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1 Introduction 
Nowadays a wide variety of technologies are under development to re-

duce the manufacturing costs of solar cells. For crystalline silicon solar cells on 
of the most obvious solutions is the reduction of the amount of the used silicon, 
e. g. the reduction of wafer thickness. The International Technology Roadmap 
for Photovoltaics (ITRPV) predicts a steady decrease in the cell thickness for 
the next decade. Due to their predictions for some technologies the thinnest 
wafer thicknesses will reach 20 µm in industrial scale production (Figure 1). 

 
Figure 1: Prediction of the wafer thickness of crystalline silicon solar cells till 20241 

In the last years numerous solar cell structures and wafer manufacturing 
processes were developed that targeted the decrease of the consumption of so-
lar grade silicon. In these structures the thickness of the photoactive layer is 
much thinner than in conventional solar cell structures. Thus the question 
arises, how this thin photoactive layer affects the temperature dependence of 
the cell parameters. 

 

                                                           
1 Source: International Technology Roadmap for Photovoltaic (2014) 
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1.1 Research goals 

The main goal of my research was to investigate, how the decrease of the 
photoactive layer thickness influences the parameters of the solar cell. 

My secondary goal was to give a new approach to the issue of the tem-
perature dependence of solar cells. The temperature dependence of the solar 
cell parameters is regarded as an unavoidable but disadvantageous feature of 
photovoltaic devices, and not as a design parameter. In my thesis I investigate 
the effect of a certain technological parameter – the thickness of the photoactive 
layer – on the temperature dependence of the solar cell parameters. Thus my 
thesis is based on the assumption that the temperature dependence of the cell 
parameters can be influenced by technological means. By using this new ap-
proach for the analysis of the basic issue of my thesis I hope to make a contri-
bution to new solar cell design approaches where the optimization of the solar 
cell structures fully incorporates the temperature dependence of the cell pa-
rameter. 

2 Sample types and investigation methods 
The effect of the photoactive layer thickness on the solar cell parameters 

was investigated on two different types of samples. One type was a monocrys-
talline silicon solar cell structure with photoactive layer thicknesses between 
10 and 31 µm. These cells were manufactured by a self-developed sample pro-
cessing technology. The second type were microcrystalline silicon solar cells 
with a photoactive layer thickness between 2 and 6 µm manufactured by the 
Institute of Microtechnology of Neuchatel. 

My research was based mainly on two measurement techniques, and the 
evaluation of the data acquired from these measurements. The temperature de-
pendent current voltage characteristics and spectral responses of the samples 
were obtained by a self-developed measurement setup in the temperature 
range of 10-85 °C in steps of 1 °C. The current voltage characteristics of the 
samples were measured in the light intensity range of 200-1400 W/m2 with 
steps of 200 W/m2. 

Curves resembling the Lambert’s W-function based explicit form of the 
single diode model were fitted to the measurement data at each temperature 
step and from the curve fitting the parameters of the single diode model were 
derived (photocurrent, saturation current, ideality factor, series and shunt re-
sistance). Thus the temperature dependence of the cell parameters were deter-
mined. The effect of the photoactive layer thickness was analysed by the com-
parison of the temperature dependences. 
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3 New scientific results 
The new scientific results included in my dissertation can be summa-

rized in four theses. The first two theses are related to the sample preparation 
methods and measurement procedures connected to the examinations. The 
third thesis is about the conclusions derived from the measurements, while the 
fourth thesis contains a new solar cell model that includes temperature and 
light intensity dependence. 

3.1 I. thesis – Sample preparation process 

I have combined known technology steps to create a process for manufacturing 
crystalline silicon solar cells that only differ in their photoactive layer thickness. 
The prepared samples are suitable to investigate the effect of the photoactive 
layer thickness on the parameters of the solar cell. The essence of the sample pro-
cessing method is that all of the samples are fabricated on the same wafer using 
the same processing steps. With this the variation of the raw material and the 
differences in the reproducibility of the processing technology can be eliminated. 
The different photoactive layer thicknesses are achieved with the local thinning 
of the wafer. One of the two main advantages of the process is on one hand, its 
flexibility – which means that the main steps (p-n junction, metallization, local-
ized thinning) can be realized by different available fabrication technologies – 
and on the other hand the possibility to realize photoactive layer thicknesses 
down to 10 µm without the problems of handling thin or ultrathin silicon wafers 
by appropriate epitaxial wafers are used. [J1, C1, C2, C4] 

By using the developed sample preparation process specific solar cells 
with thin photoactive layer can be fabricated which differs from each other only 
in the means of photoactive layer thickness. The sample preparation process is 
based on the EpiWE (Eptaxial Wafer Equivalent) concept developed by Fraun-
hofer ISE and uses a strongly doped base wafer with a weakly doped epitaxial 
layer. The different photoactive layer thicknesses can be formed by etching 
back the epitaxial layer locally. Due to the strong doping, the minority carrier 
lifetime of the substrate is low, so it does not contribute to the photocurrent. 
Other effect of the strong doping is that a back scattering field is formed on the 
backside of the wafer, which is a typical feature of many industrial crystalline 
silicon solar cell. The flow chart of the sample preparation process can be seen 
in Figure 2.  

