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Abstract 

The effect of thin film tandem solar cells on the efficiency of photovoltaic solar 

technology was analyzed to discover whether they hold higher efficiencies of electrical energy 

production compared to silicon solar cells. Peer-reviewed articles that reported efficiencies and 

other variables on different types of cells were collected to conduct a statistical analysis test. 

Results showed that thin film tandem cells are not more efficient than silicon cells. These 

findings signify that silicon cells may be more beneficial than other types of cells when 

considering the amount of electricity generated, cost of electricity, and environmental impact.  

 

Keywords: solar cells, photovoltaics, tandem cell, power conversion efficiency 

 

Energy Generation 

Electricity generation is a common concern for the general public as wide-used sources 

of fossil fuels become depleted. These sources include oil, coal, and petroleum and they have 

generated sufficient electricity for public use since the Second Industrial Revolution in the late 

1880s. Yet because there is only so much oil, coal, and petroleum available in the Earth, as these 

sources of energy are not sustainable (Hoekstra et al., 2014). Globally, coal makes up 416.3 

gigawatts (GW), or 31.4% of electricity capacity produced out of the 1326.7 GW of generating 

capacity since 2000 (Davis et al., 2010). Yet the dependence on fossil fuels used to create 

electricity is not decreasing despite their unsustainability. This poses an issue to the future of 

energy production. 
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Another issue with fossil fuels is their negative impact on society. For instance, coal 

working has caused the death of over 200,000 coal workers since 1995 due to pneumoconiosis, a 

disease in the lungs that destroys the lung cells (Epstein et al., 2011). Furthermore, health and 

climate in major cities of the United States are negatively affected by carbon emissions from 

fossil fuels, since the United States makes up 20.7% of carbon dioxide released worldwide 

(Streets, 2015). The demand for energy also poses an issue because industrial cities lack access 

to sufficient renewable energy, hence the use of fossil fuels for energy though the health of 

animals and humans is inhibited as a result (Chu et al., 2012). Conventional sources of energy 

like fossil fuels are not viable for the well-being of animals and people on Earth and need to be 

replaced.  

 

Renewable Energy  

 With the side effects of fossil fuel burning, environmentalists and researchers alike are 

turning to renewable energy, or energy that is replenished through natural resources. Renewable 

energy is more sustainable than fossil fuels and has been shown to not emit greenhouse gases, 

helping the environment (Twidell et al., 2015). In fact, different state governments are passing 

legislation for renewable energy. For example, California has passed a law to run on 100% 

renewable energy by the year 2045 (Luke et al., 2017). This is just one example of how 

institutions are implementing programs to slowly transition into a system that is beneficial to 

nature.  

Different types of renewable energy used today include hydropower, wind power, 

biomass fuel, and geothermal energy. Yet, solar power has the potential to be one of the 
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best-utilized energy sources out of all energy sources with high capacities due to its dependence 

on the Sun, which is more reliable than other components of weather (Park et al., 2009). Despite 

previous studies showing semiconductors used in solar cells can release harmful elements to the 

environment, solar power is still safer than other methods of electricity generation, for instance, 

nuclear energy because of the risks associated with radiation containment (Mekhilef et al., 2011). 

 

Photovoltaics  

Photovoltaics is described as the process of converting solar irradiation to electrical 

energy using solar cell technology. Solar energy became popular in recent years due to the 

abundant and sustainable energy the sun emits. The independence of solar energy from material 

energy sources allows it to be a clean and renewable energy source. The United States energy 

market is made of 7-8% solar energy but is projected to grow to 40% by 2050 due to progress in 

researching and improving cells (Kabir et al., 2017). Because solar energy is predicted to 

experience a large increase in usage, methods are being developed to research the best type of 

solar cells. 

One limitation to solar energy is that panels can be expensive initially, on average costing 

$35,967 (Ali & Hossain, 2017; Dastrup et al., 2011). The high price for purchase and installation 

of photovoltaic technology often detracts customers. Therefore, methods should be implemented 

to reduce the cost of solar energy to make them available to consumers. These methods could 

include decreasing the cost of the manufacturing process, reducing the cost of materials, and 

increasing the efficiency of the cells.  
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Factors Affecting Efficiency of Solar Cells 

The solar cell functions by using photons emitted from the sun to create an electron-hole 

pair, or an exciton. This is created when a photon, a quantum particle of light, strikes the material 

of the cell, separating an electron from the atom and leaving a positive charge. The electron from 

the n-material travels to the p material of the cell, through what is known as the p-n junction. 

When the electron and the hole separate, the electrons travel through a wire to the hole to 

neutralize the material, generating a current which is then converted into electrical energy 

(Zweibel, 1990).  

Figure 1. Diagram of electron-hole pair creating an electrical current (Zweibel et al., 1990). The electron 

is forced to the n-type silicon of the cell, creating a positive charge in the p-type silicon. The electron 

travels through the circuit to reach equilibrium in the p-type silicon, generating a current. 

