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In this project, temperature-dependent current-voltage (J-V) characteristics and external 

quantum efficiency (EQE) of CCGSe-based MGL solar cells with differences in preparation 

were studied. The work is aimed to find the diode circuit parameters (ideality factor and dark 

saturation current) and parasitic loss parameters (series resistance and parallel resistance) 

from J-V curves and study their dependences on temperature and light intensity. Based on 

the results, we can conclude if the different treatment method improved the performance of 

the solar cell. 
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efficiency measurement, Cu2CdGeSe4 
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Chapter 1 – Introduction 
 

1.1 Background 
 

One of the most important and challenging issues of modern energy production and usage is 

the tremendous dependence on non-renewable energy sources. As can be seen in figure 1.1, 

the integral part of energy production is based on depleting energy sources. Under the 

assumption that the population of mankind does not change drastically, and it consumes 

energy at the current level, the fossil fuel reserves will be exhausted within 320 years and the 

nuclear energy within 260 years [1].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Today’s energy distribution by sources [1] 

 

In order to provide a rapidly growing population with high living standards, further economic 

development is essential. Further economic development requires more energy than we use 

today. The extra energy has to come from additional sources rather than only the traditional 

ones [1]. The necessity of developing an energy infrastructure, where so-called renewable or 

sustainable energy sources play the key role can be crucial in the nearest future if it is not 

already. 
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The usage of energy sources like nuclear energy and fossil fuels also inevitably results in vast 

amounts of greenhouse gas emissions as well as heat waste, which has an immense impact on 

the environment. The huge usage of these kinds of energy sources gradually changes the 

average temperature of the earth, the so-called global warming. Observations throughout the 

world make it clear that climate change is occurring, and rigorous scientific research 

demonstrates that the greenhouse gases emitted by human activities are the primary driver 

[2]. 

As is pictured in figure 1.2, the annual average temperature does increase over time. 

 

Figure 1.2: Global temperature anomaly (⁰C) [3] 

 

The idea of using more and more (ideally – only) renewable energy sources, such as hydro, 

wind or solar energy is seen as one potential solution to overcome the dependence on non-

renewable sources, thus mitigating the impact on the environment and making possible to 

supply with energy the increasing population. 

There are plenty of challenges for the relatively young renewable energy field, starting from 

technological barriers up to the political issues with current monopolies of non-renewable 

sources-based energy providers. However, despite all the difficulties, those challenges can be 

overcome, and already now, some countries like Iceland, Sweden, and Costa Rica try to run on 

almost 100% renewables and eliminating fossil fuel usage within its borders. 
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1.2 Photovoltaics 
 

One promising part of renewable energy sources is so-called photovoltaics, which generally 

describes systems that produce energy based on the photovoltaic effect. The phenomenon, 

when electric current and voltage are created in a material when it is exposed to light, is called 

photovoltaic effect. Photovoltaic systems are mostly describing a system consisting of solar 

panels, which are arrays of solar cells that generate current and voltage. The PV systems have 

plenty of advantages. Their eco-friendliness is very important because during their operation 

they do not produce any greenhouse gases, noise, or any other type of pollution and do not 

need fuel or water for operation. Also, they need very little maintenance and have a 

considerably long lifetime (10 to 20 years on average). Finally, because of its nature, the size 

of the production system can be very flexible, starting from a pocket-application up to a huge 

power plant with an area of 10 square kilometers [16]. Of course, they have their own 

disadvantages, such as high overall cost in comparison with regular energy sources, high 

dependence on weather conditions and geographic location, and lastly the necessity of having 

a large free area to fit solar panels. 

Basis of a PV system is a solar cell, which is basically a simple semiconductor device that 

converts light into electric energy. Solar cells are usually divided into three main categories 

called generations up to recent years [4]. 1st -generation solar cells include single crystal solar 

cells and multi-crystal solar cells (generally, cells that use bulk crystalline silicon). This is the 

oldest type for solar cells and because of the high efficiencies is the most common type used. 

The 2nd generation solar cells are based on thin-film technology, and usually, CIGS, CdTe/CdS, 

and amorphous silicon are being used. They have lower costs and inferior efficiencies 

compared to 1st generation and can be grown on flexible substrates and on very large areas. 

The 3rd generation solar cells are focusing on achieving high efficiencies and can be made by 

different technologies, such as nanocrystal based solar cells, polymer-based solar cells, dye-

sensitized solar cells, and concentrated solar cells. 

 

1.3 Monograin layer solar cells 
 

The solar cells used in this work are called monograin layer (MGL) solar cells. The MGL consists 

of a thick layer of powder crystals embedded into an organic resin. The MGLs combine the high 

photoelectronic parameters of single crystals and the advantages of polycrystalline materials 

such as low cost and simple technology of materials and devices, the possibility of making 

flexible devices, and the possibility of using of materials up to 100% [5]. However, it is 

important to note, that there are significant differences between MGL solar cells and idealized 
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devices, due to a high density of defect states in the absorber layer and parasitic losses 

connected with the device structure and contacts [6]. 