The etching back of the epitaxial layer on the prepared samples was per-
formed with tetramethyl-ammonium hydroxide (TMAH) solution, using ther-
mal oxide as the masking layer. The p-n junction was formed using a two-step 
diffusion and evaporated aluminium was used for metallization. 
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Figure 2. The flow chart of the developed sample preparation process 
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3.2 II. thesis – Determination of the spectral response 
of solar cells with high series resistance 

I have developed a new measurement method to determine the spectral 
response of solar cells with high series resistance. The essence of the procedure is 
the measurement of the full solar cell characteristics - by using appropriate re-
verse bias voltage - instead of measuring only the short-circuit current. By fitting 
the Lambert’s W function based explicit form of the single diode model on the 
measured current-voltage characteristics, the photocurrent of the solar cell sam-
ple can be determined as one of the curve fitting parameters. Hereafter the spec-
tral response of the solar cell can be calculated based on the determined photo-
current. The procedure can also be used for solar cells with non-negligible parallel 
parasitic resistances. 

According to the IEC 60904-9 standard, to determine the spectral re-
sponse, the short-circuit current is measured. The results are compared to in-
cident light intensity at each wavelength. If the series resistance of the solar cell 
are not negligible than this resistance can distort the results if the standard 
measurement procedure is used. If the effect of the parallel resistance of the 
solar cells is assumed as negligible the following formula can be given for the 
short-circuit current: 

𝐼𝑆𝐶 = 𝐼𝑝ℎ − 𝐼0 (𝑒
𝐼𝑆𝐶𝑅𝑠
𝑛𝑈𝑇 − 1) 

It can be seen that if the series resistance is negligibly low then the short-
circuit current is identical with the photocurrent. However, if there is signifi-
cant voltage drop caused by the series resistance then in short-circuit a voltage 
of 𝐼𝑆𝐶 ∙ 𝑅𝑠 will drop across the parallel p-n junction which causes an exponential 
depedency between the current of the p-n junction and the series resistance 
and the short-circuit current. Because this current component flows through 
the diode we will receive a current decreased by this component as the short-
circuit current instead of the photocurrent. It can be seen from the formula that 
with increasing short-circuit current the current loss through the p-n junction 
increases exponentially. Thus the difference between the short-circuit current 
and photocurrent will increase, so the short-circuit current will increase with 
less linearity compared to the photocurrent and the irradiated power. 

In case of the samples where the photocurrent shows high temperature 
dependence in at least one part of the investigated spectrum, the series re-
sistance can distort the temperature dependence of the spectral response, be-
cause the current of the p-n junction will increase together with the short-cir-
cuit current. In addition the saturation current also increases with the 
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temperature, thus the series resistance can distort the measurement results ad-
ditionally through the saturation current. 

If during the spectral response measurement instead of the short circuit 
current the entire current-voltage characteristics of the solar cell is measured 
and the voltage range is extended to appropriate negative values, the photocur-
rent can be determined by fitting the Lambert’s W-function based explicit form 
of the single diode model on the measured results. Practically, the series re-
sistance gives a lower bound to the operation point of the solar cell, which 
means that the ideal solar cell characteristics – without series resistance – is 
shifted to the left by a value of 𝐼 ∙ 𝑅𝑠. The p-n junction of the solar cell cannot 
reach the short-circuit state because the p-n junction’s voltage will be always 
higher by a value of 𝐼 ∙ 𝑅𝑠 than the terminal voltage of the device. Thus there 
will be a current through the p-n junction, even if the terminals of the cell are 
in short circuit. Thus in case of 0 V bias, the solar cell can only supply a specific 
amount of short-circuit current which is less than the photocurrent (intersec-
tion of the blue lines and the y-axis in Error! Reference source not found.). 

