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Abstract 
In the transition towards a renewable based energy supply, one of the main challenges is the 

intermittent nature of most renewable energy sources. In order to ensure a stable energy supply, 

different storage technologies attract a lot of research attention. For long term storage, using 

hydrogen as artificial fuel is a promising option. However, in order for hydrogen storage to be 

renewable, the hydrogen must be produced using renewable energy. A possible option is to use solar 

energy to drive the electrolysis of water. In this way, hydrogen is produced directly from sunlight by 

driving the redox reaction with a reversible potential of 1.23 V. However, due to overpotentials and 

possible losses a voltage of 1.6-2 V is needed form the used device to drive the reaction. Recently, a 

wafer based triple junction silicon solar cell was proposed to generate the voltage needed to drive 

the water splitting reaction. The cell uses an n-type crystalline silicon wafer as substrate, and has an 

a-Si/nc-Si/c-Si structure. Although this cell demonstrates the feasibility of this technology, the 

performance is not good enough yet to drive the water splitting reaction efficiently. 

In this work, several ways to optimize the triple junction solar cell have been studied. First, 

optimising the tunnel recombination junctions improves the open circuit voltage of the device. For 

the tunnel recombination junction between the top a-Si and the middle nc-Si cell, this is done by 

using a combination of a thin n-SiOx layer and a thin n-a-Si layer. Apart from a small improvement in 

optical performance this configuration improves the conductivity of the junction and also slightly 

enhances charge separation and collection in both sub-cells. For the junction between the middle nc-

Si and the bottom c-Si cell, the same result was achieved by increasing the doping in the n-layer. 

Subsequently, to improve current matching of the device, the nc-Si layer thickness can be increased 

to 3500 nm without sacrificing the electrical performance. In addition, optimizing the interface 

between the top p-nc-SiOx layer and the front transparent conductive oxide (TCO) also improves the 

electrical performance of the device. Moreover, it was found that using hydrogenated indium oxide 

as front TCO instead of indium doped tin oxide increases the current by decreasing the reflection in 

the wavelength region of the current limiting nc-Si middle cell by having reflection, and also increases 

the open circuit voltage of the device by 0.3 Volts. The final triple junction cell achieved an open 

circuit voltage of 1.93 V and a short circuit current density of 8.5 mA/cm2, with a fill factor of 0.65. 

With these improvements, it is estimated that a solar to hydrogen efficiency of 6.2 % can be reached 

by using an IrOx counter electrode.  
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1. Introduction 
As agreed by the 2015 Paris agreement, it is crucial to keep the global average temperature 

increase below 2 °C. In order to achieve this long-term temperature goal, each country is obliged to 

reduce greenhouse gas emissions. A significant portion of CO2 emissions originate from electricity 

production from non-renewable fuels [1]. Recognizing this, many counties pledged to increase the 

renewable share of their electricity production. The International Energy Agency (IEA) prospects in 

their world energy outlook 2016 that 60% of the new electricity generation capacity in the coming 20 

years will be renewable [2], where solar energy together with wind energy will be responsible for half 

of this growth. Figure 1 shows the global electricity generation by source for 2014 and the expected 

values for 2040. 

 
Figure 1: Global electricity generation by source in 2014 and expected generation in 2040 [3] 

 

A disadvantage associated with these renewable energy sources is that the electricity production 

of solar panels and wind turbines is highly dependent on the weather conditions. It is evident that 

Solar PV can only produce electricity at times when the sun is shining, and thus no or little production 

will happen at night and in the winter months. Regarding wind energy sources, the average wind 

speed shows a diurnal cycle, where the average wind speeds 2-3 hours before sunset can be 2-3 

times larger than the average wind speeds just before sunrise [4]. In addition to the daily variations, 

there are also huge seasonal variations. Figure 2 shows the capacity factor for different renewable 

energy technologies over a 34 month period in the US. It can be seen that especially the capacity 

factor for solar (PV and thermal) energy is hugely variable throughout the year. With the current 

state of the energy mix, fossil fuel combustion plants can adapt to the variation in renewable energy 

generation, but with an increasing penetration of renewable electricity generation, these daily and 

seasonal variations give rise to a need for large scale energy storage [2].  
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Figure 2: Monthly capacity factors for different renewable energy technologies in the US [5] 

 

It is possible to distinguish between two main types of energy storage: short term to level daily 

fluctuations and long term to balance out the seasonal variations [6]. For short term storage, 

techniques like batteries, heat storage or compressed air energy (CAE) can be used, but for long term 

energy storage currently only large scale hydro plants, biomass and (artificial) fuels are a viable 

option [7]. Considering that large scale hydro plants are highly dependent of the geographic situation 

and using biomass on this large scale would compete heavily with agricultural land use [6], a good 

alternative is to use the excess electricity for production of an artificial fuel, which can be converted 

back to electricity in case of high electricity demands [8]. Carbon containing fuels would suffer from 

the huge entropic cost when taking CO2 out of the atmosphere due to the high dilution [9]. Hydrogen 

is therefore a promising fuel to balance out electricity generation and consumption. Hydrogen stored 

as metal hydride is, together with ammonia, one of the few energy storage options that can 

approach both the volumetric and gravimetric energy density of fossil fuels. Moreover, upon 

combustion it only releases H2O into the atmosphere. 

 
Figure 3: A plot of the volumetric versus the gravimetric energy density for several storage technologies [10] 
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At the moment hydrogen is mostly produced via steam reforming of methane [8]. However, for a 

sustainable artificial fuel, a process which does not use any type of fossil fuel is required. Hydrogen 

can be produced from water (water splitting) by means of electrolysis. Electricity (solar or wind) is 

then used to power an electrolyser to generate hydrogen. A more integrated approach is a direct 

photoelectrochemical (PEC) device, where sunlight is used to drive the electrochemical reaction that 

converts water into oxygen and hydrogen gas [11]. Due to the (over)potential needed to drive the 

reaction, an operating voltage exceeding 1.6 V is needed. 

In order for a hydrogen producing device to be an asset in the transition towards greenhouse gas 

neutral fuels it needs to be cheap and use materials that allow for mass production. Devices that 

produce hydrogen efficiently are up till now mostly made out of III-V semiconductor materials [12]. 

Two major drawbacks in using these technologies are the related costs and the scarcity of the 

materials. As an alternative, a triple junction solar cell based on silicon materials is proposed in this 

thesis to reach the required operational voltage. The limiting factor in this case would be the current 

density at the operational point, which is too low for efficient hydrogen production. This work 

investigates methods to improve the performance of the solar cell in order to achieve a higher 

current density at the operational point of the device. 

1.2 Outline 
This thesis is divided into five chapters. After having introduced the subject in chapter one, chapter 

two will explain the theory behind solar radiation, photovoltaic cells and photoelectrochemistry 

(PEC). In addition, the device and research objectives for this thesis will be discussed. Chapter three 

will introduce the fabrication methods and experimental analysis used to characterise the solar cells. 

Chapter four will display and discuss the results. Finally, in chapter five conclusions will be drawn and 

some recommendations will be given for further research.  
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2. Theoretical background 
In the conversion of solar energy into an energy carrier suitable for storage, in this case hydrogen, 

two main steps are taking place. The first step is the conversion of photons to electricity in the form 

of separated charge carriers, and the second step is the utilisation of these charge carriers to drive 

the electrochemical water splitting reaction. These steps will first be explained separately in this 

section. 

2.1 Solar radiation 
The concept of solar energy starts with our personal star, the sun. Inside the sun, the extreme 

pressures and temperatures cause a nuclear fusion reaction in which mass (m) is converted to energy 

(E) as a proportion of the light speed at vacuum (c) according to the well-known formula 

𝐸 = 𝑚𝑐2      (1) 

which causes an enormous heat generation inside the sun’s core. At the surface, much of this 

energy is emitted as electromagnetic radiation. The energy of electromagnetic waves is quantized, 

where the energy each photon carries is wavelength dependant according to  

𝐸𝑝ℎ =  
ℎ𝑐

𝜆
= ℎ𝑓      (2) 

where h is the Planck constant, c the speed of light in vacuum, λ the wavelength and f the 

frequency of the photon [13]. The emitted spectrum of photons matches closely with that of a black 

body radiator of almost 6000 K, as shown in Figure 4. Although just a small fraction of the generated 

energy reaches the outside of earth’s atmosphere, the total irradiance just outside the earth’s 

atmosphere is still 1361 W/m2 on a plane perpendicular to the sun. This value is also called the solar 

constant [14]. While passing through the atmosphere to reach the earth’s surface, some of the 

photons are absorbed, decreasing the total irradiance and changing the spectral irradiance reaching 

the earth. The amount of atmosphere the sunlight needs to cross, commonly referred to as Air Mass 

(AM), depends highly on the position of the sun, according to equation 3: 

𝐴𝑀 =
𝐿

𝐿0
≈

1

cos 𝑧
     (3) 

where L is the path length through the atmosphere, L0 is the path length normal to the earth’s 

surface and z is the zenith angle in degrees [15]. The AM0 spectrum represents the solar spectrum 

before passing through the atmosphere, and the AM1 spectrum is the solar spectrum incident on a 

flat surface if the sun is right above the earth. The standard for testing solar cells and panels for 

terrestrial use is the AM1.5 spectrum, corresponding to a zenith angle of 41.81 °, as defined by the 

American society for Testing and Materials (ASTM) and the PV industry with a spectral irradiance as 

shown in Figure 4 [16]. The total irradiance of an accurate AM1.5 spectrum as defined by the 

standards is 964W/m2, for ease of calculation the spectrum is scaled such that the total irradiance is 

1000 W/m2. 
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Figure 4: The spectral irradiance of the sun just outside earth's atmosphere (AM0) and after traveling through air for 

a distance 1.5 times the thickness of the earth's atmosphere (AM1.5) 

2.2 The photovoltaic effect 
The photovoltaic effect is the effect in which electromagnetic radiation induces a voltage across 

an electrode. Although it was first discovered by Becquerel in 1893 with an electrode immersed in an 

electrolyte solution, it took until 1954 for the research towards using this photoelectric effect as an 

energy source to take off [17]. The effect is due to the electrical band structure of materials which 

will be explained first. 

2.1.1 Energy bands 

According to quantum mechanics the energy states of electrons around an atom are quantized, 

with energy gaps between each allowed energy level. When two atoms are coming close together 

their energy levels interact to form new energy levels, and if they share their electrons a chemical 

bond is formed. In a crystalline solid, the energy levels for many atoms start interacting with each 

other due to the low interatomic distance. This causes the formation of allowed energy bands, 

separated by bands of forbidden energies [18].  

 

 
Figure 5: The interaction of energy levels. [19] 
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The outer electrons of all atoms share the formed energy bands, thus filling the energy bands with 

electrons. Whether the formed solid acts as a conductor (mostly metals) or as an insulator or 

semiconductor depends on the way the energy bands are occupied. In materials where electrons can 

hop to an empty energy level easily, charge transfer is much easier than in materials where electrons 

fill the bands completely. To understand the way electrons fill the energy bands, a closer look at the 

Fermi level is needed. The Fermi energy is the electrochemical potential of electrons and defines the 

highest energy levels occupied by electrons at absolute zero temperature. At non-zero temperatures, 

energy levels around the Fermi level show an electron distribution according to the Fermi-Dirac 

equation: 

𝑓(𝐸) =  
1

𝑒(𝐸−𝐸𝑓)/𝑘𝑇+1
     (4) 

where f(E) gives the probability for energy level E to be occupied by an electron, Ef is the energy of 

the Fermi level and kT the thermal voltage. An energy level with the same energy as Ef has a 50% 

chance of being occupied by an electron.  

As shown in  

Figure 6 there are three main types of Fermi level positions. For metals and conductors, the Fermi 

level lies in an allowed energy band, which means that the electrons around the Fermi level can 

easily move around in the material by hopping to the unoccupied energy states. For insulators, the 

Fermi level position lies in a forbidden energy band with an energy difference so high that there are 

virtually no electrons in the conduction band and no unoccupied energy levels in the valence band. 

This makes charge transfer difficult, because electrons need to overcome the large bandgap in order 

to be exited towards the conduction band and conduct charge. In a semiconductor, the Fermi level 

lies in a forbidden energy gap with less energy difference, which gives some electrons the possibility 

to cross the forbidden energy band and conduct electricity while moving around in the conduction 

band. These electrons leave behind empty spaces in the valence band where an electron should be. 