 

 One aspect of a cell that affects efficiency is the Shockley Queisser Limit, known as the 

bandgap of a solar cell. The bandgap is measured in electron volts (eV) and measures the amount 

of energy each photon needs to create an exciton. If a photon does not have the required 

 



EFFECT OF STRUCTURAL MODIFICATIONS ON EFFICIENCY OF SOLAR CELLS       6 

bandgap, that energy is not converted. Furthermore, if a photon has more than the amount of 

energy required, it will create the exciton but the remaining energy will disperse (Miller et al., 

2012). These factors contribute to a loss in energy, known as the blue-loss of a cell. Finding a 

bandgap where the most energy can be converted is crucial to the efficiency of the cell. Most 

bandgaps produce the best efficiency of around 1.4 electron volts (eV) (Beckman et al., 1991).  

Open circuit voltage (Voc), another factor affecting efficiency, is the measure of the 

voltage across the cell when the closed circuit current (Jsc) is zero. The voltage is a measure of 

the energy, in volts (V), that the photons have in the cell after they are absorbed. The Voc 

increases when higher energy electron-hole pairs are produced with a higher bandgap (Elumalai 

et al., 2015). The Voc can be used to calculate the blue-loss of a cell. This voltage is what is 

transferred to an external circuit to generate electricity.  

The closed circuit current (Jsc) is a measure of density in the cell, in units of milliamperes 

(mA) per cm2. It is affected by the area of the solar cell, the number of photons, the angle of 

light, reflection properties, and the lifetime of the cell (Beckman et al., 1991). The Jsc is 

important in knowing how many photons the cell has absorbed as the more photons there are, the 

less energy each photon has. Both Voc and Jsc are crucial to efficiency as there needs be a balance 

between the energy of the photons that strike the cell and how many photons strike in the cell. 

The fill factor (FF) of a cell is the ratio of power converted of the cell to the product of 

the Voc and Jsc, or theoretical power that the cell would output. FF is a measure of how much 

power the cell is outputting versus how much it would output in a perfect environment, therefore 

measuring how much the outside environment affects the conversion energy of the cell (Qi et al., 
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2014). When graphing Jsc versus Voc in a J-V graph, the FF is a measure of how square-like the 

J-V curve is.  

Figure 2. A graph of a J-V curve of a sample solar cell (Lee et al., 2012). FF is measured by optimizing 

the area of a square created by the graph of current (Jsc) versus the voltage (Voc). FF plays a crucial role in 

the efficiency of electricity generation of a solar cell.  

 

Power conversion efficiency (PCE) is the ratio of output of energy by the cell to the input 

of energy by the photons that strike the cell. PCE is the measure of how efficient a solar cell is in 

terms of how much electrical energy it is generating from solar energy (Barnett et al., 2009).  
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Types of Solar Cells 

Silicon Solar Cells 

Silicon solar cells make up 90% of the global market of photovoltaics (Jean et al., 2015). 

They are advantageous because silicon is abundant in nature, extremely durable, and widely used 

throughout electronics, allowing it to have been developed extensively (Yoshikawa et al., 2017). 

There are two major types of silicon solar cells: monocrystalline, or crystalline, and 

polycrystalline, or multicrystalline. The difference between these two silicon cells is in the 

fabrication method and the structure. Monocrystalline cells are fabricated through submerging a 

structured monocrystalline piece into the melted silicon, allowing it crystallize. Once the metal 

has cooled, it is cut into rectangular blocks and then cut into the sheets which form solar cells. 

Contrastingly, polycrystalline is melted and cools in molds rather than crystallizing the metal 

(Tagçjollu et al., 2016). As a result, two different structures are formed: one in which there is a 

uniform structure of crystal throughout and the other which has varying crystal structures. 

Monocrystalline solar cells have an optimal bandgap of 1.3-1.4 eV  (Jean et al., 2015). 

These crystalline solar cells make up 35% of the market (ITRPV, 2014). One weakness of 

crystalline solar cells is its indirect bandgap, a non-fixed bandgap, which leads to decreased 

absorption of light and forces the cell to be thicker. Moreover, the production process uses high 

amounts of silicon, making it less desirable due to inefficient material use. These cells still 

generate efficiencies of 25.6%, costing $0.38 per watt at peak production (Wp ) (Mrinalini et al., 

2019; Rohatgi et al., 2010; Saga et al., 2010). 

Polycrystalline cells often have a bandgap of 1.1 eV (Benick et al., 2017). These cells 

consist of 55% of the solar cell market, making them the most sold type of solar cell (ITRPV, 
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2014). Weaknesses of polycrystalline solar cells are similar to those of monocrystalline cells. 

Multicrystalline cells generate electricity at a cost of $0.34 per Wp at 21.5% efficiency (Saga et 

al., 2010). 