 

 

 

 

 

 

 

 

Figure 1.3: Schematic illustration of the studied CCGSe MGL solar cell structure [15] 

There are various materials that can be used for the absorber layer, and one of those, that 

uses mostly low-cost, non-toxic, and earth-abundant elements is Cu2ZnSn(S,Se)4, also known 

as CZTS or CZTSe. This material has its own inherent challenges and difficulties, such as the 

formation of antisite defects – when Cu atoms occupy Zn sites and vice versa due to their 

similar atomic sizes, or stability issue – when CZTS breaks down at high temperatures due to 

Sn compounds being volatile. Despite the complexity, it’s promising characteristics and 

optimal band gap value motivates research in the direction of improvements. In order to 

solve some of these issues, some elements in the compound can be changed, and in this 

work, zinc was replaced by cadmium, and tin was replaced by germanium. The difference in 

the ionic radii of copper and cadmium should prevent the formation of antisite defects and 

replacing tin with more stable germanium should solve the stability issue. The compound 

used for the absorber layer in the solar cells studied in this work is Cu2CdGeSe4, known as 

CCGSe.  

 

Since the material is much less studied than more conventional ones, the prepared samples 

usually have low fill factor and efficiencies. However, research is constantly done in order to 

improve the performance of these cells, by trying different compounds or different 

treatments.  In this work, 2 different samples (sample A and sample B) with different 

treatment methods are compared, to understand how another approach improves the 

performance. The main difference was the sulfurization of the surface of the absorber layer 

for one of the samples, which could lead to better device performance. Detailed description 
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of the sample preparation will be presented in chapter 3 of this work. The schematic of the 

sulfurization process can be seen on the figure 1.4.  

 

 

  Figure 1.4: Schematic illustration of the sulfurization process 

 

 

1.4 Aim of the study  
 

In this work, temperature-dependent current-voltage (J-V) characteristics and external 

quantum efficiency (EQE) of 2 different samples of CCGSe-based MGL solar cells were studied. 

The work is aimed to find the diode circuit parameters (ideality factor and dark saturation 

current) and parasitic loss parameters (series resistance and parallel resistance) from J-V 

curves and study their dependences on temperature and light intensity. Based on the results, 

we can conclude if a new treatment method improved the performance of the solar cell. 

The thesis consists of 4 main chapters. In the first 2 chapters the topic and appropriate 

theoretical background are introduced, in chapter 3 the experimental procedure is described, 

and finally, in chapter 4 the results are represented and discussed, followed by the conclusions.  
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Chapter 2 – Theoretical Background 
 

2.1 Semiconductors 
 

Semiconductors are generally materials that have electrical conductivity values falling 

between that of a metal and an insulator and consist of atoms that are from either group IV of 

the periodic table, from a combination of group III and group V (called III-V semiconductors), 

or of combinations from group II and group VI (called II-VI semiconductors). Unlike metals, the 

resistance of semiconductor material decreases with an increase of temperature, and their 

properties can be altered by doping when there are impurities added to the material.  

In semiconductors, the band gap Eg, which is the energy difference between the conduction 

band and valence band, is relatively narrow (<2eV) [7], and the valence band is full, while the 

conduction band is empty. If the electron can emit a photon directly, the band gap is called 

direct, and if the electron needs to pass through an intermediate state before emitting a 

photon, the band gap is called indirect. Semiconductors can be classified as intrinsic or 

extrinsic. For an intrinsic semiconductor, there are only a few delocalized conduction 

electrons, the number of which increases exponentially with the increase in temperature. 

When it comes to an extrinsic semiconductor, the n and p are determined by the process called 

“doping” – when impurities are added to the material. Impurity atoms of elements with higher 

valency than the “host” element create an excess of electrons (n-type) and the ones with lower 

valency create bonds with missing electrons – “holes” (p-type). 

 

2.2 Movement of electrical charge carriers  
 

Electrical charge carriers (or just carriers) move freely throughout the semiconductor in 

random directions. Since the probability of any direction is equal, there is no net overall 

movement of carriers in any direction. As electrons are being considered as free carriers, their 

movement can be viewed as a movement in random direction with constant velocity, and 

because either direction has equally likely, the net displacement of the electron is zero.  

When the semiconductor is exposed to light, the generation of carriers on the surface results 

in uneven distribution of carrier concentration throughout the material. This carrier 

concentration gradient will lead to diffusion of carriers from high concentration areas to low 

concentration ones, until with the time the distribution is even again. At higher temperatures, 

the diffusion has a higher rate, since the increase in temperature results in increased thermal 

velocities of carriers.  
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When the semiconductor is being affected by an electric field, a movement of carriers in a net 

direction occurs, which is called drift. The electrons have drift movement direction opposite to 

the electric field, while the holes drift in the direction of the electric field. As a result, the net 

current in the semiconductor is the sum of drift and diffusion currents.  

 

2.3 Recombination  
 

The process, when an electron is being stabilized back to the valence band is called 

recombination. The recombination process produces phonons (which most likely contribute to 

heat) and photons and is related to the lifetime of the product, which is a very important 

property for a solar cell application. There are 3 main types of recombination [8] - radiative 

recombination, Auger recombination, and Shockley-Read-Hall recombination. 

In the case of radiative recombination, an electron from the conduction band directly 

recombines with a hole from the valence band – emitting a photon that has energy close to 

band gap energy value. Because of its nature, this recombination mechanism predominates in 

the direct band gap semiconductors[8]. 

Auger recombination is a non-radiative process involving three carriers. Direct Auger 

recombination occurs when an electron and hole recombine, but instead of producing light, 

either an electron is raised higher into the conduction band or a hole is pushed deeper into 

the valence band [18]. 

Shockley-Read-Hall (SRH) recombination occurs in not pure materials through defects and 

represents a two-step process. Firstly, an electron or hole is being trapped by an energy state 

in the forbidden region (those energy states can be created intentionally through doping or 

unintentionally). The occurrence of SRH recombination depends on the lifetime of electrons 

and holes in trap states. If the lifetime of one of the charge carriers is much shorter than that 

of the others, the probability of SRH will be low. 