The missing negative charge of the electron gives rise to a positive charge which can move through 

the material if a neighbouring electron hops into the empty space. This empty space is therefore 

treated as a quasi-particle called hole, with a charge of equal magnitude but opposite sign compared 

to an electron [18].  

 

 

 
 

Figure 6: Fermi level position for conductors, semiconductors and insulators [20] 
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2.1.2 Charge carrier generation  

When a semiconductor material is illuminated, photons can excite the electrons to a higher 

energy level, corresponding with the energy that the photon contains. The electron leaves behind an 

empty state in the valence band, a hole. Illumination thus increases the amount of electrons in the 

conduction band and the amount of holes in the valence band. But not all photons will contribute to 

charge carrier generation. Only if a photon has an energy equal to or higher than the band gap of the 

semiconductor material it can be absorbed to generate an electron hole pair. Less energetic photons 

will generally pass through the material without being absorbed. Photons with more energy than the 

band gap energy will excite the electrons to positions above the conduction band edge, but the 

charge carriers quickly fall back to the band edge while generating heat in a process called 

thermalisation, as shown in Figure 7.  

 
Figure 7: Non-absorption and thermalisation losses 

The total energy that can be utilised by a single junction solar cell is limited by these two 

phenomena. When using a low band gap semiconductor material more photons can be absorbed. 

However, the amount of energy that can be utilised from each photon is only dependent on the 

operating voltage of the device, which is generally lower for a low band gap material. The remaining 

photon energy is lost by thermalisation and the device will have a low Voc. When using a high band 

gap semiconductor material on the other hand, the thermalisation losses are reduced, but a larger 

fraction of the spectrum will not be absorbed, so the device will have a low Jsc.  

It is possible to calculate the theoretical efficiency limit of a solar cell with a single p-n junction, 

the Shockley-Queisser limit. This is the efficiency of an ideal solar cell, with radiative recombination 

as only recombination mechanism [21]. Figure 8 shows a plot of the maximum efficiency versus the 

band gap of the semiconductor material used.  

 
Figure 8: The Shockley-Queisser limit as a function of bandgap [22]. 
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The curve is not completely smooth due to atmospheric absorption, and shows two local maxima. 

At a band gap of 1.34 eV lies the global maximum, with a theoretical efficiency of 33.16%. Crystalline 

silicon, with a band gap of 1.12eV, has a theoretical efficiency limit of 32.23%. Using multi-junction 

technologies the spectral utilisation can be improved by absorbing short wavelength light with a 

larger bandgap semiconductor and long wavelength light with a smaller bandgap semiconductor. The 

efficiency limit increases to 42 % for tandem junction cells, and to 49 % for triple junction cells [23]. 

In the calculation for the Shockley-Queisser limit it is assumed that all incoming photons are 

absorbed by the solar cell. The absorption coefficient of the absorber material determines for a large 

part how thick the solar cell should be in order to absorb (almost) all photons. For example, 

amorphous silicon (a-Si)has a high absorption coefficient and a-Si cells mostly have a thickness of 

several hundreds of nanometres. The same is true for solar cells based on III-V technology. On the 

other hand, crystalline silicon (c-Si) has a low absorption coefficient due to its indirect band gap. This 

means that the top edge of the valence band does not align with the bottom edge of the conduction 

band. In order to excite an electron from the valence to the conduction band in an indirect band gap 

semiconductor, momentum must be supplied by a phonon (lattice vibration). This lowers the 

absorption coefficient of the material, and when using c-Si to make solar cells, a wafer of a few 

hundreds of micrometres is needed to absorb all light efficiently. 

2.1.3 Charge carrier separation 

The generation of charge carriers on itself is not enough to produce electricity. In order for 

current to flow, these charge carriers need to be separated, so that at one terminal the electrons can 

be collected and at the other terminal the holes can be collected. There are two main mechanisms of 

charge carrier transport inside a semiconductor. The first one is drift, where an electric field 

separates electrons and holes because holes are accelerated in the direction of the field, whereas 

electrons are accelerated against the direction of the electric field. Inside a solar cell an electric field 

is created in the depletion region, which will be explained further in the following sections. Charge 

carriers generated within the depletion region will be separated by the electric field. The second 

transport mechanism is diffusion. Diffusion separates the electron hole pair with the help of a 

concentration gradient. Charge carriers generated outside the depletion regions will only be 

separated if the minority charge carriers diffuse towards the electric field before they recombine. 

This limits the total effective thickness of an absorbing layer to the depletion region thickness plus 

the minority charge carrier diffusion length.  

The diffusion length is directly related to the purity and quality of the semiconductor material. 

Imperfections in a crystal structure, impurities and grain boundaries provide recombination sites, 

lowering the diffusion length. As stated earlier, c-Si solar cells are relatively thick due to the low 

absorption coefficient. To ensure a long enough diffusion length the material should be of ultrahigh 

purity, up to 99.9999999% [24]. This makes the high efficiency crystalline silicon solar cells relatively 

expensive.  

For charge collection, the n and p side of the device need to be connected externally so that the 

current can flow. The potential difference between the two sides can be used directly as electricity 

(regular PV) or to drive an electrochemical reaction (PV electrolysis, PEC cells). The metal contact 

points are mostly made of aluminium or silver. A general disadvantage of the metal contacts is that 

they not only provide electronic connection, but also recombination sites at the contacts due to the 

material interface. Therefore passivation is required to reduce the recombination losses. It depends 

on the solar cell technology which passivation strategy is being used [25]. 



9 
 

2.1.4 Doping 

In an intrinsic semiconductor, the Fermi level lies in the middle of the band gap, because the 

chance to find an electron at that (hypothetical) energy level is 50%. This position can be changed by 

adding impurities to the material, also called doping. By doping the material, separation of charge 

carriers can be enhanced. An n-type semiconductor is doped with donor atoms that have one 

valence electron more than the atom they replace. The donor atom is chosen in such a way that the 

energy level of the donor atom is just below the conduction band edge. Electrons can then easily be 

exited to the conduction band and diffuse through the crystal lattice, while the donor atom cannot 

do so. This means that there are more electrons in the conduction band for an n-type material, 

shifting the Fermi level upwards with reference to the conduction band. A p-type semiconductor, on 

the other hand, is doped with acceptor atoms that have one valence electron less, giving rise to 

additional holes in the conduction band. This is illustrated in Figure 9. 

 
Figure 9: Energy bands for an n-type (left) and p-type (right) semiconductor [26] 

 

In silicon semiconductors boron is mostly used as acceptor and phosphorous as donor. Note that 

the semiconductor material as a whole is still neutral, but the charge carriers can move around freely 

in the material, while the dopant atoms cannot.  

2.1.5 p-n junctions in the dark 

If p- and n-type silicon are brought into contact with each other the excess holes from the p 

region diffuse into the n region and excess electrons from the n region diffuse into the p region, 

where they recombine. This leaves the fixed donor and acceptor atoms with their charge no longer 

counterbalanced by the mobile charge carriers. The charged atoms generate an internal electric field 

at the junction, called a depletion region (because it is depleted of free charge carriers). Equilibrium 

is established when the electric field is equal but opposite to the diffusion of charge carriers, so that 

there is no net charge transfer. If equilibrium is established, the Fermi level is constant throughout 

the junction.  

Thus, in a p-type material the Fermi level lies close to the valence band, in an n-type material the 

Fermi level lies close to the conduction band. As a result the conduction and valence band show band 

bending within the p-n junction, corresponding with the potential difference across the electric field 

of the p-n junction. It should be noted that the horizontal axis in Figure 10 is not to scale, generally 

the p-type base of a silicon solar cell is much wider than the n-type side, and the total wafer is 

around 100 times wider than the p-n junction [27]. 
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Figure 10: Formation of a p-n junction (left) and the corresponding band diagram (right) with the fixed dopant atom 

energy levels. 

 

 

2.1.6 Illuminated p-n junction  

Apart from the influence of doping on the Fermi level position, the generation of charge carriers 

by illumination also changes the Fermi level position. As explained before, illumination increases 

both the number of electrons in the conduction band and the number of holes in the valence band. 

The generated charge carriers cause what is called quasi Fermi level splitting. The increased number 

of electrons in the conduction band would move the Fermi level closer towards the conduction band. 

On the other hand the increased number of holes would move the Fermi level closer towards the 

valence band. This means that the Fermi levels for electrons and holes are not equal, but both 

electrons and holes establish a quasi-equilibrium with the conduction and valence band, with the 

corresponding quasi-Fermi levels Efn and Efp. 

If no external connection is made, the pn junction is operating under open circuit conditions, 

shown in Figure 11 on the left. The energy difference between Efn and Efp divided by the elementary 

charge is equal to the open circuit voltage, Voc. This is the voltage at which no current is flowing, and 

the maximum voltage that can be obtained from a solar cell. If the pn junction is externally short 

circuited Efn at the n side aligns with Efp of the p side, shown in Figure 11 on the right. In this situation 

the voltage is applied internally over the pn junction to ensure maximum separation of charge 

carriers, giving the highest current a solar cell can produce. This is called the short circuit current, Jsc. 

 

 
Figure 11: Illuminated p-n junction under open circuit (left) and short circuit (right) condition [28]. 
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2.1.7 p-i-n junction 

Thin film silicon cells cannot achieve efficient solar cell operation the same way as c-Si technology. 

These films have a higher absorption coefficient, meaning that a much thinner layer can be used to 

absorb all light. Generally in the order of a few hundreds of nanometres for amorphous silicon, and a 

few micrometres for nanocrystalline silicon. However, the minority charge carrier diffusion length is 

generally very short, due to the high number of defects and dangling bonds in the material. This is 

especially true for doped layers, as doping severely degrades the lifetime and mobility of minority 

carriers in amorphous silicon. Thus, a p-n structure as with crystalline silicon cannot be used in the 

same way for these materials. Instead of diffusion, drift should be used as the main transport 

mechanism for charge carriers. 

The solution is found by constructing a p-i-n junction. An intrinsic absorber layer is sandwiched 

between two thin doped layers, and the electric field generated by the p-n junction is ‘stretched out’ 

over the intrinsic layer in the middle. This can be seen by the slope of Ec and Ev in Figure 12. This 

means that throughout the complete absorber layer, charge carriers experience the electric field, and 

will be separated more efficiently [29]. The low minority carrier mobility in the doped amorphous 

silicon is now an advantage. Charge carrier generation happens in the intrinsic absorber layer, and 

the doped layers function as carrier selective contacts, meaning they only let the majority carriers 

pass through, while rejecting the minority carriers due to their low mobility [30]. Although p-i-n 

junctions improve charge carrier separation for solar cells with short diffusion lengths, this structure 

is only beneficial over p-n junctions if the short diffusion length of a semiconductor material requires 

so. For high diffusion length semiconductors a pn-junction gives a higher Voc and Fill Factor [27], [30]. 

 
Figure 12: Schematic energy band diagram for a p-i-n junction 

2.3 Photovoltaic technologies 
There are different PV technologies with different strengths and drawbacks. The III-V 

technologies, constructed from materials in group III and V of the periodic table of elements, have 

the highest overall efficiencies and exhibit superior performance to all other technologies. They have 

a direct band gap and excellent electronic properties. A drawback is that manufacturing the solar 

cells is relatively expensive due to expensive deposition techniques and low abundance of the 

elements (Ge, Ga, As). This is the reason why they are mainly used in space applications [31] and 
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concentrator solar photovoltaics [32]. The commercial solar cell industry is based on 3 ‘materials’, 

namely Si, CdTe and CIGS. Of these, CdTe and CIGS both have a relatively small market share. Based 

on the availability of materials (mainly gallium, indium and tellurium) it is not to be expected that 

these technologies can keep up with the massive growth in production that is required the coming 

years for a carbon-free energy market [33].  

