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ABSTRACT 

 

FABRICATION OF INTERDIGITATED BACK-CONTACT (IBC) SOLAR 

CELLS WITH SCREEN-PRINTED BORON DOPED EMITTERS 

 

Aliefendioğlu, Ateşcan 

Master of Science, Physics 

Supervisor: Prof. Dr Raşit Turan 

 

January 2020, 100 Pages 

 

Interdigitated back-contact (IBC) solar cells with their unique structure, having 

both n and p doped regions as well all as contacts at the rear side, have the potential 

to achieve high-efficiency values. The record efficiency value at industrial scale have 

reached 25.2% for mono-crystalline silicon. This thesis focuses on the development 

of IBC cell structure which is one of the best performing cell structures. The scope of 

this thesis requires the full understanding of controlling the boron doping on an n-type 

wafer for decent process optimisation using Boron doping paste. The thesis also aims 

for the study of the necessary characterisation techniques, i.e. sheet resistance 

measurements, and electrochemical capacitance-voltage (ECV) profiling. 

Corresponding cell fabrication is based on screen-printing of Boron doping paste, 

annealing, and following metallisation steps. The bifacial structure is also 

demonstrated as a secondary proof-of-concept. The produced cells have been 

characterised and analysed with 8.70% efficiency on IBC and 7.43% efficiency on 

bifacial structures.  

Keywords: Boron Doping Optimisation, Interdigitated Back-Contact (IBC), Bifacial, 

Doping and Cell Characterisation. 
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ÖZ  

 

SERİGRAFİ İLE BOR KATKILANMIŞ ARKA KONTAK ARKA EKLEMLİ 

(IBC) GÜNEŞ HÜCRESI ÜRETİMİ 

 

Aliefendioğlu, Ateşcan 

Yüksek Lisans, Fizik 

Tez Danışmanı: Prof. Dr. Raşit TURAN 

 

Ocak 2020, 100 Sayfa 

 

Arka kontak arka eklemli (IBC) güneş hücrelerinin, n ve p katkılı bölgeleri ve 

bütün bağlantılarının arka yüzeyde olması nedeniyle, yüksek verim potansiyeli olan 

hücre yapılarıdır. Bu konudaki rekor verim değeri endüstriyel boyutlarda tek kristal 

yapılı silisyum hücrelerde %25,2 seviyesine ulaşmıştır. Bu tezin odak noktası yüksek 

etkinlikli güneş hücrelerinin bir türü olarak görülen IBC tipi güneş hücrelerinin 

geliştirilmesidir. Çalışmalar kapsamında n-tipi Silisyum (Si) dilimlerin ekran baskı 

yöntemi ile Bor (B) içerikli pasta ile katkılanması hedeflenmektedir. Bu tez ayrıca 

gerekli olan çözümleme yöntemlerinin, yüzey direnci ve katkılama eğiliminin, ölçüm 

ve çözümlemesini de hedeflemektedir. İlgili hücre üretimi ekran baskı ile Bor pastası 

basımı, tavlama ve takiben metalizasyon adımlarından meydana gelmektedir. İkincil 

bir teorik kanıtlama amacıyla çift taraflı örnekler de üretilmiştir. Üretilen IBC ve çift 

yüzlü örneklerin ölçümleri ve çözümlemeleri yapılmış, IBC hücrelerde %8.70 ve çift 

taraflı örneklerde %7.43 verim elde edilmiştir. 

Anahtar Kelimeler: Bor Katkılama İyileştirmesi, Arka kontak arka eklemli (IBC), 

Çift Taraflı, Katkılama ve Hücre Ölçüm ve Çözümlemesi. 
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CHAPTER 1 

 

INTRODUCTION 

 

“One thing I feel sure of… is that the human race must finally utilise direct sun 

power or revert to barbarism.” 

- Frank Shuman (1862-1918) 

 

1.1 Basics of Photovoltaics 

1.1.1 The Use of Solar Energy Through History 

 The Sun is the one and only energy source of our planet. Throughout history, 

humankind used its energy to live and to survive. There are several forms of solar 

energy, and for the most part, early civilisations have used the passive heating of the 

Sun as well the stored energy within the biomass. Such applications are still in use in 

our current century with modified and developed versions.  

However, until 1839, no one had an idea about the photovoltaic effect which 

was observed by Alexandre-Edmond Becquerel [1]. He realised that when platinum 

electrodes placed in an electrolyte containing an acidic solution with silver chloride 

dissolved in and illuminated, it would enhance the current. Unfortunately, back then 

the distinction between chemical effects and the photoelectric effect was not 

recognised and the results were considered to be an effect of the former. 

In 1876, William Grylls Adams and Richard Evans Day used a platinum-

selenium junction to observe the photovoltaic effect [2]. However, they did not 

consider the illumination to be the acting phenomenon in the current generation, but 

the crystal formation caused by the illumination. 

In 1887 and 1905, respectively, Heinrich Rudolf Hertz discovered, and Albert 

Einstein further explained the photoelectric effect; a material-dependent threshold 

frequency [3]. The material can only absorb photons that can overcome this threshold 

and by doing so emits an electron. 
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One of the most important materials for solar cell production is 

monocrystalline silicon. It was realised early on that the material quality and purity 

play a major role in the performance of the cells. In 1918, Jan Czochralski invented a 

method in which high-quality crystalline materials can be grown which found its way 

to the c-Si technology around the 1950s [3]. 

The very first solar cell ever made was in 1954, when Daryl Muscott Chapin, 

Calvin Souther Fuller and Gerald L. Pearson of Bell Laboratories made a silicon-based 

cell with approximately 6% conversion efficiency [4]. 

The use of solar cells was first introduced as a power supply for space 

applications, especially for the Earth-orbiting satellites. For example, Vanguard 1, the 

fourth artificial satellite orbiting the Earth, was the first satellite with solar cells 

installed to it [5]. The first satellite, Sputnik 1, however; used silver-zinc based 

batteries to stay powered up for its mission which gave out after 22 days [6]. 

The oil crisis of 1973 brought the necessity of alternative energy sources to the 

surface among those was the terrestrial use of solar cells. As such, many companies 

around the globe started to manufacture photovoltaic modules and arrays applicable 

for such purpose. This increased the need for high-efficiency cells to be produced, 

thus many research facilities have been established around the world working 

restlessly to manufacture cost-efficient and industrially applicable solar cells while 

still performing as well as possible. 

Although the silicon dominates the industry, the research for other 

semiconductor materials still continues, whether it may be amorphous silicon, III-V 

and II-VI semiconductors, or hetero compounds, and tandem cells for better 

absorption of the solar spectrum. 

1.1.2 The Necessity of Solar Energy 

 The World’s energy demand is continuously increasing. One of the most 

dependable energy sources since the industrial age has been coal. The coal, just like 

other fossil fuels yielded an amazing energy quota. Fossil fuels, however, are not 

sufficient enough as their fast depletion without proper generation makes them 

unsustainable. The other effect of the use of fossil fuels is on the environment. The 
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increase in the amount of greenhouse gases, such as carbon dioxide, poorly affects the 

climate and contributes to global warming. Because of these reasons, a new kind of 

energy source that can be “replenished by the natural process at a rate that is 

comparable or faster than its rate of consumption” is needed [5]. 

 The renewable energy sources can be listed as wind, hydropower, tidal, 

geothermal, biomass and solar. Some of these sources are (directly or indirectly) 

powered by the Sun. Hydropower, tidal and geothermal sources use the flow of water, 

gravitational pull of the Moon and internal heat of the Earth as the source, respectively 

[7]. Most of the renewable energy sources have location dependency. For instance, 

dams for hydropower, require to be built on water sources, such as rivers, where 

elevation is also sufficient to induce water flow. However, these conditions do not 

exist everywhere on Earth. On the other hand, solar energy systems can be built on 

almost every location on Earth, shown in Figure 1. 

 

Figure 1 The solar power distribution around the World. (Adapted from [8].) 

 Solar cells can be installed on virtually anything, from immobile structures 

such as; rooftops and sides of buildings, over the parking lots, to mobile structures 

such as cars, buses, trains and planes. These adaptations reduce the local energy 

consumption, if not completely remove it. It is also possible that the generated energy 

can be sold if there exists a grid connection. 
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1.1.3 The Operating Principle of Solar Cells 

1.1.3.1 The Silicon as a Bulk Material 

According to their electrical conductivity, materials can be grouped under 

three different categories; conductors, semiconductors and insulators. One of the key 

parameters that affect the electrical conductivity of a material is the temperature. 

Semiconductors, for instance, behave like insulators when the temperatures approach 

absolute zero in Kelvin, whereas metals at that temperature are highly conductive. As 

the temperature increases, semiconductor materials become more and more 

conductive while the conductivity of metals decreases.  

