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Abstract 

 

The performance of a photovoltaic cell, particularly a multi-junction cell, is affected by the 

quality of its material and defects that have gone undetected in production. Undetected defects 

prevent cells from reaching theoretical efficiencies in practice and as a result, various methods 

exist for analysis. The most commonly practiced technique is I-V characterisation. When 

produced, the I-V characteristic can be used to extract several parameters, namely the 

efficiency, open-circuit voltage (VOC), short-circuit current (ISC), maximum power output, fill-

factor and shunt & series resistance. Loss mechanisms invisible to the naked eye can be 

identified with photoluminescence and electroluminescence imaging. As well as experimental 

techniques, simulation can calculate maximum efficiencies and photovoltaic cell optimisation. 

This research aims to investigate combinations of advanced characterisation methods that 

could result in precise identification of losses and develop cell technology through optimisation. 

A detailed breakdown of I-V characterisation of both a crystalline single-junction cell, and a 

triple-junction gallium arsenide cell under solar illumination is shown; these results present 

experimentally obtained efficiencies of 15.2%, and 26.9% respectively. Furthermore, the 

methodology for producing a 3D model for both a single-junction and multi-junction cell is also 

presented. I-V characterisation is carried out for extracting the parameters of a 1.52x10-3m2 

silicon crystalline cell and a 4x10-4m2 gallium arsenide triple-junction photovoltaic cell in order 

to validate the model. The simulation does not provide a confirmation of experimental data as 

it produced anomalous results and was due to inaccurate representation of parameters within 

the simulation when reproducing the physical cell. 

Keywords: Multi-junction solar cell; I-V characterisation; photoluminescence imaging; 

electroluminescence imaging; SPICE modelling 
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1. Introduction 

 

1.1 Rationale 

The motivation for the project was to produce an advanced characterisation method for multi-

junction photovoltaic (solar) cells. This method would consist of several other established 

characterisation methods namely I-V characterisation, photoluminescence, 

electroluminescence and SPICE modelling. Combining these methods will capitalise on the 

fact that each method identifies specific faults that are not identifiable by the others. 

Development of solar energy aims to address the energy production aspect of the current 

global climate crisis. 

1.2 Aims & Objectives 

Due to Covid-19 different experimentation was carried out which consisted of I-V 

characterisation of entire cells and SPICE simulation. As a result, the new aim was to create 

a 3D model of a multi-junction solar cell on SPICE and to simulate the performance of a multi-

junction solar cell for different scenarios of material parameters and series resistances. The 

hypothesis was that a combination of methods would result in accurate identification of losses 

and in turn improve performance through optimisation. 

1.3 Methodology 

The methodology consisted of producing I-V characteristics of both single and multi-junction 

photovoltaic cells at 25°C and 1000W/m2 by recording the current after sweeping across a 

given voltage of 0V-3V. This data was imported to MATLAB using the relevant .csv files and 

plotted. As a result, the technical specifications of the cells were extracted. In addition, 3D 

models of solar cells were produced in LTSpice and simulated to produce I-V characteristics 

using methods utilised in Steiner et al., (2011) and Steiner et al., (2012). The results of the 

simulations were then compared to experimentally obtained data. 

1.4 Outline 

As a summary, Section 2 will discuss the theoretical background that was researched 

throughout the duration of the project. Furthermore, Section 3 addresses how the methodology 

was designed, and what the intentions and expectations were for the results. Subsequently, 

Section 4 will present the findings of the experimentation and present the various forms of data 

that were produced through the various characterisation techniques described in Section 1. 

Additionally, Section 5 will discuss the possible interpretations of the data and whether the 
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overall aim was achieved; also, the papers that guided the direction of the project will be 

referenced to further interpret the results and determine the accuracy and any benefits from 

the implemented methodology. Finally, Section 6 will summarise the findings of the project, 

establish whether it can be implemented further and determine what future projects and papers 

can take away from this. 

 

2. Literature Review & Background 

 

2.1.1 Photovoltaic Effect 

In order to appreciate the importance of producing an overall characterisation of a photovoltaic 

cell, it is important to get a grasp of the fundamentals. Photovoltaic or solar cells are electrical 

devices that convert the energy from light into electrical energy using the photovoltaic effect.  

The photovoltaic effect can be likened to the photoelectric effect where instead of ejecting 

electrons, incident light on homogeneous material produces excess charge carriers, namely 

electron-hole pairs. Homogeneous material is uniform and cannot be mechanically broken 

down into other materials. When this effect occurs, almost all the energy from the incident light 

is converted into heat through non-radiative recombination where the annihilation of an 

electron-hole pair occurs. 

2.1.2 Bandgap 

Another important idea within the photovoltaic effect is the different energy levels that an 

electron can occupy within an atom, these are referred to as energy bands. The valence band 

is determined by the energy of the electrons that occupy the outermost shell of the atom. 

Through excitation, the valence electrons can then be excited into the conduction band. These 

bands carry a lot of weight for the different effects that are seen within different materials such 

as insulators, conductors and semi-conductors. Specifically, the bandgap is the energy 

difference between the highest energy state of the valence band and the lowest energy state 

of the conduction band as seen in Figure 1 (Hanania et al., 2018). A bandgap of a material 

determines the property of conductivity. When a material possesses a large bandgap, this 

means that the electron requires a large amount of energy to be excited from the valence band 

to the conduction band. These conduction electrons are what allow for the flow of current as 

when they are excited, they can move freely within the material and carry charge. 

Semiconductors have a bandgap that has a separation, but with enough energy, electrons can 
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move into the conduction band which is an important quality for generating current without 

short-circuiting. Figure 2 (Semiconductor Basics, 2020) illustrates how the energy levels 

correspond to the structure of the atom. 