 

Tandem Solar Cells and Thin Film Cells 

 Tandem solar cells, known as multi-junction cells, are cells with stacked layers of 

different sub-cells, which are able to absorb different wavelengths of the light spectra. There are 

two terminal tandem cells, which have two sub-layers, and four terminal cells, which have four 

sub-layers. The sub-cells can be made of any type of cell but some combinations are more 

efficient than others. Tandem cells are desirable because they can preserve a large FF (Blanker et 

al., 2018). A higher FF for solar cells often equates to higher efficiency, depending on the 

materials used in the cell. The multiple layers in tandem solar cells reduce the blue-loss energy 

referenced earlier, allowing for higher efficiencies, although not always cheaper cells because of 

the increased amount of material. Nevertheless, tandem solar cells can result in higher 

efficiencies and may be more efficient than certain types of silicon cells, though there is no 

current research on this.  
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Figure 3. Image of a tandem solar cell (Gilot et al., 2010). The layers are built on a substrate of glass and 

a thin layer of indium tin oxide (ITO). The diagram also includes the subcells of the tandem with the 

pBBTDPP2:PCBM and PFTFBT:PCBM sections.  

 

Thin film solar cells are cells that are created by fusing thin layers of material together. 

They are thinner than silicon solar cells, allowing them to be manipulated into durable cells. Thin 

film solar cells are becoming more prevalent in the solar cell market due to higher efficiencies 

and less material used (Lee et al., 2016). Some researchers hope to offset the increase in material 

use in tandem cells by using thin film cells. Others argue they are not beneficial enough to be 

used in solar cells. Nevertheless, thin film cells are a new area of research in photovoltaics that 

are used commonly in tandem structures (Todorov et al., 2018).  

 

Perovskite, CIGS, a-Si:H, and CdTe 

 Perovskite is a thin film metal halide made of calcium titanate that is desirable in tandem 

cells because of its tunable bandgap (1.55 eV- 2.3 eV) (Li et al., 2017). The ability to adjust the 
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bandgap to the needs of the specific type of cell makes it popular in developing cells, as this is a 

common issue. Perovskite also has a high absorption coefficient, allowing it to take in most of 

the photons in the specific wavelength interval being emitted by the sun rather than reflecting 

them away (Anwer et al., 2016). The absorption coefficient is related to the internal quantum 

efficiency (IQE), which is the ratio of electrons or holes to the number of photons that strike the 

cell. Because it is able to create more excitons from the photons that strike the cell and therefore 

increase the internal concentration of the cell, it becomes more efficient. Furthermore, perovskite 

has a large diffusion length, allowing it to last longer than other materials used in solar cells 

(Anwer et al., 2016). Although, perovskite has negative factors too. When being manufactured, 

lead is a major element of perovskite materials (Haider et al., 2018). Lead is toxic and raises 

concerns about whether perovskite is safe in nature during its lifetime. Another problem is that 

perovskite degrades when exposed to excessive amounts of ultraviolet radiation or humid 

conditions (Green et al., 2014; Li et al., 2017). These aspects can be concerning because toxicity 

is a health issue and in extreme conditions, perovskite would not last long. Moreover, 

perovskites are prone to defect formation during crystallization, which can hinder the 

effectiveness of the material (Guo et al., 2018). Precision is required when manufacturing, 

impairing the implementation of large scale manufacturing. Nevertheless, perovskite has proven 

to be a resourceful material for solar cells as its efficiencies have reached over 23.2% in 2018 

from 3.8% in 2009 (Zhang et al., 2018). 

The low cost of perovskite compared to other materials is one of its key attributes. The 

higher the efficiency and life expectancy of the solar cell is, the more return on investment a 

consumer will receive because the kilowatts per hour (kWh) will be higher. Perovskite cells were 
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estimated to cost between 3.5-4.9 cents per kWh based on a 15 year lifetime, depending on the 

efficiency of the cell. Other cells made of different materials that included perovskite were 

estimated to cost between 4.22-5.22 cents per kWh (Li et al., 2018). Perovskites were also 

estimated to cost 20 cents per Wp (Kim et al., 2016). The cost of perovskite per kWh and per Wp 

can be compared to the cost of silicon solar technology, the largest quantity of solar cells on the 

market at 8-10 cents per kWh and $0.3-0.4 per watt at peak production (Saga et al., 2010).  

 

 

Figure 4. The image shows tandem solar cells with a perovskite top cell (Lal et al., 2017). The left cell 

shows a four terminal tandem cell and the right cell shows a two-terminal tandem solar cell. The two 

terminal cell displays the combination layers of the cell.  

 

CIGS is a thin-film cell made from copper-indium-gallium-di-selenide, hence CIGS. 

Because CIGS is a thin film cell, higher efficiencies are achieved because higher voltages can be 

obtained with thinner layers of light absorption. CIGS has the highest efficiency of thin film 

solar cells at 22.9% (Torres-Jaramillo et al., 2018). Furthermore, CIGS has a direct bandgap 
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around 1.2 eV that can be easily tuned and it even has a high absorption coefficient (Blanker et 

al., 2018). Because of these properties and the fact that it can be deposited by a variety of 

different techniques on different substrates, it allows CIGS to be efficient and favorable for 

building layers in tandem solar cells. CIGS has a high radiation resistance, preventing fast 

decomposition of the cell (Avancini et al., 2018). Despite this, CIGS pose some issues in that the 

abundance of indium is scarce, making it difficult to manufacture on a large-scale. The stability 

of CIGS, random defects due to quaternary composition are also issues. Finally, CIGS has a low 

Voc because of its 1.2 eV bandgap, which can hinder efficiency yet it is not a major issue (Jean et 

al., 2015). As a result, CIGS is commercially manufactured because of their favorable attributes.  