The conductivity of material arises from its lattice structure, i.e. whether the 

material has an amorphous or crystalline structure. For amorphous structure, atoms do 

not have a recognisable periodicity, while for a crystalline structure, atoms have (near) 

perfect periodicity. For the crystalline form of silicon which is an element on the fourth 

group (Figure 2 (a)) of the periodic table, the atoms are arranged in a diamond lattice 

(Figure 2 (c)). The atoms form a covalent bond (Figure 2 (b)) with one another and its 

effect can be recognised on the macroscopic level as the hardness of the material. For 

the semiconductor material to be conductive, some of these bonds must be broken so 

that free electrons would be present. This occurs when the temperature is different 

from 0 K. 

 

Figure 2 The atomic (a), the bond (b) and the lattice (c) structure of the silicon atoms. 
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Within a crystal lattice, the atoms are bonded together. This causes the energy 

levels of the atoms to interact with each other and split. This split is more prominent 

as the interatomic distance decreases and eventually at a specific distance there exists 

a clear gap between the bands which are called valence and conduction bands (Figure 

3). This gap is called the bandgap, Eg, in which no electron states can exist. This is a 

material-specific parameter, e.g. for silicon, it is 1.17 eV at 0 K and 1.11 eV at 300 K 

[9]. The following empirical relationship by Varshni expresses the dependence of 

bandgap to temperature: 

 
Eg(T) = Eg(0) −

αT2

T + β
 (Eq. 1) [10] 

where α (7.021 x1 0-4 eV/K for silicon) and β (1108 K for silicon) are the fitting 

constants and Eg (0) (1.16 eV for silicon) is the bandgap of the semiconductor at 0 K 

[10]. The insulators do have a bandgap as well, however, this gap is significantly larger 

in comparison to semiconductors which is between a few tenths of electron-volt to 

around 2 eV [11]. Metals rarely have a strictly periodic crystal lattice; therefore, 

electrons are not bounded, allowing free flow. 

 

Figure 3 The energy band structure of metals, semiconductors and insulators. 

1.1.3.2 The Charge Carriers in Semiconductors 

The semiconductors at absolute zero Kelvin has all their electrons in the 

valence band and no electrons are present in the conduction band (Figure 4). As the 

temperature increases, some of these electrons are excited to the conduction band and 

occupy permitted energy states. Such states lie very close to the edge of the conduction 

band. However low in number, these electrons interact with the lattice which has a 
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significant effect on conduction. On the other hand, in the valence band, as some of 

the electrons are excited to the conduction band, leaving behind some empty space. 

These unoccupied states are called holes or defect electrons which are surrounded by 

electrons. Both electrons and holes can be considered as charge carriers in 

semiconductors and their interaction with the lattice has important consequences. 

 

 

Figure 4 The state occupancies at different temperatures. 

The temperature dependence of the state occupancy is given by the Fermi-

Dirac distribution as; 

 
f(E)  =  

1

1 + e(
E−EF
kT

)
 

(Eq. 2) [11] 

where EF is the Fermi energy, k is the Boltzmann constant and T is the absolute 

temperature. For a semiconductor to be conductive it needs to have free electrons 

present. Their number can be figured out from the following relation; 

 
n =  NC e

(
EF−EC

kT
)
 (Eq. 3) [11] 

where NC is the effective density of states of electrons in the conduction band and EC 

is the conduction band-edge energy. 
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For the number of holes in the valence band, the following relation can be 

used; 

 
p =  NV e

(
EV−EF

kT
)
 (Eq. 4) [11] 

where NV is the effective density of states of holes in the valence band and EV is the 

valence band-edge energy. 

According to Fermi-Dirac distribution, under thermal equilibrium, the number 

of electrons in the conduction band and the number of holes in the valence band must 

be equal to one another for an ideal semiconductor without any defects. From such a 

relation, Fermi energy level is given as, 

 
EF =

EV + EC

2
+

kT

2
𝑙𝑛 (

NV

NC
) (Eq. 5) [11] 

1.1.3.3 Effects of Impurities to the Conductivity of a Semiconductor 

Conductivity, apart from temperature is also related to the concentration of the 

charge carriers within the semiconductor material. The concentration is varied by a 

process called doping, in which impurities to the material are introduced on purpose. 

Atoms that have more valence electrons than of silicon which has four valance 

electrons (Figure 2 (a)) can be used as donors. The general element used for such 

purpose is phosphorus (Figure 5 (a)) which has five valance electrons. Replaced with 

silicon within the lattice four electrons of the phosphorus will bond with surrounding 

silicon atoms and the remaining single electron will be donated and such a material is 

called n-type. 

On the other hand, the silicon can be replaced with atoms that have fewer 

valence electrons than of silicon; in general boron (Figure 5 (b)) is used for this 
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purpose. Boron having, three electrons, will form bonds with silicon resulting in a 

hole. These type of materials are called acceptors and the material is called p-type. 

 

Figure 5 The electron configuration of (a) phosphorus and (b) boron atoms. Valence orbit 

electrons are shown as green orbs. 

1.1.3.4 The Current Transport Mechanisms in Semiconductors 

The free electrons and the holes are how the current is carried in a 

semiconductor. When an electric field is present, it would apply force on the electrons 

that will then increase their energy and move them around (Figure 6). In 

semiconductors, electrons will collide with the lattice or with an impurity atom, or 

with another electron which will cause the electrons to lose their energies to the lattice 

in the form of heat [11]. As the charges move under the effect of the electric field, they 

induce an electric current which is called the drift current with the following equation; 

 𝐽𝐷𝑟𝑖𝑓𝑡 = 𝑞𝑛𝜇𝑛𝐸 (Eq. 6) [12] 

Another current-carrying mechanism arises from the difference in carrier 

concentrations. The current carrier will move from higher concentration to a lower 

one (Figure 6). This is called the diffusion current with the equation shown below 

(Eq.7). Both current types are linked to one another as both arise from a collision and 

statistical movements of charge carriers. 
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𝐽𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 = 𝑞𝐷𝑛

𝑑𝑛

𝑑𝑥
 (Eq. 7) [12] 

where both equations are considered for n-type semiconductors with nonuniform 

doping concentration and replacing the letter n with the letter p would give the 

equations for a p-type semiconductor. In both equations, q indicates the unit charge 

and n indicates the concentration of the free electrons. For the drift relation; μn is the 

mobility of free electrons. E indicates the magnitude of the applied electric field in 

one direction. For the diffusion relation; Dn is called the Einstein relation. 

Then the total current can be related as, 

 
𝐽𝑇𝑜𝑡𝑎𝑙 = 𝐽𝐷𝑟𝑖𝑓𝑡 + 𝐽𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 = 𝑞𝑛𝜇𝑛𝐸 + 𝑞𝐷𝑛

𝑑𝑛

𝑑𝑥
 (Eq. 8) [12] 

 

 

Figure 6 The drift and diffusion currents in a p-n junction. 

1.1.3.5 Charge Carrier Generation Under Illumination 

Photons with energies higher than the bandgap energy of a semiconductor will 

be absorbed and the electrons will be excited from the valence band to the conduction 

band. Photons, however, have negligibly small momentum. Therefore, an absorbed 

photon will increase the energy of the crystal while the momentum remains mostly 

unchanged. 
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Semiconductor materials can be classified under two groups according to their 

capabilities of absorbing a photon. If the maximum energy of the valence band lies 

directly below the minimum energy of the conduction band in the momentum-space, 

this type of semiconductor is called a direct semiconductor (Figure 7 (a)). An example 

of such a material is GaAs. 

 

Figure 7 The band structure of (a) direct and (b) indirect semiconductors. 

If the maxima of the valance band are not below the minima of the conduction 

band in the same momentum-space, this is called an indirect semiconductor (Figure 7 

(b)). Silicon has an indirect bandgap. Such indirect materials require the contribution 

from the crystal lattice in the form of phonons; low energy, high momentum particles; 

to be able to generate electron-hole pairs, thus current. 

There are some crucial differences between direct and indirect absorption. As 

the phonons are required in indirect materials, the probability of absorption is lower 

than of the direct materials. Because of this difference; for the photon to be absorbed; 

the indirect material should be thicker (around 200 μm), whereas for direct materials 

the material can be relatively thinner (few μm) to achieve absorption in the whole 

spectrum [11]. 

1.1.3.6 The Recombination of Electron Hole Pairs 

When the incident light is absorbed, generated charge carriers would either be 

collected at the corresponding contacts or lost via different mechanisms. 

Recombination is one of the most prominent lost mechanisms where a generated 

carrier recombines with another carrier and losses its energy before being collected. 

The radiative recombination (Figure 8) is the return of the electron from the 

conduction band to the valence band, emitting a photon while doing so. The 
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recombination is one-one, meaning one electron will annihilate one hole in the 

process. In indirect materials, the recombination behaviour is similar to the absorption. 

Because of this, an indirect material has long charge carrier lifetimes than of direct 

materials. The radiative recombination process is the main working principle of 

semiconductor-based LED and laser technology. 