 

Figure 1: Diagram illustrating the bands of an electron and bandgaps for different materials 

[1]. 

2.1.3 Semiconductor 

 

Figure 2: Diagram showing the electron orbitals of silicon [2]. 

Exciting the semiconductor material leads to the generation of electron-hole pairs through the 

combination of doping and utilisation of N-type and P-type semiconductor. As they are, 

semiconductors such as silicon, germanium and gallium arsenide have very few free electrons 

as they are packed in a crystal lattice. 

To produce an N-type semiconductor, donor atoms which are classed as impurities are 

introduced to the silicon such as phosphorous, arsenic or antimony (shown in Figure 3, 

Semiconductor Basics, 2020). Four out of the five outer electrons bond with its neighbouring 

silicon atoms leaving one free electron to flow when current is applied. The resulting 

semiconductor N-type material has more electrons than holes. The electrons are thus called 

majority carriers while the holes are called minority carriers.  

javascript:%20void(0)
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Figure 3: Diagram showing an N-type silicon doped with antimony [2]. 

To produce a P-type semiconductor, a trivalent impurity can be introduced to the silicon crystal 

lattice. The impurity can be aluminium, boron or indium with trivalence meaning they have 

three electrons in their outer orbital as seen in Figure 4 (Semiconductor Basics, 2020). This 

results in a positively charged hole as the electrons in the outer shell combine for 7. The 

electrons will try to move into the hole but travel through the crystal structure and as a result 

the lattice will become a positively charged pole as it is seeking electrons. These donor atoms 

are known as acceptors as they generate a hole which is constantly accepting electrons. Donor 

atoms produce a P-type semiconductor where majority holes are majority carriers and the free 

electrons are minority carriers. 

 

Figure 4: Diagram showing a P-type silicon doped with boron [2]. 

2.2.1 P-N Junction 

In order to produce a potential difference using the electron-hole pairs, an inhomogeneous 

structure must be produced, most commonly a P-type and N-type doped semiconductor with 

an internal electric field known as a P-N junction. 
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When a semiconductor crystal is doped to form a P-N junction, some of the free electrons in 

the N-region begin to flow across the junction to the holes in the P-region resulting in positive 

ions in the N-region. As a result, the holes in the P-region flow to the N-region where there are 

a lot of free electrons. After this, along the junction in the P-type region there is an abundance 

of negatively charged ions and the area by the junction in the N-type region becomes positive. 

The transfer of charge consisting of holes and electrons across the P-N junction is known as 

diffusion. The width of the regions is determined by the extent at which each region is doped 

with acceptor and donor ions respectively. It will continue until the electrons which have 

crossed the junction have sufficient electrical energy to repel any more charge carriers from 

crossing the junction, setting up a potential barrier in between the two regions resulting in 

equilibrium. Due to the donor atoms repelling the holes and the acceptor atoms repelling the 

electrons, the area around the junction now becomes what is called the depletion layer as no 

free charge carriers can rest in a position where there is a potential barrier. The regions further 

away from the junction continue to have carriers. This is the reasoning for producing an 

inhomogeneous structure as the incident light will use the photovoltaic effect to excite electrons 

into the conduction band where excess charge carriers can overcome the potential barrier. A 

potential difference can now induce the flow of current within an external circuit and produce 

work in a load. Figure 5 (The P-N Junction, 2020) highlights the production of the depletion 

region when the P and N-type semiconductor is joined. 

 

Figure 5: Diagram showing a P-N Junction [3].

 

2.2.2 Structure of a Photovoltaic Cell 

As can be seen in the figure below (Osmanbasic, 2019), the standard two-junction photovoltaic 

cell does not add many more components to the standard P-N junction. Anti-reflective coating 

prevents photons from incident light to be reflected from the surface of the cell and contacts 

are added for connection to the load. 
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Figure 6: Diagram showing the structure of a photovoltaic cell [4]. 

 

2.2.3 Multi-junction Photovoltaic Cell 

A technique that has boosted the efficiency of solar cells which multi-junction cells utilise, is 

stacking P-N junctions on top of each other with differing bandgaps. These differing bandgaps 

mean they require different energies to excite electrons into the conduction band, an important 

property for efficiency as the solar spectrum consists of a range of wavelengths that 

correspond to different energies. By stacking these materials in increasing energy level order, 

light that can’t excite the top layer will pass through until they reach a layer which can. Figure 

8 (Amyx, 2019) illustrates the idea by showing how the bandgaps spread across the 

wavelengths of the solar spectrum. 

 

Figure 7: Schematic of multi-junction photovoltaic cell [5]. 

https://spie.org/Images/Graphics/Newsroom/Imported-2010/003124/003124_10_fig1.jpg
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Figure 8: Diagram showing the spectral irradiance of the sun at the top of the atmosphere 

and the bandgaps of an InGaP/InGaAs/Ge multi-junction photovoltaic cell [5]. 

2.3.1 I-V Characterisation 

I-V characterisation is the process of modelling the change of current as a function of the 

voltage of a component. In the case of a photovoltaic cell, it is carried out by using a source-

meter unit and sweeping over a voltage from 0 to a given voltage and measuring the current 

at each point in selected intervals. The main benefits of producing an I-V characteristic is the 

potential of extracting selected parameters such as efficiency, open-circuit voltage and short-

circuit current. Parameters that are more specific to photovoltaic cells and indicate a more 

detailed description such as fill-factor can also be calculated using data from the characteristic. 