As for the price of CIGS, it was estimated that at 14% efficiency, the average price per 

kWh of the cell would be 67 cents per watt (Horowitz et al., 2016). Compared to conventional 

monocrystalline silicon, the cost per watt is significantly higher. Currently, CIGS cells have been 

improved to higher efficiencies than what was used to study the costs, and would therefore be 

less than the cost mentioned.  

CdTe, or cadmium telluride, is another thin film cell that is commercially sold and holds 

a fair portion of the market share of thin film cells because of many advantageous features (Tsai 

et al., 2014). These features include high absorption across the light spectrum and a bandgap of 

1.45 eV. Efficiencies for CdTe have reached 21.0%. Other features that make CdTe desirable are 

that they use high-throughput deposition processes, making it easier to manufacture. They also 

use roll-to-roll technique manufacturing and simple ways to process solutions, making CdTe 

easy to fabricate. Resultantly, they have low production costs. Issues with CdTe include that they 

require high processing temperatures, the element cadmium can be toxic if it decomposes 
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extensively, and tellurium is scarce in nature. CdTe cells are still mostly environmentally 

friendly and are easy to use though (Jean et al., 2015; Li et al., 2017; Mei et al., 2018). 

The costs of CdTe are 11 cents per kWh for the entire system at 14.7% efficiency (Sinha 

et al., 2013). With respect to cost per Wp, CdTe costs less than 50 cents at 20% efficiency rates 

(Major et al., 2014). Similarly to CIGS solar cells, the CdTe cost per Wp is higher when 

compared to monocrystalline solar cells and the cost per kWh is also higher. The costs at higher 

efficiencies would be cheaper though. The difference in cost between silicon and CdTe can be 

attributed to the cost of the material itself, the degradation rate, and the efficiency. 

Hydrogenated amorphous silicon (a-Si:H) is the final type of thin film solar cell that is 

manufactured at the commercial level. This cell has a wide bandgap of around 1.66 eV and can 

be processed at temperatures under 20℃, making it preferable for manufacturing techniques 

(Blanker et al., 2018). The bandgap is high but nonetheless, a-Si:H has strong light absorption. 

a-Si:H also is able to absorb most of the photons in one layer of material, allowing for flexible 

and light cells, preferable for shipping purposes and production (Matsui et al., 2015). Silicon is 

non-toxic, cheap, and abundant, making it desirable to be used in solar cells. Some issues with 

a-Si:H include that they are vulnerable to degradation by light, preventing them from lasting long 

if exposed excessively. Their efficiency range of 14-15% is not as high as other thin film cells 

(Jean et al., 2015).  

The cost per kWh for a-Si:H is estimated to be around 10 cents at a 13-17% efficiency 

level. The cost per Wp is estimated to be around 50 cents (Dobrotkova et al., 2012). These costs 

are more expensive than the previously mentioned monocrystalline solar cells per watt and the 

same per kWh. 
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Purpose 

The purpose of the study is to investigate the effect of manipulating cells into tandem 

structures on the efficiency of a cell. Through investigating these cells, the cells with the most 

potential for cost-effectiveness by researching efficiency will be found. By finding which solar 

cells have better efficiencies when compared to each other, renewable energy of photovoltaics 

will have the potential of being cheaper and further improved. There is little to no research on 

whether thin film solar cells are more or less efficient than the widely used silicon cells, creating 

a gap in current research which this study aims to address. In finding the more efficient cells, one 

can discover which cells should be sold predominantly on the market. As a result, money can be 

saved on energy, decreasing the need for financial aid for families, companies, and other 

consumers of photovoltaic technology. More importantly, the dependence on fossil fuels is 

lessened because of better-found cells which are sold to more customers, decreasing the amount 

of greenhouse gas emissions and improving the quality of the environment, biosphere, and life 

for organisms on Earth. 

 

Research Question 

Can solar cells’ structure be manipulated into a form of thin film tandem cell to produce 

more efficient solar cells compared to silicon solar cells? 

 

Hypotheses 

Alternative hypothesis: Thin-film tandem solar cells are more efficient as compared to silicon 

solar cells.  
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Null hypothesis: Thin film tandem solar cells are as or less efficient as silicon solar cells. 

 

Types of Solar Cells Researched  

Due to the information that was available through various databases, the following three 

types of tandem solar cells were researched: CIGS-Perovskite in a 4 Terminal stack, 

Perovskite-Perovskite, and CdTe/Si. Although there are more types of tandem solar cells, such as 

CIGS-a-Si:H, these three were selected because the information on them was most abundant. 

Furthermore, these cells tended to have higher efficiencies than other types of tandem cells that 

were able to be discovered, making them better than other types. 

