by combining the exponential fits of the heating and cooling curve. 
The here presented methad was not yet applied for the calculation of the thermally measured 
absorption factors presented is this thesis. Instead A was calculated using only the exponential 
fit of the heating curve using, 

A = f:lTm8 C8 • 

Tfi 

This methad is less accurate than the previously presented method. 

4.3 Thermal measurement setup 

(4.7) 

The thermal setup as used is shown schematically in figure 4.3. In the figure the essential 
parts of the setup are shown. The setup has evolved to the current design, in order to meet 
the demands [3, 5, 11]. These demands are: 

• The intensity of the light souree averaged over the sample surface area has to be approx
imately 1000 W /m2 with a standard deviation less than 10%. The intensity is basedon 
the AM 1.5 spectrum, which has this intensity. The intensity has to be homogeneaus to 
make sure the measured samples heat up evenly. This way unintended horizontal heat 
transport in the samples is prevented as much as possible [12]. 
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Figure 4.3: Schematic overview of the thermal experimental setup. 

• The spectrum of the light souree has to be similar to the spectrum of AM 1.5. 

• The angle of irradiance has to be less than 20 degrees in order to match the solar 
irradiance. 

In order to meet the demands the light souree (L) consists of 7 lamps of the Osram decastar 
IRC type. These lamps are chosen because their spectrum resembied the AM 1.5 spectrum 
best, in comparison toother alternatives. This spectrum is shown in figure 4.4 together with 
the AM 1.5 spectrum. It is clearly visible that the lamp spectrum narrower than the AM 
1.5 spectrum and has a sharp peak at 1.7 eV. The lamps have a beam angle of 38 degrees, 
which corresponds to a maximum irradiance angle of incidence of 19 degrees on the sample. 
The reason 7 lamps were chosenis because previous research has shown that with 7 lamps 
in a regular pattem a sufficient homogeneaus light distribution with an average intensity of 

0 0.5 1.5 2 2.5 
Photon energy (eV) 

- IRC decastar 
... AM1.5 

4 4.5 

Figure 4.4: Spectrum of the Osram decostar IRC lampand the AM 1.5 spectrum. 
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1000 W jm2 could be achieved [3]. The realized light souree provides a light intensity of 
1038 W jm2 and a standard deviation of 5.3% on a surface of 125 · 125 mm2 (the size of a 
standard crystalline silicon solar cell), which is in accordance with the demands [11]. The 
temperature of the solar cell sample (C) is measured by three K-type thermocouples (R) with 
a thickness of 0.5 mm. During the measurements, the sample rests on the thermocouples to 
ensure that there is contact between the sample and the thermocouples. In figure 4.3 also fans 
are shown to provide cooling air for the lamps preventing them from overheating, as they are 
in a confined space where natural convection is limited. To prevent any cooling air to flow over 
the sample and influence the temperature development duringa measurement, an insulation 
plate is installed between the lamps and the sample with an opening of 26.5 · 26.5 cm2 to 
transmit the irradiance. In front of this opening a shutter is installed. When closed, no light 
is able to reach the sample. This way the lamps can be switched on prior to the measurement 
in order to reach their operation temperature without heating the sample. The shutter is 
opened at the moment the light souree is stabie and the measurement is started. 

4.3.1 Error analysis 

As mentioned, the thermally measured absorption factors presented in this thesis were ob
tained using only the heating curve and equation 4.7. An estimation of the error made with 
this approach is given in this section. 
The random error that is made in the thermal measurement is determined by Van de Garde 
[11] and is ±2 % absolute for all measured absorption factors. Factors that cause the random 
error are the noise on the measured data. Furthermore, the cooling air from the fans ( figure 
4.3) will influence qzoss· However, the calculated absorption factor is insensitive to qzoss and 
this air will therefore cause extra noise, which is a random error. 
The systematic error is caused by a number of factors: 

• Data processing: Because only the heating curve is used a systematic error is made. 
By simulation, as shown in appendix B, it is shown that the maximum error in the 
obtained A is -8%. 

• Rise of ambient temperature: It is measured that the ambient temperature can 
rise approximately 5 oe during the measurement of the heating curve. It is shown by 
simulation that this temperature rise causes an error in the exponential fit which causes 
the error in A to be at most +21 %. 

For future research it is recommended that both heating and cooling curves are use to deter
mine A. Furthermore, the ambient temperature should be measured and compensated for. 
Data noise should be reduced by insulating the sample from the cooling air. 

4.4 Optical absorption factor 

In the calculation of the absorption factor A from the optical measurements, which will be 
presented in the next section, use is made of, 

(2.4) 
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This means that when the irradiance Ii on a cell sample is known and ft and Ir are measured, 
the absorbed intensity can be calculated. Because Ii is known and ft and Ir are measured 
as a function of the wavelength, A(À) (or A(Eph)), R(À) and T(À) can be calculated using 
equations 2.1, 2.2 and 2.3. 

4.5 Optical measurement setup 

In this section the experimental setup for the optical measurements is described, as well as the 
measurement procedure. The measurements were performed at the Energy research Center 
of the Netherlands (ECN). 