These parameters, which can be seen in their corresponding points on the curve in Figure 9 

(PVEducation, 2020), are as follows, the open-circuit voltage or VOC is the maximum voltage 

when the cell is not connected to any circuit. The short-circuit current or ISC is the current in the 

circuit when the cell is shorted. The maximum power output of the cell is characterised by the 

voltage and current at that point Vmp and Imp. The fill-factor gives an indication of the quality of 

the array and is the ratio of the product of the Imp & Vmp and the product of ISC & VOC. In addition, 

the shunt and series resistance of the solar cell can be calculated by finding the gradient of the 

I-V curve at the short-circuit current and the open-circuit voltage respectively. These 

parameters are then used in the calculation for the efficiency of the solar cell which is a 

measure of the power generated to the radiation power falling on it calculated by the product 

of the illumination and the area of the cell as shown in Equation 1 (PVEducation, 2020).  

https://spie.org/Images/Graphics/Newsroom/Imported-2010/003124/003124_10_fig1.jpg
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Figure 9: Graph showing an I-V characteristic and extractable parameters [6]. 

                                          𝜂 =
𝑉𝑚𝑝𝐼𝑚𝑝

𝑃𝑖𝑛
= 

𝑉𝑜𝑐𝐼𝑠𝑐𝐹𝐹

𝑃𝑖𝑛
                                          (1) 

Efficiency equation for a photovoltaic cell [7]. 

2.3.2 Dark I-V Characteristic 

Producing a dark I-V is similar to a light I-V as it produces excess carriers but instead it injects 

them electrically. The photovoltaic cell will ideally be in as dark conditions as possible. Although 

the linear plot of a dark I-V curve can illustrate how closely the cell models a diode through an 

exponential curve, a much more useful plot is the logarithmic plot. Figure 10 (PVEducation, 

2020) shows the dark I-V curve of a photovoltaic cell with a logarithmic axis. In a lot of cases 

the light I-V and dark I-V are identical, but the logarithmic plot of the dark identifies the ideality 

of the cell by measuring the gradient at specific regions within the curve.  

 

Figure 10: Logarithmic dark I-V characteristic of a photovoltaic cell [8]. 
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2.4.1 Photoluminescence Imaging 

Photoluminescence imaging is a characterisation technique that uses photoluminescence, a 

physical phenomenon whereby illuminated material is excited and through its relaxation emits 

photons. The photoluminescence can then be photographed and produces a detailed image 

of the structural integrity of the material as seen in Figure 11 (PV-Manufacturing, 2020). For 

photovoltaic cells, this is useful as physical faults within silicon often account for a large portion 

of the losses and can be overlooked due to the fact damages not visible to the human eye 

occur early in the production process. Some of these faults include shunt and series resistance 

issues with solar cell contacts, areas of lower diffusion lengths, iron contamination and physical 

defects within the silicon such as grain boundaries and dislocations. Photoluminescence 

imaging for multi-junction cells is more challenging as the cells consist of multiple layers which 

are troublesome to resolve individually. In this case several light sources must be used to 

illuminate specific layers and make sure that they do not excite them all. The main benefits of 

photoluminescence imaging come from: a short production time, non-destructive analysis and 

its potential for application early in the production process of the silicon as it does not require 

contacts. 

 

Figure 11: Photoluminescence image of a crystalline solar cell [9]. 

2.4.2 Electroluminescence Imaging 

Similar to photoluminescence, electroluminescence makes use of another phenomenon, 

namely the radiative recombination from a material that is electrically charged rather than from 

incident light. This is due to the excitation of the material emitting photons and as a result the 

intensity of the regions is a function of the voltage; faulty regions show up dark which can be 

seen in the figure below (PVEducation, 2020). For multi-junction solar cells, it is important for 

subcells to be excited individually in order to resolve the individual layers as these will be the 

sections that will be emitting light and showing up on the image. The benefits of this form of 
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characterisation is the short measurement time and its non-destructive characterisation. One 

aspect of electroluminescence that should be considered is that it requires electrical contacts. 

Consequently, this demonstrates it is a characterisation technique that should be utilised 

further along in the characterisation process. 

 

Figure 12: Electroluminescence image of silicon solar cell highlighting physical defects 

within the cell [10]. 

2.5.1 Diode Model 

In order to predict and extract specific parameters of a solar cell, an equivalent electrical circuit 

can be constructed; this circuit is seen in Figure 13 (Characteristics of Photovoltaic Solar Cells, 

2020). It is characterised by a current source that represents the photocurrent generated by 

the cell with a diode ID in parallel. Since no photovoltaic cell is ideal a shunt resistance RSH that 

represents the high conductivity paths in parallel is added. A series resistance RS is also added 

which represents the various resistances in the cell originating from the fingers, busbars, 

metal-semiconductor contacts and base semiconductor. IL is the current produced by the cell 

when connected to an external load RL. 

 

Figure 13: Equivalent electrical circuit for a solar cell [11]. 

https://wiki.analog.com/_detail/university/courses/eps/eps_photovoltais-f4.png?id=university%3Acourses%3Aeps%3Aphotovoltaic
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2.5.2 Characteristic Equations  

As stated, this model provides equations to extract parameters given experimentally obtained 

values. The equations for calculating the current output of the entire photovoltaic cell and diode 

are given below. 

I = Iph − ID −
V+Irs

Rsh
                                                       (2) 

Equation to calculate the output current of a photovoltaic cell [12]. 

ID = I0(e
(
V+Irs
mVT

)
− 1)                                                     (3) 

Shockley diode equation to calculate the current flowing through the diode [12]. 

Equation 2 (Kaplanis, S. and Kaplani E, 2013) presents the Shockley diode equation which 

allows for the calculation of the current ID flowing through the diode. I0 is the inverse saturation 

current; V is the output voltage; I is the current of the photovoltaic cell; rs is the series 

resistance; m is the ideality factor of the diode which is 1 when the cell is behaving ideally and 

2 when recombination current is considered individually, in practice this value must be 

experimentally calculated. Lastly, VT is the thermal voltage of the cell. 