 

2.4 P-N Junction and solar cells  
 

When p and n-type semiconductors are brought together, the p-n junction is formed, which is 

the basis for solar cells and other semiconductor electronics. During the formation of the p-n 

junction, when charge carriers move to other parts of the material, they leave exposed ionic 

cores, which create an electric field. This electric field keeps up the so-called depletion region, 

where there are few charge carriers, when the holes are in the p-type material, and the 

electrons are in the n-type material. So, when there is no voltage applied and assuming that 

the depletion region has been already established, there is no current flow across the junction.  
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Due to the diffusion of electrons and holes near the interface between n and p regions, a so-

called “built-in” electric field appears. Depending on the direction of the battery induced 

electric field, the configuration can be “forward-biased” or “reverse-biased”.  If a positive 

voltage is applied to the p-type side and a negative voltage to the n-type side (figure 2.1.a), it 

will be forward-biased configuration, and the current will be able to flow (depending upon the 

magnitude of the applied voltage). If a negative voltage is applied to the p-type side and a 

positive voltage to the n-type side (figure 2.1.b), no (or exceptionally small) current flows. This 

configuration is called “reverse-biased” [9]. 

 

 

 

 

 

 

 

 

Figure 2.1: Forward (a) and Reverse (b) bias for a p-n junction [9] 

If we are considering a solar cell, when there is no light applied, it behaves like a p-n junction 

diode. This kind of device is usually characterized by the current (or current density) and 

voltage dependence, the I-V, or J-V curves (figure 2.2).  

 

 

 

 

 

 

Figure 2.2: An I-V curve for silicon p-n junction diode [9] 

In reverse bias, the positive voltage will attract electrons and repel holes, and the negative 

voltage will attract holes while repelling electrons, resulting in a minority carrier current, the 

reverse saturation current, which is normally very low and is almost constant. In case of too 
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high reverse bias voltage, the junction will breakdown and current flow will occur. In forward 

bias, the current increases exponentially with the increase in voltage.  

 

2.5 Diode Equation and external circuit parameters  
 

Mathematically, the net-current density is expressed as a function of voltage through the 

Shockley Diode Equation, which is a fundamental equation for microelectronics device physics. 

That describes the current-voltage behaviour of an ideal p-n diode [1]. 

                                              𝐽 =  𝐽𝑜  [exp (
𝑞𝑉

𝐾𝑇
) − 1]                           (2.1) 

  

J is the net current density, q is the electron charge absolute value, V is the voltage applied 

across the diode, K is the Boltzmann constant, and T is the absolute temperature and Jo is the 

reverse saturation current density. When considering a solar cell, a term “dark saturation 

current” is used, since a solar cell behaves like a diode in the absence of illumination. It is also 

called the “recombination parameter” since it can be identified as the recombination current 

density in thermal equilibrium [10].   

If considering a non-ideal, “real” diode, an ideality factor n is added to the equation (2.1). 

                                              𝐽 =  𝐽𝑜  [exp (
𝑞𝑉

𝑛𝐾𝑇
) − 1]                              (2.2) 

  

The ideality factor represents to what extent the behaviour of the actual diode is comparable 

with the ideal diode behaviour, and has values varying between 1 and 2.  

The dark saturation current can be represented as a function of temperature-dependent 

properties of a material[15] 

𝐽𝑜 =  𝐴 ∗ 𝑇2 exp(−
𝐸𝐴

𝑛𝑘𝑇
)   ,                           (2.3) 

where A is a pre-exponential parameter, that includes Richardson constant. 

When describing a solar cell under illumination, a photo-generation current will be added to 

the equation (2.2) [1]. 

𝐽 =  𝐽𝑜  [exp (
𝑞𝑉

𝑛𝐾𝑇
) − 1] − 𝐽𝑝ℎ                 (2.4) 

For an ideal solar cell, the n ideality factor will have a value of 1. 
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𝐽 =  𝐽𝑜  [exp (
𝑞𝑉

𝐾𝑇
) − 1] − 𝐽𝑝ℎ                 (2.5) 

As can be seen in figure 2.3, in the absence of light, the J-V curve of a solar cell is similar to a J-

V curve of a diode. But when illuminated, the J-V curve goes down to the 4th quadrant, since 

the Jph is added. 

 

 

 

  

 

 

 

 

Figure 2.3: J-V characteristics of a solar cell in the dark and under illumination [1] 

J-V curves are being described by using “external circuit parameters”, such as open-circuit 

voltage Voc, short-circuit current Isc (with the respective Jsc short-circuit current density), 

maximal power Pmax, fill factor FF and efficiency η.  

Voc is the maximal possible voltage delivery from a solar cell when the net current flow is zero. 

It can be calculated from formula (2.4) by taking J as 0 and rearranging the expression. 

𝑉𝑜𝑐 =  
𝐾𝑇

𝑞
 (

𝐽𝑝ℎ

𝐽𝑜
+ 1)                       (2.6) 

It can be seen from expression (2.6) that open-circuit voltage depends primarily on the 

photocurrent density and the recombination parameter.  

Isc is the short-circuit current, that is when the solar cell is short-circuited. The respective Jsc 

short-circuit current density is theoretically the maximum possible output from a solar cell, 

and in the idealized model is equal to the Jph. It can be calculated from (2.5) by taking V as 0. 

The power output P can be calculated by simple multiplication: 

𝑃 =  𝐽 × 𝑉       (2.7) 
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The point, where the power output has maximal value, is called maximal power Pmax, with the 

corresponding Jmp maximum power point current density and Vmp maximum power point 

voltage. 