Silicon cells were also researched because they make up the majority of the solar market 

today. Their influence on photovoltaics is widespread and therefore, they were analyzed in this 

study. Using silicon cells as a control, the tandem solar cells were statistically compared to 

discover if there was greater efficiency in any of the tandem cells compared to the two major 

types of silicon cells.  

 

Methods 

Research databases such as ScienceDirect, EbscoHost, JSTOR, NREL, DOE,  IEEE, 

PlosOne, EngineeringVillage, Knovel, Reaxys, NCBI, PubMed, Google Scholar, and 

ResearchGate were searched to obtain information on tandem solar cells. The tandem solar cells 

researched were CIGS-Perovskite 4T, Perovskite-Perovskite, and CdTe-Silicon. Silicon solar 

cells, both multicrystalline and monocrystalline, were researched to act as a control for 

comparison. Terms such as “tandem photovoltaics,” “CIGS-perovskite solar cells efficiency,” 
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“multicrystalline silicon cell efficiency,” “CdTe solar cells,” “perovskite-perovskite efficiency,” 

and “multicrystalline silicon cell efficiency” were used to obtain articles.  

 

Figure 5. Diagram of article collection throughout the study. 

 

Inclusion and Exclusion Criteria 

Data were collected based on the variables in the papers. Bandgap did not have to be 

included as many papers excluded this information, but Voc, Jsc, FF, and PCE were required in 

the analysis to ensure accuracy of data collection. Papers that used different methods, for 

example, differences in concentration of light or size of the cell for measuring efficiency, were 

excluded. Controlled variables were ensured to be the same throughout all academic papers used. 

 



EFFECT OF STRUCTURAL MODIFICATIONS ON EFFICIENCY OF SOLAR CELLS       18 

The criteria for selecting papers was to ensure that all the variables plotted were the same, 

including IQE and external quantum efficiency (EQE), which are the losses in energy due to the 

reflection of light, the voltage, and the current density. Variables that had to be the same 

throughout were the number of suns concentrated on the cell, or the amount of light used for 

each solar cell, the solar insolation degree of AM1.5, and any deviations for IQE plot. By 

confirming these variables are the same throughout, an accurate statistical test was able to be 

conducted.  

Academic papers published before 2009 were not used in the study to keep the 

information recent, with the exception of one paper published in 2004 because it was deemed 

applicable by more recent sources. Academic papers that were based on meta-analysis, 

systematic literature review, or review articles were not included. Only papers that conducted 

experiments and measured variables were used to conduct a systematic literature review. 

 

Statistical Analysis 

The Analysis Toolpak in Excel was used to conduct statistical analysis. T-tests assuming 

unequal variance were conducted because of the standard deviations in the groups of data being 

different. The t-stat was then calculated, along with the p-values for both one-tail and two-tailed 

tests. Two-tailed tests were first analyzed to discover if there was a significant difference 

between the efficiencies of two different cells. If this was proven to be true, the one-tail tests 

were then examined to indicate if one cell’s efficiency was higher than other, based on the 

average calculated. An alpha value of .05 was used. If the p-value was less than .05 in favor of 

the thin film tandem solar cells, then the null hypothesis would be rejected. If the p-value was 
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higher than .05 in favor of the tandem cells or less than .05 in favor of the silicon cells, the null 

hypothesis would be accepted. 

 

Results 

Table 1. Summary of articles used in statistical analysis. Descriptions of each study and their application 

to the study are included. 

Study  Design of Solar Cell Method of 
Measurement 
(Light) 

Application to 
Conducting 
Statistics 

Usage 
(Yes or 
No) 

Bush et al., 
2017 

Monolithic 
Perovskite/silicon 
Tandem Solar Cells 

1 sun, AM 1.5G 
filter 

None No 

Guchait et 
al., 2017 

Cadmium 
Telluride/Silicon 
(CdTe/Si) Tandem Solar 
Cells 

1 sun, AM 1.5G 
filter 

CdTe/Si Cell Voc, 
Jsc, FF, and PCE 

Yes 

Enam et al., 
2017 

Cadmium 
Telluride/Silicon 
(CdTe/Si) Tandem Solar 
Cells 

1 sun, AM 1.5G 
filter 

CdTe/Si Cell Voc, 
Jsc, FF, PCE, and 
bandgap 
 

Yes 

Tamboli et 
al., 2017 

CdTe/Silicon Tandem 
Solar Cells 

1 sun, AM 1.5G 
filter 

CdTe/Si Cell Voc, 
Jsc, FF, and PCE 
 

Yes 

Kranz et al., 
2015 

High-Efficiency 
CIGS-Perovskite Thin 
Film Tandem Solar Cells 

1 sun, AM 1.5G 
filter 

CIGS-Perovskite 
Voc, Jsc, FF, and 
PCE 

Yes 

Fu et al., 
2015 

Four-terminal 
Perovskite–CIGS 
tandem solar cells. 