2.5.3 Two-diode and Three-diode Models 

Using the same components and additional diodes, the model’s precision can be improved by 

adding more diodes in parallel where they model the current ID, the current due to pure 

diffusion, whilst Ir is the recombination current with It being the thermionic emission. 

2.6 SPICE Modelling 

SPICE (Simulation Program with Integrated Circuit Emphasis) is an open source program for 

the calculation of the operating point parameters of analog circuits. Simulation can be carried 

out by using one of the many SPICE programs available for use. The most commonly used 

program in photovoltaic modelling, particularly for 3D modelling, is LTSpice; a free-to-use 

software. The confirmation of theoretical models of solar cells such as the two-diode model is 

particularly helpful and allows for spatial resolution of the variance of performance across the 

length and width of the cell and even across layers such as those in multi-junction cells. 3D 

SPICE modelling of photovoltaic cells is based on the two-diode model and this process will 

be detailed in Section 3. 
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2.7 Placement of Report within Wider Field 

The objectives of this report were influenced by several papers which have conducted research 

using combinations of characterisation techniques. The project intends to investigate SPICE 

modelling in turn to develop the process of analysing multi-junction photovoltaic cells. 

Throughout the research, experimentation intends to develop the practice of simulation of solar 

cells for confirmation of results and theoretical limits. The objectives consist of developing a 

3D simulation method to quantitatively analyse the performance of multi-junction photovoltaic 

cells using a simulation and comparing them to experimentally obtained data.  

Developing the most effective non-destructive characterisation method is the basis of this 

project. The efficiency and performance of photovoltaic cells is dependent on the quality of the 

materials in their processing and manufacture. Hoex, Zhang and Aberle, (2012) note that ‘a 

thorough characterisation of the individual processing steps and a detailed loss analysis of the 

final solar cells can be used to improve the average efficiency and yield of industrial silicon 

wafer solar cells.’ [16]. In particular, multi-junction photovoltaic cells consist of constituent 

subcells which increases the difficulty of resolving the parameters of individual layers. Lim et 

al., (2011) presented how ‘luminescence coupling also causes the EQE measurement artifacts 

in the InGaAs subcell of an InGaP/InGaAs/Ge multi-junction solar cell.’ [17]. As stated, the 

effects of specific characterisation methods can be seen by other techniques. Lim et al., (2011) 

notes ‘the methods demonstrated here can be developed into a nondestructive 

characterization technique for evaluating the material quality of MJ solar cells.’ [17]. 

Nesswetter et al., (2013) states that ‘the potential of EL imaging in combination with SPICE 

network simulations for multijunction cells was shown.’ [18]. These statements further highlight 

the importance of the amalgamation of several methods to account for the drawbacks of 

individual techniques and the combination of others.  

Throughout the experimentation it should be noted whether these results will indicate that a 

combination could provide a more effective and thorough analysis of the performance of multi-

junction photovoltaic cells. In addition, the method needs to provide enough quantitative 

evidence to have worthwhile industrial application and must produce a precise analysis of the 

causes of losses to be able to rectify them. 
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3. Method 

 

3.1 Experimentation 

3.1.1 I-V Characterisation 

I-V characteristics of differing photovoltaic cells were produced over the course of a couple of 

weeks. For one of the experiments the solar simulator was faulty for a week, so a halogen 

lamp had to be used for some results. It should be noted that the efficiency parameters differ 

for the halogen results in comparison to the results from the solar simulator as the spectral 

irradiance covers a different range of wavelengths. 

An important consideration is the fact that I-V curves were produced across a whole cell rather 

than individual subcells. Due to experimentation being cut short, details of producing an I-V 

curve for an entire cell will not be discussed. In order to produce an I-V characteristic, the solar 

simulator must be calibrated using an irradiance meter which measures the illumination that 

will be incident on the solar cell when it is placed in the position of the meter. Illumination is 

measured per square meter and is important to consider when calculating the power incident 

on the solar cell. Once the illumination is calibrated it is also important to calibrate the 

temperature of the solar cell at operating conditions as this will have an effect on the operation 

of the solar cell. The standard conditions were produced which were a temperature and 

illumination of 25°C±0.01°C and 1000W/m2. Once achieved, the solar cell is placed at the same 

distance with uniform illumination and the negative contact is on the top of the cell with positive 

on the bottom. The source meter unit then sweeps over a range of voltages, in this case 0V to 

3V with a step of 50mV and 100mV. It then records the current at these voltages and saves 

the data to a .csv file that was saved and imported to MATLAB to plot and extract the 

parameters. For a dark I-V the same process was carried out under dark illumination. The 

different types of I-V characteristics produced were a light and dark I-V for a crystalline silicon 

single-junction solar cell under both halogen and solar simulator illumination. The same was 

conducted for a gallium arsenide triple-junction solar cell producing a dark and light I-V. A 

similar set-up can be seen in Figure 14, but it does not show the solar simulator and uses a 

thermocouple instead. The results from this are displayed in the results section.  
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Figure 14: Analogous set-up for producing an I-V characteristic – Malik, et al. (2010). 

3.1.2 SPICE Simulation 

SPICE simulation initially was designed to be the final set of experimentation to confirm and 

match the data obtained in the other experiments, however, due to situational issues SPICE 

became a much larger portion of experimentation. To build up familiarization and experience 

with SPICE, the simulation began with producing a two-diode model of a solar cell and 

extracting some of the parameters with the code inside the software. 