 

Figure 8 The radiative recombination of (a) direct and (b) indirect semiconductors. 

The Auger recombination (Figure 9) occurs when a recombining electron 

transfers its extra energy to another electron either in conduction or valence band 

resulting in the second electron to move to a higher energy level. The second electron 

then starts to lose its energy to collisions with the lattice up until it reaches to its 

original state. This behaviour can be very well observed in highly doped materials.  

 

Figure 9 Auger recombination (a) in the conduction band and (b) in the valence band. 

The Shockley, Read and Hall (SRH) recombination occurs when there exist 

crystal defects and impurities (Figure 11) which can trap the charge carriers, in the 

forbidden band. This type of recombination (Figure 10) can occur in four fundamental 
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processes; (1) an electron can be trapped by an unoccupied state, (2) an electron can 

be emitted from the occupied trap state to the conduction band, (3) a hole can be 

trapped by an occupied state and (4) a hole can be emitted from the occupied trap state 

to the valence band. 

 

Figure 10 The possible processes of SRH recombination. 

For the high-level injection case, the lifetime depends on the probability of 

carriers being captured by the trap states and not on their concentration. For the low-

level injection case, the minority carrier lifetime is inversely proportional to the 

number of impurities.  

 

Figure 11 Some trap states of elements in silicon. 
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The lifetime of a material depends on the three aforementioned recombination 

processes and can be represented as follows; 

 1

τTotal
 =  

1

τRadiation
 +  

1

τAuger
 + 

1

τSRH
 (Eq. 9) [11] 

1.1.4 The Sun as the Energy Source 

 The Sun is the centre of our solar system and our major energy source. At its 

core, nuclear fusion occurs which yields a very large amount of energy that is then 

released as electromagnetic radiation. Through absorption and re-emission, this 

energy is transferred to the surface of the earth. The visible surface of the sun  

(photosphere) has a temperature around 6000 K. At the mean distance between the 

Earth and the Sun, around 150 million km [13], the irradiance just outside of the 

Earth’s atmosphere is 1361 W/m2 which is called the solar constant [5]. This level is 

also called air mass (AM) zero, as no atmosphere is encountered by the solar 

irradiation. AM is the thickness of atmosphere solar irradiance has to pass through, 

which attenuates it (Figure 12). It is formulated as follows; 

 
AM =  

1

cosθ
 (Eq.10) [5] 

The shortest distance is when the Sun is at zenith point, thus the angle the Sun 

makes with that point is indicated as 0° and when the Sun is at the horizon it is at 90°. 

The zenith (0°) point is called AM1, the industrial standard, AM1.5 corresponds to 

48.2° in which the irradiance is taken as 1000 W/m2, and at 60° it is AM2. AM1.5 is 

also separated into two: the light which is directly coming from the Sun; labelled with 

the letter D, or all light including those reflected from the surfaces around the 

ambience, which is denoted as global, G.  
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Figure 12 The solar spectrum at different air mass levels (Adapted from [14]). 

1.1.5 Important Parameters and Equivalent Circuit Representation of Solar 

Cells 

1.1.5.1 The Parameters 

The solar cell performance can be represented by four important parameters 

which are obtained from J-V curves (Figure 13). The J-V curve can be used to extract 

preliminary parameters of a completed solar cell which are the short-circuit current 

density (Jsc), the open-circuit voltage (Voc), and maximum power current density (Jpm) 

and voltage (Vpm) points. From these preliminary parameters, the fill factor (FF) and 

the efficiency (η) can be calculated with the given area (A) of the sample, but since 

the current density by definition has the area effect considered, the area factor can be 

ignored. As the solar cells are capable of absorbing light to generate current, the 

efficiency calculations are standardised to certain measurement rules. For instance, 

the illumination power (G) should be 1000 W/m2 and it should also be similar to the 

solar irradiance which is called AM 1.5G. At the same time, the sample must be kept 

at a constant temperature which is 25°C. 
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Figure 13 A sample J-V curve of a solar cell made in GÜNAM. 

The short-circuit current density is the maximum current value the solar cell 

generates under illumination, and for that reason, it is dependent on the photon flux 

density. The use of current density instead of the current value is to remove the area 

dependence. The theoretical maximum current density of a solar cell can deliver is 46 

mA/cm2 [5], and in laboratory maximum current density measured from a c-Si solar 

cell is 42.3 mA/cm2 and maximum reported commercial value is 41.3 mA/cm2 [15]. 

The open-circuit voltage is the maximum voltage a solar cell can have when 

no current flows through it. This value represents the recombination of charge carriers 

in a cell. Maximum reported Voc values for laboratory cells is around 744 mV and for 

commercial ones is around 737 mV [15]. 

The fill factor (Eq. 11) is the ratio of the maximum power of a cell to the 

product of Voc and Jsc. In solar cells fabricated from the same material, the fill factor 

variation will be highly indifferent. It also represents the quality of the junction and 

the type of recombination with the ideality factor. Parasitic resistive forces also reduce 

the fill factor. 
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FF =  

Vpm . Jpm

Voc . Jsc
  (Eq. 11) [5] 

The conversion efficiency (Eq. 12) value is the ratio of maximum power to the 

incident light power. As mentioned, due to the standardisation this is fixed at 1000 

W/m2 at room temperature. 

 
η =  

Pmax

G
 =  

Vpm .  Jpm

G
 =  

FF. Voc .  Jsc
G

 (Eq. 12) [5] 

1.1.5.2 The Equivalent Circuit Representation 

 The solar cells can be represented by an equivalent circuit (Figure 14) that can 

be used to model their working principle and determine their characteristic behaviour 

of the relation between current and voltage. The model can be designed in three 

different variations, the simplest one being the ideal case where a current source and 

a single diode connected in parallel to one another (Figure 14 (a)). It is often more 

realistic to consider the external resistances (RSeries) due to the contacts and the shunts 

(RShunt) within the semiconductor material due to processes into account as well. For 

that reason, such resistances are added to the equivalent circuit in series for contacts 

and in parallel for modelling the sample (Figure 14 (b)). The series resistance affects 

the performance of the solar cell negatively, as the photo-generated current is lost 

without being contributed to the actual external device. On the other hand, the shunt 

resistance must be as high as possible, so that the diode can operate well. As the light-

generated electron-hole pairs at the p-n junction recombine, this has a negative effect 

on the performance of the solar cell. This factor can be represented by an additional 

diode included at the solar cell circuit representation (Figure 14 (c)) which would have 

an ideality factor larger than one. The following equation is considered as the most 

realistic representation; 
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I(V)  =  IDiode−1 [exp (

e(V − AIRSeries)

n1kT
) − 1]

+ IDiode−2 [exp (
e(V − AIRSeries)

n2kT
) − 1]

+
V − AIRSeries

RShunt
− IPhoton 

(Eq. 13) [5] 

where IDiode-1 and IDiode-2 are the saturation currents of the two diodes with ideality 

factors n1 and n2, respectively. A is the area of the solar cell and V is the external 

voltage.  

 

Figure 14 The equivalent circuit of (a) an ideal solar cell (b) with series and shunt resistance (c) 

with the two-diode model. 

1.1.6 Theoretical Limits of Semiconductors 

 One of the important aspects of a solar cell is its conversion efficiency. It is 

imperative to understand that not all of the incident light on a solar cell can be turned 

into electricity. There are some important and major limiting parameters for solar cell 

efficiency. 

The first limit to the efficiency comes from the thermodynamics (Figure 15). 

The idea is to consider the solar cell as a heat engine which has an absorber part and 

it is in ambient with the temperature of TC 300 K. Here the absorber temperature TA 

is converted into chemical energy which is stored at the electron-hole pairs within the 

solar cell. If this conversion happens without any losses, it can be considered as having 

an efficiency of 1. Thus, the efficiency of the thermodynamic heat engine (THE) can 

be given as, 
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ηTHE  =  1 −

TC

TA
 (Eq.14) [5] 

 

If we consider the absorber to be a blackbody, it will absorb all the incident 

light from the Sun with the blackbody temperature of TS 6000 K. If we assume that 

the maximal concentration is satisfied then the maximum absorber (A) efficiency can 

be given as, 

 
ηA

Max  =  1 −
TA

4

TS
4 (Eq.15) [5] 

If both of these equations (Eq.14) and (Eq.15) are combined the ideal solar cell 

(SC) efficiency can be defined with the following relation, 

 
ηSC  =  (1 −

TC

TA
) (1 −

TA
4

TS
4) (Eq.16) [5] 

 From such an efficiency relation it can be said that around 2540 K the 

maximum efficiency, around 85%, is achieved. Of course, at this temperature, the 

majority of the elements would be either in liquid or gas phase, which includes most 

elements involved in semiconductors, with the exception of carbon [16]. 

