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Abstract 

This paper presents maps of spatial distributions of the short circuit current Isc(x,y) and the open circuit voltage 

Uoc(x,y) of the investigated low cost solar cells. Visible differences in values of these parameters were explained 

by differences in the serial and shunt resistances determined for different points of solar cells from 

measurements of I−V characteristics. The spectral dependence of the photo voltage of solar cell is also shown, 
discussed and interpreted in the model of amorphous and crystal silicon. 
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1. Introduction 
 

The photovoltaic industry still grows globally what leads a solar cell research to be more 
important nowadays. The main advantage of the solar power is its environmentally friendly 

character. Due to its wide availability, silicon is the most important material applied for solar 
cells manufacturing [1]. Basic types of silicon cells can be listed as: monocrystalline solar 

cells, polycrystalline solar cells, thin-film crystalline silicon based solar cells and thin-film 
crystalline amorphous silicon based solar cells [2‒4]. For production of widely available solar 
cells, i.e., garden solar cells, amorphous silicon based cells are used. Production technology of 

these cells allows for a cost reduction due to the used amorphous material. Moreover, this 
technology enables also a reduction of the cell thickness. Very often for this type of 

applications tandem solar cells [5] are used. Typical commercial tandem cells contain two 
layers. Typical commercial low cost solar cells of this type were investigated with the use of 
non-destructive laser beam induced current technique (LBIC).  Semiconductor materials used 

for production of solar cells are often not free from many kinds of  defects which have a  
significant impact on their energy efficiency. Most undesirable defects are: diffusion length 

changes, local serial and shunt resistance changes, surface quality which leads to a decrease of 
energy efficiency. Characterization and production technology upgrade of solar cells is also 

possible due to several non-destructive measuring methods, such as: the I−V measurement 

technique [6, 7], electroluminescence technique [8, 9], infrared imaging technique [10], lock-
in thermography technique [11, 12]. In this paper the Laser Beam Induced Current (LBIC) 
technique has been used [13]. Investigations with  the use of laser beams have been performed  

for the first time in the 70-ies [14, 15]. In the beginning of the use of this technique it was the 
light source that was a movable element. With time another idea has been proposed which led 

to a movable solar cell solution [16, 17]. The applications of stepper motors enabled rapid and 
precise solar cells scanning for detection of undesired defects. In the LBIC technique a fast 
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laser beam scanning is performed. Due to the photon energy absorption (bigger than a 
semiconductor energy gap) an electron transition from the valence to conduction band 

proceeds. This leads to the current induction ‒ its analysis enables extraction of properties of 
an investigated solar cell, especially its defects. In this paper typical commercial low cost 

solar cells were investigated with the use of non-destructive laser beam induced current 
technique, the I-V technique, and a spectral photo voltage technique. 

 

2. Experimental setup and results 

 

The experimental set up which has been built and applied for measurements of the laser 
beam induced current maps is presented in Fig. 1. It consists of a 50 mW green 532 nm laser 
with the beam size diameter of 100 µm, a mirror which directs the light beam to the 

investigated solar cell, X–Y stages for moving the cell, a BNC-2120 module through which 
the signal is passed to a fast NI USB-6255 measuring card, and a personal computer with a 

dedicated acquire – control application written in the C++ programming language.  

 
Fig. 1. The experimental set up for laser beam induced current measurements. 

 
All measurements were computer controlled and performed  at the room temperature. The 

spatial distributions of the open circuit voltage Uoc(x,y) of investigated solar cell are presented 
in Figs. 2 and 3. 

 
 

Fig. 2. The surface plot of open circuit LBIC voltage Uoc(x,y) values obtained for the investigated solar cell. 
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Fig. 3. The map of open circuit LBIC voltage Uoc(x,y) values obtained for the investigated solar cell. 

 

The histogram of open circuit voltages Uoc(x,y) of the solar cell is presented in Fig. 4. 
 

 
 

Fig. 4. The histogram of open circuit LBIC voltage Uoc(x,y) values obtained for the investigated solar cell. 

 

This histogram shows the percentage part of investigated solar cell surface exhibiting a 
given value of Uoc ‒ from Uoc to Uoc + 0.25 V. For example, this histogram shows that about 

50% of the solar cell surface exhibits Uoc values within the range from 0.7 V to 0.95 V. 
The spatial distributions of the short circuit current Isc(x,y) of investigated solar cell are 

presented in Figs. 5 and 6. 
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Fig. 5. The surface plot of short circuit LBIC current Isc(x,y) values obtained for the investigated solar cell. 

 

 
 

Fig. 6. The map of short circuit LBIC current Isc(x,y) values obtained for the investigated solar cell. 

 

The histogram of short circuit current Isc(x,y) of solar cell is presented in Fig. 7. 

This histogram shows the percentage part of investigated solar cell surface exhibiting a 

given value of Isc ‒ from Isc to Isc + 0.17·10−4 A. For example, it shows that only 3% of the 

solar cell surface exhibits Isc values within the range from 4·10−4 A to 6·10−4 A. 
To explain the reasons of such huge current differences observed on the LBIC maps the 

I−V characteristics of solar cell were measured in different points of the map. The single 
diode model of solar cell used in this paper is presented in Fig. 8. 
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Fig. 7. The histogram of short circuit LBIC current Isc(x,y) values obtained for the investigated solar cell. 

 

 

Fig. 8. The electrical circuit equivalent of solar cell (single diode model). 