Experimental setup 

The setup is aso called integrating sphere setup. This means that the light that is transmitted 
or reflected by a sample is gathered in a sphere, which has a coating that diffusely reflects 99% 
of the incident irradiance. In figure 4.5 a schematic layout of the setup is shown. The sphere 

Reference opening 

Transmission opening 

Detector 

Figure 4.5: Schematic overview of the optical experimental setup. 

has four openings, one where the light enters the sphere, called the transmission opening, one 
where a sample can be placed for reflection measurements, called the reflection opening, one 
where the reference sample can be placed, called the reference opening and one where the light 
can leave the sphere to the detector. Because the coating has a very high reflection factor, 
after many reflections a sufficient amount of the light eventually leaves the sphere through 
the hole to the detector where it is measured by the detector. The rest is absorbed by the 
coating or leaves the sphere through the transmission opening. The sample in the reflection 
opening is not placed exactly perpendicular to the incident light beam to prevent specular 
reflected light to immediately leave the sphere through the transmission opening. 
The setup is known to be accurate in the range from 330 nm to 1400 nm (0.89 eV-3.75 eV). 
Below 330 nm the accuracy drops because the intensity of the emitted light by the lamp is to 
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low. Above 1400 nm the detector is less reliable. In order to keep the emitted spectrum of 
the lamp as constant as possible, a stabilized power souree is used, which keeps the voltage at 
19.00 V and current at 6.600 A. The detector consistsof a monochromator and a photo-sensor. 
The monochromator makes use of gratings to obtain a monochromatic light beam. 

Measurement procedure 

For transparent samples two measurements have to be performed, a reflection and a trans
mission measurement. From these measurements the absorption factor can be calculated. If 
a sample is opaque only the reflection measurement is sufficient. The various measurement 
modes described in the following procedures, which have to be performed successively, are 
shown in figure 4.6: 

sample 

sample 
----------:--:::•---... 

Figure 4.6: Schematic overview of the measurement modes of the optical experimental setup. 

• The detector has to be switched on long enough before the actual measurement is 
performed to be able to heat up. 
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• The dark current measurement. This means that all openings are closed in order to 
calibrate the detector for no irradiance. This calibration has to be repeated when the 
measurement circumstances are changed (e.g. ambient temperature changes). 

• The reference measurement. In this case the sample that has to be measured is placed 
in the reference opening and the reflection opening is closed with a coated shutter. This 
measurement is performed to measure the influence of light that is reflected by the 
sample more than once before it reaches the detector. 

• The background light measurement. This measurement is clone only for reflection mea
surements and is to measure the unfocussed part of the beam that does not irradiate 
the sample in the reflection opening, but the area of the sphere around the reflection 
opening. This measurement is clone by leaving both transmission opening as well as 
the reflection opening open. In this case the focussed part of the beam is transmitted 
through the sphere and only the light that will not irradiate the samples, is able to reach 
the detector. The actual measurement can subsequently be corrected for this light that 
reaches the detector directly. 

• Sample measurements. For reflection measurements the sample is placed in the reflection 
opening and the transmission is left open. For transmission measurements the sample is 
placed in the transmission opening and the reflection opening is closed with a reflecting 
shutter with the same coating as the rest of the sphere. During both measurements the 
reference opening is closed with a the sametype of reflecting shutter. 

4.5.1 Error analysis 

The measured reflection and transmission factors with optical experimental setup are known 
to have an error margin of 1 % absolute. This means that for transparent samples, which 
require a reflection and transmission measurement, the maximum margin of error can be 2% 
absolute and for the opaque ones 1 % absolute. 

4.6 Samples 

In this section the cell samples of which the thermal absorption factors are measured and 
simulated are presented. For the crystalline silicon cells there is a range of samples that 
represent the entire production process of these cells. This means that the samples vary from 
an unetched silicon wafer to a complete textured cell with back contact, AR coating and top 
contact grid. In table 4.1 all crystalline silicon cell samples are shown with their properties. 
The thickness of the samples is calculated from the mass of the sample with, 

(4.8) 

where pis the density of silicon [9], and S the surface area of the sample. 
The name of the sample is based on the type: the first letters stand for Crystalline Silicon, 
followed by the letters representing the presence of a certain property, namely Etched, AR 
coating, Back contact (aluminium), Grid or PUM grid and Texture (upper surface). 
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Table 4.1: Crystalline silicon solar cell samples. 

Name Etch ARC Back Grid Texture Mass (g) Thickness 
contact Si (J.Lm) 

CS no no no no no 12.532 344 
CSE yes no no no no 10.883 299 
CST no no no no yes 10.556 290 
CSEA yes yes no no no 10.690 294 
CSE AB yes yes yes no no 12.046 319 
CSEABG yes yes yes yes no 12.365 324 
CSABGT yes yes yes yes yes 11.642 304 
CSEAP yes yes no yes, PUM no 10.610 287 
CSEABG yes yes yes yes, PUM no 12.405 325 