 

Figure 15 The efficiency limit of a solar cell for a solar temperature of 6000 K and an ambient 

temperature of 300 K. The blue point indicates the maximum efficiency which is 85% for an 

absorber temperature around 2540 K. 
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The second limiting case is called the Shockley-Queisser or detailed balance 

limit [17]. It is calculated by William Shockley and Hans J. Queisser and it can be 

described as the highest possible efficiency a single p-n junction can yield. As a 

semiconductor material can only absorb photons that have equal or higher energy than 

its bandgap, low energy ones will be transmitted. On the other hand, energetic photons 

will lose their extra energy to the lattice as heat in order to generate an electron-hole 

pair. The probability of this happening is high since the electrons tend to occupy the 

bottom of the conduction band and the holes the top of the valance band. This 

mismatch between the solar spectrum and the semiconductor material is one of the 

loss mechanisms calculated in this limiting case. 

When they assumed that only one type of recombination is active in the solar 

cell, that is the radiative recombination and also considering the bandgap of the 

material, they have realised that for 1.1 eV (corresponds to Si) the maximum 

efficiency is 30% [17]. 

1.2 Classification of Solar Cells 

 The solar cells are separated into three groups based on the materials used, 

physical principles in action and to the advancements of the technology. 

1.2.1 Crystalline Silicon-Based Solar Cells 

 This type of solar cell is based on silicon-based materials, whether mono-

crystalline or multi-crystalline. The most conventional solar cell, called Al-Back 

Surface Field (Al-BSF, Figure 16), is typically made on a p-type wafer with a 

thickness of around 200 μm. The substrate is symmetrically doped with Phosphorus 

(P) on both sides. Afterwards, the front side is coated with SiNx which acts as an anti-

reflective coating (ARC). Finally, the rear side is fully screen-printed with Al, and on 

the front side, H-shaped grids are screen-printed with Ag paste which is then co-fired 

through a high temperature firing step.  
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Figure 16 The cross-section of Al-BSF structure. 

Currently, the highest efficiency belonging to such a structure is 20.29% 

produced at Shinsung Solar Energy [18]. Even though an impressive feat, there are 

other structures that utilise monocrystalline Si wafers to produce higher efficiencies 

by altering various parts of a solar cell and reducing the effect of loss mechanisms. 

1.2.1.1 High-Efficiency c-Si Solar Cell Concepts 

 This type of cell utilises new device and material combinations designed and 

realized by many R&D activities in order to reach very high conversion efficiency 

values. For this purpose, the quality of the bulk material has been improved. For 

enhanced light absorption, novel texturing techniques have been developed. The 

doping process has been optimised to achieve better p-n junction. In order to obtain 

higher efficiencies, apart from these optimisations of process steps, the bulk material 

type can be switched from p-type to n-type in order to get rid of light-induced 

degradation caused by boron-oxygen compounds which act as a defect [19, 20]. Also, 

n-type wafers are less sensitive to impurities than p-type [22]. Moreover, oxidation 

can be used to passivate the surfaces to achieve lower surface recombination. In 

addition, multiple ARC layers can be applied so that more photons would be directed 

into the material rather than being reflected away. Contact formation can be altered in 

various ways to increase the collection of minority carriers, or even reduce the 

shadowing effects. All these changes can be applied, and their optimisation may result 

in a cell that is highly efficient. 

There are many different techniques to achieve any of the listed improvements 

here, however, there also exists the fact that some of these improvements may not be 

viable as far as the industry is considered. As such, some of these improvements can 



 

 

21 

be applied by devices that have a very low manufacturing yield, in comparison to 

higher yield with lesser efficient ones.  

High-efficiency solar cells can be listed as, passivated emitter rear locally diffused 

cells (PERL), passivated emitter rear totally diffused cells (PERT), passivated emitter 

and rear contact cells (PERC), interdigitated back-contact cells (IBC), heterojunction 

cells with an intrinsic thin layer (HIT), buried contact cells; metal-wrap-through 

(MWT) and emitter-wrap-through cells (EWT). 

a) Monofacial Solar Cells 

This type of cell has the grid pattern on the light-receiving side whereas the other 

side is completely covered with reflective contact metals to ensure a second absorption 

of the incident light. The contact structure can be different, but the rear sides are fully 

covered with metal. It is also observed that both types utilise p-type wafers as a 

substrate. The reason for this is because of the use of aluminium on the rear side 

generates a highly doped p+ region which will act as Back Surface field (BSF).  

PERC (Figure 17) is an improvement on the conventional Al-BSF structure, 

in which the rear surface is coated with a dielectric material that prevents full area 

contact formation between aluminium and silicon. Then; earlier with 

photolithography, afterwards with a laser; point contact holes or line contacts are 

formed through the dielectric material. The application of the dielectric material 

reduces the rear-surface recombination due to the full area metallisation which also 

behaves like a rear-surface reflector, giving the infrared region photons a second 

chance to be absorbed. Point contacts introduce a trade-off between recombination 

and resistance losses. Introducing a boron-doped layer on the rear whether fully or just 

where the point contacts are, has the potential to increase the efficiency of the cell as 

this would enhance the efficiency of the BSF. Such structures are called PERT and 

PERL, respectively, and they present good light trapping due to texturing, reflection 

control, optimised grid design, good surface passivation and high minority carrier 

lifetimes [21]. 
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Figure 17 The cross-section of a p-type PERC solar cell. 

 The best PERC cells currently made in Australian National University which 

have an efficiency of 23.10% and fill factor of 82.10% with the open-circuit voltage 

of 688 mV and short-circuit current density of 40.80 mA/cm2 with the area of 4 cm2 

[22]. 

b) Bifacial Solar Cells 

This type of solar cells has the grid pattern printed on both sides as opposed to 

monofacial cells (Figure 18 (b)). This change allows for the solar cell to absorb 

sunlight from both front and rear surfaces. Such change also reduces the amount of 

paste used on the rear side as the grid pattern has large openings to allow the sunlight 

to pass through. The reason behind the grid pattern on the rear side is to allow diffused 

light from the surroundings to be incorporated into photoconversion as well. The 

efficiency values are measured from both sides and their ratio is called the bifaciality 

of the cell and it should be less than one otherwise, it would indicate that the solar cell 

is on its rear side. 

 φη =
ηRear

ηFront
< 1 (Eq.17) [23] 

The bifacial structure can be applied to various existing structures such as PERC+ 

cells. 
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Figure 18 The cross-sections of (a) Al-BSF and (b) bifacial solar cell structures. 

 For the bifacial solar cell structure, the following cell made by Konstanz, with 

efficiency 19.51% (on the rear side - 19.38%) on 5 inches wafer [24]. The front and 

rear Voc value was measured as 661 mV, Jsc value was 37.60 mA/cm2 ( on the rear 

side – 37.30 mA/cm2) and FF of 78.44% (on the rear side – 78.54%). This bifacial cell 

almost has a bifaciality of 1. The champion bifacial cell efficiency, however, belongs 

to Trina Solar with 24.58% on n-type mono-crystalline silicon i-TOPCon structure 

[25]. 

c) Back Contact - Back Junction (BC – BJ) Solar Cells 

The BC – BJ solar cells are the variations of the conventional cell in which the 

metal contacts and the front emitter is delocalised to the rear surface which means 

about 5-7% gain in the photogenerated current as no shadowing due to metallisation 

is present [28]. The structural shift occurs gradually, first by the delocalisation of the 

busbars to the rear leaving the fingers on the front surface, the second shift is the 

delocalisation of the fingers to the rear surface and finally moving the entire front 

structure to the rear side. 

I. MWT 

As mentioned, this is the first variation from the conventional solar cell (Figure 

19). By the utilisation of lasers, tunnels through the wafers are drilled, which are then 

doped to form an emitter layer. Then the busbar on the front side is delocalised to the 

rear side and the fingers are connected to the rear busbar through the tunnels. This 

variation from the conventional cell increases the front surface illumination area. 
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Figure 19 The cross-section of MWT solar cell structure. 

 Some high-efficiency solar cells fabricated via MWT structure with 20.10% 

efficiency comes from Fraunhofer ISE [26] and with 19.70% efficiency from ECN 

[27] both of which have an area of 239 cm2. 

II. EWT 

In this type of cell (Figure 20), the emitter is expanded through the laser formed 

tunnels to the rear side of the cell where the emitter is doped in a grid pattern as well. 

But the contacts are formed on the rear side only, further increasing the illumination 

area as the grid pattern on the front side is also eliminated. 

 

Figure 20 The cross-section of EWT solar cell structure. 