 

The electrical circuit equivalent of solar cell (relation of the current I and voltage V in the 
single diode model) can be described by the following (1): 
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where I0 is the reverse saturation current, Iph is the photocurrent, n is the diode ideality factor, 

kB is the Boltzmann constant, T is the temperature, q is the elementary charge, Rserial is the 
serial resistance and Rshunt is the shunt resistance.  

The most important solar cell parameters are: power conversion efficiency (Pmax), short-

circuit current (Isc), open-circuit voltage (Voc) and fill factor (FF). However, in most cases 
serial and shunt resistance values cannot be neglected and must be extracted ‒ which is not 

simple. It is known from the literature that the serial and shunt resistances can be found from 
the slope of output characteristics under dark conditions [19, 20]. This simple method can be 
used only under assumption that the serial resistance is much smaller than the shunt 

resistance. There are many other methods which can be used to extract parameters of solar 

cells from the I−V characteristics [20−28]. The simplest way to obtain essential parameters is 
to perform fitting the theoretical characteristics (1) to experimental data.  The (1) does not 
have an explicit solution. However, some methods based on the LambertW function have 
been proposed in papers [25, 26]. The authors of those papers rearranged the (1) to the form 

presented below: 
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where LambertW is the LambertW function (also called the omega function) which is defined 

by the solution of equation ( ) ( )
e
W x

x W x= . 

In the above presented equations Iph is assumed to be equal to the short circuit current (Isc). 
The detailed description of this method and (2‒3) is presented in papers [25, 26]. This method 

was used in this work to extract, from the experimental I−V characteristics, essential 
parameters of investigated solar cells. 

The I‒V characteristics were measured both at the maximum Isc(x,y) point and at the 

minimum Isc(x,y) point. These characteristics are presented in Figs. 9 and 10. 
 

 
 

Fig. 9. The experimental data for the investigated silicon cell obtained at the maximum current point (circles) 

and the I‒V theoretical curve calculated for parameter values obtained from the optimization process (solid line). 
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characteristics to experimental data) have been gathered and presented in Table 1. 

It turned out that smaller current values observed for different points of the solar cell result 

mainly from different local serial and shunt resistances of this cell. The points exhibiting the 
minimum current are characterized by two times smaller shunt resistance and two times 

bigger serial resistance, with respect to the points exhibiting the maximum current. 
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Fig. 10. The experimental data for the investigated silicon cell obtained at the minimum current point (circles)  

and the I‒V theoretical curve calculated for parameter values obtained from the optimization process (solid line). 

 

Table 1. The parameter values obtained for the investigated solar cell in two different points of the LBIC map. 
 

 Max Current Point Min Current Point 

Pmax [W] 3.36 · 10−4 8.52 · 10−5 

Isc [A] 5.15 · 10−4 1.10 · 10−4 

Voc [V] 1.23 1.35 

FF [%] 0.53 0.57 

Rshunt [Ω] 95900 47400 

Rserial [Ω] 897.38 1.69 · 10+3 

 

The next step was to investigate and analyze the Uoc voltage spectra of the solar cell. The 
experimental optical absorption coefficient spectra of amorphous and crystalline silicon types 

are presented in Fig. 11 below. The spectra have been measured with the same spectroscopic 
experimental set-up which has been described elsewhere [29, 30]. The amorphization level of 

silicon can be measured with the Photo-thermal Radiometry or Modulated Free Carrier 
Absorption methods described elsewhere [31, 32]. 
 

 
Fig. 11. The experimental optical absorption coefficient spectra of amorphous (circles) and crystalline 

(diamonds) silicon types. 
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The optical Uoc voltage spectra of the solar cell are presented in Fig. 12. In the first 
approximation the open circuit voltage Uoc spectrum depends on the optical absorption 

coefficient of the solar cell material and its active area thickness according to the proposed 
formulae (4‒5): 

( )

0

,
ln

OC

k T I d qBU
q I hc

η β λ 
=  

 
,    (4) 

 

( ) ( ) ( )( )
0

, exp

d

I d x dxβ β λ β λ= −∫ ,    (5) 

 

where kB is the Boltzmann constant, T is the temperature, q is the elementary charge, η is the 

quantum efficiency of photons to electrons, λ is the wavelength of illuminating light, I0 is the 
reverse saturation current, h is the Planck constant, c is the speed of light, β is the optical 
absorption coefficient and d is the solar cell active region thickness. 
 

 
 

Fig. 12. The open circuit voltage experimental data obtained for the investigated solar cell (open boxes) and 

theoretical curves calculated for different optical absorption coefficient spectra (circles and diamonds). 

 
The photo-voltage spectra for amorphous (circles) and crystalline (diamonds) silicon were 

computed for the optical absorption coefficient spectra presented in Fig. 11 and the solar cell 

active layer thickness d = 1 µm, typical for tandem type solar cells. Fig. 12 shows that fitting 
the computed and experimental characteristics is much better for the optical absorption 
spectrum of amorphous silicon than for crystalline silicon. 

 

3. Conclusions 

 
The Laser Beam Induced Current technique method offers several advantages compared to 

other techniques. It is a non-destructive method and allows for detection of defects which 

have a significant impact on solar cells energy and current efficiency. The analysis of photo-
voltage spectra presented in the paper led us to the conclusion that it was the amorphous 

tandem type solar cell. The I‒V characteristics have been measured in two different points 
and interpreted using a solar cell model based on the LambertW function. The essential 
parameters have been extracted for these points with the optimization methods. Smaller 

current efficiencies observed on the LBIC maps result from smaller shunt and bigger serial 
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resistances of the investigated solar cell, with respect to the points exhibiting bigger current 
efficiencies. 
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