The unetched sample is an untreated silicon wafer. This means that the surfaces are still 
rough due to the sawing of the wafers. Because the surface in this state is not suitable for 
further processing, it has to be alkaline etched first to smoothen the surfaces. 
The textured samples CST and CSABGT have a deliberate rough surface which is primarily 
designed for enhanced light incoupling. This texture is also obtained by etching the surface, 
but in this case an acid is used instead of an alkane. The opposite side of the textured sample 
is also influenced by this etching process, which means that this side will also have some 
roughness. Because the purpose of the two etching operations is totally different, alkaline 
etching is to remove the sawing damage from the surface mainly and acid etching to apply 
texture. Further on, an acid etched sample will be denoted with textured surface instead of 
etched. 
AR coatings are applied to the silicon to reduce the reflection and thus increase the absorption. 
Usually, Si3N4 is used as AR coating materiaL Back contact means that an aluminum back 
contact is applied to the silicon, which means that the transmission factor will be zero. The 
back contact has a thickness of 10 J.Lm. When a sample has a grid, this means that a silver top 
contact grid is present on the sample. The grid consist of two parallel busbars and 71 fingers 
which are placed perpendicular to the busbars. The fingers are 110 J.Lm wide and 10 J.Lm thick. 
The busbars are 2 mm wide and 15 J.Lm thick. The fingers collect the current from the silicon 
and the busbars collect the current from the fingers. The mass of the back contact and the 
top grid is taken into account when calculating the thickness of the silicon wafer. 
A crystalline silicon solar cell with a PUM (pin-up module) grid, is a cell with a new type of 
top contact. The use of busbars is eliminated by connecting the top grid via holes in the cell 
to conductors on the rear side. This way the shadow area is reduced and the performance of 
the cell increased. 
Two amorphous silicon samples were measured ( only optically) and simulated. Both samples 
consist of a 600 nm amorphous silicon layer and a 800 nm TCO ( transparent conductive 
oxide), made of Sn02:F, on the irradiated side of the cell. The fluoride is used to improve the 
conductive properties of the tin oxide. The TCO is applied to lead the the electric current 
away from the top surface of the silicon, but it acts as an anti-reflection layer as well. The 
latter property is caused by the refractive index of the TCO, which is close to the optimal 
refractive index of an AR coating. Moreover, the TCO is textured to improve light scattering 
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and enhanced light incoupling. Furthermore, one of the two samples has an aluminium back 
contact. 
Furthermore a black aluminium reference sample was measured. This sample is used for 
reference measurements. 



Chapter 5 

Experimental results and 
simulations 

5.1 Introduetion 

In this chapter all measured results are shown as well as simulations of the measured absorp
tion factors. Simulations are only made for the optica! measurements, because only these 
measurements result in absorption, reileetion and transmission factors as a function of the 
photon energy jwavelength. Most attention will be paid to the optical result as the accuracy 
of the thermal measurements turned out to be much lower. The optica! measurements will 
be used in improving the future results obtained with the thermal setup. 

5.2 Thermal measurements 

In this section the absorption factors measured with the thermal setup are presented. The 
measured data was obtained and processed by J.L.B van de Garde [11]. In table 5.1 the 

Table 5.1: The thermally obtained absorption factors of some crystalline silicon solar cell samples. 

Name A (-) 
CSE 0.48-0.69 
CS 0.47-0.66 
CSEA 0.60-0.83 
CSEABG 0.64-0.89 
CSEAP 0.53-0.75 
CSEABP 0.62-0.87 
Black aluminum 0.80-1.00 

error margins of the absorption factors of the measured samples are shown. The large error 
margin is caused by systematic errors and make the result hard to interpret. Nevertheless, it 
is clear that the samples without AR coating (CSE and CS) have a lower absorption factor, 
as could be expected from the results of chapter 3. Furthermore, the samples with back 
contact (CSEABG and CSEABP) have a higher absorption factor than the samples without. 
As expected, the black aluminium sample has a very high absorption factor. 

39 
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5.3 Optical measurements 

5.3.1 Results 

Crystalline silicon cells 

In this section the results of the optical measurements of the cell samples described in section 
4.6 are presented. In figure 5.1 an overview is shown in which order the samples are presented. 
The samples are shown schematically with their texture or properties. The complete textured 
sample CSABGT is omitted in the overview. First the most simple sample, the alkaline etched 

lncreasing surface roughness 

-
-

Addition of properties 

Figure 5.1: Overview of the presentation order of the samples. 

sample CSE is shown. Then the effect of surface roughness is determined by comparing CSE 
to the untreated sample CS and the textured acid etched sample CST. Afterwards, based on 
again sample CSE,the samples CSEA, CSEAB, CSEABG and CSABGT are treated succes
sively. This is to be able to see the effect of the addition of a property on the absorption, 
refiection and transmission factors. Furthermore, the results will be presented both with the 
photon energy on the x-axis, as well as the wavelength. 

Infiuence of surface roughness 

The results ofthe first sample, CSE, are shown figure 5.2. Above the bandgap (Eph > 1.1 eV, 
À < 1.1 pm), denoted as the opaque regime, there is no transmission because the absorption 
is so high that no light is able to reach the back side of the silicon. This means that the 
absorption factor is only determined by the refiection factor of the top surface of the silicon. 
The rise of the refiection factor with the increase of the photon energy is caused by the in
creasing refractive index and absorption coefficient as can be understood from equation 2.2. 
Below the bandgap, denoted as the transparent regime, the reileetion factor is higher because 
light is able to refiect on the back side of the silicon due to the low absorption coefficient. 
This also explains the why a part of the light is transmitted through the silicon layer. Around 
the bandgap there is obviously a transition area where both regimes are connected. 

In figure 5.3 the results of sample CS are shown. This unetched sample is best compared to 
the smoother etched sample CSE. In the opaque regime the refiection factor is lower because 



5.3. OPTICAL MEASUREMENTS 

0.9----
trans- opaque 

0.8 parent 

0.7 

0.6 
I: 
~ 0.5 
l-
ei 

0.4 

0.3 

0.2 

0.1 

8.5 

, .. ·· 
I. ·•·••···•·•··· :· '" " ' 

• 
' .. •• 
'• '• '• 

1.5 2 2.5 3 
Photon energy (eV) 

3.5 

0.9 

0.8 

0.7 

0.6 
I: 
~ 0.5 
1-
ei 

0.4 

0.3 

0.2 

0.1 

0 
4 0.4 

opaque transparent 

.............. ' 

.--·- ...... ---
' . . . . . . . . . ' . ' . . ' . ' . . . ' ' 

I I 

0.6 0.8 1 1.2 1.4 1.6 
Wavelength (J.tm) 

41 

Figure 5.2: Measured speetral refiection {dotted}, transmission {dashed} and absorption {solid} factors versus 
photon energy {left) and wavelength (right} of an alkaline etched sample {CSE). 

the untreated (rough) surfaces of this sample cause more light to be coupled in, in comparison 
to the smoother etched surfaces of sample CSE. In the transparent regime the scattering of 
light and incoupling due to the rough surfaces cause a higher absorption factor. As aresult 
less light reaches the back side of the silicon and the transmission factor is decreased consid
erably. The reileetion factor is slightly decreased as well. 