The silicon market consists of three main categories. Single crystal (or monocrystalline) cells, 

multicrystalline cells and thin film (TF) cells. Monocrystalline silicon cells exhibit the highest efficiency 

both on lab and module scale. In spite of the cost decrease due to more efficient production 

processes, the high costs of producing the single crystal wafers holds this technology back from 

dominating the market [33]. Multicrystalline cells have the advantage of cheaper fabrication 

compared to monocrystalline cells, but generally have lower efficiencies due to the grain boundaries 

inside the cells, lowering the Voc. Nevertheless, their low price per watt peak (Wp) has caused them 

to be the dominating technology globally, and in 2015 more than 60% of the global PV panel 

production was multicrystalline cells [34]. Thin film silicon cells exhibit the lowest efficiencies of all 

commercially available PV modules, but their low cost due to low material use and ease of 

manufacturing keeps the technology interesting [35]. Moreover, multi-junction cells from thin film 

silicon technologies utilise the spectrum more efficiently, and triple junction thin film silicon modules 

have shown more than 10% efficiency [31]. Thus, although efficiencies of TF modules generally are 

much lower than that of modules based on wafer technology, the price per watt peak (Wp, the 

module output at reference conditions) can be lower [36]. 

In this project, a multi junction solar cell is constructed, consisting of a silicon heterojunction solar 

cell, a nanocrystalline silicon solar cell and an amorphous silicon solar cell. These materials were 

chosen due to their flexibility of design and relatively high efficiencies and spectral utilization. Thus, 

the following sections will take a closer look at these technologies and the multi-junction concept. 

2.3.1 Thin film silicon solar cells 

As stated earlier, silicon thin film solar cells are made in p-i-n (or n-i-p) structure. In this structure 

the intrinsic middle layer is the absorbing layer, and the p and n layers provide an electric field that 

stretches across the intrinsic middle layer to get good charge carrier separation. The n and p layers 

should be as thin as possible to reduce parasitic absorption. TF silicon solar cells can be made either 

of amorphous silicon (a-Si) or nanocrystalline (nc-Si) silicon, which is sometimes also referred to as 

microcrystalline silicon (µc-Si)  

Amorphous silicon is a type of silicon without a long-range order. For crystalline silicon every 

atom forms a covalent bond with four neighbours, with a constant bond angle and length. The lack of 

long-range order in amorphous silicon gives rise to a high number of silicon atoms which cannot form 

4 bonds, leaving a lot of ‘dangling bonds’. These dangling bonds are defect states within the band gap 

of amorphous silicon and need to be passivated in order to make a working solar cell [37]. Therefore 

amorphous silicon is hydrogenated during the film deposition, and the hydrogen passivates most of 

the dangling bonds. The material properties can be tuned by changing the amount of hydrogen 

dilution during deposition [38]. Hydrogenated amorphous silicon (a-Si:H) has a band gap of around 

1.75 eV (this can be tuned slightly by varying deposition conditions) and is a direct band gap material. 

This allows for a much thinner absorber layer, generally in the order of a few hundreds of 

nanometres [29]. A major problem of amorphous silicon solar cells is the so called Staebler-Wronski 

effect. Under influence of light, additional defects are formed inside the material which provides 

extra recombination sites and lowers the conductivity of the material [39]. The effect is more 
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prominent in thicker amorphous silicon layers [40], and in combination with the high bandgap this 

makes amorphous silicon a material which is less suitable for single junction solar cells. It is mainly 

used as a top cell in multi-junction concepts.  

Nanocrystalline silicon can be considered as a transition between amorphous silicon and 

crystalline silicon. A nanocrystalline silicon film consists of small grains of crystalline silicon 

embedded within amorphous silicon. The material shows mixed phase behaviour in its optical 

properties. The crystalline grains inside the material have, just like crystalline silicon, an indirect band 

gap of around 1.1 eV, and the amorphous matrix has a direct band gap in the region of the bandgap 

of amorphous silicon [41]. Because the crystalline grains have an indirect band gap, a thicker layer of 

nanocrystalline silicon is needed for an efficient solar cell compared to amorphous silicon [42].  

The material can be characterised with help of the crystalline volume fraction of the deposited 

film. Figure 13Error! Reference source not found.shows an overview of nc-Si with a decreasing 

crystallinity. At the far left, the material becomes polycrystalline silicon and, at the far right, 

amorphous silicon. The crystal grains of the material allow for a higher electron mobility compared to 

amorphous silicon. The band gap is around 1.1 eV, the same as that of crystalline silicon. It is an 

indirect band gap material, so the absorption coefficient is low compared to a-Si:H. This means that a 

thin film solar cell from nc-Si requires a thicker absorber layer compared to an a-Si:H solar cell., 

commonly in the order of a few microns. An advantage of nc-Si:H cells is that they do not suffer from 

degradation by the Staebler-Wronski effect. Thin film nc-Si:H solar cells are made in the same p-i-n or 

n-i-p structure as a-Si:H solar cells, with the intrinsic middle layer as the absorber layer. 

 
Figure 13: Schematic diagram showing nc-Si with different crystallinity. [43] 

 

Within research towards thin film silicon solar cells, different types of n and p layers have been 

used. The first option is to construct a homojunction, with n- and p-type layers from the same 

material as the absorber layer. However, to prevent parasitic absorption and enhance carrier 

selectivity often materials with wider bandgaps are used, such as silicon carbide or silicon oxide. 

Nanocrystalline silicon oxide layers consist of a mixed phase of Si nanocrystals within an amorphous 

silicon oxide matrix is formed. This mixed phase allows for a high enough conductivity while at the 

same time giving the possibility to tune the bandgap and refractive index of the layers so that 

parasitic absorption losses are minimised [44].  

2.3.2 Silicon heterojunction solar cells  

Silicon heterojunction (SHJ) solar cells, or Heterojunction cells with Intrinsic Thin layer (HIT), are a 

relatively new concept with high performance [45]. As stated earlier, the front and back contact 
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points of solar cells provide possible recombination sites. Also, recombination sites are present at the 

wafer edge due to the crystal boundary with its dangling bonds. To prevent this recombination the 

wafer edge needs to be passivated, and the minority carriers should be kept away from the contacts. 

In the HIT structure, this is achieved by passivating the crystalline silicon wafer (Eg = 1.1 eV) with a 

thin layer of amorphous silicon (Eg = 1.6-1.9 eV), and using thin layers of p- and n-type amorphous 

silicon to make the carrier selective contacts. A general cell structure of a textured HIT cell is shown 

in Figure 14, with the corresponding band diagram on the right [46]. 

 
Figure 14: a textured silicon heterojunction cell and its band diagram (rotated) [47] 

 

This structure enables passivation of the silicon wafer surface without the need for high 

temperature or photolithographic processes [46]. The intrinsic amorphous silicon passivates dangling 

bonds at the wafer edge, which reduces the number of recombination sites. Also, the front a-Si:H(p+) 

and the back a-Si:H(n+) provide the front and back surface field which reduce recombination by 

keeping the minority carriers away from the high recombination contact points [48]. The symmetrical 

structure of silicon HIT cells with intrinsic amorphous silicon passivation layers on both sides allows 

for a high open circuit voltage (Voc) compared to conventional silicon wafer technology [45], which 

makes it an interesting technology for designing a high voltage triple junction cell. The highest Voc 

values are obtained for flat wafers, texturing the wafers for light trapping purposes increases 

recombination at the a-Si/c-Si interface, and reduces the Voc and fill factor (FF). As a result there is a 

trade-off between Jsc and Voc for these cells [49]. 

2.3.3 Multijunction solar cells 

As mentioned earlier, solar cells suffer from efficiency loss due to thermalisation and non-

absorption of photons. This limits the theoretical maximum efficiency for a c-Si solar cell to 32%. A 

possible way to deal with this problem is to use a stack of solar cells on top of each other, called a 

multijunction solar cell. By using semiconductor materials with different band gaps, a bigger part of 

the spectrum can be utilised efficiently, as shown in Error! Reference source not found.. The gain in 

aximum theoretical efficiency from using a multijunction solar cell can be calculated in a similar way 

as the Shockley-Queisser limit was calculated for a single junction solar cell. With an optimal band 

gap configuration the efficiency limit is 42% for a double junction solar cell and 49% for a triple 

junction solar cell [50]. Of course, these values are not achieved due to several loss mechanisms. The 

record efficiency is 37.9% for a triple junction III-V cell, and 14% for a silicon triple junction cell (a-

Si/nc-Si/nc-Si, stabilised) [51].  
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The working principle of a triple junction solar cell is based on the difference in band gaps of the 

sub cells. First, a top cell with a high band gap absorbs the short wavelength part of the spectrum. 

Ideally photons with an energy below the band gap energy are not absorbed, so the remaining part 

of the spectrum is transmitted. Next comes a middle cell with an intermediate band gap to absorb 

the middle part of the spectrum and a bottom cell with a low band gap to absorb the long 

wavelength part of the spectrum. By this approach, losses from non-absorption and thermalisation 

are reduced [52]. Error! Reference source not found. shows a schematic cell structure and the parts 

f the spectrum each cell utilises. 

 

 

 
Figure 15: Light absorption in a triple junction solar cell, the spectral utilization (left) with the cell structure [53] 

 

Mostly multijunction solar cells are monolithically deposited directly on top of each other, which 

can electrically be considered as a series connection of solar cells. For a series connection of solar 

cells, the voltage of all sub cells adds up to form the total voltage, and the current of the multi 

junction cell is limited by the lowest sub cell current. Since the charges need to travel from one sub 

cell to the next, recombination of charge carriers is needed at the junction between two sub cells, to 

from this series connection. This junction is therefore often called a Tunnel(ing) Recombination 

Junction (TRJ). For example, in a p-i-n/p-i-n junction, electrons from the top cell recombine with 

holes from the bottom cell, only electrons from the bottom cell and holes from the top cell are 

collected externally. This explains why the current density of a multi-junction solar cell is limited by 

the lowest sub cell current density, any additional charge carriers generated inside other sub cells 

cannot be collected [54].  

The TRJ is an important factor to consider for a high quality multi-junction solar cell. A poor TRJ 

will reduce the Voc and fill factor (FF) of a device, while increasing the series resistance [55]. The 

mechanism via which the recombination takes place is that the charge carriers tunnel to band tail 

defect states in the TRJ, after which they recombine [54], shown in Figure 16. It has been shown that 

several different approaches can enhance the TRJ performance, generally they deal with the addition 

of defect states within the TRJ. This can be done by adding an extra heavily doped layer [56], a 

microcrystalline layer [57] or an oxide layer. These extra defect states allow for better charge 

trapping within the band tail states in the TRJ, enhancing the desired recombination.  
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Figure 16: Tunnel Recombination Junction for a-Si [56]. 

2.4 Photoelectrochemical water splitting 
In photoelectrochemical water splitting, the energy that is harvested by turning photon energy 

into electrical energy is used to drive the electrochemical reaction that splits water into oxygen and 

hydrogen. This section will take a short look at the electrochemistry of water splitting and explain 

different ways to produce hydrogen from sunlight. 

2.4.1 Water splitting 

Water splitting is the product of two half reactions involving water, oxygen and hydrogen. The 

exact nature of the half reactions depends on the acidity of the electrolyte. In an alkaline 

environment they can be written as follows:  

 

4H2O + 4e−  ↔ 2H2 + 4OH−   Ered
0 = −0.828 V vs NHE    (5) 

 

4OH− + 4h+  ↔ 2H2O + O2   Eox
0 = −0.401 V vs NHE   (6) 

 

In an acidic environment the half reactions do not contain the intermediate species OH- but use H+ 

instead, giving the following half reactions: 

 

4H+ + 4e−  ↔ 2H2     Ered
0 = +0.000 V vs NHE    (7) 

 

2H2O + 4h+  ↔ 4H+ + O2    Eox
0 = −1.229 V vs NHE   (8) 

 

The overall reaction can be obtained by adding 5 and 6 or 7 and 8. This overall reaction is the 

same for any (acidic or alkaline) environment, and H2 is always formed at the cathode. 

 

2H2O → 2H2 + O2    Eredox
0 = −1.229 V vs NHE   (9) 
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Reactions 5 and 7 are both called hydrogen evolution reaction (HER), and reactions 6 and 8 are 

called oxygen evolution reaction (OER). For any given redox reaction the Gibbs free energy change is 

given by the expression: 

 

∆G = −nFE      (10) 

 

where ΔG represents the Gibbs free energy change, n the number of electrons that are used each 

time the reaction takes place, F the Faraday constant (96485 C mol−1) and E the total electrochemical 

potential of the reaction. At standard conditions, the electrochemical potential of -1.229 V gives a 

change in the Gibbs free energy of +237 kJ/mol H2. This means that the reaction will not occur 

spontaneously, and 237 kJ of energy is needed to form on mole of H2, but also it is the maximum 

possible energy that can be extracted from converting H2 back into H2O. This value of 237 kJ/mol H2 

however omits the excess heat input required due to the change in entropy during the reaction. The 

total chemical energy produced during this reaction is 286 kJ/mol, and to have thermoneutral 

electrolysis a potential of 1.48 V is needed [9]. It is possible to produce water below thermoneutral 

potential, but this will cool down the device. The theoretical efficiency at ideal reversible conditions 

with respect to the electrical energy can thus exceed 100%, because heat of the surroundings is 

incorporated into the reaction [58]. In real operation, this heat can often be provided by other losses 

in a system and in case of solar water splitting the sun’s irradiation can provide extra heat needed 

[59].  