 Some of the high efficiencies in EWT solar cell structure are 21.60% by ISFH 

[28], 18.60% by FBK [29] and 15.70% by Fraunhofer ISE [30]  with areas 4 cm2, 0.16 

cm2 and 19.35 cm2, respectively.  
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III. IBC 

Interdigitated back-contact solar cells change the conventional solar cell 

structure by moving the front contacts completely to the rear side, as shown in Figure 

21, just like the EWT structure. But the emitter is also moved to the rear instead of 

elongating it through the solar cell. By moving the contacts to the rear side, the optical 

shadowing effects are avoided which translates to an increase in solar cell efficiency 

as absorption and short circuit current density increase [31]. The front surface, being 

free from contacts which remove the contact resistivity considerations, can be 

optimised to have the best surface passivation performance [32]. Since the trade-off 

between grid structure and illumination area is removed contact size can be increased 

on the rear side to reduce contact resistivity. Interconnection during modulation 

becomes easier for such cells and uniform ARC layer provides visually pleasing 

results. 

 

Figure 21 The cross-sections of (a) conventional Al-BSF and (b) IBC solar cells. 

Due to the low susceptibility to impurities [33], n-type wafers are the usual 

choice for IBC solar cells. It is also required that high-quality materials with long 

diffusion length to be used as the photogenerated electron-hole pairs have to travel to 

the rear side of the wafer where the p-n junction resides [34]. For that purpose, 

excellent surface passivation must be achieved on both sides of the wafers and on the 

front side pyramid structure with ARC layer to increase light trapping. 

The formation of a p-n junction on the rear side becomes troublesome as it 

increases the required amount of process steps if the lithography [35] – diffusion path 

is chosen which is also alignment dependent, or if ion-implantation path is chosen the 

alignment requirement still continues and also adds the high activation temperature 
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problem [36]. Laser doping [37] could be a viable option as it eliminates high 

activation temperature and the use of laser for multiple steps for contact formation 

could be applicable [38]. However, the laser process is also slow compared to other 

methods. Fourth doping method is the use of screen-printed boron paste [39] in 

junction with phosphorus diffusion which also has the potential to suffer from 

alignment problems. But among all processes, it is relatively the cheapest, safest and 

also presents an industrially applicable side. 

The leading IBC solar cell belongs to Kaneka with their n-type heterojunction 

IBC cell structure. The cells have an efficiency of 26.6% with a designated 

illumination area of 179.7 cm2, Voc 740 mV and Jsc 42.5 mA/cm2 amassing to an FF 

of 84.6% [15]. The second-best IBC cell efficiency with 26.1% belongs to ISFH with 

passivating POLO contacts for both polarities. The cells have Voc 727 mV and Jsc 42.6 

mA/cm2 and an FF of 84.3% [40]. Before Kaneka took the lead SunPower held the 

record efficiency in IBC solar cells. Their mono c-Si cell structure with Voc 737 mV, 

Jsc 41.33 mA/cm2 and FF of 82.70% yielded 25.20% efficiency in 153.49 cm2 area 

[41]. Other noteworthy solar cells with IBC structure are with efficiencies 24.37% 

[42] and 22.70% [43] produced by ANU and IMEC, respectively, with an area of 4 

cm2. The former having Voc 702.5 mV, Jsc 41.95 mA/cm2 and FF of 82.70%, the latter 

Voc 688 mV, Jsc 41.50 mA/cm2 and FF of 79.50%. 

1.2.2 Thin-Film Solar Cells 

Usually built on a carrier substrate like glass, stainless steel or polymer foils; 

thin-film solar cells are fabricated from the deposition of various semiconductor 

materials onto an electric back contact and they are capped with a transparent 

conductive oxide (TCO) layer on the sunny side (Figure 22). TCO layer is important 

as it both needs to be highly conductive and highly transparent at the same time. Some 

methods of processing such layers are; sputtering, low-pressure chemical vapour 

deposition (LP-CVD), metal-organic chemical vapour deposition (MO-CVD) or 

atmospheric-pressure chemical vapour deposition (AP-CVD) [5]. As such materials 

are very thin, nano-textured surfaces are usually necessary to increase photon path 

length to increase the chance of absorption. 
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 Another type of material that falls under this group is the III-V group cells. 

They can be used as standalone on some substrate or they can be grown onto various 

layers by the epitaxy process to make multi-junction solar cells that are capable of 

absorbing various parts of the solar irradiance.  

 The third type of thin-film-based solar cells is chalcogenide solar cells that are 

produced by compounds with at least one anion from group VI (chalcogen) which are 

consisted of variations of copper, indium, gallium, selenide and sulphide (CIGSS) or 

cadmium telluride (CdTe) based cells. 

 

Figure 22 An example of thin-film solar cells (The image is obtained from [44]). 

 The last type that falls in this group is organic solar cells. Such cells utilise the 

conductive organic polymers or organic molecules which have carbon as the base, 

forming various compound structures. Hybrids of organic and inorganic materials are 

also a possibility. For instance, perovskite and dye-sensitised solar cells are among the 

research interest of many groups. 

1.2.3 New Approaches for Solar Cell Fabrication 

The ultimate aim of the solar cell research and development is to fabricate a 

solar cell with low cost while overcoming the limitation by Shockley-Queisser. The 

idea of this type of cell is to enhance the shortcomings of single-junction cells by 

introducing materials or cell structures that can have multiple bandgaps, e.g. multi-

junction solar cells that have two or more cells stacked onto one another. They can be 

used for different irradiance levels as the number of suns increases the efficiency 

increases. 
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In general, in single-junction solar cells, one photon creates one electron-hole 

pair. This can be increased so that one photon excites more than one electron at a time, 

which can be manipulated by spectral conversion from organic dyes, quantum dots 

and ions of lanthanides or transition metals. Lastly, photons with lower energy than of 

the bandgap are not absorbed thus not generating any charge carriers. This problem 

can be tackled by intermediate band solar cells which utilise special materials, such as 

quantum dots, to absorb two low-energy photons to excite an electron from the valance 

band to the intermediate band absorbing the first photon, and then from intermediate 

band to the conduction band absorbing the second photon. 

The efficiency chart of the best solar cells of all types is regularly published 

by NREL as shown in Figure 23. It is seen that the maximum efficiency (47.1%) is 

obtained from the cell having multiple junctions under concentrated light. However, 

in spite of this record efficiency, this type of cell has almost no share in the commercial 

market due to the high cost. On the other hand, the market share of the c-Si solar cell 

with an efficiency of 20-24% has exceeded 95%. 
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CHAPTER 2 

 

BASICS OF CRYSTALLINE SILICON PHOTOVOLTAIC TECHNOLOGY 

 

 “The first rule of science, you have to have an interest. Otherwise, you don’t 

deserve to know.” 

- Milly Farrier (Dumbo, 2019) 

 

2.1 Cell Fabrication Steps 

In general, a solar cell fabrication process consists of the following steps: 

texturing, doping, anti-reflective coating deposition and metallisation. This is, 

however, neither a complete nor fixed list as many research institutes and companies 

around the world make variations to this schematic by adding, omitting or replacing 

some steps. 

2.1.1 Surface Texturing 

 One of the fundamental processes involved in solar cells is the texturing of the 

surface. The texturing, by increasing the path length, allows the solar cell to have a 

reduced reflection at the surface by redirecting it back into the substrate rather than 

back into the environment which is also called as light trapping. Usually, potassium 

hydroxide (KOH) based solutions are used to etch the surface, or other alkaline based 

solutions which, in general, is used to etch away the damage caused by saw cutting 

(Figure 24 (a)). This type of etching is dependent on the crystalline orientation, thus 

results in the formation of pyramids on the surface (Figure 24 (b)), as in one direction, 

the etch rate is relatively high in comparison to the other orientation. Other additives; 

such as isopropyl alcohol (IPA) and organic additives; are used to control the structure 

of the pyramids and their uniformity. The KOH etching occurs with the following 

equation; 

 𝑆𝑖 +  2𝐾𝑂𝐻 + 𝐻2𝑂 ⟶ 𝐾2𝑆𝑖𝑂3  +  2𝐻2  (Eq. 18) [46] 

 The generalised etching can be shown with the following reaction equation; 
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 𝑆𝑖 +  2𝑂𝐻−  +  2𝐻2𝑂 ⟶  𝑆𝑖(𝑂𝐻)4 + 𝐻2  

⟶ 𝑆𝑖𝑂2(𝑂𝐻)2
2−

 +   2𝐻2  
(Eq. 19) [47] 

 

Figure 24 The SEM images of (a) saw-damage etched (SDE) and (b) textured surfaces. 

2.1.2. Doping 

 The conductivity of a semiconductor material can be changed by introducing 

impurities. For this purpose, boron and phosphorus can be used. When doped with 

boron the material becomes p-type due to the lack of electrons in the crystal lattice. 

Aluminium, owing to a valence electron composition similar to boron (Figure 5 (b)), 

is sometimes used as dopants like in the case of Al-doped BSF at the backside of the 

standard solar cell. On the other hand, doping with phosphorus adds more (free) 

electrons to the crystal lattice which becomes n-type. The purpose of doping is to from 

a p-n junction so that minority charge carriers can be separated from the majority ones 

by the potential difference at the junction.  