If the supplied voltage on the solar cell terminals is decreased further 
into the negative bias range, then the potential difference between the positive 
pole of the p-n junction and the positive terminal of the solar cell will remain 
due to the current of the series resistance, but if the voltage decreases below 
−𝐼𝑝ℎ ∙ 𝑅𝑠 the p-n junction gets reverse biased. This means that the total photo-

current will appear at the output of the solar cell (blue curves between -0.6 and 
-0.8V in Error! Reference source not found.). 

 
Figure 3: Effect of the series resistance on the solar cell characteristics 

As long as the parallel resistance of the solar cell is negligible, the solar 
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𝐼𝑝ℎ  value will stay constant despite any further increase of the reverse bias volt-

age. In this case instead of the curve fitting a special measurement technique 
can be applied, where the current of the solar cell is measured when it is sup-
plied by sufficiently high voltage or the reverse bias voltage applied on the ter-
minals of the solar cell is increased to the point where the current of the solar 
cell becomes constant within a certain error margin. 

If the parallel resistance cannot be neglected, current will flow through 
the 𝑅𝑠ℎ parallel resistance even at negative biasing. As a consequence, the cur-
rent of the solar cell is going to be as follows: 

𝐼 =
𝑈

𝑅𝑠ℎ + 𝑅𝑠
+ 𝐼𝑝ℎ

𝑅𝑠ℎ
𝑅𝑠ℎ + 𝑅𝑠

 

It can be seen that the current will not be constant even at voltages lower 
than −𝐼𝑝ℎ𝑅𝑠 (red curve on Error! Reference source not found.), but will still 

depend on the voltage. So when the parallel resistance cannot be neglected then 
the accurate determination of the photocurrent can only be achieved by curve 
fitting. 

3.3 Thesis III. – Investigation of temperature depend-
ent parameters 

I have found that the thickness of the photoactive layer influences the tem-
perature dependence of the short-circuit current, the photocurrent and the spec-
tral response of the investigated mono- and microcrystalline solar cells. I have 
given theoretical explanation for the observed effect. [J1, J2, C1, C2, C4] 

III.1 Subthesis 

I have found that the thickness of the photoactive layer influences the tem-
perature dependence of the short-circuit current, the photocurrent and the spec-
tral response of the investigated self-made single crystal solar cells. By decreasing 
the thickness of the photoactive layer the temperature dependence of the short-
circuit current and photocurrent increases. The decrease of the photoactive layer 
thickness also resulted in the increase of temperature dependence of the spectral 
response of the investigated samples above 650 nm. The cause of the increase of 
the temperature dependence originates from the temperature dependence of the 
absorption coefficient of silicon. When decreasing the thickness of the photoactive 
layers the solar cells cannot absorb a majority of the incident light at higher wave-
lengths. If the absorption coefficient of silicon increases with temperature, a 
higher fraction of the only partially absorbed light is absorbed, resulting in higher 
carrier photo generation. As the thickness of the photoactive layer increases, the 
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fractions of light that are only partially absorbed decrease. Thus the excess pho-
togeneration and photocurrent that is due to the temperature increase will de-
crease. In case of higher wavelengths, the temperature dependence increases with 
the wavelength, due to the lower absorption coefficient. 

Table 1: Average normalized temperature coefficients of the photocurrent for single crystal samples 

Average value of the normalized temperature coefficient of the photocurrent [%/°C] 

Light intensity 
Photoactive layer thickness of the sample 

10 µm 17 µm 24 µm 31 µm 

200 W/m2 0,28 0,27 0,25 0,23 

398 W/m2 0,27 0,27 0,25 0,24 

589 W/m2 0,27 0,26 0,25 0,24 

792 W/m2 0,27 0,26 0,24 0,24 

976 W/m2 0,27 0,26 0,24 0,23 

1118 W/m2 0,26 0,25 0,23 0,22 

1268 W/m2 0,26 0,25 0,23 0,22 

 

Figure 4: Spectral response of the self-made 24 µm cell at different temperatures. The increase of the 
temperature dependence at higher wavelengths is clearly visible 
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Table 2: Average normalized temperature coefficient of the spectral response for single crystal sam-
ples 

Average value of the normalized temperature coefficient of the spectral response 
[%/°C] 

Wavelength 
Photoactive layer thickness of the sample 

10 µm 17 µm 24 µm 31 µm 

443 nm -0,05 -0,06 -0,03 -0,01 

504 nm -0,06 -0,07 -0,05 -0,03 

531 nm -0,04 -0,05 -0,04 -0,03 

638 nm 0,06 0,05 0,04 0,03 

668 nm 0,10 0,07 0,05 0,05 

742 nm 0,24 0,20 0,17 0,16 

862 nm 0,54 0,51 0,49 0,47 

969 nm 0,82 0,86 0,87 0,86 

 