In figure 5.4 sample CST is shown with the textured surface on the non-irradiated side. In 
the opaque regime there is no appreciable difference with sample CS, which makes sense be
cause the light is not able to reach the textured surface and has no infiuence in transmission 
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Figure 5.3: Measured speetral refiection { dotted}, transmission ( dashed} and absorption {solid} factors versus 
photon energy {left) and wavelength (right} of an unetched sample (CS). 
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Figure 5.4: Measured speetral refiection {dotted), transmission {dashed) and absorption (solid) factors versus 
photon energy {left) and wavelength (right) of a textured sample {CST) with the untextured surface irradiated. 

or refl.ection. In the transparent regime the absorption is lower, which does not agree with 
results of sample CS and CSE. 

In figure 5.5 sample CST is shown with the textured surface on the irradiated side. In the 
opaque regime the refl.ection factor is lower because of the textured surface and as a result 
the absorption is higher. In the transparent regime approximately the same effect is visible 
as with the textured surface on the back side because for both cases the textured surface is 
reached by the light and thus infl.uences the refl.ection, absorption and transmission factors. 
For comparison reasons, in table 5.2 the absorption factors for the alkaline etched sample 
CSE, unetched sample CS and textured sample CST are shown just above and just below the 
bandgap. 

Table 5.2: Infiuence of roughness on the absorption factor below and above the bandgap. 

Name 
CSE 
CS 
CST (untextured surface irradiated) 
CST (textured surface irradiated) 

A(1 eV or 1.24 J.Lm) 
0.13 
0.31 
0.05 
0.05 

A(1.4 eV or 0.89 J.Lm) 
0.70 
0.75 
0.75 
0.81 

In the opaque regime, increasing surface roughness increases the absorption factor. Note that 
A is identical for sample CS and CST (untextured surface irradiated), as expected. Further
more, it is remarkable that in the transparent regime sample CST has a low absorption factor. 

Infiuence of antirefiection coatings 
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Figure 5.5: Measured speetral reflection {dotted), transmission {dashed) and absorption (solid) factors versus 
photon energy (left) and wavelength (right) of a textured sample (CST) with the textured surface irradiated. 

In figure 5.6 the results of a sample with an AR coating is shown. The AR coating on the 
alkaline etched sample CSEA is optimized for approximately 1.5 eV (0.8 J1m), which means 
that the refl.ection factor is almost zero at this photon energy. Consequently, at approxi
mately the double photon energy constructive interference occurs and the absorption factor 
is 0.58, which is the same as for sample CSE (without AR coating) at that photon energy, 
as could be expected from section 2.4 and figure 2.6. In the transparent regime the refl.ection 
factor is almost halved in comparison to sample CSE, the absorption has more than doubled 
and the transmission has slightly increased, which is caused by the presence of the AR coating. 
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Figure 5.6: Measured speetral reflection {dotted), transmission {dashed) and absorption (solid) factors versus 
photon energy {left) and wavelength {right) of an etched sample with ARC {CSEA). 
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Figure 5. 7: Measured speetral reflection ( dotted) and absorption (solid) factors versus photon energy {left) and 
wavelength (right) of an etched sample with ARC and back contact (CSEAB). 

Influence of back contact and top grid 

Figure 5. 7 shows the results of the alkaline etched samplewithAR coating CSEAB, which has 
an aluminum back contact. Because aluminum is opaque for the entire solar spectrum, the 
transmission factor is zero. In the opaque regime there should be no difference with samples 
without back contact, because no light is able to reach the back contact. Remarkable is the 
fact that the refl.ection is not reduced to zero but to 4% at the destructive interference point. 
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Figure 5.8: Measured speetral reflection {dotted) and absorption (solid) factors versus photon energy {left) and 
wavelength (right) of an etched sample with ARC, back contact and top grid (CSEABG). 
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Figure 5.9: Measured spectmlreflection {dotted) and absoTption (solid) jactors versus photon energy {left) and 
wavelength {right) of a textured sample with ARC, back contact and top g'f'id (CSABGT). 

This might be caused by a less than optimal refractive index for the AR coating as can be 
understood from figure 2. 7. 
In the transparent regime the refl.ection is slightly increased in comparison to the sample with 
AR coating but without back contact CSEA, but this is not necessarily caused by the refl.ect
ing aluminum. It might be the result of the AR coating, which has its refl.ection minimum 
at higher photon energy than sample CSEA and therefore is less effective in reducing the 
refl.ection factor in the transparent regime. The absorption factor is increased considerably, 
which is partly caused by absorption in the aluminum and partly by absorption in the silicon 
of light refl.ected on the silicon/ aluminum interface. The silicon/ aluminium interface is in 
fact a rough transition region, which causes light to be scattered and therefore increases the 
absorption factor. 
In figure 5.8 the results of an alkaline etched samplewithAR coating, back contact and top 

grid CSEABG is shown. The top grid ( approximately 6 % of the surface) refl.ects almast all 
irradiance and therefore, the average refl.ection factor is approximately 5 % higher and the 
absorption factor is consequently lower. 

