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Abstract: The goal of this paper is to investigate the thermal behavior of crystalline thin film silicon solar cells, and to 
determine whether the decrease in cell thickness affects the temperature dependences of the solar cell parameters. For the 
investigation crystalline solar cells with a photoactive layer thickness of 26, 38 and 50 microns were processed. Sample cells 
were formed on n+-substrate wafers with n epitaxial layers where due to the low minority carrier lifetime in the substrate only 
the epitaxial layer participates effectively in the photocurrent generation. The thin photoactive layers were achieved by the 
etching of the epitaxial layer. On the samples I-V curves and spectral response functions were measured at different tem-
peratures, and the temperature coefficients of the short circuit current, the open circuit voltage and the efficiency were de-
termined. Most of the parameters showed no differences in their temperature behavior, but the temperature dependence of the 
short circuit current differed on all three sample cells and was in correspondence with the changes of the temperature de-
pendences of the spectral responses. From the results it can be concluded, that decreasing the thickness of the solar cells will 
have practically no effect on the temperature dependence of the performance and the efficiency of crystalline silicon solar 
cells. However the dependence of in the temperature coefficients for the short circuit currents on the thickness of the pho-
toactive layer currents could be of interest for sensor applications, e.g. for the thermal compensation of light sensors. 
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1. Introduction 

To enable photovoltaics to be competitive with other re-
newable or even conventional energy sources the costs for 
PV-systems have to be reduced. Since in case of conven-
tional crystalline silicon solar cells more than 40 % [1] of 
the manufacturing costs of a solar module are amounted 
only by the raw material, i. e. the silicon wafer, one of the 
leading goals in silicon solar cell development is to reduce 
the costs for the raw material. This can be reached by either 
reducing the costs of the feedstock or by decreasing silicon 
consumption. Latter one has found increasing interest re-
cently [2,3,4] and wafer thicknesses down to 20 µm or even 
less by using direct film transfer [5] have been reported. 
This paper addresses the effects of thin wafer thicknesses 
on the thermal behaviour of the solar cell. 

It is well known that solar cells change their current, 
voltage and generated power according to their operating 
temperature [6,7,8,9,10], so the thermal behavior and the 
variation of the above mentioned parameters with changing 
temperatures is a crucial questions of solar cell operation. 
In previous research [11] we found that the thickness of the 

solar cell affects the thermal behavior, thus this correlation 
was taken under further investigation. For this purpose a 
method for preparing samples differing only in the thick-
ness of the photoactive base layer was developed. The 
samples processed with this method were investigated by 
the means of I-V characteristics and spectral response 
measurements at different temperatures. 

2. Experimental 

To simulate thin solar cell structures heavily doped n+ 
wafers with weakly doped n-type epitaxial layers were used. 
Due to the very low minority carrier lifetime in the n+ sub-
strate the charge carriers generated by the light that is ab-
sorbed in the n+ layer do not add to the current of the solar 
cell, so the structure can be approximately regarded as a 
solar cell with the thickness of the epitaxial layer only. This 
sample preparation method is based on the epitaxial wafer 
equivalent (EpiWE) approach [12]. 

The advantage of this method is that for the simulation of 
the electro-thermal behavior of thin crystalline silicon cells 
it is not necessary to perform the complicated processing of 
the thin wafers. In addition the mechanical stability is 
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higher than in case of thin wafers, thus the handling during 
cell processing is easier and can be performed with me-
thods and technologies used with normal wafers. With 
these the developed method is optimal for small laborato-
ries that do not have newest, cost intensive processing and 
handling equipment available. 

 

Figure 1. Cross-section of the sample cells. The different solar cell thick-

nesses are formed by etching the n-type epitaxial layer 

Furthermore a BSF (back surface field) is generated at 
the n+-n junction resulting in a decrease of minority carrier 
recombination at the back surface. The different layer 
thicknesses were reached by etching the n-type epitaxial 
layer in tetra-methyl-ammonium-hydroxide. The initial 
thickness of the epitaxial layer was measured as 60 µm, by 
etching the epitaxial layer three different thicknesses of 50, 
38 and 26 µm were formed (table 1). All sample cells were 
fabricated on the same wafer to eliminate all possible in-
equalities in the raw material and the fabrication process. 
To achieve this, the surface of the wafer was masked by 
thermally grown oxide, and the windows for the etching 
were opened with time delays, thus enabling a different 
etch time and a different thickness in each window. The 
backside was also masked by thermal oxide, to prevent 
unintentional doping at the diffusion steps during p-n junc-
tion forming. The p-n junction was formed by boron diffu-
sion, and the front and back contacts are made up of eva-
porated aluminum (Fig. 1). Finally the wafer with the cells 
was diced and samples with an area of 13 x 13 mm2 were 
formed. 