Figure 15 displays the model that was produced within LTSpice with several components 

depicted: I1 representing a photocurrent of 0.541A; D1 and D2 representing the diode currents 

of 1.0x10-10A; and a series and shunt resistance possessing an ohmic resistance of 1000Ω 

and 0.3125Ω. The voltage source is used to sweep the voltage from 0V to 0.87V with a step 

of 100mV; ‘model .dc V1 0 0.87 1m’ represents the sweep in the commands in the image. The 

other commands also calculate the ISC, VOC and PMax at operating conditions which are shown 

in section 4. Producing this was crucial for developing an understanding of the diode model as 

well as gaining proficiency with the software.
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Figure 15: Screenshot within LTSpice of two-diode model. 

Figure 16: Triple-junction 2D model.

In order to develop this model, Ho, D. F. & Morgan, D. T. (1991) describes a method to produce 

a two-dimensional simulation that stacks layers of the two-diode model and wires it accordingly 

with equivalent resistances for the tunnel diode. The model was successfully produced; 

however, the paper did not include parameters as they were experimentally obtained and as it 

was not possible to obtain these in the laboratory, an I-V characteristic could not be produced. 

The process was the same as the single-junction model with resistances above and below the 

cells. Moreover, the method did not relate entirely to the more advanced models that allow for 

the spatial variation within the cell, consequently the method was ignored. 
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One hurdle originated from producing a model that varied spatially in three dimensions as 

LTSpice does not possess the settings to rotate components at 45°. As 3D modelling of analog 

circuits is not frequently practiced, there was little material on the subject other than within the 

research papers. It is understandable as there is often not a need to produce three dimensional 

circuits as they differ minimally across three dimensions and are not made of large 3D spatially 

variant material. In any case, past papers did not go into much detail about producing the 

three-dimensional model in terms of wiring and placing components. Wiring the components 

in three-dimensions is straight forward as there is a setting to wire components non-

orthogonally. In order to rotate the resistor, the assumption was made that the resistor 

component at 45° must be an original component not within the software. This was done 

manually by altering the original model of the resistor within the editing tool of the software and 

leaving the two ends so it would still wire correctly and produce an accurate resistance value.  

Currently, it is not clear if it is the correct methodology as no published information provides 

details of the process. The assumption relies on the idea that it should not affect the final 

simulation if the two pins of the resistor remain within the component in LTSpice. In order to 

produce a 3D model, it was important to identify the main differences between it and the 2D 

diode model. Steiner et al., (2011) breaks down the modelling approach and presents how the 

two diode-model is representative of the whole cell as well as not accounting for variation of 

different sections within the cell which behave differently. The 3D model accounts for this is by 

dividing the model into elementary cells which represent a small area of the cell and entering 

parameters with a current density. These areas are determined by the overall area of the cell 

being simulated and dividing it by the number of elementary cells within the model. Each 

elementary cell now represents a portion of the total area of the physical 3D model that is in 

the laboratory. If the cell being simulated is 1cm2 and the number of elementary cells is 16, 

then the area of one elementary cell is 625𝜇m2. Intuitively, the greater the number of 

elementary cells provides a greater precision and resolution, however, the time required for 

simulation also increases. As well as representing a physical area within the real cell, the 

different regions possess different behaviours.  

Figure 17 (Steiner et al., 2011) depicts the three different elementary cells in the model for a 

single-junction cell. The different regions represented are the dark elementary cell which is 

shaded by the busbar (metallic contact) of the solar cell and as a result has no generated 

photocurrent. The illuminated elementary cell accounts for the majority of the generated 

photocurrent and  
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Figure 17: Elementary cells for a 3D model of a photovoltaic cell. [13] 

 

the illuminated perimeter elementary cell. The model still contains the components from the 

diode-model that now possess variation across the model. The total values for the current and 

resistances are now the sum of the values produced by each elementary cell. As a result, the 

parameters of the model are densities. 

Steiner et al., (2011) provides the parameters for simulation which were experimentally 

obtained. As experimentation was drawn to a halt, the parameters that are given within the 

paper were used to attempt to replicate the results. 

𝑖𝐿(𝑥, 𝑦) = −𝐴(𝑥, 𝑦) ∙ 𝐶 ∙ 𝐽𝐿(𝐶 = 1)                                            (4) 

𝑖01(𝑥, 𝑦) = 𝐴(𝑥, 𝑦) ∙ 𝐽01[𝑒
(
𝑞𝑉(𝑥,𝑦)

𝑘𝑇
)
− 1]                                         (5)          

𝑖02𝑏(𝑥, 𝑦) = 𝐴(𝑥, 𝑦) ∙ 𝐽02𝑏[𝑒
(
𝑞𝑉(𝑥,𝑦)

2𝑘𝑇
)
− 1]                                       (6)      

𝑖02𝑝(𝑥, 𝑦) = 𝑆(𝑥, 𝑦) ∙ 𝐽02𝑝[𝑒
(
𝑞𝑉(𝑥,𝑦)

2𝑘𝑇
)
− 1]                                       (7)      

𝑟𝐸𝑚,𝑣(𝑥, 𝑦) =
𝑟𝐸𝑚∙𝑊

𝐿
                                                      (8)                                  

𝑟𝐸𝑚,ℎ(𝑥, 𝑦) =
𝑟𝐸𝑚∙𝑊

𝐿
                                                     (9)                                  

𝑟𝐹(𝑥, 𝑦) =
𝜌𝑀∙𝐿

ℎ𝑓∙𝑊𝐹
                                                      (10)                                   

𝑟𝐶(𝑥, 𝑦) =
𝜌𝐶

𝐴(𝑥,𝑦)
                                                      (11)                                    

𝑟𝑏𝑎𝑠𝑒(𝑥, 𝑦) =
𝜌𝑏𝑎𝑠𝑒∙𝑑𝑏𝑎𝑠𝑒

𝐴𝑆𝑍
                                                (12)                          
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𝑟𝑟𝑒𝑎𝑟𝑐𝑜𝑛𝑡𝑎𝑐𝑡(𝑥, 𝑦) =
𝜌𝑅𝐶