III.2 Subthesis 

I have found that the thickness of the photoactive layer of the investigated micro-
crystalline solar cells influences the temperature dependence of the spectral re-
sponse and the photocurrent. The temperature dependence of the spectral re-
sponse increases above 800 nm, but no significant dependence can be observed 
below 800 nm. By using wide spectrum - 400-1100 nm – illumination the temper-
ature dependence of the photocurrent increases together with the layer thickness 
of the photoactive layer. This can be explained by the increasing recombination 
losses in the absorber layer with increasing layer thickness. These recombination 
losses decrease also the current generated by shorter wavelengths, thus the 
shortwave parts of the spectrum that have a low temperature coefficient contrib-
utes less to the photocurrent, while the portion of the current components gener-
ated by longwave parts of the spectrum and having a high temperature depend-
ence get more significant. 

Table 3: Average normalized temperature coefficient of the photocurrent for microcrystalline sam-
ples  

 Photoactive layer thickness of the sample 

2 µm 3 µm 5 µm 6 µm 

Average value of the normalized 
temperature coefficient (%/°C) 

0,083 0,076 0,089 0,099 

Change over the full investigated 
range (%) 

6,33 5,78 6,84 7,56 
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Figure 5: Spectral response of the microcrystalline 5 µm cell. The increase of the temperature de-

pendence at higher wavelength is clearly visible. 

Table 4: Average normalized temperature coefficient of the spectral response for microcrystallline 
samples 

Average value of the normalized temperature coefficient of the spectral response 

[%/°C] 

Wavelength 

Photoactive layer thickness of the sample 

2 µm 3 µm 4 µm 5 µm 6 µm 

443 nm 0,01 0,01 0,04 0,04 0,03 

504 nm 0,01 0,00 0,03 0,03 0,01 

531 nm 0,01 0,00 0,07 0,03 0,01 

638 nm 0,02 0,01 0,07 0,02 0,01 

668 nm 0,03 0,02 0,03 0,02 0,01 

742 nm 0,05 0,05 0,05 0,05 0,04 

862 nm 0,15 0,13 0,09 0,10 0,11 

969 nm 0,34 0,28 0,26 0,23 0,23 

 

The spectral response of the microcrystalline solar cell structure only shows 
significant temperature dependence above 800 nm. Compared to the single 
crystal samples, the microcrystal samples have a smaller temperature depend-
ence. Both phenomenon can be explained by the higher absorption coefficient 
of the microcrystalline silicon. 
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3.4 Thesis IV. –Functional model setup 

I created a semi-empirical, functional solar cell model based on the single 
diode model that can be described with explicit mathematical expressions. The 
new model considers the temperature and light intensity dependence of the device 
through the temperature and light intensity dependence of the five parameters of 
the single diode solar cell model. Due to this the model has a modular structure, 
and the submodels of each parameter can be created independently. The model 
can be used for any devices which can be described by the single diode solar cell 
model. The only required inputs are the light intensity dependent current-voltage 
characteristics. The device structural and the material properties are not needed. 
[C5] 

The presented model can be given in the following closed mathematical form: 

𝐼 =
𝑅𝑠ℎ(𝐼𝑝ℎ + 𝐼0)

𝑅𝑠ℎ + 𝑅𝑠
−
𝑛𝑈𝑇
𝑅𝑠

𝑊(
𝑅𝑠𝐼0
𝑛𝑈𝑇

𝑅𝑠ℎ
𝑅𝑠ℎ + 𝑅𝑠

𝑒
𝑅𝑠ℎ(𝑈+𝑅𝑠ℎ(𝐼𝑝ℎ+𝐼0))

𝑛𝑈𝑇(𝑅𝑠ℎ+𝑅𝑠) ) −
𝑈

𝑅𝑠ℎ + 𝑅𝑠
 

𝐼0 = 𝑓1(𝑇, 𝐺) 

𝐼𝑝ℎ = 𝑓2(𝑇, 𝐺) 

𝑛 = 𝑓3(𝑇, 𝐺) 

𝑅𝑠 = 𝑓4(𝑇, 𝐺) 

𝑅𝑠ℎ = 𝑓5(𝑇, 𝐺) 

Where T is the temperature and G is the light intensity. The model de-
scribes the temperature and light intensity dependences of the device through 
the dependence of the parameters of the singe diode model. I have also devel-
oped submodels for the individual parameters of the single diode model. 