Nevertheless, a device producing hydrogen will never operate at the equilibrium potential of 

1.229 V, and significant overpotentials are needed for producing hydrogen at a relevant current 

density. The main source is the overpotential needed for the OER, although at increasing current 

densities the HER overpotential and voltage losses in the wires and electrolyte also start to play a 

role. As a result, the operational voltage for a device powering water splitting should exceed 1.6 V 

[60]. 

To evaluate the performance of PEC and PV electrolysis devices the ratio between the energy 

stored in hydrogen bonds and the incoming illumination energy is calculated. This often referred to 

as Solar-to-hydrogen (STH) efficiency, and is calculated as follows: 

𝜂𝑆𝑇𝐻 =
𝐽∗𝐸0

𝑃𝑖𝑛
       (10) 

where J represents the operating current of the device, Eo the equilibrium potential and Pin the 

incoming illumination power, in case of standard test conditions 1000W/m2. Note that this takes into 

account the electrical energy conversion and not the extra heat added due to the entropy change 

[61]. 

2.4.2 Solar water splitting technologies 

It is possible to distinguish between technologies that use the electrolyte to form a 

semiconductor-liquid junction, which can be called a photoelectrochemical cell, and technologies 

that use solid state junctions wired to catalysts immersed in the electrolyte, commonly referred to as 

PV electrolysis. It is possible to take a mixed approach by having one semiconductor liquid junction 

which is biased with help of a solid PV junction. Many of the photocatalysts used in solar water 

splitting are metal oxides, due to their stability. However, many metal oxides suffer too much from 

poor charge carrier separation to absorb a sufficient amount of the solar spectrum [62]. A BiVO4 

photoelectrode coupled with an single junction a-Si cell was reported that reached a 3.6% STH 
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efficiency by introducing graded doping in the BiVO4 photoanode [63]. Other photocatalysts generally 

are thermodynamically unstable in water splitting conditions and tend to oxidize. Some p-type 

semiconductors however can be used in water splitting conditions, and an integrated monolithic 

PEC/PV cell using GaInP2 for the photoelectrode and GaAs for the bottom cell was reported to show 

an STH efficiency of 12.4% [64]. 

Up till recently all devices with more than 10% Solar to Hydrogen (STH) efficiency use a form of 

solid junction with a double or triple junction solar cell, and most of them use III-V semiconductors 

[12]. It is expected that due to the expensive nature of III-V PV technology these technologies cannot 

be used to produce hydrogen in an economically viable way [65]. Recently a silicon heterojunction 

based design has reached a 14.2 % STH efficiency by using three series connected bifacial HIT cells to 

power a PEM electrolyzer [66]. This technology has the disadvantage of extra manufacturing steps 

needed to cut the HIT cells and connect the front side of the cell to the back side of the adjacent cell 

to form a series connection, but shows the promising possibilities of using PV electrolysis. Also 

devices using triple junction thin film silicon cells with STH efficiencies of more than 5% have been 

reported [12]. 

 
Figure 17: The PV electrolysis setup used to achieve 14.2% STH efficiency [66] 
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2.5 Research objective 
To produce hydrogen efficiently with earth abundant materials, a silicon based triple junction 

solar cell is proposed in this work. This cell uses a silicon heterojunction, combined with nc-Si and a-Si 

thin film solar cells, to form a triple junction device. Combining these technologies gives the 

possibility to generate a high enough voltage and utilise a broad spectral range efficiently. Recently, 

such a device was made as part of a master thesis project in the PVMD group, the Netherlands, the 

structure is shown in Figure 18 [67]. This device showed a Voc of 1.67 V and a Jsc of 8.5 mA/cm2. When 

comparing the J-V curve with the counter electrode power curve a STH efficiency of 2.1% can be 

achieved, this is shown in the right part of Figure 18. Comparing this with the above described series 

connection of three HIT cells the performance is lacking. The Voc for the triple junction device is much 

lower than the Voc values of the three single junctions added together, and the fill factor is low, 

showing that the device has a high series resistance. Therefore, the research objective of this work is 

to improve the performance of this device by improving the Voc and the current matching of the triple 

junction solar cell. This is done by investigating the possibility to improve several aspects of the 

design. Firstly, both tunnel recombination junctions can be a barrier for current transport and a 

source of recombination for charge carriers from one of the sub-cells. This causes the voltage of a 

triple junction device to be significantly lower than the voltage of the three single junctions 

combined. Furthermore, the thickness of the nc-Si middle cell (the current limiting cell) is increased 

to try to improve current matching of the device. Other points of interest are the interface between 

the top p-nc-SiOx-layer and the TCO, and the TCO itself. 

 

  
Figure 18: The triple junction solar cell design proposed in earlier work and the J-V curve of the triple junction solar 

cell, plotted together with the J-V curve of an IrOx counter electrode. 
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3. Methodology 
This chapter will introduce the techniques used for making and characterising the solar cells. The 

first section will describe the fabrication method for all samples, thereafter the measurement 

techniques for characterising solar cells will be explained. 

3.1 Sample fabrication 
Several different kinds of samples were made during this research. Next to the triple junction cells 

each sub-cell was fabricated as a single junction, and a-Si/nc-Si and nc-Si/c-Si tandem cells were 

made. For thin-film samples, flat corning glass was used as substrate, and the films were deposited 

by plasma-enhanced chemical vapour deposition (PECVD). Transparent conductive oxide (TCO) layers 

were deposited by sputtering, and metal front and back contacts were deposited by thermal and e-

beam evaporation. 

3.1.1 Substrate preparation 

The c-Si wafers used are n-type <111> Float Zone (FZ) wafers (University wafer, 10-20 Ωcm ). 
These wafers were cleaned by using the Nitric Acid Oxidation Cycle (NAOC). In this cleaning cycle, the 
wafers are first immerged for 10 minutes in 99.5% HNO3 at room temperature to remove organic 
surface contamination and 10 minutes in 69% HNO3 at 100°C to remove metallic surface 
contamination. These steps ensure the presence of an oxide layer at the surface, which is removed 
by a 2 minutes dip in 0.55% of HF [68]. Between each step the wafers are rinsed in demineralised 
water. 

For the thin film single junction and tandem solar cells, flat corning glass was used as substrate. 

This glass was cleaned 15 minutes in acetone, followed by 15 minutes in isopropyl alcohol, both in an 

ultrasonic bath. 

3.1.2 Plasma Enhanced Chemical Vapour Deposition 

All silicon thin film layers used in this project are deposited with plasma enhanced chemical 

vapour deposition (PECVD). This is a deposition method to form thin solid films from vapour phase 

perquisites. Many different films can be created using PECVD, in this project PECVD is used for 

depositing amorphous silicon, nanocrystalline silicon and silicon oxide. The process starts by bringing 

a flow of reactant gas inside a vacuum chamber. In regular CVD, the gas phase reactants are 

activated by the high processing temperature. In PECVD, the gas phase reactants are activated by 

electron impact from a plasma, which is created by a RF alternating current. Reactants diffuse 

towards the substrate surface and absorb on the substrate surface to form a thin film. Positively 

charged ions created in the plasma will be accelerated towards the substrate surface [69]. 

The properties of the deposited film depend mostly on the reactive species, pressure, gas flow 

and RF power [70]. Because the substrate temperature has no direct influence on reactant activation, 

deposition can happen at relatively low temperatures. The film properties however can depend on 

surface temperature, as the surface temperature influences the mobility of atoms after deposition 

on the substrate [71].  
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Figure 19: A schematic diagram of a VHF PECVD system for silicon(oxide) thin film deposition [72]. 

 

For processing the samples in this experiment two different PECVD machines were used, build by 

Elettrorava S.p.A from Italy. Figure 20 shows both machines, left is Amor, and right is Amigo. Both 

Amor and Amigo are multichamber systems with dedicated chambers for p- and n-type and intrinsic 

layers, to avoid contamination. After cleaning wafer substrates as described in section 3.1.1 they 

were transferred to Amor for the deposition of the a-Si layers that make up the HIT cell. Amor is 

equipped with a flipping stage to allow deposition on both side of the wafer without removing the 

wafer from vacuum, and thus avoiding the growth of any undesired oxide. After the i/n and i/p 

amorphous silicon layers were deposited the wafer is moved to Amigo where the p-i-n 

nanocrystalline middle cell and amorphous top cell are deposited. Samples without the c-Si bottom 

cell are processed only in Amigo. During the project, deposition parameters had to be adjusted due 

to chamber cleaning and or conditioning. Deposition times were calculated from test layers with the 

assumption of constant deposition rates with constant deposition parameters.  

 

 

Figure 20: The PECVD equipment used, supplied by Elettrorava S.p.A. 
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3.1.3 Sputtering 

A different technology for depositing thin films of material is Radio Frequency magnetron 

sputtering. This deposition technique can be categorised as a Physical Vapour Deposition (PVD) 

technique, meaning that the deposition gasses are supplied in a physical way. Just as with PECVD, it 

allows for low substrate temperatures. In PECVD the atoms for deposition are supplied in the gas 

phase. In sputtering a solid target is used, containing the material that is to be deposited. Between 

the target and the substrate an argon plasma is ignited. The ignition separates argon into Ar+ and e-. 

Due to the influence of an electric field (DC sputtering) or magnetic field (RF sputtering) the Ar+ ions 

are accelerated towards the target, and the electrons are accelerated away from the target. The 

energy and momentum exchange upon collision of the argon ions with the target surface leads to a 

displacement cascade inside the target structure. Under influence of this displacement cascade, 

some of the target atoms will collide with enough energy and with the right direction to overcome 

the surface energy and be ejected, after which they can diffuse towards the substrate surface to be 

deposited there [72]. The electrons collide with other gas phase atoms to form new ions and sustain 

the plasma.  

 
Figure 21: Schematic drawing of a RF sputtering system [73]. 

 

In this work aluminium doped zinc oxide (AZO) is used to form a back contact in case of samples 

deposited on glass substrates, and unless stated otherwise indium doped tin oxide (ITO) is used as a 

front TCO for all cells One experiment is done where hydrogenated indium oxide (IOH) is used as 

front TCO to make a comparison between ITO and IOH.  

ITO deposition should be carefully fine-tuned, since the TCO should not only be transparent and 

have a high conductivity, but the deposition process should also avoid damage on the surface of the 

finished cells. The deposition is done directly on the p layer of the top solar cell (p-SiOx for the a-Si 

top cell), which limits the deposition conditions. High energy particles can have energies exceeding 

that of the Si-H bond (3.55 eV) and of a weak Si-Si bond (2.5 eV), producing the so-called ion 

bombardment. Therefore, they can affect the top layer, reducing the performance of the solar cell. 

Since the particle energy is directly related to the deposition power this power should be kept low, 

but high enough to sustain the plasma. Also, the temperature of ITO deposition should be considered 

carefully, since high temperatures will destroy the a-Si and nc-a-SiOx layers. On the other hand, low 
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temperatures will cause the ITO layer to be less conductive [74]. In this project a temperature and 

power gradient for the ITO deposition is used to protect the solar cell structure from the higher 

deposition powers required for a good TCO layer. Deposition starts at 60 °C and 40 W. The 

temperature is gradually increased to 110 °C, and at 110 °C the deposition of the final ITO layer is 

done with 100 W for 2600 seconds, to create a layer with a thickness of approximately 100 nm. The 

IOH is deposited at room temperature with a power of 100 W, and annealed afterwards at a 

temperature of 175 °C, this gives a completely crystalline layer [75]. The AZO is deposited at 400 °C 

and 400 W for maximal conductivity, there are no underlying layers that can be damaged during the 

AZO deposition. 