The ratio between the maximal power and the multiplication of short-circuit current density 

and open-circuit voltage is called Fill Factor. 

𝐹𝐹 =  
𝑃𝑚𝑎𝑥

𝐽𝑠𝑐 𝑉𝑜𝑐
 =  

𝐽𝑚𝑝 𝑉𝑚𝑝 

𝐽𝑠𝑐 𝑉𝑜𝑐
     (2.8) 

Finally, efficiency is defined as the following ratio 

 𝜂 =  
𝑃𝑚𝑎𝑥

𝐴𝑐 𝐸
=  

𝐽𝑠𝑐 𝑉𝑜𝑐 𝐹𝐹

𝐴𝑐 𝐸
 ,                                   (2.9) 

where Ac is the area of the cell and E is the incident radiation flux, which in the standard test 

conditions is usually taken with the value of 1000 W/m2.  

From (2.8) and (2.9) it is easy to express the FF through efficiency.  

            𝐹𝐹 =  
𝐴𝑐 𝐸

𝐽𝑠𝑐 𝑉𝑜𝑐 
× 𝜂                                              (2.10) 

When it comes to the ideality factor and dark saturation current estimation, there are different 

methods, and one of those is the so-called “Jsc-Voc method”[15]. For this method, we have to 

measure the Jsc and Voc at different illumination intensities and compare these measurements 

done at different temperatures. If we take the equation 2.4 and give J and V values of 0 while 

approximating Jsc = Jph, we will obtain  

 𝐽𝑝ℎ =  𝐽𝑜  [exp (
𝑞𝑉𝑜𝑐

𝑛𝐾𝑇
) − 1] +

𝑉𝑜𝑐

𝑅𝑝
            (2.11) 

In this formula, Rp shunt resistance is used, which will be described in the next part of the 

chapter. Using formula 2.11, it is possible to estimate the n and Jo. If we make a plot of ln(Jsc) 

versus Voc, it should be a straight line, and from the slope, the n is being calculated, and Jo is 

being estimated from the intercept of the line with the Jsc axis. An example is the 4.7 figure, 

where this method was applied.  

2.6 Loss mechanisms and modelling of the equivalent circuit  
 

Solar cell operation can be characterized by identifying loss mechanisms. The loss mechanisms 

can be divided into three main categories. First, recombination losses limit the Voc. Second, 

parasitic losses, such as series resistance, shunt resistance, and voltage-dependent current 

collection that primarily impact the FF, but can also reduce Jsc and Voc. Finally, optical losses 

limit the generation of carriers and, therefore Jsc [15]. Optical losses include losses due to non-
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absorption of long wavelengths, thermalization of the excess energy of photons, and 

incomplete absorption due to the finite thickness of the absorber layer [1]. 

The non-absorption and thermalization are both related to the spectral mismatch, that is, 

when photons have too high or too low energy values, compared to the absorber material’s 

band gap energy value. A photon with the excess of energy will create an excess of heat in the 

crystal lattice in the process of thermalization, while the photons with energy smaller than Eg 

of the absorber won’t have a contribution in the conversion process.  

The finite thickness of the absorber material is another reason for losses, the incomplete 

absorption, which is characterized by the QEint internal quantum efficiency. Generally, the 

quantum efficiency QE is a dimensionless parameter, given by the number of electrons that 

exit the device per incident photon at each wavelength [11]. QEint doesn’t include the optical 

losses, while the external quantum efficiency EQE includes them also. 

  

The behaviour of a solar cell can be described by modelling an equivalent circuit as pictured in 

figure 2.4. 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: a) The equivalent circuit of an ideal solar cell. b) The equivalent circuit of a solar cell 

with series resistance Rs and shunt resistance Rp [1] 

The diode is being formed by the p-n junction, and that diode and the current source are in 

parallel connection. The J-V characteristic of the one-diode equivalent circuit with the series 

resistance and the shunt resistance is described by formula (2.12) [1]. 
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                 𝐽 =  𝐽𝑜  [exp (
𝑞(𝑉−𝑅𝑠𝐽)

𝑛𝐾𝑇
) − 1] +

(𝑉− 𝑅𝑠𝐽)

𝑅𝑝
− 𝐽𝑝ℎ             (2.12) 

Series resistance in a solar cell has three causes: firstly, the movement of current through the 

emitter and base of the solar cell; secondly, the contact resistance between the metal contact 

and the absorber material; and finally, the resistance of the top and rear metal contacts. The 

main impact of series resistance is to reduce the fill factor, although excessively high values 

may also reduce the short-circuit current. Also, significant power losses can occur due to low 

shunt resistance, which provided an alternate current path for the light-generated current. The 

effect of shunt resistance is particularly severe at low light levels since there will be less light-

generated current. The loss of this current to the shunt, therefore, has a larger impact. In 

addition, at lower voltages where the effective resistance of the solar cell is high, the impact 

of resistance in parallel is large [12].  

 

Ideally, the Rs is considered 0, and practically the larger its value - the larger the deviation from 

a J-V curve of an ideal solar cell. As can be seen in figure 2.5.a, the open-circuit voltage is not 

being affected by the series resistance. When it comes to the shunt resistance, the situation is 

the opposite. As figure 2.5.b depicts, the J-V curves deviate further away from an ideal curve 

with the decrease of Rp value. Rs and Rp are often generally described with the term “parasitic 

resistances”. For Rs, a typical value is in range of 0.5-1.3 kΩ*cm2, while for Rsh it is around 1 

kΩ*cm2[12].  