𝐴𝑆𝑍
                                                  (13) 

The equations presented above describe the different parameters for the respective 

elementary cells. iL calculates the absolute value of the generated photocurrent for the 

illuminated elementary cells where A(x,y) is the area the elementary cell is representing and 

S(x,y) is the fraction of solar cell surrounding perimeter assigned to one J02p-diode. C is the 

concentration ratio and JL(C=1) is the photogenerated current density at one sun. i01, i02b and 

i02p are the different diode currents. J01, J02b and J02p are the different current densities in the 

neutral & depletion zone and the perimeter. V(x,y) is the voltage across the load. T is the 

absolute temperature of the cell in Kelvin, q is the elementary charge 1.6x10-19C and k is 

Boltzmann’s constant which is equal to 1.38x10-23m2kgs-2K-1. rEm,v and rEm,h are the series and 

shunt resistances of the elementary cells with W and L as the width and length of the 

elementary cell. The resistance of the fingers is determined by rF and the contacts is rC where 

𝜌𝑀 is the resistivity of the metallization; hf is the height of the fingers; Wf is the width of the 

fingers and 𝜌𝐶 is the resistivity of the contact. The resistance values of the base and rear 

contact are calculated by rbase and rrearcontact where 𝜌𝑏𝑎𝑠𝑒 and 𝜌𝑅𝐶 are the resistivities of the base 

and rear contact. The thickness of the base is given by dbase and ASZ is the total area of the 

entire cell. 

These parameters were then input into the simulation and run. A model of the single-junction 

3D model produced can be seen in Figure 18 and the I-V characteristic generated by the model 

can be seen in Figure 26. 

For the 3D simulations, the values calculated from the equations in Steiner et al., (2011) were 

as follows (‘lcl’ denotes the different lateral conducting layers and ‘bot’, ‘mid’ and ‘top’ denote 

the different subcells): 

Table 1: Summary of simulation parameters for single-junction cell 

 

Parameter Value

𝑖𝐿 (A)

𝑟𝐸𝑚𝑣,ℎ ( )

𝑟  ( )

𝑟𝑐  ( )

𝑖02𝑝 (A)

𝑖01 (A)

𝑟𝑟𝑒𝑎𝑟𝑐𝑜𝑛𝑡𝑎𝑐𝑡 ( )

𝑟𝑏𝑎𝑠𝑒 ( )

𝑖02𝑏 (A)

−1    1   

    1   

     1   

1   1   

    1  2

    1  20

    1  11

1   1  12

110
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Table 2: Summary of simulation parameters for triple-junction cell 

 

As the project was centred around multi-junction cells, it was important to produce a simulation 

for a triple junction cell. Steiner et al., (2012) produces an analogous method to the single-

junction model, simulating a triple-junction cell. The main differences between the two models 

were the presence of tunnel diodes between subcells and only consisting of two-types of 

elementary cells. The model was developed in the same way as the single-junction model and 

the parameters calculated and utilised. The model can be seen in Figure 19 with the final 

resulting I-V curve in Figure 27. 

 

 

Figure 18: 3D single-junction model produced in LTSpice. 

Parameter Value

𝑖𝐿𝑏𝑜𝑡 (A)

𝑖𝐿𝑚 𝑑 (A)

𝑖𝐿𝑡𝑜𝑝     

𝑟𝑚 ( )

𝑟 𝑐  ( )

𝑟 𝑐 2 ( )

𝑟 𝑐 1 ( )

𝑟𝑐 ( )

𝑟 𝑐  ( )

      1   

 1    1   

    1   

    1   

190

1   

  

   
𝑟 𝑐  ( )

𝑟𝑏𝑐 ( )

𝑖𝑡𝑜𝑝 (A)

𝑖𝑚 𝑑 (A)

𝑖𝑏𝑜𝑡 (A)

 1    1   

1 

    1   

    1  2 

    1  20

1   1   
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Figure 19: 3D model of a triple-junction photovoltaic cell. 

 

4. Results 

 

In total, two different photovoltaic cells were tested experimentally by producing their I-V 

characteristic; a single-junction silicon crystalline photovoltaic cell and a multi-junction 

germanium cell. Additionally, three LTSpice simulations were run with the results presented in 

the following section. 

4.1 I-V Characterisation 

Here are the results for the two different types of cells under differing types of illumination, 

namely a solar simulator and a halogen lamp. cSi (crystalline silicon) is illuminated with a 

halogen lamp and cSiB (crystalline silicon) and GaAs (gallium arsenide) are both illuminated 

with a solar simulator.  The cSi cell has an area of 1.52x10-3m2±8x10-5m2, was at a temperature 

of 25.1°C±0.01°C and had a voltage step of 5mV. cSi B is an identical cell to cSi and had a 

temperature of 25.1°C±0.01°C and a voltage step of 5mV. The triple-junction gallium-arsenide 

cell had an area of 4x10-4m2±4x10-5m2 and its parameters under solar simulator illumination 

were extracted at a temperature of 25.04°C±0.01°C and a voltage step of 10mV. All the cells 
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had an illumination of 1000W/m2 resulting in a power input of 0.4W±0.041W for the GaAs cell 

and 1.52W±0.08W for the crystalline solar cell. 

Table 3: Summary of experimentally extracted parameters from solar cells. 

 

As most of the parameters were digitally obtained in MATLAB as points in a graph with a large 

resolution, the error for most of the points can be estimated to be around 1% which will be the 

result of having to resolve points on the line which will have a spread of around 0.01 on the x 

and y axis. 