3.1.4 Thermal evaporation 

Thermal evaporation was used to fabricate the solar cell front contact (500 nm Al on ITO) for all 

cells, a back contact on the AZO layer for thin film cells (500 nm Al on AZO) and a back contact and 

reflector for cells with the c-Si wafer (200 nm Ag/30 nm Cr/500 nm Al). This was done in a high 

vacuum PRO 500S metal evaporator by Provac. Silver was deposited by thermal evaporation. In this 

process current is sent through a resistive boat containing silver. This heats up the boat up to the 

melting point of silver, after which the metal starts to evaporate. The substrate is kept at room 

temperature, so silver vapour diffusing towards the substrate will condense and form a metallic 

layer. The pressure in the chamber should be low enough so that the mean free path is longer than 

the distance between evaporation boat and substrate [76]. Aluminium and chromium were 

deposited using electron beam evaporation. This works in a similar way as thermal evaporation, only 

the energy needed to vaporise the materials is supplied by directing an intense electron beam via 

electric and magnetic fields to strike the source material [77].  

3.2 Measurement techniques 
This section will present the measurement techniques used to characterise all samples. These are 

illuminated I-V, dark conductivity and External quantum Efficiency (EQE) measurements.  

3.2.1 Dark I-V curves 

Although solar cells operate under illumination, measuring their conductivity in the dark can be 

used to analyse them. In particular, measuring the conductivity of the Tunnel Recombination 

Junction (TRJ) can give an indication of the TRJ quality by calculating the activation energy (Ea). This 

can be done by measuring the I-V curve at different temperatures and using the Arrhenius relation: 

𝜎𝑑(𝑇) = 𝜎𝑑𝑒−𝐸𝑎/𝑘𝑇     (11) 

where σd(T) is the conductivity without illumination, σd is the conductivity prefactor, k is the 

Boltzmann constant and T the temperature in Kelvin. This measurement gives information about the 

TRJ quality, a lower activation energy means that the junction has good conductive and 

recombinative properties, required for a TRJ in multi junction solar cells [56]. 

3.2.2. I-V curves under illumination 

The electrical behaviour of solar cells under illumination is one of the most important methods to 

characterise cells. Figure 22 shows an example of an I-V curve for a solar cell, with the corresponding 

P-V curve. 
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Figure 22: Typical I-V (left) and P-V (right) curve for solar cells [78]. 

 

There are several important parameters that can be taken from such a measurement.  

 Short circuit current (Isc): Current produced by the solar cell through an external short 

circuited circuit, so without load attached. Its dependency on the active solar cell 

area is often removed by dividing the current over the area to get the short circuit 

current density (Jsc). The short circuit current is directly related to the incoming 

illumination, as each absorbed photon generates one electron-hole pair. 

 Open circuit voltage (Voc): The voltage generated by the solar cell without external 

connection. It shows a small variation dependent on illumination according to: 

𝑉𝑜𝑐 =
𝑛𝑘𝑇

𝑞
ln(

𝐼𝑠𝑐

𝐼0
+ 1)    (12) 

where n is the ideality factor, indicating how closely the solar cell approaches ideal 

diode behaviour, kT/q is the thermal voltage, Isc is the short circuit current as 

described above and I0 is the reverse saturation current. The reverse saturation is 

dependent on recombination inside the solar cell, and can vary with several orders of 

magnitude between solar cell devices with different quality. This is illustrated by the 

fact that high quality single crystalline solar cells can have Voc values exceeding 700 

mV, while commercial multicrystalline silicon solar cells typically have a Voc of around 

600 mV. 

 Maximum power point (MPP): The operational point at which the solar cell produces 

maximum power. The current and voltage of this point are always lower than Isc and 

Voc. 

 Fill factor (FF): The ratio between the maximum power generated by the solar cell 

and the product of short circuit current and open circuit voltage: 

𝐹𝐹 =
𝐼𝑚𝑝𝑝∗𝑉𝑚𝑝𝑝

𝐼𝑠𝑐∗𝑉𝑜𝑐
     (13) 

This gives information about the losses inside the cell. If Vmpp is much lower than Voc 

there is significant series resistance somewhere in the cell, increasing recombination. 

If Impp is much lower than Isc the cells shunt resistance is not high enough, meaning 

that some of the current will find an internal circuit instead of going through the 

external load. These two situations are shown in Figure 23. 
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 Conversion efficiency (η): A percentage representing the ratio between the electrical 

power produced by the solar cell over the incident light. 

𝜂 =
𝐼𝑠𝑐∗𝑉𝑜𝑐∗𝐹𝐹

𝐴∗𝑃𝑖𝑛
=

𝐽𝑚𝑝𝑝∗𝑉𝑚𝑝𝑝

𝑃𝑖𝑛
    (14) 

where A is the solar cell area and Pin is the incident light power.  

 

 
Figure 23: The effect of increasing series resistance (left) and decreasing shunt resistance (right) in a solar cell [79]. 

 

The measurements are carried out in a Wacom WXS-156S-L2 solar simulator. This simulator is 

equipped with a halogen and a xenon lamp to mimic the solar spectrum as closely as possible, and is 

a class AAA simulator [80]. Measurements are performed under standard test conditions (STC): 25°C 

and 1000 W/m2 with an AM1.5 spectrum. The solar cells are mounted in their right holder and 

contacts are established with help of two probes. To prevent heating of the solar cell the 

measurement is done with a quick voltage sweep across the solar cell while measuring the current, 

and the stages are equipped with a cooling system. 

 

3.2.3 External Quantum Efficiency 

The external quantum efficiency (EQE) of a solar cell is the ratio of the collected charge carriers 

over the number of photons as a function of the wavelength of the photons (or the photon energy). 

If all incoming photons at a certain wavelength contribute to the current of a device, the EQE for that 

particular wavelength is one. Ideally the EQE for a solar cell is unity up until the band gap (below 

bandgap photons cannot contribute to the current), however, in each solar cell some loss 

mechanisms are present. Common losses are recombination at the front and back surface, reflection 

losses and other non-absorption losses. Figure 24 gives an indication of some of the losses. 
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Figure 24: Typical EQE of an ideal (blue) and actual (red) solar cell, illustrating the impact of several loss mechanisms [81] 

 

The EQE setup uses a xenon arc lamp light source in combination with a monochromator, a 

chopper and a lock-in-amplifier. Illumination with monochromatic light is necessary in order to 

measure accurately what the solar cells response is to photons of a particular wavelength. The 

chopper enables the setup to distinguish between the current produced by the light source and 

current produced due to other light sources. When the EQE curve of a solar cell is known it is possible 

to calculate the Jsc by integrating the product of the EQE at each wavelength and the AM 1.5 

spectrum according to the following equation: 

𝐽𝑠𝑐 = −𝑞 ∗ ∫ 𝐸𝑄𝐸(𝜆) ∗ Φ𝑝ℎ,𝜆
𝐴𝑀1.5𝑑𝜆

𝜆2

𝜆1
   (15) 

where EQE(λ) gives the external quantum efficiency and Φ the photon flux at each wavelength, 

and λ1 and λ2 represent the relevant boundary wavelengths. This Jsc value is used to correct the Jsc 

measured with the illuminated J-V curve in order to minimise the influence of spectral mismatch 

between the light source and AM 1.5. This is done according to the equation: 

𝐽(𝑉) = 𝐽(𝑉) ∗
𝐽𝑠𝑐,(𝐸𝑄𝐸) 

𝐽𝑠𝑐,(𝐽−𝑉)
     (16) 

When measuring a multijunction solar cell there is a complicating factor. As explained before, in a 

multijunction cell each sub cell needs to contribute for current to be collected. If monochromatic 

light is incident on a triple junction solar cell no current will be generated, because the light is only 

absorbed in one sub cell (sometimes partially in two overlapping sub cells, but this is still an 

inaccurate measurement). The solution to this is using bias light to saturate two of the sub cells so 

that the EQE of the third sub cell can be measured. The measurement is then repeated with bias light 

of different wavelengths for each sub cell. When correcting the Jsc of a multijunction solar cell the Jsc 

of the sub cell with the lowest current is taken. 
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4. Results 
This chapter will present and discuss the experimental results. In order to optimise the triple 

junction solar cell as proposed in the research objectives, a number of different cells were fabricated 

and characterised using the equipment and techniques explained in chapter three. First the 

experimental results of single junction cells will be presented, followed by the results of the 

micromorph and nc-Si/c-Si tandem cells and at last the results of the triple junction cells. 

4.1 Single junction solar cells 
The behaviour of solar cells in a single junction is not identical to their behaviour in a triple 

junction. However, some parameters can be optimised more easily in a single junction configuration 

because there are fewer variables that can influence cell performance. Also, when optimising some 

of the gas flows for the deposition recipe it is easier to do so for single junction cells.  

The single junction crystalline silicon cell was made with the same layer structure as shown in 

Figure 14, except that the wafer is not textured in this work. Both the amorphous silicon and 

nanocrystalline silicon cells were deposited on flat glass. A layer of Aluminium doped Zinc Oxide 

(AZO) was used as a bottom conductive layer instead of the regular metal back contact. This was 

done to mimic the optical situation in the final triple junction cell, where light which is not absorbed 

after the first pass through the material will (mostly) not be reflected but absorbed in the layers 

below. The top TCO used was ITO, deposited on top of the p-a-Si layer. Aluminium contacts are used 

on top of the ITO, and Illumination is done through the top p-nc-SiOx layer for the thin film cells and 

through the top p-a-Si layer for the c-Si cell. The thin film cells use aluminium contacts on the side of 

the AZO layer to establish a back contact, while the back reflector and contact for the c-Si cell 

consisted of thermally evaporated Ag/Cr/Al layers, deposited on the n-a-Si layer.  

 
Figure 25: The structure of the a-Si and nc-Si cells made in this project. 

4.1.1 Baseline single junction cells 

Error! Reference source not found. shows the J-V curves for all single junction cells as a baseline 

or this project. When looking at the external parameters of the a-Si cell in Table 1, the first thing that 

can be noticed is that the FF and Voc values for are rather low compared to literature values [82]. The 

presented a-Si cell only has a Voc of 0.85 V and a fill factor of 0.55, while 0.9 V of VOC and FF of 0.65 

are achievable. A possible reason for the low electrical performance is that the interface between the 

front p-nc-SiOx and the front ITO layer is forming a barrier for current transport. The Jsc is also quite 

low, but this is to be expected because there is no attention paid to light trapping yet. For the nc-Si 
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cell the story is quite similar although the difference in Jsc is percentagewise smaller, so the efficiency 

does not suffer as much. Still, a Voc of 0.45 and a fill factor of 0.59 are low compared to the record 

cells Voc of 0.55 and FF of 0.73 [51]. This can be due to not only the TCO layer previously mentioned, 

but also to the difficulties that nc-Si encounters when growing on a flat surface, as would be 

explained later. In the case of the HIT cell, also the Voc and fill factor are noticeably lower than values 

reported in literature, with FF of 0.64 and Voc of 0.69 V, while these values can be as high as 0.8 for 

the FF and 0.74 V for the VOC [51].  

 
Figure 26: J-V curve for the baseline single junction solar cells. 

 
Table 1: External parameters for the baseline single junction solar cells. 

Sample Voc (V) Jsc (mA/cm
2
) η (%) FF(-) 

a-Si 0.85 7.6 3.3 0.55 

nc-Si 0.45 18.7 4.9 0.59 

c-Si 0.68 30.2 12.7 0.62 
 

Apart from the fact that the deposition process for these cells was not fully optimised for single 

junction cells, an important reason for the low performance of the thin film cells might be the 

substrate used for deposition. The properties of thin film layers do not only depend on the process 

conditions, but also on the substrate itself. As example, a- Si layers deposited on glass/TCO/p-layer in 

general perform better than a-Si layers deposited on metal foil/TCO/p-layer [83]. Commonly a-Si and 

nc-Si cells are deposited in a p-i-n order [82], [84]. This allows the TCO on top of the p-window layer 

to be deposited first, giving more flexibility in choice of TCO material and deposition parameters. The 

TCO layer used in this project is less conductive, increasing the series resistances and thus lowering 

the fill factor. Apart from that does the order of deposition have an effect on the properties of the i-
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a-Si layer, and n-i-p cells commonly suffer from enhanced recombination compared to p-i-n cells due 

to dopant contamination [85]. This will lower the electrical performance of the cell.  