1 sun, AM 1.5G 
filter 

CIGS-Perovskite 
Voc, Jsc, FF, and 
PCE 

Yes 

Yang et al., 
2015 

Perovskite/Cu(In,Ga)(Se,
S)2 Four 
Terminal Tandem Solar 
Cells 

1 sun, AM 1.5G 
filter, light 
intensities differ 
from all other 

CIGS-Perovskite 
Voc, Jsc, FF, and 
PCE 

No 
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studies 

Guchhait et 
al., 2017 

CIGS−Perovskite 
Tandem Solar Cells 

1 sun, AM 1.5G 
filter 

CIGS-Perovskite 
Voc, Jsc, FF, and 
PCE 

Yes 

Rajagopal et 
al., 2017 

Perovskite–Perovskite 
Tandem Solar Cells 

1 sun, AM 1.5G 
filter 

Perovskite-Perovski
te Voc, Jsc, FF, PCE, 
and bandgap 

Yes 

Anaya et al., 
2017 

ABX3 Perovskites for 
Tandem Solar Cells 

1 sun, AM 1.5G 
filter 

None No 

Forgács et 
al., 2017 

Monolithic 
Perovskite/Perovskite 
Tandem Solar Cells 

1 sun, AM 1.5G 
filter 

Perovskite-perovski
te Voc, Jsc, FF, and 
PCE 

Yes 

Eperon et 
al., 2016 

Perovskite-Perovskite 
tandem photovoltaics 

1 sun, AM 1.5G 
filter 

Perovskite-Perovski
te Voc, Jsc, FF, and 
PCE 

Yes 

Wali et al., 
2017 

Tandem perovskite solar 
cells 

1 sun, AM 1.5G 
filter 

Non 
Perovskite-Perovski
te data 

No 

Zhao et al., 
1998 

‘‘Honeycomb’’ textured 
multicrystalline 

Not included No data that could 
be used 

No 

Schultz et 
al., 2004 

Multicrystalline Silicon 
Solar Cells 

1 sun, AM 1.5G 
filter 

Multicrystalline Voc, 
Jsc, FF, and PCE 

Yes 

Benick et 
al., 2017 
(multiple 
articles) 

N-type Si solar cells; 
High-efficiency n-type 
HP mc silicon solar cells 

1 sun, AM 1.5G 
filter 

Multicrystalline Voc, 
Jsc, FF, and PCE 

Yes 

Zhang et al., 
2015 

Polycrystalline silicon 
solar cells 

1 sun, AM 1.5G 
filter 

Multicrystalline Voc, 
Jsc, FF, and PCE 

Yes 

Yoshikawa 
et al., 2017 

Silicon heterojunction 
solar 
cell 

1 sun, AM 1.5G 
filter 

Monocrystalline 
Voc, Jsc, FF, and 
PCE 

Yes 

Richter et 
al., 2017 
(multiple 

N-type Si solar cells 1 sun, AM 1.5G 
filter 

Monocrystalline 
Voc, Jsc, FF, and 
PCE 

Yes 
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information) 

Green et al., 
2018 

Solar cell efficiency 
tables 

1 sun, AM 1.5G 
filter 

Multicrystalline Voc, 
Jsc, FF, and PCE 

Yes 

 
 
Table 2. Data collected for four terminal CIGS-Perovskite 4T cells. 

 Voc (V) Jsc mA/cm-2 FF % PCE % Study 

Perovskite 
Top 

0.98 20.1 78.1 16.0 Guchait et 
al., 2017 

CIGS bottom 0.47 15.2 64.6 4.7  

4 Terminal 
Tandem 

    20.7  

Perovskite 
Top 

1.1 17.4 73.6 14.2 Fu et al., 
2015 

CIGS bottom 0.67 12.7 74.9 6.3  

4 Terminal 
Tandem 

    20.5  

Perovskite 
Top 

1.03 16.7 70.3 12.1 Kranz et 
al., 2015 

CIGS bottom 0.66 14.4 77.4 7.4  

4 Terminal 
Tandem 

    19.5  

 
Only the information on the four terminal stack was included due to the efficiency being 

the focus of the study. The efficiencies were reported at 20.7%, 20.5%, and 19.5% for 

CIGS-Perovskite 4T. 
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Table 3. Data collected for CdTe/Si cells. 

Voc (V) Jsc mA/cm-2 FF % PCE % Study 

0.69 39.40 83.9 22.8 Tamboli et al., 2017 

1.15 27.61 89.4 28.5 Enam et al., 2017 

 
CdTe/Si cells’ efficiencies were found to be 22.8% and 28.457%. 

Table 4. Data collected for Perovskite-Perovskite cells. 

Voc (V) Jsc mA/cm-2 FF% PCE% SPCE % Study 

1.66 14.50 0.7 16.9 17.0 Eperon et al., 2016 

1.98 12.70 0.73 18.4 18.5 Rajagopal et al., 
2017 

2.29 9.83 80.3 N/A 18.1 Forgács et al., 2017 

 
The efficiencies reported for Perovskite-Perovskite cells were 17.0%, 18.5%, and 18.1%.  