Assuming a linear light intensity dependence for the photocurrent and 
approximating the temperature dependence of its linear coefficients by higher 
order polynomials the photocurrent can be given by the following expression: 

𝐼𝑝ℎ = (∑𝑎𝑛

𝑛

0

𝑇𝑛)𝐺 +∑𝑏𝑛

𝑛

0

𝑇𝑛 

For the saturation current an exponential temperature dependence is as-
sumed, and with the approximation of the light intensity dependence of its co-
efficients by higher order polynomials the following submodel can be given: 

𝐼0 = (∑𝑎𝑛𝐺
𝑛

𝑛

0

) ∙ 𝑒∑ 𝑏𝑛
𝑛
0 𝐺𝑛∙𝑇 +∑𝑐𝑛

𝑛

0

𝐺𝑛 
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The submodel of the ideality factor can be given by assuming an expo-
nential temperature dependence and by approximating the light intensity de-
pendence of the coefficients of the temperature dependence by higher order 
polynomials, similarly to the submodel of the saturation current. However, in 
contrary to the saturation current, a negative exponential exponent is required 
in the submodel of the ideality factor: 

𝑛 = (∑𝑎𝑛𝐺
𝑛

𝑛

0

) ∙ 𝑒−∑ 𝑏𝑛
𝑛
0 𝐺𝑛∙𝑇 +∑𝑐𝑛

𝑛

0

𝐺𝑛 

As the temperature dependence of the series resistance seems linear, the 
submodel of the series resistance can be written by approximating the light in-
tensity dependence of the linear coefficients of the temperature dependence by 
higher order polynomials: 

𝑅𝑠 = (∑𝑎𝑛

𝑛

0

𝐺𝑛)𝑇 +∑𝑏𝑛

𝑛

0

𝐺𝑛 

In case of the shunt resistance a linear temperature dependence can be 
used, too. However, the approximation of the light intensity of the linear tem-
perature dependence coefficients by a negative exponent exponential gives bet-
ter results than the higher order polynomials: 

𝑅𝑠ℎ = (−𝑎1 ∙ 𝑒
−𝑎2∙𝐺 + 𝑎3)𝑇 + (𝑏1 ∙ 𝑒

−𝑏2∙𝐺 + 𝑏3) 

 

Figure 6: Comparison of the model and measured results of the 24 µm thick single crystal silicon cell 
at different temperatures under 976 W/m2 light intensity 
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The presented model gives a good fit to the measured results (Error! 
Reference source not found.). The error is below 5% in the examined temper-
ature and light intensity range. 

The model gives the full current-voltage characteristics of the device as 
a function of the temperature and light intensity. Thus it gives a full scale de-
scription of the behaviour of the device in contrary to the current practice 
where the temperature dependences of different cell properties are modelled 
separately. 

4 Exploitation of the results and outlook 

Temperature dependence as a design parameter 

One of the aims of my dissertation was to create a work which discusses 
the effect of the structural and technological realization of solar cells on the 
temperature dependence. I hope that by extending the investigation of the tem-
perature dependence on further technological parameters of solar cells I can 
contribute to forming a new design approach where the temperature depend-
ence is regarded as a design parameter in the design and optimization process 
of solar cells. 

Measurement of spectral response on samples with large se-
ries resistance 

The measurement procedure presented in my second thesis can be gen-
erally used for any kind of solar cells with large series resistance assuming that 
the device can be described with the single diode model of solar cells. If the 
generality of the method can be justified for solar cells of different technologies 
and with larger sample number, then the measurement method serve as an al-
ternative and facilitation to the currently used standard spectral response 
measurement technique that also simplifies the evaluation of the results. 

Functional model 

The developed model was one of the main objectives of the OTKA project 
No. 100794 (Novel electrothermal-radiometric multi-domain measurement 
techniques and models for solar cell characterization), and is one of the main 
bases of the proposed international OTKA project No. 118187 (Multi domain 
optimization of the electrical and thermal behaviour of solar cells). A slightly 
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different version of the model was used as part of the PV-system power predic-
tion model of the project GOP-1.1.1-11-2012-0289.  
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List of symbols 
 

𝑇 temperature 

𝐺 light intensity 

𝐼𝑝ℎ photocurrent 

𝐼0 saturation current 

𝐼𝑆𝐶  short circuit current 

𝑛 ideality factor 

𝑅𝑠 series resistance 

𝑅𝑠ℎ parallel resistance 

𝑈𝑇 thermal voltage 

𝑎, 𝑏, 𝑐 curve fitting parameter 
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