Because the c-Si wafer will eventually form the substrate in this project, all cells were deposited in 

n-i-p configuration. This is done on top of an untreated layer of AZO which is directly deposited on a 

flat glass substrate. However, the untreated AZO layer is not flat, thicker layers of AZO will show a 

texture with v-shaped valleys [86]. The v-shaped valleys form a starting point for the formation of 

cracks in the material in the growth direction. These cracks form recombination centres which 

increase the J0 and in turn decrease the Voc of the device [87]. This principle applies both to a-Si and 

nc-Si cells [88], and could from a contribution to the low performance of the thin film solar cells 

presented here. Surface treatment can smooth the surface slightly and turn the valleys into u-shaped 

valleys, which reduces the formation of cracks [89].  

4.1.2 Top p-layer for a-Si top cell 

Other studies in this research group that hosted this project have focused on changes in the 

deposition parameters of the p-nc-SiOx window layer of a superstrate p-i-n a-Si solar cell. They 

noticed that using a thin contact layer of p-a-Si (or p-nc-SiOx with lower oxygen ratio) and using an 

extra step to passivate the dangling bonds of the i-a-Si/p-nc-SiOx interface with hydrogen improves 

the performance of the total device by lowering the series resistance and increasing the shunt 

resistance, thus giving a better fill factor [82]. Although this project uses an n-i-p structure it is still 

worthwhile to test if these changes can improve the performance of the a-Si cell in this project.  

Figure 27 shows the results for four different ways of depositing the top p-layer. It can be seen 

that only the sample in which both the extra hydrogen passivation and the p-a-Si contact layer are 

applied performs better than the baseline sample. The improvement mainly lies in a higher fill factor, 

as displayed in Table 2. 
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Figure 27: J-V curve for a-Si cells with a different top p-layer 

Table 2: The Voc FF, Rs and Rsh for the four a-Si cells 

Sample Voc (V) FF(-) Rs(Ωcm2) Rsh(Ωcm2) 

H2/p-SiOx 0.83 0.55 21.5 1077 

p-SiOx/p-Si 0.82 0.54 24.1 856 

H2/p-SiOx/ p-Si 0.87 0.66 15.5 974 

p-SiOx 0.85 0.56 17.2 663 
 

It is unclear why only using both of the suggested improvements increases the fill factor of the 

device. If both methods improve the current collection by improving charge transfer across the 

interfaces, one would expect each separate improvement to make a difference on its own. The 

hydrogenation step hydrogenates dangling bonds at the interface, thus reducing the surface 

recombination. By using a thin p-Si layer the resistivity can be lowered by forming a better contact 

between the ITO layer and the p-layer, while retaining the high selectivity of the p-SiOx layer. The 

effect of these improvements can be seen in the H2/p-SiOx/p-Si layer.  

Another interesting point to note is that Jmp for all four cells is considerably lower than Jsc, around 

25-30% lower. This is a result of a too low shunt resistance. Together with the fact that these cells 

have a Voc which is around 0.05-0.1 V lower than the cells from literature which are used as a 

comparison (section 4.1.1) this might indicate high density of cracks as described in section 4.1.1. 

This effect will probably be less present in the triple junction cells, and the improved a-Si cell recipe 

with an hydrogenation step and a thin p-a-Si contact layer will be used in the final triple junction cell 

design. 
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4.1.3 Absorber layer thickness for nc-Si middle cell  

These cells were used as a starting point for further optimisation. The thickness of the absorber 

layers in the a-Si and nc-Si cell was 200 nm and 2800 nm respectively. Especially the a-Si layer is quite 

thin but since the layers have to be current matched eventually it was decided to start with a thin 

layer and increase the thicknesses were needed further on in the current matching process.  

Simulations with GenPro4 have indicated that in the final triple junction device the nc-Si middle 

cell is likely to be the current limiting cell. The reason for this is that the a-Si absorption overlaps for a 

large part with the absorption of the nc-Si cell, while the nc-Si cells absorption towards the red side 

of the spectrum is limited. This is shown in Figure 28.  

 
Figure 28: The simulated EQE for a triple junction cell and a single junction nc-Si cell 

The same simulations indicate that making the nc-Si layer thicker would increase the absorption 

towards longer wavelengths, thus giving better current matching in the total device. Figure 29 shows 

the short circuit current density for all three sub cells as a function of the nc-Si cell thickness. All 

other layer thicknesses have been kept constant, except for the a-Si absorber layer thickness. It can 

be seen that the nc-Si layer thickness can be increased beyond 5 micrometres to improve the current 

matching of the total device. However, increasing the i-nc-Si layer thickness can also have a negative 

effect on the charge separation and collection. Thus, this balance has been studied further. 
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Figure 29: The simulated short circuit current density of all three sub cells for a triple junction solar cell as a function 

of the nc-Si cell thickness and the a-Si cell thickness. 

 

Three single junction nc-Si cells were made to test these simulations. As can be seen from Figure 

30 the absorption in the red wavelength region increases when increasing the absorber layer 

thickness. However, the relative difference between 3500 and 4000 nm is small. The high absorption 

difference in the blue region is likely to be caused by ITO irregularities. These measurements would 

suggest that using a thicker absorber layer is a good option to improve current matching. However, a 

thicker absorber layer commonly reduces the Voc and FF of an nc-Si solar cell, since at some point the 

lifetime of the charge carriers would not be long enough to reach the contact [90], [91]. This would 

depend on the material quality.  

Figure 31 shows that the cell with a 4000 nm absorber layer thickness shows reduced Voc and 

especially FF compared with the 3500 nm thickness sample. The sample with a thickness of 3000 nm 

is clearly underperforming. Not only is the current relatively low (as that could also be explained by 

differences in the ITO layer) but the Voc is also much lower than that of the other samples. Error! 

eference source not found. summarises the external parameters of the samples.  
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Figure 30: EQE curves for nc-Si cells with different absorber layer thickness 

 

It is important to note that these samples were not co-deposited, but deposited one by one. 

Looking at both the EQE and J-V measurements, the sample with an absorber layer thickness of 3000 

nm seems to have an internal defect that causes a lot of recombination. The V0c is just 0.37 V, while 

the other samples reach 0.5 V. It is therefore difficult to make a comparison between using 3000 and 

3500 nm absorber layer thickness in an nc-Si solar cell. A possible explanation of the low 

performance is related to the presence of shunt paths as explained in section 4.1.1. For thinner 

layers it is shown in literature that increasing the layer thickness decreases the formation of shunt 

paths inside the cell [92]. Thus, it could be that the thinner sample has more shunt path formation 

than the thicker samples and therefore has a lower performance. The fact that the performance is 

also worse than the first cell presented in section 4.1.1, with a thickness of 2800 nm, shows than that 

the formation of shunts is not a consistent process.  

Also, when we compare the fill factor of the 3500 nm cell to that of the initial cell we can see that 

it is even higher than the initial nc-Si cells fill factor. Between these two experiments the deposition 

chambers of Amigo had undergone a cleaning procedure, after which the material properties were 

slightly varied. It is expected that this change has brought the nc-Si deposition recipe slightly closer to 

the transition towards the amorphous silicon deposition regime, resulting in an overall slightly better 

performance. Klein et al. [84] report an increase in both Voc and FF when bringing the nc-Si 

deposition parameters increasingly closer to the transition towards a-Si. They also report that upon 

reaching this transition, a sudden loss in Jsc can be seen. The absorption in the long wavelength range 

decreases due to an increase in a-Si volume fraction, and the absorption in the short wavelength 

range decreases due to carrier extraction problems related to recombination. The 3000 nm absorber 

layer thickness shows comparable behaviour in the EQE measurement. The only difference is that for 

this sample also a drop in Voc is observed, while that is not necessarily the case for cells deposited in 
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the transition regime. Because of the positive result obtained with the 3500 sample all triple junction 

experiments were done with 3500 nm of nc-Si.  

 
Figure 31: J-V curve for nc-Si cells with different absorber layer thickness 

 
Table 3: External parameters for nc-Si cells with different absorber layer thickness 

Sample Voc (V) Jsc (mA/cm
2
) η (%) FF(-) 

3000 0.37 13.6 2.5 0.49 

3500 0.51 17.7 5.5 0.61 

4000 0.5 17.5 4.4 0.5 
 

4.1.4 Wafer passivation for HIT fabrication 

In the previous project n-type <111> wafers from Topsil with a resistivity of 1-5 Ωcm were used. 

During this project these were not in supply, and wafers from University wafer, with a resistivity of 

10-20 Ωcm are used. When comparing the J-V curve of these cells (black and pink in Figure 32) it can 

be seen that there is a decrease in electrical performance of the cells. For c-Si solar cells, the wafer 

edge is a potential recombination source. The HF dip in the cleaning procedure removes SiOx and 

passivates surface dangling bonds with hydrogen. It could be that for the university wafer, more 

passivation is needed. Therefore the performance of solar cells with a duration of the HF dip of 60,90 

and 120 seconds is tested, and compared to a benchmark solar cell from the Topsil wafer. The J-V 

curves are shown in Figure 32 and the Voc, fill factor and shunt and sheet resistances are shown in 

Table 4. Figure 32 shows that with a cleaning time of less than 90 seconds the wafer is not passivated 

well enough, and the series resistance is higher than for the benchmark cell. However, with a 

cleaning time of 120 seconds the performance of the solar cell improved to even outperform the 

benchmark sample.  

It is likely that using 120 seconds of HF dip removes some extra oxide that was not completely 

removed with a shorter dip, thus improving the passivation quality of the wafer. For the rest of the 
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experiments, 120 seconds of HF dip is used for cleaning the wafers. It is possible that using a new 

batch of Topsil wafers and increasing the duration of the HF dip for those wafers would improve the 

performance of the HIT cell even more, because a lower wafer resistivity is expected to decrease the 

series resistance of the solar cell even further, thus increasing the performance.  

 

Figure 32: J-V curve for 4 HIT cells. One with a wafer from Topsil, and three from 
 university wafer with different times for the HF dip in the cleaning cycle 

Table 4: Electrical properties for the four different c-Si cells. 

Sample Voc (V) FF(-) Rs(Ωcm2) Rsh(Ωcm2) 

University 60 s 0.67 0.55 6.7 1531 

University 90 s 0.68 0.54 6.1 1018 

University 120 s 0.69 0.64 4.3 4702 

Topsil 60 s 0.68 0.61 4.5 1428 

 

4.2 Tandem solar cells 
In order to determine the suitability of the Tunnel Recombination Junction (TRJ) strategies 

proposed, they were tested in tandem solar cells. In this section the results regarding the two 

tandem cell configurations are presented. For both the a-Si/nc-Si (micromorph) cells and the nc-Si/c-

Si tandem cells the performance of the TRJ was tested. Also, for the a-Si/nc-Si TRJ, dark I-V curves 

and EQE measurements are made for samples with just the TRJ, without any intrinsic absorber layers.  
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4.2.1 a-Si/nc-Si 

For this TRJ two types of experiments were done. Firstly, the performance of several isolated TRJ’s 

deposited on Asahi UV were tested using EQE and dark IV measurements. These TRJs were then 

implemented into micromorph solar cells to test the performance under illumination. Three different 

TRJs were tested. For all junctions the p-layer was the p-SiOx layer as used for the nc-Si middle cell. 

For the n layer, it was chosen to see investigate the performance in case of using n-nc-SiOx, n-a-Si or 

an n-a-Si/n-nc-SiOx. Using I-V measurements the activation energy and dark conductivity for each 

layer were calculated.  

 
Table 5: Activation energy and conductivity for three configurations of the top TRJ 

 

 

 

 

 

 

Table 5 shows the activation energy and conductivity of these samples. Sample 1 has a negative 

activation energy. With an increase in temperature, the conductivity goes down, instead of going up 

for the other two samples. A negative activation energy on itself has no meaning in the Arrhenius 

relation. However, one can explain this apparent negative activation energy in terms of a two-step 

process in which both steps have a positive activation energy [93]. The first step of such a process is a 

reversible equilibrium step, and the second step is irreversible: 

𝐴 ⇌ 𝐵 → 𝐶      (17) 

 If an increase in temperature increases the rate of B→C more than B→A the overall activation 

energy as determined by the Arrhenius relation can become negative. This happens if the forward 

reaction is entropically not favoured, if there are less microstates of the system which would lead to 

C compared to those that would lead to A [94]. It is speculated that this behaviour arises from the 

Si/SiOx configuration in the n-layer, current transport from the n-a-Si layer to the n-SiOx layer would 

in that case be a reversible process. On the other hand, the tunnelling of electrons from the n-SiOx 

layer to the band tail states, where they recombine with holes from the p-SiOx layer, would be an 

irreversible process. This is in accordance with the observation that electron capture in the tail states 

is the rate limiting step for current transport across a TRJ [56]. The conductivity of the n-nc-SiOx/n-a-

Si sample is considerably higher than of the other samples. These measurements suggest that using 

the combined nc-SiOx/a-Si configuration for the p layer the barrier for charge transport across the TRJ 

can be reduced significantly.  