Table 5. Data collected for multicrystalline silicon cells. 

Voc (V) Jsc mA/cm-2 FF% PCE% Study 

0.67 40.76 79.7 21.9 Benick et al., 2017 

0.67 39.80 80.0 21.3 Zhang et al., 2015 

0.67 41.08 80.5 22.3  Benick et al., 2017 

0.67 40.55 80.9 22.0 Green et al., 2018 

0.66 38.00 80.9 20.4 Schultz et al., 2004 
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Data on polycrystalline cells were more abundant than the other cells. With five total 

articles used, efficiencies in the 20-22.1% range were reported.  

 
Table 6. Data collected for monocrystalline silicon cells. 

Voc (V) Jsc mA/cm-2 FF% PCE% Study 

0.74 42.65 84.9 26.7 Yoshikawa et al., 
2017 

0.72 42.54 83.3 25.7 Richter et al., 2017 

0.72 42.87 83.1 25.8 Richter et al., 2017 

 
Monocrystalline efficiencies were reported to be 26.7%, 25.7%, and 25.8% in the three 

peer-reviewed articles that were used in the study.  

Table 7. t-Test results assuming unequal variance between multicrystalline and CIGS-Perovskite. 

t-Test: Two-Sample Assuming Unequal Variances   

      

  Multicrystalline   CIGS-Perovskite 4T   

Mean 21.58  20.23   

Variance 0.567  0.413   

Observations 5  3   

df 5     

t Stat 2.687     

P(T<=t) one-tail 0.02173     

t Critical one-tail 2.015     

P(T<=t) two-tail 0.04345     
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t Critical two-tail 2.571      

 
The t-stat was calculated to be approximately 2.69 between multicrystalline and 

CIGS-Perovskite 4T with 5 degrees of freedom. P-values for both one-tailed and two-tailed 

t-tests were discovered to be less than .02 and .04 respectively.  

Table 8. t-Test results assuming unequal variance between multicrystalline and CdTe/Si. 

t-Test: Two-Sample Assuming Unequal Variances  

     

  Multicrystalline CdTe/Si    

Mean 21.58 25.63   

Variance 0.567 16.0   

Observations 5 2   

df 1    

t Stat -1.421    

P(T<=t) one-tail 0.1952    

t Critical one-tail 6.314    

P(T<=t) two-tail 0.3903    

t Critical two-tail 12.706     

 
P-values of .19 and .39 were calculated when comparing multicrystalline and CdTe/Si. 

The t-stat number was -1.42 with 1 degree of freedom.  

Table 9. t-Test results assuming unequal variance between multicrystalline and Perovskite-Perovskite. 

t-Test: Two-Sample Assuming Unequal Variances   
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  Multicrystalline Perovskite-Perovskite    

Mean 21.58 17.87    

Variance 0.567 0.603    

Observations 5 3    

df 4     

t Stat 6.621     

P(T<=t) one-tail 0.001349     

t Critical one-tail 2.132     

P(T<=t) two-tail 0.002698     

t Critical two-tail 2.776     

 
When statistically reviewing monocrystalline and perovskite-perovskite, p-values of 

.0013 and .0027 were calculated for the one-tailed and two-tailed tests at 4 degrees of freedom. 

The t-stat was 6.62. 

Table 10. t-Test results assuming unequal variance between monocrystalline and CIGS-Perovskite. 

t-Test: Two-Sample Assuming Unequal Variances 

   

  Monocrystalline CIGS-Perovskite 4T

Mean 26.07 20.23 

Variance 0.303 0.413 

Observations 3 3 
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df 4  

t Stat 11.935  

P(T<=t) one-tail 0.0001412  

t Critical one-tail 2.132  

P(T<=t) two-tail 0.0002824  

t Critical two-tail 2.776  

 
One and two-tailed tests resulted in .00014 and .00028 p-values between monocrystalline 

and CIGS-Perovskite 4T. The t-stat was 11.94 with 4 degrees of freedom. 

Table 11. t-Test results assuming unequal variance between monocrystalline and CdTe/Si. 

t-Test: Two-Sample Assuming Unequal Variances  

    

  Monocrystalline CdTe/Si  

Mean 26.07 25.63  

Variance 0.303 16.0  

Observations 3 2  

df 1   

t Stat 0.1539   

P(T<=t) one-tail 0.4514   

t Critical one-tail 6.314   

P(T<=t) two-tail 0.9028   

t Critical two-tail 12.706   
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With a t-stat of .15, high p-values of .45 and .90 were found with one-tailed and 

two-tailed tests in the comparison between monocrystalline and CdTe/Si at 1 degree of freedom. 

Table 12. t-Test results assuming unequal variance between monocrystalline and Perovskite-Perovskite. 

t-Test: Two-Sample Assuming Unequal Variances 

   

  Monocrystalline Perovskite-Perovskite 

Mean 26.07 17.87 

Variance 0.303 0.603 

Observations 3 3 

df 4  

t Stat 14.916  

P(T<=t) one-tail 5.883E-05  

t Critical one-tail 2.132  

P(T<=t) two-tail 0.0001177  

t Critical two-tail 2.776  

 
A t-stat of 14.92 was calculated, resulting in p-values of 5.9E-05 and .00012 in one and 

two-tailed tests between monocrystalline and perovskite-perovskite. There were 4 degrees of 

freedom. 