There are several methods to dope the substrate. One method is the diffusion 

of a solid, liquid, or gaseous chemical source in the form of vapour under high 

temperature, or diffusion of a doped silicon dioxide source. Another one is the ion-

implantation followed by an annealing process to activate the dopants and reverse the 

damage caused by the implantation process. The other method is the use of doping 

paste. 

All these methods have their advantages and disadvantages to one another. For 

instance, diffusion furnaces (Figure 25) and ion-implanters are very expensive 

compared to a screen-printer (Figure 29) which is the most common metallisation 

method for the production of solar cells.  
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Figure 25 The image of SEMCO furnace with PECVD unit on the right side (red rectangle). On 

the left side, from top to bottom BCl3 (orange circle), oxidation (yellow circle) and POCl3 (green 

circle) furnaces are shown. 

Diffusion furnaces and ion-implanters virtually have an infinite source; thus, 

their doping concentrations can be quite high, in some cases overwhelmingly high to 

a degree that the solid solubility of the dopant in silicon is exceeded causing unwanted 

recombination sites. This problem is not viable for a screen-printer as the dopant 

source is finite but achieving high doping concentrations may also be problematic in 

return. 

In different diffusion furnaces, shown in Figure 25 with orange and green 

circles, the samples under vacuum are doped with BCl3 and POCl3 gases with the help 

of additional reaction gases such as O2. The following reactions occur inside the 

furnace that deposits a layer of BSG and PSG, respectively. Then, with the help of low 

pressure and high temperature, the dopants are diffused in Si. The following reaction 

equations show the process. The BCl3 vapour reacts with the oxygen gas and forms a 

layer of B2O3 on the Si wafer surface.  

 4𝐵𝐶𝑙3  +  3𝑂2  ⟶  2𝐵2𝑂3  +  6𝐶𝑙2  (Eq. 20) [48] 

Afterwards, the formed BSG layer is diffused into Si with the following 

reaction where elemental B replaces the Si atoms within the lattice. 
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 2𝐵2𝑂3  +  3𝑆𝑖 ⟶   4𝐵 +  3𝑆𝑖𝑂2  (Eq. 21) [49] 

For POCl3, similar reaction equations exist where P2O5 is formed on the 

surface after reacting with O2. 

 4𝑃𝑂𝐶𝑙3  +  3𝑂2  ⟶  2𝑃2𝑂5  +  6𝐶𝑙2  (Eq. 22) [50] 

Afterwards, the formed PSG layer is diffused into Si with the following 

reaction where Si atoms within the lattice are replaced by elemental P atoms. 

 2𝑃2𝑂5  +  5𝑆𝑖 ⟶   4𝑃 +  5𝑆𝑖𝑂2  (Eq. 23) [51] 

Theory of Diffusion 

The emitter is formed when impurity of opposite polarity to the substrate is 

diffused into the Si wafer. The introduced impurity changes the electrical properties 

of the material and thus forms a junction. For the n-type substrate case, an emitter is 

formed by diffusion of B atoms. The diffusion of an impurity can be mathematically 

explained by the Fick’s laws . The first law states that the flux (J) of the impurities are 

varied by the change in the concentration and given as; 

 
J = −D

𝜕𝐶(𝑥, 𝑡)

𝜕𝑥
 (Eq. 24) [52] 

where C is the concentration and D is the diffusion constant. The change in the 

impurity concentration is not only related to the concentration gradient but also related 

to the time. This can be shown with Fick’s second law as; 

 𝜕𝐶(𝑥, 𝑡)

𝜕𝑡
= D

𝜕2𝐶(𝑥, 𝑡)

𝜕𝑥2
 (Eq. 25) [52] 

 The solutions of Fick’s laws with appropriate boundary and initial conditions 

would give the impurity profiles for various cases such as when the impurity sources 

are considered as infinite and finite. 

For the infinite source case, the initial condition is,  

 𝐶(𝑥, 0)  =  0 (Eq. 26) [52] 

 



 

 

35 

And the boundary conditions are, 

 𝐶(0, 𝑡)  =  𝐶𝑆 

𝐶(∞, 𝑡)  =  0 

(Eq. 27) [52] 

where CS is the surface concentration. Solving the Fick’s law (Eq. 25) with these initial 

and boundary conditions yield the following solution; 

 𝐶(𝑥, 𝑡)  =  𝐶𝑆𝑒𝑟𝑓𝑐 (
𝑥

2√𝐷𝑡
) (Eq. 28) [52] 

where erfc represents the complementary error function. This solution can be used to 

represent the diffusion furnace process. On the other hand, for processes that have 

finite dopant sources, such as ion implantation or chemical predeposition, can be 

represented by changing the boundary conditions as follows; 

 

∫ 𝐶(𝑥, 𝑡) 𝑑𝑥

∞

0

 =  𝑄0 

𝐶(𝑥,∞)  =  0 

(Eq. 29) [52] 

where Q0 represents the total quantity of impurity. Solving the Fick’s law with respect 

to these boundary conditions and the initial condition given in (Eq. 26 yields a 

Gaussian distribution. 

 
𝐶(𝑥, 𝑡) =

𝑄0

√𝜋𝐷𝑡
𝑒

(
−𝑥2

4𝐷𝑡
)
 (Eq. 30) [52] 

Both of the solutions can be normalised with respect to a common parameter, 

as; 

 𝑧 =
𝑥

2√𝐷𝑡
 (Eq. 31) [52] 

 The behaviour of both of the functions with respect to this parameter is shown 

in Figure 26. 
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Figure 26 The Gaussian and complementary error function distribution with respect to z. 

 In a crystal lattice, atoms can occupy one of two positions (Figure 27); 

substitutional and interstitial. The substitutional atoms are electrically active and thus 

contribute their free electrons on holes to the Si lattice. On the other hand, the 

interstitial atoms are not active and after a thermal process, they may be activated 

which is the process of diffusion. For instance; ion implantation is such a process 

where high amount of interstitial atoms can be deposited to the lattice that needs to be 

activated after the implantation process, usually at high temperatures. 

 

Figure 27 The crystal lattice and impurity positions. 

The introduction of impurities into a solid material can occur with one of the 

three mechanisms (Figure 28). In the vacancy diffusion mechanism, the impurity 

changes its place with an existing vacancy within the lattice. On the other hand, 

interstitial diffusion occurs when an electrically inactive impurity moves from one 

interstitial position to another one. Lastly, the interstitialcy diffusion occurs when a Si 

atom that is occupying an interstitial position knocks out an impurity atom. This 
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impurity could then knock out another substitutional Si atom given enough activation 

energy was transferred from the previous collision.   

 

Figure 28 The diffusion mechanisms in solids. Blue atoms represent the Si atoms, green atoms 

represent the impurities. 

Sources for diffusion furnace and the ion-implanter are extremely toxic, 

corrosive and can ignite very easily, making them unsafe and harder to handle. 

Because of this, the trade of such materials is (heavily) regulated, both domestically 

and internationally. The doping paste is safe as long as good ventilation is satisfied. 

On the other hand, the doping paste is highly susceptible to the temperature variations 

where it loses its viscosity as the ambient temperature increases. This causes the paste 

to spread out of the printing design and at the same time; the solvents can evaporate, 

and thus the paste dries out. 

2.1.3 Anti-Reflective Coating (ARC) 

 Texturing is the first modification done to achieve more generation from the 

reflected photons. However, it is not enough as the solar spectrum is not uniform. For 

that reason, anti-reflective coatings must be utilised to best absorb the light from the 

Sun. ARC layers, silicon nitride (SiNx), are deposited by plasma-enhanced chemical 

vapour deposition (PECVD - Figure 25) by using silane (SiH4) and ammonia (NH3). 

Such a layer changes the refractive indices of the surface helping more of the light to 

converge to the material. SiNx layers incorporate hydrogen atoms which can reduce 

the recombination due to defects and impurities. Another importance of hydrogen, 

especially for p-type wafer-based cells, is the effect on boron-oxygen defects. Such 

defects reduce the efficiency of the solar cells and hydrogen can be used to stabilise 

such defects. In the PECVD system, the following reaction occurs leading to 

deposition of the ARC layer; 
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 3𝑆𝑖𝐻4  +  4𝑁𝐻3  ⟶  𝑆𝑖3𝑁4  +  𝐻2  (Eq. 32) [53] 

 The layer deposited in this manner does not usually have the stoichiometry of 

Si3N4, but usually referred to as SiNx or SixNy:H if large amounts of hydrogen are 

present. The thickness of the deposited layer is also important to ensure the trapping 

of a maximum number of photons. This refractive index of the layer and its thickness 

can be related to one another with the following equation; 

 
𝑑𝐿𝑎𝑦𝑒𝑟  =  

𝜆𝑖

4𝑛𝐿𝑎𝑦𝑒𝑟
 (Eq. 33) [54] 

where the dLayer indicates the thickness and nLayer indicates the refractive index of the 

deposited layer. The incident wavelength of the light is shown as λi. 