 

 

 

 

 

 
 

              a)                 b) 

Figure 2.5: Effect of series(a) and shunt(b) resistances on the J-V characteristic of a solar cell [1] 

In practical solar cells, the FF is influenced by the additional recombination occurring in the p-

n junction. This non-ideal diode is often represented in the equivalent circuit by two diodes, 

an ideal one with an ideality factor equal to one and a non-ideal diode with an ideality factor 

greater than one. The equivalent circuit of a practical solar cell is presented in figure 2.6.  
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The J-V characteristic of the two-diode equivalent circuit is described by formula (2.11) [1]: 

        𝐽 =  𝐽𝑑1  [exp (
𝑞(𝑉−𝐴𝑐𝐽𝑅𝑠)

𝑛1𝐾𝑇
) − 1] + 𝐽𝑑2  [exp (

𝑞(𝑉−𝐴𝑐𝐽𝑅𝑠)

𝑛2𝐾𝑇
) − 1] +

𝑉− 𝐴𝑐𝐽𝑅𝑠

𝑅𝑝
− 𝐽𝑝ℎ        (2.13) 

Figure 2.6: The equivalent circuit of a solar cell based on a two-diode model [1] 

Jd1 and Jd2 are the dark saturation currents for 1st and 2nd diodes, and their ideality factors are 

n1 and n2 respectively.  

The ideality factor can be defined as a measure of the junction quality and the type of 

recombination in a solar cell. For the thermionic emission, the n has a value of 1. However, 

some recombination mechanisms, particularly if they are large, may introduce an ideality 

factor of 2. A high value of n not only degrades the FF but since it usually indicates high 

recombination, it gives low Voc as well [15]. It can be calculated by different means, and one of 

those is the so-called “shading method” described in the paper of S. Bowden and A. Rohatgi[19], 

which proposes a method of estimation for external circuit parameters by measuring I-V curves 

in different illumination conditions. 

𝑛 =  
𝑉𝑜𝑐(𝑓𝑢𝑙𝑙)−𝑉𝑜𝑐(𝑠ℎ𝑎𝑑𝑒𝑑)

ln(𝐼𝑠𝑐(𝑓𝑢𝑙𝑙))− ln(𝐽𝑠𝑐(𝑠ℎ𝑎𝑑𝑒𝑑))
∗

𝑞

𝐾𝑇
     (2.14) 

 

2.7 The influence of external parameters of a solar cell on J-V curves 
 

Apart from the internal parameters, that are determined by the solar cell itself, the J-V curves 

are being influenced also by external parameters, such as temperature and radiation level. Like 

all other semiconductor devices, solar cells are sensitive to temperature. An increase in 

temperature reduces the band gap of a semiconductor, thereby affecting most of the 

semiconductor material parameters. The main temperature dependence in solar cells arises 

from the variation of three main parameters: JSC, VOC, and FF. The parameter most affected by 

the change in the temperature is VOC [15]. 
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Generally, the short-circuit current density increases slightly with the temperature increase, 

since the band gap energy decreases, and more photons have enough energy to create e-h 

pairs [12]. As was stated previously, Voc open-circuit voltage depends primarily on the Jph 

photocurrent density and Jo recombination parameter. The recombination parameter in its 

turn can be represented as a function of the band gap of the material – decreasing the band 

gap energy value increases Jo. This can explain the significant drop in Voc shown in figure 2.7 

since by increasing the temperature we decrease the band gap energy, which results in 

increased Jo, which lowers the Voc.  

We can obtain Voc if we take the equation 2.12, give the J value of 0, and rearrange the 

equation. 

𝑉𝑜𝑐 =  
𝑛𝐾𝑇

𝑞
 𝑙𝑛 (1 −

𝑉𝑜𝑐

𝑅𝑠ℎ𝐽0
+

𝐽𝑝ℎ

𝐽𝑜
)    (2.15) 

 

The temperature dependence of the Voc and Jsc for the studied samples under constant 

illumination can be seen on the figures 2.7 and 2.8. 

It can be seen on the figures, that there is an increase in short-circuit current density and a 

decrease in open-circuit voltage when increasing the temperature. 
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Figure 2.7: Temperature dependence of Voc open-circuit voltage of one of the studied CCGSe 

MGL solar cells.  
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Figure 2.8: Temperature dependence of Jsc short-circuit current of one of the studied CCGSe 

MGL solar cells.  

When it comes to the dependence on the light intensity, the picture is opposite (fig. 2.9) - a 

big drop in short-circuit current density occurs when decreasing the light intensity, while the 

drop in open-circuit voltage is relatively small.  
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Figure 2.9: The light intensity dependence of the J-V curves of one of the studied CCGSe MGL 

solar cells at 300K temperature. 
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2.8 Quantum Efficiency analysis 

 

The "quantum efficiency" (QE) is the ratio of the number of carriers collected by the solar cell 

to the number of photons of a given energy incident on the solar cell. The quantum efficiency 

may be given either as a function of wavelength or as energy. If all photons of a certain 

wavelength are absorbed and the resulting minority carriers are collected, then the quantum 

efficiency at that particular wavelength is unity[20]. 

Quantum efficiency measurements can be used to characterize solar cell’s photocurrent 

collection and estimate the electronic and optical losses in the device. Normally when 

discussing quantum efficiency, two different types are discussed: External Quantum 

Efficiency (EQE) and Internal Quantum Efficiency (IQE). EQE  includes the effect of optical 

losses such as transmission and reflection. IQE refers to the efficiency with which photons 

that are not reflected or transmitted out of the cell can generate collectable carriers[20]. 