Figure 5.9 shows a complete crystalline silicon cell with a textured top surface. In the opaque 
regime the refl.ection factor is slightly lower than the sample without texture as expected. 
In the transparent regime this effect is much larger because the scattering effect of the tex
tured surfaces increase the average optical path, which causes much more infrared light to be 
absorbed. 

Amorphous silicon cells 

In this section the two measured amorphous silicon cells, described insection 4.6, are shown. 
In figure 5.10 the cell without back contact is shown. The bandgap is visible at approxi
mately 1. 75 e V/ 0. 7 11m as a sharp increase in the absorption factor. Furthermore, interference 
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Figure 5.10: Measured speetral reflection {dotted), transmission {dashed) and absorption (solid) factors versus 
photon energy {left) and wavelength {right) of the amorphous silicon sample with textured TCO without back 
contact. 

patterns are visible, caused by the amorphous silicon layer and the TCO. For high photon 
energiesishort wavelengths the interference oscillations are much reduced, which can be ex
plained by increased absorption of the silicon (in the opaque regime interference only occurs 
in the TCO) as wellas limited coherence lengthof the light souree (section 2.4.2). The high 
absorption factor at low photon energies/high wavelengths is caused by the TCO, which is 
absorbs infrared irradiance. 
In figure 5.11 the sample with back contact is shown. Obviously, the transmission factor is 
zero for the sample with back contact. As a result, the absorbtion and refl.ection factor are 
higher in the transparent regime. 
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Figure 5.11: Measured speetral reflection {dotted) and absorption (solid) factors versus photon energy (left) 
and wavelength (right) of the amorphous silicon sample with textured TCO and back contact. 



5.3. OPTICAL MEASUREMENTS 47 

5.3.2 Simulations 

Crystalline silicon cells 

In this section the measured absorption factors are simulated using the optical model presented 
in chapter 2. The simulations will be presented in the same order as the results of the 
measurements in the previous section. Only the absorption factor is shown to keep the 
figures clear and simple. 

lnfiuence of surface roughness 

In figure 5.12 the absorption factor is shown for an etched sample (CSE). The only degree 
of freedom for the simulation is the roughness parameter m of both surfaces of the silicon. 
As mentioned in section 2.5.2, the Phong model describes the scattering of the reflected or 
transmitted light, but does not influence the reflection ( or transmission) coefficient of an in
terface. Therefore the absorption factor cannot be influenced in the opaque regime because 
penetration depth of the light is much smaller than the thickness of the silicon layer. There
fore, thickness does not limit the the absorption factor. In fact, the absorption factor in the 
opaque regime is only determined by the reflection factor of the irradiated interface. For this 
sample the simulated absorption factor is mostly slightly lower than the measured absorption 
factor. The differences can be caused by small differences between the actual refractive index 
and absorption coefficient and the ones used in the model. Another cause for too low absorp
tion factors could be that light incoupling, which occurs with textured surfaces and reduces 
the reflection factor, is not incorporated in the simulation model. In the transparent regime, 
m = 40 is chosen to match the simulated absorption factor with the measured. 

In figure 5.13 the measured and simulated absorption factors of an unetched sample (CS) 
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Figure 5.12: Measured speetral absorptionfaetor {solid) and simulated speetral absorptionfaetor {dotted) versus 
photon energy {left) and wavelength {right) of an etehed sample (CSE). 
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Figure 5.13: Measured speetral absorption factor (solid) and simulated speetral absorption factor ( dotted) versus 
photon energy (left) and wavelength (right) of an untreated sample (CS). 

are shown. The higher roughness of the surface compared to the etched sample causes more 
light incoupling, which makes a good simulation in the opaque regime impossible. In the 
transparent regime, the absorption factor is described well when m = 20 for both surfaces. 

Figures 5.14 and 5.15 show the results of a textured sample CST irradiated from the un
textured and textured surface respectively. Because enhanced light incoupling cannot be 
simulated, the simulated absorption factor is too low. When the textured surface is irradi
ated, the simulation is even less accurate as more light is coupled in. In the transparent regime 
the absorption factor can be well simulated with m = 100 for the untextured and m = 75 for 
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Figure 5.14: Measured speetral absorptionfactor (solid) and simulated speetral absorptionfactor (dotted) versus 
photon energy (left) and wavelength (right) of a textured sample with the untextured surface irradiated (CST). 
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Figure 5.15: Measured speetral absorptionfactor {solid) and simulated speetral absorptionfactor {dotted) versus 
photon energy (left) and wavelength {right) of a textured sample with the textured surface irradiated (CST). 

textured surface. These roughness parameters represent relatively smooth surfaces compared 
to the other samples, but this agrees with the measurements of this sample. 

Infiuence of antirefiection coatings 

In figure 5.16 the results of an alkaline etched sample with AR coating are shown (CSEA). 
The thickness of the AR coatings is chosen such that the destructive interference peaks are 
aligned. The constructive interference peak, where the wavelength is twice the optical thick-
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Figure 5.16: Measured speetral absorptionfactor (solid) and simulated speetral absorptionfactor (dotted) versus 
photon energy {left) and wavelength {right) of a sample with ARC (CSEA). 
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Figure 5.17: Measured speetral absorptionfactor (solid) and simulated speetral absorptionfactor (dotted) versus 
photon energy (left) and wavelength (right) of a sample with ARC and back contact (CSEAB). 

ness of the AR coating, at approximately 3 eV (0.4 J..lm) is simulated at a slightly higher 
photon energy /shorter wavelength than the measurement. This can occur when the actual 
refractive index of the AR coating differs slightly from the refractive index used in the simu
lations. This is explained in appendix A. In the transparent regime m = 20 for both surfaces 
describes the measured absorption factor well. 