2.1.4 Metallisation 

 The final step of the production of a solar cell is the metallisation. In this step, 

the contacts that carry the electron from the substrate to the external circuit, are formed 

by a technique called the screen-printing. A screen-printer, shown in Figure 29, uses 

pre-designed screens to deposit the intended pattern; such as H-grid Ag and fully 

covered-Al; onto the surface of the wafer in the form of a paste. Here, the screen 

design, the paste composition and the squeegee play a major role in the quality of the 

printed pattern. 

 

Figure 29 The image of the screen-printer reserved for research at GÜNAM with inset showing an 

Al-BSF screen on the bottom right corner. 
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After printing the paste is dried to remove the solvents in a drying furnace 

(Figure 30). This step plays a crucial role before the firing step, as overdried paste 

would become ash-like and brittle and will not form proper contact, whereas, under 

dried paste may release unwanted solvents to the environment.  

 

Figure 30 The image of the drying furnace. 

Lastly, the wafers are co-fired in a firing furnace (Figure 31) to form eutectic 

contacts with the respected doped regions.  

 

Figure 31 The image of the firing furnace. 
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As happens due to the composition of the paste, it can etch through the nitride 

layer to form Ag contacts with the help of glass frits which is usually used on the front 

and BSF layer is obtained after this step. On the rear, aluminium paste is used which 

increases the cell performance; it behaves like p-type doping, reducing minority 

carrier concentration and increases the voltage. 

2.2 Characterisation Techniques 

2.2.1 J-V Measurements 

The solar simulators use xenon lamps to artificially generate the spectrum of 

solar irradiance with the help of AM 1.5G filters. The simulators (Figure 32) have two 

types, flash and continuous illumination. In both cases, a bias voltage applied to the 

solar cell, with the difference that in continuous measurement the voltage is gradually 

varied. Then, the behaviour of the solar cell can be traced both with illumination and 

dark. Without illumination, the solar cell behaves like a diode and has current-voltage 

curves in first and third quadrants which is called a passive device. On the other hand, 

under illumination, the curve shifts towards the fourth quadrant and thus; the solar cell 

generates electricity and is called an active device. From these curves, the open-circuit 

voltage and the short-circuit current density can be determined which are the 

interception points of the curve to the x and y axes, shown in Figure 13, respectively. 

The inverse of the slopes of the curves at Voc and Jsc would give the series and the 

shunt resistance. 

  

Figure 32 The images of the continuous (left) and flash (right) solar simulators. 
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2.2.2 Electrochemical Capacitance-Voltage (ECV) Profiling 

 The ECV profiler is used to determine the concentration of doping which has 

an indispensable effect on the performance of a solar cell. The ECV can be used on 

any type of silicon wafer as it is not susceptible to the surface roughness. The 

capacitance measurements are carried out under constant DC bias on the Schottky 

contacts with a frequency varied AC voltage superimposed that will give the carrier 

densities [55]. One critical point of ECV is that it can only measure active dopants 

within a sample. More general knowledge about the concentration of dopants, whether 

active or passive, can be obtained from a method called secondary ion mass 

spectroscopy (SIMS). Both methods have their advantages and disadvantages as such 

SIMS works better with polished surfaces, ECV, on the other hand, can be used for 

all surface types. The best approach is to use both methods, especially when the solid 

solubility limit is of concern. 

 

Figure 33 The image of inside the ECV instrument. 

2.2.3 Reflection, Transmission, and External Quantum Efficiency (R/T – EQE) 

 PVE300 setup is capable of measuring reflection, transmission and external 

quantum efficiency of solar cells as such measurements require the spectrum to be 

scanned to measure the performance (Figure 34). The source of the system consists of 

dual xenon – quartz halogen light which can generate a spectrum between 300 to 1800 

nm. An integrating sphere is used for the reflectance and transmittance measurements 

and a temperature-controlled vacuum chuck for spectral responsivity measurements. 

In order to see the response of the samples to the spectrum, a monochromator is used 
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to disperse the light into its components with the help of reflection type diffraction 

gratings. 

 The integrating sphere is coated with a material called barium sulphate 

(BaSO4) which is a highly diffusively reflective material at the spectrum range of the 

instrument. The sphere is used so that, in theory, the light reflected from the sample 

will be reflected in all directions and detection from any part of the sphere will give 

the same result.  

 

Figure 34 The image of the R/T-EQE instrument. The red rectangle shows the sample stage for the 

EQE measurements, the yellow circle shows the movable mirror necessary for the diversion of the 

light source. The blue rectangle contains the integrating sphere with reflectance (orange circle) 

and transmittance (green circle) ports. 

2.2.4 Carrier Lifetime and Suns-Voc Measurements 

  The carrier lifetime measurements are carried out by Sinton Lifetime Tester 

(Figure 35). It utilises a high-intensity flash to generate electron-hole pairs within the 

silicon sample. Then, an inductive coil measures the conductivity of the sample as the 

flash decays. This is then converted to the minority carrier lifetime, the time it takes 

for the carrier pairs to recombine. This measurement technique is quick, non-

destructive and contactless. It can be used to check the quality of the surface 

passivating layers and the bulk silicon performance. The change in the 
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photoconductance (σ in Siemens) of the substrate can be shown with the following 

relation; 

 𝑞∆𝑛(𝜇𝑝 + 𝜇𝑛)𝑊 = 𝜎 (Eq. 34) [56] 

where q is the unit charge, Δn is the photogenerated excess carrier density, μp and μn 

are the hole and electron mobilities, respectively, and W is the thickness of the 

substrate. 

 

 

 

 

 

 

 

 

Figure 35 The image of the lifetime measurement instrument (left) and suns-Voc instrument 

(right). 

Suns-Voc measurement is used on the completed cells to assess their 

performance in the absence of series resistance. Just like the lifetime measurements, a 

high-intensity flash is used to measure the voltage of the cell as a function of 

illumination intensity. 

2.2.5 Transfer Length Method (TLM) 

 TLM, shown in Figure 36, can be measured on two different structures, either 

on a pattern which is specifically made for TLM measurements or on a completed cell 

where one-centimetre stripes are cut out with equidistant fingers. The method yields 

contact resistivity, sheet resistance, contact resistance and shunt resistance. One of the 

key assumptions here is that the fingers formed during metallisation are ohmic in 

nature. 
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Figure 36 The image of PVTOOLS with TLM chuck (red rectangle), TLM probe (inset – green 

rectangle), optical microscope (yellow circle) and 4PP (blue circle). 

The automated probes measure the J-V characteristics of each finger with 

respect to one another and their resistance can be extracted. When these resistance 

values are plotted with respect to the finger separation, extrapolating the line to 

intercept the resistance axis yields double the contact resistance at zero separation 

(Figure 37). The slope of the line gives the sheet resistance per stripe (or finger) width. 

 

Figure 37 Typical TLM measurement with respect to varying contact spacing. The blue triangle 

and the red circle show the doubles of the transfer length and the contact resistance, respectively. 
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2.2.6 Four-Point-Probe (4PP) 

The four-point-probe is used to measure the sheet resistance of a conductive 

layer or the bulk material. The two outer probes pass a current through the sample 

while the inner two probes measure the voltage and convert it to sheet resistance. The 

sheet resistance can be calculated using the following equation under the assumptions 

that the material is not thicker than the 40% of the probe separation (s) and the sample 

is sufficiency large along the lateral direction [57]; 

 
RSheet =

π

ln(2)

∆V

I
= 4.53236

∆V

I
 (Eq. 35) [57] 

This can be used to estimate the doping concentration. As the doping 

concentration increases the surface becomes more and more conductive, in other 

words, less resistive.   

 

Figure 38 The image of the four-point-probe. The inset shows the probe head. 

2.2.7 Scanning Electron Microscopy (SEM) 

 The SEM device (Figure 39 - ZEISS EVO 15) at GÜNAM laboratory uses 

lanthanum hexaboride (LaB6) crystal to thermionically emit electrons which are 

accelerated and focused through anodes and electromagnetic lenses to image the 

surface topography, morphology and cross-section of the samples. For that purpose, 

the secondary electron (SE) detector is used. Other detectors in the SEM are back-
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scattered electron (BSE) and energy-dispersive X-ray (EDX). The advantage of SEM 

to optical microscopy is that higher magnification can be achieved due to electron 

wavelength. 

The image obtained by the SEM measurement is virtual. It is generated after 

electrons are detected and the result is projected to a screen. As there is no actual 

colour on the image, the differences are observed through the contrast of the image. 

For instance, a flat and uniform surface may not generate a contrast, whereas different 

atomic numbers, like Si, B or P, would contribute different contrasts from 

backscattering electrons [55]. The secondary electrons are susceptible to the 

topography changes and the contrast will increase when the sample is tilted from 

normal incidence. 