These different TRJ’s were applied to micromorph solar cells in order to confirm the performance 

in solar cell operation. Figure 33 shows the J-V curves of these solar cells. All solar cells have a high 

series resistance, probably related to problems with the TCO. However, the sample with 6 nm 

SiOx/20 nm a-Si shows the highest fill factor, and does not have charge transport barrier as can be 

seen with the other samples. The samples with only SiOx show the lowest current and efficiency. All 

samples have an extremely high series resistance. While writing this thesis it was discovered that the 

sample heater inside the ITO deposition chamber was broken, which means that the deposited ITO 

has a much higher series resistance than normal. This makes it more difficult to compare the 

electrical behaviour of the samples. The differences in fill factor however can still suggest the 

improvements related to a certain configuration.   

Sample Activation energy (meV) Conductivity (S/cm) 

n-nc-SiOx/n-a-Si -2.99 0.123 

n-nc-SiOx 30.1 0.00786 

n-a-Si 91.65 0.0065 
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Figure 33: J-V curves for micromorph solar cells with different n-layers in the TRJ  

 
Table 6: External parameters for micromorph cells with different n-layers in the TRJ 

Sample Voc (V) Jsc (mA/cm
2
) η (%) FF(-) 

6 nm SiOx 0.97 6.0 1.69 0.29 

12 nm SiOx 0.96 5.8 1.74 0.33 

6 nm SiOx/30 nm a-Si 0.97 6.2 1.9 0.32 

6 nm SiOx/20 nm a-Si 0.94 6.4 2.1 0.35 

30 nm a-Si 0.97 6.5 2.0 0.31 
 

Figure 34 shows the EQE measurements for all samples. These measurements show a higher 

absorption in the nc-Si cell for samples with an n-a-Si layer. The increase is not related to reduced 

absorption in the a-Si cell, since the thickness of the intrinsic top layer remains the same, and since 

for sample 3 and 4 only an extra layer of n-a-Si is added it can also not be related to parasitic 

absorption. This means that the overall current collection of the nc-Si cell increases when using a-Si 

compared to using SiOx for the n layer. The sample with 12 nm of SiOx shows the highest absorption 

in the a-Si cell and the lowest absorption in the nc-Si cell. Due to its lower refractive index, SiOx can 

be acting as an intermediate reflective layer [95]. The same effect however is not seen for the 

sample(s) with 6 nm of n-SiOx. Probably 6 nm of SiOx is not enough to form an effective intermediate 

reflective layer.  

For the triple junction cell, this reflective effect in the junction between the top and middle cell is 

not desirable. The nc-Si cell is current limiting in this device, and the reflective layer only decreases 

the amount of light available for the nc-Si cell. Using n-a-Si on the other hand increases the current in 

the middle cell, and is therefore a good choice. Electrically, the performance of the sample with 6 nm 

n-SiOx/20 nm n-a-Si is best, and that configuration will later be implemented in the triple junction 

cell.  
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Figure 34: EQE measurements for micromorph solar cells with different TRJ configurations 

 
Table 7: Jsc values for both sub cells of the tandem junction a-Si/nc-Si cells 

Sample Jsc a-Si (mA/cm
2
) Jsc nc-Si (mA/cm

2
) 

6 nm SiOx 8.1 6.0 

12 nm SiOx 9.4 5.8 

6 nm SiOx/30 nm a-Si 8.8 6.2 

6 nm SiOx/20 nm a-Si 8.4 6.4 

30 nm a-Si 8.4 6.5 

4.2.2 nc-Si/c-Si 

Lee et al. [56] have shown that for tandem a-Si/c-Si cells, improving the dopant concentration in 

the n layer of the TRJ leads to an improvement in the cells performance. A higher doping level leads 

to an increase in band tail defect states which enhances hole capture from the valence band. As a 

result, the barrier for recombination is reduced, so there is less accumulation of charge carriers and 

the cell’s Voc and FF improve. To test this performance increase of the TRJ for an nc-Si/c-Si tandem 

junction, several solar cells were made with different dopant gas flows during deposition of the n-

layer from the top nc-Si cell. Figure 35 shows that both the 14 and 17 sccm sample show an 

improvement in series resistance and FF compared to the baseline sample. The S shape in the curve 

of the 11 sccm sample close to the x-axis is less prominent in both other samples, which is also 

reflected in the FF. This indicates that the 11 sccm sample has a barrier for charge transport which is 

reduced (but not completely removed) in the other samples. Also, the current and the Voc of the 

sample with 14 sccm is considerably higher than the current of the other two samples. This could be 

caused by a better balance between internal recombination and charge transfer.  
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Figure 35: J-V curves for samples with different gas flows during n-a-Si deposition 

 
Table 8: External parameters for three tandem junction nc-Si/c-Si cells with different dopant gas flows during 

deposition of the n-layer of the TRJ 

Sample Voc (V) Jsc (mA/cm
2
) η (%) FF(-) 

11 sccm 0.98 13.2 7.1 0.54 

14 sccm 1.17 14.8 11.5 0.67 

17 sccm 1.04 12.9 8.2 0.61 
  

Figure 36Error! Reference source not found. shows that the increase in current for the 14 sccm 

sample is mainly due to extra absorption in the short wavelength region of the spectrum. The 

difference in EQE at the blue part of the spectrum is also seen in single junction nc-Si solar cells that 

were co-deposited with the nc-Si top cell for the tandem cells. Combined with the fact that short 

wavelength photons will be absorbed closer to the p-SiOx/i-a-Si interface, the difference in 

absorption will probably be due to a variation in that interface or the ITO/p-SiOx. In the 600-900 nm 

wavelength region both 14 and 17 sccm samples have a slightly higher absorption in the nc-Si sub 

cell. Since short wavelength photons will be absorbed closer to the top of the absorber layer and long 

wavelength photons throughout the whole absorber layer the latter difference is more likely to be 

caused by an increase in TRJ performance. The EQE of the HIT sub-cell shows a slight increase too, 

which is another indication that the TRJ is improving charge carrier separation and collection. Since 

there is no TRJ related difference in current collection between the 14 and 17 sccm samples, and the 

14 sccm sample has the best electrical performance, 14 sccm dopant gas flow is used for the triple 

junction cell. 
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Figure 36: EQE for both the nc-Si and c-Si sub cells for three samples with different dopant gas flows 

 

One problem arose during this experiment and all subsequent experiments where an nc-Si layer is 

deposited onto the flat wafer that was used as the bottom c-Si cell and substrate. Parts of the nc-Si 

layer did not stick to the wafer after deposition and fell off. This resulted in a damaged and shunted 

nc-Si layer. Figure 37 shows the damage to the cell. The measurements shown here are all from cells 

where this damage was not present, cells with the damage behaved as low performance c-Si single 

junction cells. Darker spots are parts were the nc-Si layer did not attach to the wafer. The right side 

of the sample has some working cells, without apparent damage. However, further damage invisible 

to the naked eye cannot be confirmed, and could explain some of the inconsistencies seen in these 

cells.  

It is speculated that the nc-Si layer does not attach properly to completely flat surfaces, and that 

the partial attachment is due to the inherent roughness of the p-a-Si and n-a-Si layers of the TRJ. It 

must be noted that with higher doping gas flows the fraction of damaged area increases. It could be 

that higher doping levels make it harder to form a stable n-a-Si/i-nc-Si interface, or that a higher 

dopant gas flow decreases the as-deposited roughness of the n-a-Si layer. A possible way to mitigate 

this is by using a graded layer, so that the doping level is higher in the TRJ for good recombination 

and lower at the nc-Si interface to give a better nc-Si deposition. 
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Figure 37: Damage to the nc-Si layer (darker spots) is visible on the cell 

4.3 Triple junction cells 
The previously described experiments indicated design improvements that can be implemented in 

a triple junction solar cell. These changes were all put together into an improved recipe for the triple 

junction solar cell. This new recipe is used for two experiments. First, the new recipe is compared to 

the original one, as was proposed in the previous master thesis [67]. After that, a comparison will be 

made between ITO and IOH as front TCO. This was done because it was expected that the ITO layer 

was not performing well as a front TCO, and IOH is known to be a suitable and good working front 

TCO. 

Figure 38 shows the J-V curve for two samples. The initial one was done following the recipe of 

Falkenberg [67], while the final one integrated all the advances previously discussed. It should be 

noted that the initial sample has an a-Si layer thickness of 225 nm, while the final sample has a 

thickness of 200 nm. It is expected that this small change has not much influence on the cell 

performance. The absorption in the top a-Si cell will be a bit lower, leaving more light for the middle 

nc-Si cell. The higher overall Jsc  for the final sample can in part be attributed to this fact. Apart from 

this it can be seen that the performance of the final sample is much better than that of the initial 

sample. The main difference is in the fill factor, due to a lower series resistance. The black graph also 

indicates there is a barrier for current transport by the slight S-curve behaviour. This could both be a 

barrier by less efficient TRJ’s or a transport barrier across the p-SiOx/ITO interface at the top of the 

cell. It cannot be exactly indicated which of the applied changes has the largest effect on the cells 

behaviour. However if we look at the relative difference made by each experiment in section 4.1 and 

4.2, it is most likely that the improvement of both TRJ’s is having the biggest influence on the 

performance. It should be noted that the problem with ITO deposition as described in section 4.2.2 

was also present during the deposition of these samples. The overall effect is lower due to the higher 

Voc of this device, but one would expect the performance to be better with the intended ITO layer.  
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Figure 38: J-V curves with initial layer deposition parameters (black) and final deposition parameters (red). 

 
Table 9: The external parameters for both triple junction cells 

Sample Voc (V) Jsc (mA/cm
2
) η (%) FF(-) Rs(Ωcm2) Rsh(Ωcm2) 

Initial 1.54 5.7 3.6 0.42 266 1685 

Final 1.55 6.7 6.2 0.59 103 2929 
 

Figure 39 shows the EQE of each sub cell for the triple junction cell. It can be seen that the 

absorption is increased throughout the complete relevant wavelength range, which is an indication 

that charge separation and collection improved throughout the whole device. The EQE shows that 

the currents for each sub cell are not matched, with the nc-Si middle cell being limiting. The two 

main causes of this effect are the low absorption in the nc-Si sub cell and the low overall absorption 

in the middle wavelength region. Moreover, no texturing is used to improve the optical path length 

of light throughout the material. As a result, light only passes once in a straight path through each 

cell before hitting the back reflector. At that point all shorter wavelength light has been absorbed by 

the c-Si layer, and with the low absorption coefficient of nc-Si the overall absorption in that layer is 

low.  

Moreover, the graded ITO layer used in this project has an increase in reflection in the 500-700 

nm wavelength region. This limits the number of photons available for the nc-Si middle cell. It can be 

noticed that the absorption of the a-Si cell is noticeably higher at the lower wavelength sides. The 

higher energy photons are mostly absorbed close to the p-nc-SiOx/i-a-Si interface. This might be the 

effect of better interface passivation, as explained in section 4.2.1, which more than compensates for 

the 25 nm thinner absorber layer. The absorption increase in the nc-Si cell is relatively the highest. 

This sub-cell is sandwiched between both TRJ’s, and improving the electrical properties of the TRJ’s 

will have a big impact on performance of the nc-Si cell. 
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Figure 39: EQE measurement for each sub cell of the two different triple junction cells. 

 

Because of the problems with the ITO top layer used, triple junction cells with hydrogenated 

indium oxide (IOH) as a front TCO were made. Also, IOH is known to be more conductive and 

transparent than ITO. Figure 40 shows a comparison between the EQE of the two identical triple 

junction cells, one with approximately 100 nm of ITO and the other with 80 nm of IOH as transparent 

conductive layer. It can be seen that the absorption in the middle wavelength region is much higher 

for the cell with an IOH top layer compared to the cell with an ITO top layer. A small decrease 

between 400 and 500 nm can be seen, but because the a-Si sub cell is not the current limiting cell 

this has no influence on the total current. It is possible that a comparable effect could be achieved by 

using a thinner ITO layer, but this would reduce the lateral conductivity of the layer. 