Infiuence of back contact and top grid 

Figure 5.17 shows the simulated and measured absorption factor for the etched sample with 
AR coating and back contact (CSEAB). In the opaque regime similar results are achieved as 
the coated samples without back contact, as expected. In the transparent regime the absorp
tion factor can be described with m = 20 for the up per surface (like the previous samples) 
and m = 5 for the silicon/ aluminium interface. This interface has to be simulated with such 
a low roughness parameter because the interface is very rough. 

In figure 5.18 the simulated and measured absorption factor of a alkaline etched sample with 
AR coating, back contact and top grid is shown (CSEABG). The addition of the grid is simu
lated by combining the simulated absorption factor of an air/silver interface and the simulated 
absorption factor of the sample without the grid. Both absorption factors are weighed pro
portionally to their respective surface areas. 
The complete sample with texture CSABGT is shown in figure 5.19. In the opaque regime 

the simulated absorption factor is too low, which is caused by the lack of light incoupling in 
the model. In the transparent regime, the Phong model is not sufficient to describe the ab
sorption factor as well. This might be caused by the fact that there are two textured surfaces 
in this sample where light incoupling occurs, which makes it impossible to simulate it with 
only the Phong model. 
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Figure 5.18: Measured speetral absorptionfactor {solid) and simulated speetral absorptionfactor {dotted) versus 
photon energy {left) and wavelength (right) of a sample with ARC, back contact and top grid (CSEABG). 
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Figure 5.19: Measured speetral absorption factor {solid) and simulated speetral absorption jactor ( dotted) ver
sus photon energy {left) and wavelength (right) of a textured sample with ARC, back contact and top grid 
(CSABGT). 

Amorphous silicon cells 

Although little information is known about the exact properties of the configurations and 
the used materials of the amorphous silicon samples, very good results are achieved as can 
be seen in figures 5.20 and 5.21. The interference oscillations are not exactly described by 
the simulation, because the position of these peaks is very sensitive to the thickness of the 
layers where the interference occurs. Furthermore, the simulation shows interference for high 
photon energies/short wavelengths, in contrary to the measurement. This happens because 
in the model the absolute thickness of a layer is the criterion to treat a layer as a coherent 
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Figure 5.20: Measured speetral absorption factor {solid) and simulated speetral absorption factor ( dotted) versus 
photon energy (left) and wavelength {right) of the amorphous silicon sample with textured TCO without back 
contact. 

or incoherent layer, which means that in this case the layers are treated as coherent layers 
for the entire spectrum, where interference might only occur for low photon energies/long 
wavelengths. The texture of the samples is described with m = 1 and m = 3 for the sample 
with back contact and the sample without back contact respectively. 
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Figure 5.21: Measured speetral absorptionfactor (solid) and simulated speetral absorptionfactor {dotted) versus 
photon energy {left) and wavelength (right) of the amorphous silicon sample with textured TCO and back 
contact. 



Chapter 6 

Discussion 

6.1 Optica! model 

The presented optical model is validated for two types of silicon solar cells. It is possible to 
simulate both types well except when surface texture is implemented. Although the model of 
Santbergen [10] includes the Phong model which describes surface roughness, a shortcoming 
of this model is that is does not describe enhanced incoupling of light by texture. This means 
that a textured interface reflects the same amount of light as a smooth interface. Especially 
for opaque media this is a limitation of the model, because in these media the absorption 
factor is not determined by the path lengthof the light, but by the intensity of the irradiance 
that is not reflected by the irradiated surface. 
Although the simulation results are excellent, they were not completely predicted, but partly 
fitted to the measured data. The surface roughness parameter m of the Phong model and 
the thickness of the AR coating were adapted to match simulated absorption factor to the 
measured ones. In case of the AR coatings it is plausible to state that the thicknesses used 
in the simulations resembie the actual thicknesses. However, when simulating the surface 
roughness, in many cases an unphysical low surface roughness parameter was chosen to fit 
the absorption factor in semi-transparent regions. This is done to compensate for a too high 
simulated reflection coefficient of a textured interfaces. 

6.2 Absorption measurements 

The accuracy of the thermally measured absorption factors is limited by a number factors. 
Random errors are generated by measurement noise, and forced convection caused by the 
cooling fans in the experimental setup. Systematic errors arise from the data processing pro
cedure and variations in the ambient temperature, and cause the error margin to be very 
large. 
Another uncertainty is the light source. It is not yet known what the influence of ageing of 
the lampsis on the irradiance. Furthermore, as can beseen in figure 4.4 that the spectrum of 
the lamps has a sharp peak at approximately 1. 7 e V and as a result the measured absorption 
factor of semiconductors, which have their bandgap in the same region, is very sensitive to 
the exact location of this peak. Therefore it is necessary to have exact knowledge of the shape 
of the spectrum of the lamps. 
Furthermore, the angle of the incident irradiance is in case of the measurement not exactly 
zero. As can be seen in figure 2.2 this angle is of influence on r, but because the irradiance 
angles in the experimental setup are much smaller than the angles where the influence on r 
becomes large, this effect can be neglected. 
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6.3 Comparison of the results 

In this section the optically obtained and thermally obtained absorption factors are compared. 