 



EFFECT OF STRUCTURAL MODIFICATIONS ON EFFICIENCY OF SOLAR CELLS       28 

 
 

Figure 6. Efficiencies of solar cells collected from 14 peer-reviewed articles. 1) Polycrystalline 2) 

Monocrystalline 3) CIGS/Perovskite 4T 4) CdTe/Silicon 5) Perovskite/Perovskite. 

 

Discussion 

When comparing silicon cells to the tandem cells researched, it is evident that tandem 

solar cells do not have higher efficiencies on average. The reported p-values in Tables 7, 9, 10, 

and 12, all of which are lower than the selected alpha value of .05 in favor of the silicon cells, 

indicate that both types of silicon cells are statistically proven to be more efficient than 

Perovskite-Perovskite and CIGS-Perovskite 4T. As for the CdTe/Si cells compared to the silicon 

solar cells, the p-values, as calculated in Tables 8 and 11, are greater than .05, showing no 

statistical difference between the efficiency of the cells. This could be due to the large standard 

deviation of the data collected for CdTe/Si, as the more spread out the data is, the less conclusive 

t-test results may be. Figure 5 depicts the mean differences inefficiencies between the cells and 
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hints that silicon is more efficient than tandem cells. The p-values calculated support these 

results except in the case of CdTe/Si where no statistical difference was found.  

With these results in mind, it is shown that none of the three tandem solar cells 

investigated have higher efficiencies than silicon solar cells. As a result, silicon solar cells 

generate more electricity and could therefore be more economically viable than tandem cells. 

Although not explored deeply in this study, the cost of the materials and the fabrication method 

of the cell also have significant influence on the cost of electricity generated by the cells. 

Because silicon is abundant in nature, it is cheaper to obtain than materials used in thin film cells 

that are used in the tandem combination. These factors lead silicon cells to control the large 

majority of the market. Despite this being true, the potential of silicon to further grow as a 

material in the solar industry is minimal because of extensive research already done in the 

electronics industry. Consequently, other materials, especially perovskite, CdTe, and CIGS, have 

much more potential to be more efficient because they are new technology in the photovoltaic 

industry, and therefore could be economically feasible for middle-class families in the future. 

Silicon cells currently dominate the solar market, but if research is done to improve less popular 

types of cells, costs of thin film cells can be lessened to become more accessible than silicon for 

everyday use. Ultimately, this would provide greater benefits to the environment because of 

lessened dependence on more harmful methods of electricity generation. Finally, costs for 

electricity could decrease as a result of higher efficiency cells as when utility bills decrease in 

cost, consumers will have more disposable income. This allows for a greater flow of money, 

benefiting the economy. It can also help some to pay off other loans and debts, making economic 

stress for these people decrease.  
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Sources of Error 

Sources of error in the investigation consist of small amounts of data and differing 

researchers conducting tests on the same type of cell. The low number of articles that were 

available for each type of cell affects the robustness of the data set and therefore the validity of 

the outcome. Generally, more papers should be included in the study to make the results more 

concrete, although access to more papers was inhibited partially because of private companies 

withholding data and because of lack of access to certain databases. With respect to the papers 

themselves, if there were significant differences between articles, then one was excluded. 

Nonetheless, small types of errors not mentioned in each study could result in differing data that 

could cause an error in the study, for example, temperature, humidity, and other conditions that 

could possibly affect the efficiency of the cells.  

 

Conclusion 

The systematic literature review provides strong evidence that thin film tandem cells are 

not more efficient than silicon cells. Peer-reviewed papers in this study support the null 

hypothesis, indicating silicon solar cells are better cells to use for solar energy purposes due to 

them generating electricity at higher efficiencies. Ultimately, the findings suggest tandem solar 

cells are not more efficient than silicon solar cells and therefore they are better for energy 

generated when considering the amount produced, aiding both the environment and the 

economy. 
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Further Work  

To further contribute to the study, research on different types of thin film solar cells could 

have been conducted. Given the amount of time to conduct this investigation, only three types of 

solar cells were able to be researched. Different types of tandem solar cells could have been 

investigated to truly find the different behaviors. Different types of tandem solar cells, such as 

different types of two and four terminal solar cells, would have been a possible research pathway 

to discover efficiencies and compare them to silicon. Comparing only three types of solar cells 

tightens the entire field of possible materials and types, limiting the scope of the project. If more 

time allowed, more types could have been researched and compared.  

Different variables with each of the solar cells also could be investigated, such as stability 

(longevity), size, doping concentration in the fabrication process, and the method of cell 

manufacturing. These are all factors that play into the cost of solar cells at purchase. Research of 

these variables on the cells studied could give better context to the exact cost of electricity 

generated by solar technology. 
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