In this work, EQE has been studied with varying the temperature. Studying the difference 

between the ideal square QE shape and the actual curve allows us to estimate the losses. 

The quantum efficiency of a solar cell can be calculated from the equations for minority 

carrier continuity and current density[15] 

𝑄𝐸 ≅ 1 − 
exp(−𝛼𝑊)

𝛼𝐿𝑒𝑓𝑓+1
      (2.14) 

where α is the absorption coefficient for wavelength λ, W is the depletion width, and Leff is 

the effective diffusion length for electrons in the absorber after correction for the finite 

thickness of the absorber. 
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Chapter 3 – Experimental Procedure 
 

The CCGSe powder materials used for solar cells studied in this work were synthesized from 

commercially available CdSe, self-synthesized CuSe, elemental Ge powder, and Se shots in the 

liquid phase of flux materials in evacuated quartz ampoules. Potassium iodide (KI) – was used 

as flux material with a ratio of 1:1 [17]. More information about synthesis can be found in the 

above-mentioned article [17]. 

For the preparation of the MGL solar cells, post-treated powder crystals were covered with 

chemical bath deposited CdS buffer layers. For MGL formation, a monolayer of kesterite type 

powder crystals was embedded into a thin layer of epoxy such that the upper part of each 

grain sticks out of the polymer film. After polymerization of this epoxy, i-ZnO and conductive 

ZnO:Al were deposited by radio frequency (RF) sputtering onto the open (i.e., not covered by 

epoxy) surface of the layer. Finally, the glass substrate was glued onto the front surface of the 

MGL membrane, and the back contact area of crystals was opened by chemical etching and by 

additional abrasive treatment methods. Graphite paste was used to apply the back contacts. 

The analysis area of the solar cell is determined by the back contact area, which is typically 

about 0.04 cm2. The active area of the MGL solar cells is around 75% of the total analysis area. 

The other 25% of the total area, comprising epoxy between the absorber crystals, is passive 

[15].  

In this work, the measurements are done for two types of solar cells – sample A and sample B. 

Both are similar types of solar cells, but with differences in the post-treatment step for sample 

B. Both materials were chemically etched and annealed in vacuum, sample A at 400 C for 2 

hours, and sample B was first covered with CdS and then annealed at 700C for 1 hour. For 

sample B the last step is nano-scale sulfurization of the surface of the absorber layer, which 

may lead to enhanced device efficiency via band gap widening at the surface [23]. More details 

about the nano-scale sulfurization of the absorber layer process can be found in the article [23].  

For J-V measurements, a galvanostat/potentiostat Autolab PGSTAT30 was used as a source 

meter, a standard halogen lamp was used as a light source and spectrally net filters were 

used to control the light intensity. The same Autolab PGSTAT30 was used also for EQE 

measurements, as a potentiostat/current amplifier. Apart from the same halogen lamp, a 

computer-controlled prism monochromator Carl Zeiss SPM-2 was used for EQE 

measurements. Temperature-dependent measurements for both J-V and EQE were done 

with a closed-cycle Helium cryostat Janis, that allows temperature range from 10K up to 

325K.  
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Chapter 4 – Results and Discussion 

4.1 Temperature and light intensity-dependent J-V analysis of CCGSe MGL solar cells 
 

The results of temperature-dependent J-V measurements are in good accordance with 

theory, since there is a well visible decrease in Voc and an increase in Jsc with the increase in 

temperature, as can be seen in graph 4.1. 

 

                                                       

Figure 4.1: The temperature-dependent J-V curves of the studied CCGSe MGL solar cells at a 

fixed light intensity of 100 mW/cm2. (a) – sample A, (b) – sample B. 

From the comparison of these graphs, it can be seen that: the absolute current is different, 

with the sample A having a maximal current density of around 26 mA/cm2, while sample B 

had a maximal current density of around 12 mA/cm2; the shape (the squareness) of the J-V 

curves is much different - sample A has very low FF – around 26%, and with decreasing 

temperature it gets lower, as low as 20% and also the Jsc drops drastically, while sample B has 

better FF of around 45% and J-V curves show diode behaviour. To have a better 

understanding and explain the reason behind this kind of different performance of the solar 

cells, it is important to extract the J-V curve parameters. This can be done with several 

methods, and in this work, it is done mainly by using 2 methods – fitting the theoretical solar 

cell equation (2.10) to the experimental data in the least-squares fitting method and the 

estimation process described in the article of S. Bowden and A. Rohatgi[19], which will be 

named in this work as “shading method”.  
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The results of the parameter extraction can be seen in the following graphs. 

 

 

 

 

 

 

 

 

Figure 4.2: The temperature dependence of Rs series resistance of the studied samples in the 

temperature range of 300-200K. 

Sample B has lower series resistance around 1 Ω/cm2 at room temperature, while sample A 

has 0.8 Ω/cm2, and this difference becomes even more significant at lower temperatures, 

which should allow sample B to have a higher current flow, theoretically speaking. However, 

the actual current of the latter is lower due to other factors. The results shown in figure 4.2 

are coinciding with the theory, since increasing the temperature should decrease the 

resistivity of a semiconductor. The difference in the shape of the J-V curves, which was 

pointed out earlier, can be explained by the difference in shunt resistance, represented in 

figure 4.3. 