Thermal vs optica! measurements 

The first two columns of table 6.1 show A thermally and optically, integrated over the spec
trum of the light souree of the thermal experimental setup, measured. The optically measured 
values of A are within or on the edge of the error margins of the thermally measured ones 
for almost all samples. The fact that the thermally obtained A is very sensitive to variations 
in the ambient temperature during the thermal measurements is an explanation for the large 
differences. The most reliable thermal measurement is the black aluminium sample, because 
it has a wavelength insensitive absorption factor of 0.95 for the entire spectrum, which means 
that the difference between the two measurements is not caused by inaccurate data for the 
lamp spectrum. Because the error margins of the optical measurements a much smaller, these 
measurements can be used to calibrate the thermal ones. 

Table 6.1: Thermally and optically measured absorption factors and the simulation of the absorption and 
transmission factor of the optically measured samples. 

Name A therm Aapt(IRC) Aapt A sim Tapt Tsim 
CSE 0.48- 0.69 0.62 ± 0.02 0.54 ± 0.02 0.52 0.09 0.10 
CS 0.47- 0.66 0.69 ± 0.02 0.63 ± 0.02 0.55 0.06 0.08 
CST rough. not irrad. - - 0.59 ± 0.02 0.50 0.08 0.12 
CST rough. irrad. - - 0.65 ± 0.02 0.50 0.08 0.12 
CSEA 0.60- 0.83 0.84 ± 0.02 0.74 ± 0.02 0.72 0.09 0.09 
CSEAB - - 0.83 ± 0.01 0.83 - -
CSEABG 0.64- 0.89 0.76 ± 0.01 0.73 ± 0.01 0.73 - -
CSABGT - - 0.85 ± 0.01 0.80 - -
CSEAP 0.53- 0.75 0.78 ± 0.02 0.70 ± 0.02 0.66 0.09 0.09 
CSEABP 0.62- 0.87 0.82 ± 0.01 0.76 ± 0.01 0.74 - -
AS - - 0.66 ± 0.02 0.63 0.19 0.21 
ASB - - 0.82 ± 0.01 0.82 - -
Black aluminum 0.80- 1.00 0.95 ± 0.01 0.95 ± 0.01 - - -

Optica! measurements vs simulations 

In the last four columns of table 6.1, the optically measured values of A and T are shown 
as wellas the simulated values basedon these measurements, all integrated over the AM 1.5 
spectrum. As becomes clear from chapter 5 the model is able to describe A, Rand T very 
well for all samples, except when textured surfaces are applied, where the simulations show 
lower values forA compared to the measurements. This emphasizes the need to implement 
enhanced light incoupling in the simulation model. It must be noted that when the results of 
the crystalline silicon samples are compared, the infiuence of the thickness of the AR coatings 
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has to be taken into account, because this has a large influence on the obtained absorption 
factors. 
The measured values of A, RandT of the amorphous silicon samples with (ASB) and without 
back contact (AS) are well simulated, although textured surfaces are applied in these samples. 
In these cases the lack of light incoupling in the model can be compensated by a very low 
roughness parameter m. 

Application in PV /T combi-panels 

For the application in PV /T combi-panels the current optimal samples can be improved us
ing the optimal configurations in chapter 4. Of the tested crystalline silicon samples has 
CSABGT has the highest absorption factor and is therefore the most suitable starting point 
for impravement for application in a single absorber PV /T combi-panel. When the simula
tion of this sample is adapted with a graphite back contact, which according to table 3.1 can 
potentially yield the highest value for A, an impravement of 2 % is possible which means A 
of the adapted sample CSABGT could in the optimal case be 87 %, of which approximately 
15 % will be converted to electricity. Figure 3.3 shows that adapting the AR coating will not 
increase A appreciably because the coating is currently 0.075 t-tm thick. For further increase 
of A multiple AR coatings could used as described in section 2.4.4. 
From table 3.2 could already be concluded that crystalline silicon solar cells are not very suit
able for application in PV /T combi-panels with a separate absorber, because T is relatively 
low. The results presented in table 6.1 confirm this. 
The amorphous silicon sample with aluminium back contact already has a value for A of 
82 %, but when the simulation of A of this sample is adapted with a graphite back contact, 
A becomes 91 %. It must be noted that the simulated electrical efficiency drops from 8.0 % 
to 7.6 % by this adaption. The thermal absorption factor will then be approximately 83 % 
when the solar cell is switched on. 
The amorphous silicon sample without back contact has a measured value for A that resem
bles the optimal simulated amorphous silicon solar cell with similar surface roughness in table 
3.4. However, the used configurations differ on essential points. The measured sample does 
not make use of an AR coating, but uses the TCO to reduce R. The used TCO, Sn02 , is 
absorbs a significant part of the irradiance with Eph < b..E9 and that makes this kind of 
amorphous silicon sample less suitable for PV /T combi-panels with a separate absorber. 