3. Measurements 

First the thickness of the completed cells was determined 
by a mechanical thickness gauge. The thickness of the n+ 
substrate (350 µm) was determined by spreading resistance 
measurement, and was subtracted from the cell thickness 
resulting in the thickness of the photoactive layer (Table 1). 

The I-V characteristics of the sample cells were investi-
gated under a halogen lamp producing a light intensity of 
approximately 1000 W/m2 at the front surface of the solar 
cells. The temperature of the cells was changed in the range 
of 5°C and 85°C in steps of 5°C with a thermostated cold 
plate. An I-V curve was obtained at every temperature step. 
The spectral response, i.e. the short circuit current as a 
function of the wavelength was measured at 8 different 
wavelengths: 392, 465, 550, 622,5 705, 790, 871,5 and 
1023 nm. Similarly to the measurement of the I-V charac-
teristics the temperature of the cells was altered in the range 
of 5°C and 75°C in steps of 10°C with a thermostated cold 

plate, where a spectral response was measured at every 
temperature step. 

Table 1. Temperature coefficient of the sample cells 

Column1 Cell A Cell B Cell C 

Sample thickness [µm] 376 388 400 
Epitaxial layer (photoactive layer) thickness 
[µm] 

26 38 50 

Temperature coefficient for optimal load 
[Ω/°C] 

-0.1521 -0.1783 -0.1691 

Temperature coefficient for open circuit 
voltage [V/°C] 

2.66 2.66 2.64 

4. Results and Evaluation 

From the I-V curves measured at different temperatures 
the following parameters were extracted: short circuit cur-
rent, open circuit voltage, fill factor and optimal load. The 
temperature dependences for the different cells can be seen 
in Fig. 2-6. Note that the cells only differ in the thickness of 
the epitaxial layer, i.e. the thickness of the photoactive layer. 
The temperature coefficients derived from the temperature 
curves can be found in Table 1. The temperature dependence 
of the short circuit current could not be approximated with a 
linear fit (Fig. 5). After trying different functions the best 
results were obtained by using exponentials functions with 
negative linear coefficients and negative exponents. The 
fitted functions are described by the following equation: 

bxa e c−− ⋅ +      (1) 

The values of the fit parameters a, b and c are summarized 
in table 2. Since the fit is not linear, the temperature de-
pendence of the short circuit current is not a constant, but a 
function of temperature. The increase of the short circuit 
current per temperature unit can be given as the first deriv-
ative of (1): 

bxab e−⋅      (2) 

These temperature dependences of the short circuit cur-
rents are shown in Fig. 6. 

Table 2. Fit parameter coefficients of the sample cells 

Parameter Cell A Cell B Cell C 

a 3.698 2.455 5.125 

b 0.01476 0.01523 0.009714 

c 21.58 17.55 21.57 

5. Discussion 

Since the open circuit voltage is mainly influenced by the 
parameters of the p-n junction, the temperature coefficient of 
the open circuit voltage shows practically no dependence on 
the thickness of the epitaxial layer. This also indicates that 
the p-n junctions of the sample cells are mostly identical, 
thus eliminating effects that could be caused by differences 
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in the parameters of the p-n junction, so every difference 
seen in the thermal behavior must be related to the differ-
ences in the photoactive layer thickness. As it can be seen 
from Table 1 the temperature coefficient of the (open circuit) 
voltage is by an order of magnitude higher than the temper-
ature dependence of the (short circuit) current indicated in 
Fig. 6. Due to this the temperature dependence of the gen-
erated power is mainly influenced by the voltage and shows 
no significant changes for different values of the epitaxial 
layer thickness. However, the temperature coefficient of the 
short circuit current shows a variation with increasing 
thickness of the photoactive layer (fig 6). 

 

Figure 2. Open circuit voltages of the sample cells. Cells A, B, and C are 

marked with red dots, blue X-s and black stars respectively 

 

Figure 3. Short circuit currents of the cells. Cells A, B, and C are marked 

with red dots, blue X-s and black stars respectively, the solid lines represent 

an exponential fit to the respective datasets. 

 

Figure 4. Optimal load of the sample cells. Cells A, B, and C are marked 

red dots, blue X-s and black stars respectively, the solid lines represent 

linear fits to each dataset. 