 

 

 

 

 

 

 

 

 

Figure 4.3: The temperature dependence of Rsh shunt resistance of the studied samples in the 

temperature range of 300-200K. 
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The shunt resistance of sample A is initially lower than that of sample B, around 0.66 kΩ*cm2 

compared to 0.85 kΩ*cm2 and it drops even more when going to lower temperatures, which 

results in low FF and little to no sign of diode behaviour of J-V curves. The shunt resistance of 

sample B, on the other hand, has higher initial shunt resistance, and it raises when 

decreasing the temperature, preventing the cell form shunting and resulting in higher FF and 

J-V curves with characteristic diode behaviour. However, both of these values are still lower 

than the suggested Rsh
 value which is around 1 kΩ*cm2[12]. Generally, the temperature 

dependence of a semiconductor’s resistivity is described in the Arrhenius form: 𝜎(𝑇) =

 𝜎𝑜exp(-𝐸𝑎/𝐾𝑇), where σ is the conductivity of the semiconductor, and σo is a 

preexponential factor.  

The thermal dependence of the Fill Factor can be seen in the following graph. 
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Figure 4.4: The temperature dependence of the fill factor of the studied samples.  

As we can see in figure 4.4, in both cases, the trend for intensity dependence is similar: 

lowering the light intensity leads to an improvement in fill factor. However, there is a 

difference in the temperature dependence for the samples, with the sample A being strongly 

affected by temperature and its FF dropping significantly in low-temperature range, and 

sample B having comparatively stable FF, and even increasing in the range of 300K-240K.  
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In order to obtain the activation energies and compare them with the band gap energies, the 

thermal behaviour of the Voc open-circuit voltages under different illumination conditions 

was studied, as is presented in the next figure 4.5. 

 

Figure 4.5: The temperature dependence of Voc open-circuit voltages of the studied samples.   

(a) –sample A, (b) – sample B. 

The effective band gap energy (Eg
*)  values are used as reference points on the Voc axes (Fig. 

4.5) and were obtained from the temperature-dependent external quantum efficiency 

measurements, discussed later in this work. According to theory[15], from the extrapolation 

of Voc(T), the activation energy EA can be determined at T = 0 K. However, this method can be 

considered reliable only when the ideality factor does not depend on the temperature. It can 

be seen on figure 4.6, that even though there is some temperature-dependent variation for 

the value of n, it can be considered constant in frames of an approximation, which will allow 

estimating the activation energies for both samples.  

 

 

 

 

 

 

Figure 4.6: The temperature dependence of the ideality factor n of the studied samples.  
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These values for n were estimated using the so-called “shading method” mentioned before in 

the second chapter of this work. However, the ideality factor can be calculated alongside the 

dark saturation current (Jo) using the Jsc-Voc method, and it will be noted as n’. 

 

 

Figure 4.7: The Jsc-Voc curves of the studied samples. The curves were constructed by plotting 

Jsc values versus Voc in the temperature range of 300K-200K by varying the illumination 

intensity from 1.25mW/cm2 to 200mW/cm2. (a) – sample A, (b) – sample B. 

As can be seen in figure 4.7, the data shows exponential behaviour, confirming the 

theoretical approach, described in the 1st chapter of this work. From the slope, the n’ was 

calculated, and from the intercept with the Jsc axis, Jo was estimated. The results are shown in 

figure 4.8. 
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Figure 4.8: The temperature dependence of the ideality factor n’ of the studied samples 

obtained from the Jsc-Voc method.  
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It is interesting to note, that the estimated values for n and n’ are very close in case of 

sample A, while for sample B the values have a difference, with the n’ estimated by the Jsc-Voc 

method being higher. For the dark saturation current, the following results were obtained 

 

 

 

 

 

 

 

Figure 4.9: The temperature dependence of Jo dark saturation current of the studied samples 

obtained from the Jsc-Voc method.  

Apart from studying a solar cell’s performance in illuminated conditions, it can be also 

studied how it behaves in the dark – analyzing the so-called dark J-V curves, as shown in 

figure 4.10. 

By studying the J-V curves obtained without illumination, we can avoid a significant amount 

of noise and perturbation of data. 

 

 

 

 

 

 

Figure 4.10: The temperature dependence of dark J-V curves of the studied samples. (a) –

sample A, (b) – sample B. 
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By fitting the obtained data to the (2.10) solar cell equation (since the curves were obtained 

from measurements in the dark - Jph must be taken as 0) we can estimate the external circuit 

parameters. The results can be seen in figure 4.11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11: The temperature dependence of Rs series resistance(a), Rsh shunt resistance(b), 

and Jo dark saturation current(c) of the studied samples obtained from the dark J-V curves in 

the temperature range of 300-200K. 

By fitting the obtained values of dark saturation current to the equation (2.3), it is possible to 

estimate the EA activation energy value. For sample A, EA was estimated to be 1eV from Jo 

values and 0.94 eV from Jo
dark, which is close to the 0.985 eV obtained from the Jsc-Voc 

method. For sample B, EA was estimated to be 0.85eV from Jo values and 0.79 eV from Jo
dark, 

which is also close to the value obtained from the Jsc-Voc method - 0.82 eV. Additionally, it 

can be easily noticed that the dark saturation current is much higher for sample B, which 

indicates on high recombination current resulting in high Voc losses. Limited Voc in its turn 

results in significantly less current output in comparison with sample A.  
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4.2 Temperature-dependent EQE analysis of CCGSe MGL solar cells 
 

In the following paragraph, the results of temperature-dependent external quantum 

efficiency measurements are presented. This method allows us to estimate the optical and 

electronic losses in the solar cells, as well as estimate the effective band gap energy and its 

temperature dependence. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12: Normalized EQE curves obtained in the temperature range of 300K-210K. (a) – 

sample A, (b) – sample B. 