Conclusions and recommendations 

Conclusions 

The previous optical model [12] was expanded. The complex index of refraction is imple
mented, the model for simulation of AR coatings is expanded and improved and the calcula
tion algorithm is improved. A model to predict the electdeal efficiency of amorphous silicon 
solar cells is implemented as well in the model. In the model developed by Santbergen [10] 
surface roughness is implemented as well. 
The developed optical model was validated using optically measured speetral absorption fac
tors of a range of cell samples among which crystalline and amorphous silicon samples. The 
model is able to accurately describe A(Eph) R(Eph) and T(Eph) for complex cell configura
tions including thin layers that cause interference. The infiuence of textured surfaces on A 
can bedescribed using the Phong model, as long as no enhanced light incoupling occurs. 
An accurate method to obtain the absorption factor using both the heating and cooling curve 
of a cell sample obtained with the thermal experimental setup is developed. The method used 
to determine the currently presented thermally measured absorption factors is less accurate. 
It is shown that the currently existing crystalline silicon solar cells are suitable for implemen
tation in single absorber PV /T combi-panels. The textured sample with contact grids and 
AR coating (CSABGT) has an absorption factor of 85 % and by applying a graphite back 
contact this could become 87 %. The application of an advanced top contact grid, like a 
PUM, and multiple AR coatings are ways to further imprave A. 
In theory amorphous silicon solar cells are suitable for application in PV /T combi-panels with 
a second separate absorber, because more than 50 %of the irradiance can be transmitted. In 
practice T will be much lower due to the implementation of textured surfaces, which increases 
A and therefore 'rle· The measured amorphous silicon samples make use of a TCO which ab
sorbs infrared light and are therefore less suitable for two absorber PVT combi-panels. The 
absorption factor of the sample with full area back contact, that has an absorption factor of 
82 %, could be improved to 91 % by applying a graphite back contact, which makes it very 
suitable for single absorber PV /T combi-panels. 

Recommendations 

For future research, the following recommendations are made: 

• To obtain a more accurate A with the thermal setup, the presented data processing 
procedure should be used and already known error sourees as the uncertainty of the 
lamp spectrum and the infiuence cooling air should be eliminated. 

• Enhanced light incoupling by texturization has to be implemented in the model. At 
this point the lack of this feature is the largest limitation of the optical model. 

• Practical feasibility of the suggested solar cell configurations has to be tested. 
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Appendix A 

Better than optima! coatings 

As mentioned in section 2.4 there is an optimal refractive index for AR coatings nARC = 
y'1ïï7ï2. But in practice, a coating that obeys this condition for every photon energy in the 
domain of the solar spectrum does not necessarily perform better over the entire solar spec
trum. This can occur when the refractive index of the substrate is increasing with increasing 
photon energy, which is the case for ( amorphous) silicon. This effect is caused by the destruc
tive interference in the AR coating. In figure A.1 r(Eph) is shown for an interface between air 
and a substrate with a refractive index increasing linearly from 3 at 0 e V to 5 at 5 e V with an 
AR coating that has the optimal refractive index and with an AR coating with n = 2, which 
is only the optimal refractive index at 2.5 eV. Because nARCis in the phase factor (equation 
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Figure A.l: Refiection coefficient of an interface with a substrate with increasing n 

2.26), the wavelengths or photon energies where destructive and constructive interference oc
curs are iniluenced when varying n. For the shown case this means that the regime where 
destructive interference occurs is narrowed when nARC is chosen 'optimal'. As a result the 
total reileetion integrated over the AM 1.5 spectrum is 12.64 % for the 'optimal' AR coating 
and 11.62 % for the AR coating with nARC = 2. Apparently the negative effect of the less 
than optimal nARC at high and low photon energies is compensated by the wider destruc
tive interference area in comparison to the 'optimal' coating. An even lower reileetion may 
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be achieved when an AR coating is chosen with a decreasing nARC with increasing photon 
energy. 
This effect can especially be very useful when the photovoltaic cell with AR coating is imple
mented in PV /T panel, because for this purpose a high absorption factor over a large part of 
the solar spectrum is desirable. 



Appendix B 

Error analysis of the thermal 
determination of A 

The exponential fits used to determine the absorption factor are given by: 

in the case of heating and 

(B.1) 

(B.2) 

in the case of cooling. Because an exponential fit like equations B.1 and B.2 is in fact the an
alytica! salution of the linearized energy balance ( 4.1), the infiuence of this simplification can 
be quantified. This is clone by determining the irradiance in case of black absorber (Ac= 1), 
as shown insection 4.2.2, from the heating and cooling curves (the numerical salution of the 
energy balance) as well as from the exponential fits made from these numerical solutions. 
Both calculated irradiances should be the same as the input irradiance. 

Numerical solution and exponential fit 

The energy balance (equation 4.1) is solved numerically with a Matlab ODE solver, using a 
black aluminium plate to determine values for the constants. Furthermore, an irradiance of 
1000 W /m2 is chosen because this is the irradiance used in the experimental setup. From 
these curves exponential fits are made using the least squares method. Figure 4.2 (left) shows 
that the exponential fits seem to follow the numerical salution very well, but from figure B.1 
(right), which shows ~I versus T, becomes clear that there are essential differences. It can be 
seen that the exponential fit behaves the same as the numerical salution when I OJ; I is small, 
but for the largest values of I ~I I the exponential fit has significantly larger values for ~I. 
Using equation 4.4 the irradiance based on the numerical salution was found to be approxi
mately 1000 W /m2 (figure B.2). However, the irradiance basedon the exponential fits varies 
from approximately 1050 W /m2 at the ambient temperature to 950 W jm2 at the maximum 
temperature. When the irradiance is averaged over the entire temperature domain, values of 
1000.1 W /m2 and 1000.9 W /m2 are found for the numerical salution and the exponential fit 
respectively. Because the errors that occur in the exponential fit of the heating and cooling 
curve cancel out each other, an accurate value for the irradiance, and thus as well for Ac, can 
be obtained using this method. 
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Figure B.l: Numerical salution of the energy balance {solid) and exponentials fits of this salution ( dashed) 
for the heating and cooling of a black aluminum sample {left) and ~~ of this numerical salution and of the 
exponential fits (right) 
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Figure B.2: The irradiance calculated from the heating and cooling curve of the numerical salution (solid) and 
the exponentials fit { dashed) for the heating and cooling of a black aluminum sample 