For comparison PVEducation [56] breaks down photovoltaic cell records for different types. 

The most efficient cell which is of InGaP/GaAs/InGaAs type at one-sun illumination is 35.8% 

with a VOC of 2.62V, a JSC of 14.37mAcm-2 and a fill-factor of 0.85. The most efficient silicon 

cell at one sun has been 25%, with a VOC of 0.706V and a JSC of 42.7mAcm-2 and a fill-factor 

of 0.828. 

4.2 Light I-V 

The I-V characteristic from the experiment carried out with a 1.52x10-3m2 crystalline silicon 

solar cell under halogen light illumination of 1000W/m2 is shown in Figure 20 with the extracted 

technical specifications summarised in section 5.1. The I-V characteristics from the 

experimentation for the same 1.52x10-3m2 crystalline silicon cell and a 4.0x10-4m2 gallium 

arsenide triple-junction solar cell under solar simulator illumination of 1000W/m2, are shown in 

Figure 21 and Figure 22; the results of which are summarised in section 5.1. 

Parameter Crystalline silicon /cSi Crystalline silicon /cSiB Gallium arsenide /GaAs

0.61 0.612 2.54

0.541 0.549 0.0507

0.188 0.231 0.108

0.405 0.48 2.23

0.465 0.48 0.0482

FF 0.571 0.686 0.835

Efficiency (%) 13%±1% 15%±1% 27%±1%

71.4 56.2 1230

0.313 0.133 2.65

  𝐶 (V)

  𝐶 (A)

 𝑀  ( )

 𝑀𝑃 ( )

 𝑀𝑃 (A)

   (Ω)

  (Ω)
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Figure 20: I-V characteristic of crystalline silicon PV cell 

under halogen lamp illumination of 1000W/m2. 

Figure 21:  I-V characteristic of crystalline silicon 

PV cell under solar simulator illumination of 

1000W/m2. 
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4.3 Dark I-V 

 

 

Figure 22: I-V characteristic of triple-junction PV cell 

under solar simulator illumination of 1000W/m2. 

Figure 23: Dark I-V characteristic of crystalline photovoltaic cell 

at halogen lamp illumination of 1000W/m2. 
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4.4 SPICE Simulation 

 

 

Figure 25: I-V characteristic of simulated 2D two-diode single junction cell. 

Figure 24: Dark I-V characteristic of crystalline 

photovoltaic cell with a logarithmic scale. 
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Figure 26: I-V characteristic of simulated 3D single junction cell. 

 

 

Figure 27: I-V characteristic of simulated 3D triple junction cell. 
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Figure 28: I-V characteristic of simulated 3D single-junction cell (zoomed to fit). 

 

 

 

Figure 29: I-V characteristic of simulated 3D triple-junction cell (zoomed to fit).
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5. Discussion 

 

5.1 Analysis 

5.1.1 I-V Characterisation 

As shown in Section 4, the results address two of the objectives stated at the beginning of the 

report, namely combining two characterisation techniques, I-V characterisation and SPICE 

simulation. Due to the lack of data, the experimentation serves as a confirmation of accepted 

techniques within photovoltaic cell research. The I-V characterisation of photovoltaic cells 

allowed for the extraction of the VOC, ISC, MPP, Fill-factor and efficiency within 13%±1% of the 

most efficient crystalline silicon cell under halogen illumination and 10%±1% under solar 

simulation as seen in [56]. For the GaAs cell it was within 9.9%±1% of the most efficient triple-

junction photovoltaic cell. These results are a confirmation that the correct methodology was 

carried out and that the data obtained can be taken as accurate and representative for the type 

of photovoltaic cell. The I-V characterisation allows for extraction of parameters; however, it 

does not identify the cause of the losses to the manufacturer or operator of the cell. The only 

losses that can be identified are the drops in current in the silicon cell which is illuminated with 

the halogen lamp as it emits a halogen spectrum and as a result has a lower efficiency. This 

was ideally meant to be addressed by the photoluminescence and electroluminescence 

imaging to identify the primary loss mechanisms of the multi-junction cells. As a result, the I-V 

characterisation serves as an effective method for comparison to theoretical values and to 

analyse the performance of the photovoltaic cell but lacks in analysing the cause of the losses. 

5.2 SPICE Simulation 

5.2.1 2D Two-diode Model 

The curves generated by the models and their corresponding extracted parameters offer little 

confirmation of experimentally obtained data. Firstly, the 2D two-diode model makes use of 

arbitrary parameters to produce an I-V characteristic within the general range and shape for a 

solar cell. The model was produced in order to get a grasp of the software and general 

behaviour of the production of the characteristic when varying the input parameters. As a 

conclusion on this model, it can be said that the results are a confirmation of the ability to model 

the general behaviour of a solar cell using simulation software. The ISC of the simulated diode 

model was 4.98A±0.01A, VOC was 0.856V±0.01V and the PMax was 3.24W±0.01W. The error 

for these will also be estimated to be around 1% as they were also digitally obtained from the 

I-V characteristic in the LTSpice software. 
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5.2.2 3D Single-junction Model 

The production of the 3D model aimed to be a confirmation of the experimentally obtained 

data. This confirmation would be useful as it would provide an insight into obtaining the 

maximum theoretical values based on the diode equations with the ability to model losses 

across the spatially variant material. The simulations would depend on the ideality of the model 

instead of being affected by physical defects or manufacturing processes. This simulation 

would allow for the comparison of experimentally obtained data and allow for the specific 

identification of defects within a 3D model of a solar cell. Manufacturers could use this to 

improve the process of making the solar cells in order to prevent certain loss mechanisms 

being present in a physical photovoltaic cell. Furthermore, these loss mechanisms could be 

reproduced within the simulation to analyse their effect on the performance on the cell.  