 
Figure 40: EQE measurement for a triple junction cell with IOH (black) or ITO (red) as TCO 
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Figure 41 shows the reflectance of both the ITO and the IOH layers. It is clear that ITO has a higher 

reflectance in the 550-750 nm wavelength region, which is where the nc-Si cell absorbs most of the 

light. Although IOH has a slightly higher reflection at the low and high wavelength ends, its optical 

performance for this triple junction cell is much better than that of ITO. It is expected that using a 

thinner ITO layer would shift the reflectance peak to lower wavelengths, but this would reduce the 

conductivity of the layer, and thus increase the series resistance of the cell even further. 

 
Figure 41: The reflectance for the ITO (red) and the IOH (black) layer 

 

Figure 42 compares the J-V curves of the solar cell according to the initial and final design with 

both TCO’s. It can be seen that using IOH as TCO has a huge impact on the performance of the 

device, both on the short circuit current and on the open circuit voltage. Table 10 lists the external 

parameters for the four different configurations. It can be seen that the impact of using IOH is on 

itself even bigger than the other deposition changes proposed in this work. There is a big difference 

in open circuit voltage between the cells using IOH and the cells using ITO. This difference could be 

due to a difference in band configuration of the a-Si top cell due to the TCO. Also, it is a possibility 

that the deposition of the ITO layer, in spite of the power gradient during deposition, damages the 

solar cell in such a way that the open circuit voltage drops. The large difference in Voc however is not 

only caused by damage during the ITO deposition, since a large decrease in Voc is not observed in the 

single junction cells and the c-Si/nc-Si tandem cell. However, the a-Si/nc-Si cells show a Voc of around 

1.0-1.1 Volts, while one would expect the Voc of such cells to be higher, around 1.4-1.5 Volts. The 

previous master thesis, which used ITO as top layer, also reached Voc values comparable to the ones 

shown here for the cells with ITO as TCO. This all together suggests that using ITO decreases the 

voltage of a multi-junction solar cell device with an a-Si top cell. Why and how this decrease in 

performance is caused is unknown, and it is suggested that future work on this subject should 

investigate the mechanism behind it. It is possible that the fact that ITO is a heavily doped n-type 

semiconductor is having an effect on energy band structure of the multijunction cell.  
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Figure 42: J-V curves for cells according to the initial and final design with ITO or IOH as top TCO. 

 
Table 10: External parameters for all four triple junction solar cells 

Sample Voc (V) Jsc (mA/cm
2
) η (%) FF(-) Rs(Ωcm2) Rsh(Ωcm2) 

Initial, ITO 1.54 5.7 3.6 0.42 266 1685 

Initial, IOH 1.97 7.3 8.9 0.57 93 1127 

Final, ITO 1.55 6.7 6.2 0.59 103 2929 

Final, IOH 1.93 8.5 10.7 0.65 62 2722 
 

The main difference between the cells made according initial and final deposition recipes with 

IOH on top lies in an improved fill factor, arising both from an increase in shunt resistance and a 

decrease in series resistance. The final fill factor of 0.65 is the highest result within this work, but still 

leaves room for improvement. In literature, it is reported that an IO:H/Ag front contact shows a high 

resistivity, possibly related to the formation of a thin AgO layer [96]. It is possible that the same 

mechanism plays a role here in the IO:H/Al interface. Protective layers of other metals more resistant 

to oxidation could be included to avoid this issue. In addition, the Jsc, and thus the operational 

current, could also be improved by improving the current matching of the device. 

Finally, to get an indication of how the designed solar cell would operate in the final PV-

electrolysis design the J-V curve is plotted together with the J-V curve of the IrOx electrode that will 

be used as the electrode for the OER. This neglects possible overpotentials for the HER and other 

system resistivities, so we cannot claim that the crosspoint in this graph will be the operational point 

for the total system. An estimated 0.1 V of additional overpotential is taken into account. This 

includes an expected overpotential of 0.05 V for the HER for high quality electrodes at 10 mA/cm2 

[97], and 0.05 V of resistive losses [98]. Figure 43 shows an IrOx counter electrode, accounting also 

for this overpotential, plotted with a dashed line, the operational current of the solar cell could be 

around 5 mA/cm2, which would mean the system can reach a STH efficiency of 6.2%. This does not 

take into account the ratio between solar cell area and electrode area. When the cost of the catalyst 

is relatively high compared to the solar cell cost, for economically viable hydrogen production low 
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catalyst area to solar cell area ratio is required [65]. This would mean that the IrOx I-V curve would be 

less steep, and the solar cell performance would have to be improved to maintain a high STH 

efficiency. 

 

 
Figure 43: The J-V curve for the designed solar cell and the OER electrode (solid) and the OER electrode with 0.1 V 

overpotential added (dashed) 
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5. Conclusions and recommendations 

5.1 Conclusions 
In this report an a-Si:H/nc-Si:H/c-Si triple junction solar cell design has beed improved by 

investigating several parts of the device. Relevant parts of the cell are the two tunnel recombination 

junctions, the i-nc-Si middle absorber layer, the top p-nc-SiOx layer and the TCO. The results of these 

experiments are combined into an improved design for the triple junction cell. 

It was found that the improvement observed in superstrate cells using a p-contact layer/p-

window layer with different CO2/CH4 ratios during deposition in combination with hydrogen 

passivation of the i-a-Si layer carries on to substrate a-Si cells. The fill factor of single junction a-Si 

cells on glass substrates increases from 0.55 to 0.65, the change in Voc is under 0.05 Volts. 

The thickness of the i-nc-Si absorber layer can be increased from 2800 to 3500 nm without 

negative consequences for the electrical performance of the nc-Si sub-cell. This increases the 

absorption of the nc-Si sub-cell in the red part of the spectrum, and can improve current matching of 

the total device slightly.  

The performance of both TRJs can be improved. In the case of the TRJ between the a-Si and nc-Si 

sub-cells this is done by adding a 6 nm SiOx layer which enables efficient recombination of charge 

carriers of both sub-cells. 6 nm is thin enough to limit the internal reflection caused by the different 

refractive indexes of SiOx and Si. The thickness of the n-a-Si layer in this TRJ can be reduced from 30 

to 20 nm to improve the electrical performance of the cell and reduce the parasitic losses associated 

with the n-layer. For the TRJ between the nc-Si and c-Si sub-cells it was found that increasing the 

dopant gas flow for the deposition of the n-a-Si layer improve the electrical performance of the cell, 

and also increase current collection. Using higher dopant gas flows has a detrimental effect on the i-

nc-Si layer deposition. 

The ITO that was used as a TCO throughout the experiment was compared to an IOH layer. It was 

found that IOH improves the optical performance of the device by a reduced reflection in the middle 

wavelength region, which increases the absorption in the nc-Si sub-cell. The electrical performance of 

the cells with IOH was also better than that of cells with ITO as front TCO. Although there is an 

influence of the resistivity of the TCO, the large improvement in Voc of the final triple junction device 

cannot only be caused by IOH being a less resistive TCO. Why cells with ITO have such a low Voc is 

unclear and this should be investigated further. 

When the I-V curve of the final triple junction cell is compared with the IrOx counter electrode, it 

is shown that water splitting is possible by using this triple junction design. The STH efficiency would 

be just around 6.2 %.In order to further improve this potential efficiency, some recommendations 

will be given. 

5.2 Recommendations 
The results show that using a triple junction solar cell design has the potential to be used 

efficiently in a direct PV-electrolysis setup. However, as stated in the conclusion, the STH efficiency is 

not high enough yet. There are several aspects of the solar cell that could be improved. A few of 

them will be named, with a short speculation on the possible effects. 

One of the first issues arising from the experiments is the partial attachment of the nc-Si layer on 

top of the c-Si wafer. As long as this problem is not solved, it is not possible to produce a triple 

junction cell with a consistent performance. A possible solution is to slightly texture the top side of 

the c-Si wafer, so that enough roughness is introduced for the nc-Si deposition. This should be fine-
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tuned carefully. Not only is the passivation layer quality of the wafer, and thus the Voc, related to the 

wafer texturing [46], but there is also another effect of substrate roughness on the nc-Si (sub-)cell 

quality. With increasing roughness the Voc decreases due to an increase in defect density. A surface 

roughness suitable for stable layer deposition and high Voc needs to be found for that solution. 

Another option is to introduce graded doping in the a-Si layers between the c-Si and nc-Si sub-cell, so 

that the doping levels are high at the p-a-Si/n-a-Si interface to ensure good TRJ quality and low at the 

n-a-Si/i-nc-Si interface to give a better substrate. 

Related to the defective nc-Si layers is that the shunt resistance of the solar cell is too low. The nc-

Si cell is the current limiting sub-cell, so in the nc-Si layer shunt paths are present that reduce the 

operational current. This should also be taken into account while optimising the nc-Si deposition and 

the substrate roughness. In this optimisation special care should be taken towards the nc-Si 

crystallinity. The process must be optimised in such a way that the layer is deposited as close to the 

transition region towards amorphous silicon without actually going into this region.  

A second issue is that the series resistance of the cell is still relatively high. It is possible that this 

has to do with the interface between the metal contact and the IOH layer. Testing a similar solution 

as proposed in literature, creating an IOH/ITO double layer, could solve this.  

Another important issue is that the device is not current matched. Absorption in the nc-Si layer is 

too low, and as a result the c-Si wafer has a too high absorption. Hypothetically, if the current would 

be divided equally over the sub-cells the triple junction cell could reach a short circuit current of 12 

mA/cm2, while this is only 8.5 mA/cm2. Light trapping techniques are needed to increase the 

absorption in the nc-Si layer. Two possible options are introducing an intermediate reflective layer 

between the nc-Si and c-Si cell, and to use a textured interface at the top. Texturing the top interface 

would increase the absorption in the a-Si layer as well, so a thinner a-Si layer should be used so that 

the current in the nc-Si layer can be improved. Another possibility is using a top a-Si cell with a 

slightly higher bandgap. This can potentially increase the Voc of the triple junction device even 

further, while at the same time increasing the available light for the nc-Si middle cell.  

Considering that the nc-Si layer is the layer where most issues arise in the triple junction cell 

configuration, one could also look into amorphous silicon germanium as an alternative absorption 

layer for the middle cell. The first advantage of a-SiGe is that the band gap lies in between that of a-Si 

and c-Si. The use of a layer with a medium band gap could increase the spectral utilisation, and 

increase the Voc of the total device. The band gap can be fine-tuned by varying the Si:Ge ratio, and 

this also enables the fine-tuning of the absorption in the SiGe layer [99]. Furthermore, the growth 

problems observed with nc-Si in this project are not present for SiGe. This would take away the need 

for a slight texturing of the c-Si wafer, which is also a benefit for a high voltage solar cell device. 
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T °C 

forw
ard  
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Pf 
(W) 

Load  
Capacitor 

CL 
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Capacitor 

CT 

p-a-Si 20 1      0.7  180 2.3 70 33 

n-a-Si  40   11    0.6  180 2 52 33 

i-a-Si  40       0.7  180 1.6 56 27 

AZO      20  2.5  400 400 17.9 48.2 

n-a-Si:H 40   11    0.6 14 300 4 13.4 67 

i-nc-Si seed 1.2    120   4 11 200 40 10.9 10.4 

i-nc-Si  3.4    120   4 11 200 40 10.9 10.4 

p-nc-SiOx:H 0.8  10  170  1.6 2.2 14 300 12 11.2 68.5 

n-nc-SiOx 1   1.2 100  1.6 1.5 21 300 11 13.2 68.2 

i-a-Si:H 40       0.7 14 300 3.1 16.6 64.5 

p-SiOx:H 0.8  20  170  2.3 2.2 14 300 12 11.4 70 

IOH      40  0.005
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 25 40   

ITO graded 
layer 

     40  0.001
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 60 50   

ITO graded 
layer 
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 70 50   

ITO graded 
layer 
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 80 50   

ITO graded 
layer 
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ITO graded 
layer 
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ITO graded 
layer 
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layer 
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