Analyzing the EQE curves presented in figure 4.12 allows us to have a better understanding 

of the optical losses in the device: the drop in intensity in the 400-500nm region is due to the 

absorption of the CdS buffer layer, which has a band gap energy of 2.42 eV[22]; the big drop 

in intensity in the 540-1000nm region are recombinational losses. 
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These results obtained from EQE measurements are coinciding well with the results of IV 

measurements. For sample A, the squareness of the EQE curves indicates on better 

photocurrent collection in 540-1000nm region, which explains the higher current output, and 

the drop in photocurrent collection rate with lowering the temperature explains the rapid 

drop in FF. In the case of sample B, it can be seen from the “triangular” shape of EQE curves 

that in the same region there are huge recombinational losses, explaining the lower current 

output. However, the change in photocurrent collection in that region for sample B was not 

as high, which explains the low temperature-dependence of the FF obtained from IV 

measurements. 

From the low energy region of the EQE curves – around 1.2-1.3 eV, the Eg
* effective band gap 

energy was estimated, by plotting (E x EQE)2 versus E. As can be seen on the figure (4.13-a), 

for both samples the trend is similar- with decreasing the temperature the effective band gap 

increases slightly. Using the obtained values for band gap energy, it is possible to estimate 

the Voc deficiency, that is – the difference between the maximum Voc that is theoretically 

achievable (based on Schockley-Quiesser limit) and the experimentally achieved value. 

References for ideal values for Voc were taken from the paper of Russell M. Geisthardt[21]. 

 

Figure 4.13: The temperature dependence of the Eg
* effective band gap energy (a) and Voc 

deficiency (b) of the studied samples obtained from the EQE measurements.   
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Conclusions 
 

From the temperature-dependent J-V measurements and analysis, the following conclusions 

were made: 

• Sample B showed higher Fill Factor -  around 45% compared to the 25% of sample A. 

It was also less temperature dependent, decreasing by a small amount regardless of 

illumination conditions (d(FF)/dT = ±0.03 %/K), while the sample A’s FF was dropping 

significantly with lowering the temperature (d(FF)/dT = 0.06 %/K), and the drop was 

even more rapid for lower illumination intensities (d(FF)/dT = 0.1 %/K), which 

coincides with the high values of shunt conductance. 

• Sample A had series resistance around 0.8 Ωcm2 at room temperature and shunt 

resistance of around 0.66 kΩcm2 and these values are lower than the suggested ones: 

around 1 kΩcm2 for Rp, and 1 Ωcm2 for Rs, indicating that there are significant 

parasitic losses. For sample A, the shunt resistance in the 200-250K region was 

decreasing with the decrease in temperature, which can be explained by the 

existence of the second diode in the solar cell structure. For sample B, series 

resistance was estimated to be 1 Ω/cm2 at RT, and shunt resistance of 0.85 kΩ*cm2. 

For sample B, the parasitic resistances were closer to suggested values, and unlike 

sample A,  the shunt resistance for sample B increases with a decrease in 

temperature, which should reduce the amount of parasitic losses.  

• The dark saturation current of sample B is by orders of magnitude higher, which 

significantly limits the Voc, resulting in almost twice as high Voc deficiency of around 

0.6V compared to 0.35V for sample A.  

• The EA activation energy of sample B was estimated to be 820 meV, which is lower 

compared to the 985 meV for sample A. 

• Since there is a big difference between the band gap energy and the activation energy 

– around 300 meV for sample A and around 500 meV for sample B, we can conclude 

that the interface recombination predominates in both solar cells.  

From the temperature-dependent EQE measurements and analysis, the conclusions are as 

follows: 

• The effective band gap energy of sample B was estimated to be around 1.38 eV, 

which is much closer to the peak in the Shockley-Queisser limit (1.35eV), compared to 

the 1.27eV for sample A. 

• From the shape of the EQE curves, it can be concluded, that there is a lot of bulk 

recombination in both devices, since the electron-hole pairs generated by photons of 

600-900nm wavelength are lost due to a high recombination rate.  
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Summary 
 

In this project, temperature-dependent current-voltage (J-V) characteristics and external 

quantum efficiency (EQE) of CCGSe-based MGL solar cells with differences in preparation 

were studied. The main aim of the work was to find the diode circuit parameters (ideality 

factor and dark saturation current) and parasitic loss parameters (series resistance and 

parallel resistance) from J-V curves and study their dependences on temperature and light 

intensity.  

Main experiments were done in the temperature region of around 300K-200K, and the 

performance of the devices was analyzed in conditions with different illumination intensities, 

as well as in dark. From the analysis of the obtained experimental results, it was concluded, 

that the device with the nanoscale crystallization of the surface in the preparation process 

showed promising properties like improved band alignment and better parasitic resistances 

when comparing to the sample with the initial treatment. However, it had its own 

drawbacks: the limitation of the current output due to bigger recombinational current and 

the difference between the activation energy EA and band gap energy Eg was even higher. 

Due to this big difference between EA and Eg, it was concluded that in both devices interface 

recombination predominated.  

At the same time from the EQE spectra, it was shown that due to large recombination rate of 

the electron-hole pairs generated by photons of 600-900nm wavelength, there is a lot of bulk 

recombination in the devices. 

In conclusion, it can be said, that even though the sulfurization of the surface of the absorber 

layer has improved some properties, the process is not optimized yet, and it can be 

suggested to try the treatment with different thicknesses of the CdS layer. 
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