 

Figure 5. Fill factor of the sample cells. Cells A, B, and C are marked with 

red dots, blue X-s and black stars respectively 

 

Figure 6. Temperature dependences of the short circuit current. Cells A, B, 

and C are marked with red dots, blue X-s and black stars respectively. The 

figure shows curves calculated from (2) 

 

Figure 7. Spectral responses of cell B. Note the current increase in the 

near-IR region 

On the spectral responses of the sample cells (in Fig. 7 cell 
B is shown) it can be seen that the currents generated by the 
red and near-IR components show a higher temperature 
dependence, than the components with lower wavelength, e. 
g. the components that are absorbed totally. The low spectral 
response in the low wavelength region is due to the lack of 
surface passivation of the solar cell and the low illumination 
intensity of the used equipment in the lower spectral region. 

In Fig. 8 the temperature dependence of cell B is shown at 
the different investigated wavelengths. A linear fit was cal-
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culated at each investigated wavelength resulting in a linear 
thermal coefficient (%/°C) for each investigated spectral 
component. These thermal coefficients are summarized in 
table 3. Fits were not performed for the wavelengths of 392 
and 465 nm, since the measurements results were to low to 
be evaluated at these two wavelengths. 

It can be seen that with increasing wavelength the thermal 
coefficient rises. This indicates that the thermal behavior of 
the short circuit current is influenced mostly by the light 
components in the near IR-region. Comparing the thermal 
coefficients received for the spectral response at different 
wavelengths (table 3) the same dependence on thickness can 
be found as in case of the thermal dependence of the short 
circuit current. 

Table 3. Fit parameter coefficients of the sample cells 

Wavelength [nm] 

temperature 

coefficient 

Cell A 

[%/°C] 

temperature 

coefficient 

Cell B 

[%/°C] 

temperature 

coefficient 

Cell C 

[%/°C] 

550 0,0569 0,0574 -0,15 

622,5 0,0978 0,0639 0,18 

705 0,25 0,11 0,21 

790 0,3 0,25 0,36 

871,5 0,59 0,51 0,66 

1023 13,21 10,16 6,16 

 

Figure 8. Temperature dependence of the spectral components. The solid 

lines represent a linear fit to the respective datasets. Note the increasing 

slope at higher wavelengths 

A possible explanation for the thickness dependent tem-
perature behavior of the short circuit current can be given as 
follows: The absorption factor of silicon rises with temper-
ature. At a higher temperature a higher fraction of the in-
completely absorbed light components is absorbed, thus 
generating higher currents. A thicker solar cell already ab-
sorbs a higher fraction of the light, thus the temperature 
induced additional absorption is lower than in case of thin-
ner solar cells, as this can be seen in the case of sample A and 
B. This explanation is sufficient only if the photoactive layer 
is thinner than the diffusion length of the minority carriers. If 
the thickness of the photoactive layer is higher than the 
diffusion length the temperature dependence of the diffusion 

length has to be taken into account. Since the diffusion 
length increases with temperature, the temperature depen-
dence of the open circuit voltage is additionally increased by 
the expansion of the collection zone of the charge carriers. In 
case of our samples the diffusion length is approx. 40 µm. 
Thus in case of sample C the thickness of the epitaxial layer 
is higher than the diffusion length which explains the higher 
temperature coefficients for the currents of sample C. 
Another indication that in sample C the cell thickness ex-
ceeded the diffusion length is the decrease in short circuit 
current, since out of the range of the diffusion length the 
collection efficiency of the minority carriers decreases ra-
pidly. 

6. Conclusions 

As to summarize it can be stated, that the thickness of a 
solar cell influences the temperature dependences of a solar 
cell, as it can be seen from the temperature dependence of 
the short circuit current. However, the temperature coeffi-
cient of the open circuit voltage is by an order of magnitude 
higher, thus it dominates the temperature dependence of the 
solar cell efficiency and performance. Since the temperature 
dependence of the voltage is rather determined by the pa-
rameters of the p-n junction the temperature dependence of 
the generated power should be practically not influenced by 
changes in the thickness of the solar cell. However, the 
variation of the temperature dependence of the short circuit 
current with increasing photoactive layer thickness can be 
from interest where the short circuit current is of importance, 
for example in light sensing applications. The different 
thermal coefficients for the different spectral components, 
and their dependence on the photoactive layer thickness 
could also be from interest in applications, where only parts 
of the total solar spectrum are of importance. 
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