The production of the model was a cumbersome process which originally stemmed from the 

difficulty in adjusting the analogue electrical design software to allow for three-dimensional 

design. Editing the components was not a focus in the research papers, so as a result this is 

still a point of interest considering it may influence the result. As the shape of the graph is 

correct and that it is only outside of the range of accepted values, it would appear that the 

method to produce this is in fact correct but instead the parameters are the cause of the 

incorrect results. The curves shown in Figure 26 and Figure 27 are zoomed to fit so they show 

the curve above 0A, however, the shape of the graph for the entire 3V range differs and in 

Steiner et al., (2012) the curve has a higher current which ranges across the entire 3V and as 

a result has a larger power produced.  

In addition to editing the components, wiring the model came with a lot of difficulty as wiring 

required previous experience with the software and relied heavily on being able to effectively 

troubleshoot using the error messages at run-time of the simulation. As error messages are 

circuit specific and are general messages, finding the solutions to this took a long time. One of 

the main considerations that needs to be made is avoiding a node being produced when wires 

cross each other on a plane as this will lead to a simulation that will hang. 

Using the parameters in the table presented in Steiner et al., (2012) the values were input into 

the components and the simulation was run. 

The curve produced for the single-junction 3D model is slightly skewed and lies between 0A 

and -70A. The data extracted is as follows: the simulated cell had an ISC of 0.0196A±0.02mA 

and a VOC of 0.45V±4.5mV and a PMax of 2.67x10-3W±1mW.  
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Due to time constraints it was not possible to rectify the results. Nevertheless, it can be seen 

that the results stem from the parameters entered into the components as initially the 

simulations were run with the values in the table. It was understood that the values in the table 

were the absolute values that correspond to each component in the elementary cell. After 

further analysis, the values are density values that correspond to each component since the 

model is dependent on the number of elementary cells and the area of the real cell that is being 

represented. The equations for this are presented earlier in the report and as such, an attempt 

was made at making these calculations. However, due to limited access to the physical 

photovoltaic cells it was difficult to obtain measurements for the lengths and widths of the 

fingers and other parameters outside of research papers. Moreover, the elementary cell 

equivalent for the dark elementary cells need to be accounted for as they take up a larger area 

than the width of a finger covers in reality.  

5.2.3 3D Triple-junction Model 

Making the triple-junction model was almost an identical process, the only difference 

originating from having one less constituent elementary cell and the presence of tunnel diodes. 

This model had the same objectives as the single-junction 3D model but aimed to have a 

greater accuracy as the individual contribution of the individual layers could be accounted for 

and analysed. 

The main issues arose from the tunnel diodes as the values for this were iteratively calculated 

which significantly increased the difficulty of producing a characteristic, as after several 

attempts, the simulation would still hang. Steiner et al., (2012) states within the same paper 

for a triple-junction model that the model can be produced without tunnel diodes and resulted 

in an I-V curve being generated. Figure 27 shows a curve which is much more characteristic 

of a solar cell however once again, when looking at the entire curve fit to the graph, it is out of 

the range by several powers of ten and in the negative range from 0 to -160kA. This points 

again to the hypothesis that the parameters have not been input correctly. In order to confirm 

this, the experimentally obtained values for the shunt and series resistance for both the single 

and triple-junction cell were input into the working one-diode model and the following 

characteristic was produced. The values extracted were as follows: an ISC of 0.0285A±0.3mA, 

a VOC of 1.24V±0.01V and a PMax of 0.01W±1x10-4W. Figure 29 shows the curve above 0A but 

it does not produce a curve for the entire 3V as seen in Figure 30 Steiner et al. (2012) and the 

PMax is far smaller. 
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Figure 30:  I-V characteristic produced for triple-junction simulation for comparison Steiner et 

al., (2012).

 

  

Figure 31: I-V characteristic of two-diode model using experimentally obtained parameters 

As seen in the figure above, the I-V curve produced for the one diode model that previously 

had both the correct shape and range now ranges between 0 and -150A. Although this is a 

simplification of the issue, it could be a confirmation that both the triple-junction and single-

junction 3D model are correct in the simulations but lack the correct parameters.  

As an improvement it would’ve been preferable to make more measurements of the 

dimensions of the physical cell earlier as this would allow for the calculation of more 
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parameters. This would mean the equations in the papers could be more accurately used and 

would provide a more accurate representation. Furthermore, it would be advisable to 

experiment with more variations of parameters and removing lateral resistances between 

layers. 

 

6. Conclusion 

 

As a summary, the project aimed to produce an extensive characterisation method that would 

be able to analyse the performance of multi-junction photovoltaic cells and identify loss 

mechanisms within them. This would be achieved using a combination of I-V characterisation, 

photoluminescence and electroluminescence imaging with confirmation using SPICE 

modelling. Due to laboratory inaccessibility it was not possible to obtain the experimental 

results for the photoluminescence and electroluminescence experimentation as well as 

producing the I-V characteristics of individual sub-cells in a multi-junction photovoltaic cell. 

Therefore, the project had to refocus the aims centred around simulation. The objectives were 

refocused on the use of SPICE modelling to simulate the performance of triple-junction solar 

cells and model the loss mechanisms through series resistances and shaded areas below the 

solar cell contacts. To achieve this, I-V characterisation simulation was carried out to validate 

the model. This has been partially successful and does point to the ability to produce an 

accurate I-V characteristic with some refinements. The study aimed to be a confirmation of the 

3D model of a photovoltaic cell although it could not produce accurate and reproducible results. 

With more time and access to physical photovoltaic cells in order to obtain dimensional 

measurements and produce more models, it is possible that an accurate simulation could be 

demonstrated.  
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