 In our studies, the SEM is utilised to check the morphology of the surface for 

textured and SDE samples and for pyramid rounding experiments. Another use is for 

to check the adhesion of the B-paste to various surface morphology types after curing 

and cross-sectional diffusion depth where possible. Cross-sectional imaging is also 

used for metallisation samples to check the FT depth of the metal pastes.  

 

Figure 39 The image of the SEM system with EDX detector shown in the blue rectangle. 
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2.2.8 Photoluminescence (PL) 

 Photoluminescence is used to determine the electrical and optical properties of 

materials (Figure 40). For silicon materials, it is utilised to observe carrier lifetime, 

emitter saturation current and implied open-circuit voltage, as PL is capable of 

exciting the impurities within a silicon wafer (Figure 11). This method can be used 

throughout the process flow and yields a two-dimensional image of the wafer. It is a 

non-invasive method that works both on unfinished and finished cells and has high 

image quality compared to electroluminescence which is a measurement technique 

where only a finished cell can be measured with a low-quality image. 

 The principle of photoluminescence is that when photons with energies higher 

than the bandgap energy are used, the electrons are further excited into the 

conductance band where they non-radiatively decay back to the edge of the conduction 

band and are trapped by the trap states. A singlet-singlet or singlet-triplet relaxation 

like this would emit a photon which can be detected and converted into various 

aforementioned parameters. 

  

Figure 40 The image of the sample (left) measured with the PL instrument (right). 

2.2.9 Optical Microscope 

 The optical microscope (Nikon ECLIPSE LV100D - Figure 41) is used for a 

quick check of the surface coverage of the screen-printed boron doping paste after 

drying. The microscope uses the reflected light from the surface to image. It allows 

magnifications up to 1000 times of the sample. 
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Figure 41 The image of the reflected light microscope. 

2.2.10 Profilometer 

 Dektak stylus profiler (Figure 42) can be used to measure the thickness and 

height of screen-printed fingers and busbars. The setup has a fine tip needle that tracks 

along the surface and plots the height of the surface with respect to the distance traced. 

Other exemplary applications of Dektak could be listed as measuring of the thickness 

of thin films up to 10 nm, stress and surface roughness. 

 

Figure 42 The image of the profilometer. 

2.2.11 Ellipsometry 

 This method (Figure 43) uses polarised light to measure the thickness of 

dielectric films on a substrate, line width, and optical constants of films or substrates 

[55]. The light is then reflected from the surface of the substrate and reflected towards 

a detector on the other end. The detector, coupled with an analyser, measures the 
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variation in the light intensity and polarisation. The light source and the detector are 

placed at a substrate-specific angle to ensure that the light is reflected from its surface 

which is 70° for Si. 

 

Figure 43 The image of the ellipsometry system.
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1. CHAPTER 3  

 

EXPERIMENTAL DETAILS 

 

 “If we knew what it was we were doing, it would not be called research, would 

it?” 

- Albert Einstein 

 

3.1 Previously Optimised Process Steps 

 The following steps have been optimised in GÜNAM labs and have been 

utilised in the processes mentioned throughout this chapter. Some of which may have 

been altered to accommodate the necessities of the processed cells. 

3.1.1 Texturing 

 The sample texturing is applied in a 4% KOH solution with AlkaTex to achieve 

small size random pyramid structures on both surfaces of the wafers. Temperatures 

around 75 – 80°C is applied. N2 gas is used as a stirring agent to ensure uniform 

temperature distribution and etching. Following the texturing, standard RCA-1 and 

RCA-2 are applied to remove the organic residue due to Alkatex and alkaline residue 

due to KOH. 

3.1.2 POCl3 Diffusion 

 Liquid POCl3 is carried by the N2 gas into a high-vacuum chamber as a gas in 

which the phosphorus atoms are diffused onto the both surfaces of the wafers. Single 

side diffusion can be applied by using a barrier layer like silicon nitride or silicon 

oxide to protect one side of the wafer while doping the other side. At GÜNAM labs 

this diffusion is carried out at 840°C. 

3.1.3 Oxidation 

 Oxidation is used to passivate the doped regions. Both dry and wet oxidation 

can be applied. Former requires oxygen to be injected into the furnace or a mixture of 

O2 and H2 which is burnt to produce H2O that is then deposited under vacuum. For the 
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latter, water is boiled and carried into the furnace with the help of nitrogen flow which 

is applied under atmospheric pressure. 

3.1.4 SiNx as ARC 

 Before metallisation, a silicon nitride layer is coated on both surfaces that acts 

as an ARC. Under low vacuum, this layer is deposited by the method called plasma-

enhanced chemical vapour deposition (PECVD).  

3.1.5 Etch Resist 

 The etch resist is used as a protective layer against acidic etching solutions to 

pattern the desired doping region onto the surface of the wafer. It is screen-printed 

onto the surface and dried in a stack furnace. 

3.2 Boron Doping Paste 

 In order to control the doping profile of the boron paste, two sets of 

experiments have been designed. First one has concentrated on the annealing 

parameters of the paste whereas the second set of experiments has focused on the 

optimisation of the printing parameters for the paste. 

3.2.1 First Set of Optimisations for the Annealing Step on SDE Wafers 

 This set focuses on the effects of annealing temperature, environment and 

duration (Table 1) on the doping profile of the paste. Boron doping paste was printed 

on 156x156 mm2, n-type SDE wafers with printing speed of 200 mm/s and squeegee 

force of 48 N. The samples are then dried in a belt furnace at a peak temperature of 

490°C with the belt speed of 480 cm/min. Dried samples are then broken apart into 

smaller pieces which went through an annealing step with temperatures varying from 

800°C to 950°C with intervals of 50°C, in an environment of pure nitrogen gas (120 

sccm) and mixture of nitrogen-oxygen gas (120-30 sccm and 20-5 sccm), and 

durations ranging from 30 minutes to 120 minutes in intervals of 30 minutes. 

Afterwards, the samples are dipped in HF to remove the borosilicate glass (BSG) 

layer. After the removal of the BSG layer and RCA cleanings, the samples went 

through sheet resistance mapping on the p+ side to relate the doping concentrations to 

the sheet resistance values, and rear sides were also checked for auto-doping where 

boron source may degas during the gas phase of the doping and dope the neighbouring 
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wafer during the annealing step in the furnace [58]. Implied Voc measurements were 

also carried out on the samples as a quality check in between HP dips and RCA 

cleanings. 

Table 1 The parameters used for the annealing of the doping paste. 

Temperature 800°C 850°C 900°C 950°C 

Environment 

High (120 sccm) N2 Flow 

High N2 (120 sccm) + O2 (30 sccm) Flow 

Low N2 (20 sccm) + O2 (5 sccm) Flow 

Duration 30 Mins 60 Mins 90 Mins 120 Mins 

 

 The printed samples are separated here so that one set can be used to profile 

the doping concentration with ECV while the other set can be used for TLM and J-V 

measurements. TLM and J-V sets were prepared in such a way that they were coated 

with SiNx on the boron paste printed side where the SiNx layer acts as a diffusion 

barrier and then diffused with POCl3 on the opposite side to form p+/n/n+ structure. 

Then the samples are cut in half with the help of a laser to form different contact 

structures as shown in Figure 44. Cut pieces are Al or Ag evaporated to form spreading 

TLM patterns on one surface and on the other surface Ag or Al evaporated to form 

contacts for J-V measurements (Figure 44). 

 

Figure 44 The TLM and J-V design of the annealing step. 
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3.2.2 Second Set of Optimisations for the Printing and Drying Parameters for 

Polished (SDE) Wafers 

 This set was designed to observe the effects of the screen-printer parameters 

on the printing quality and the effects of belt furnace drying on the adhesiveness of 

the paste to the surface as well the doping concentration for polished wafers. As for 

the experimental parameters (Table 2), the printing force was kept constant and both 

the printing speed for printing quality and the belt speed for the drying process were 

changed. The former was to ensure the complete surface coverage of the paste which 

was an encountered problem in the previous sets where bubbles would form on the 

surface, and the latter was to speed up the drying process. The dried samples were 

annealed in high N2 flow for 100 minutes at 950°C. 

Table 2 The parameters used for the printing and drying trials of the doping paste. 

Printing 

Parameters 

Printing Speed 10 mm/s 60 mm/s 200 mm/s 

Printing Force 64 N 

Drying 

Parameters 

Temperature 430°C 450°C 600°C 

Belt Speed 50 cm/min 100 cm/min 150 cm/min 

 

3.3 Pyramid Rounding Studies 

 After the observation of the failure of the paste adhering to textured surfaces, 

confirmed first by visual inspection, then with SEM images (Figure 45) and following 

the correspondence with Merck, the company that produced the B-paste, it was 

decided that pyramid rounding could help reduce the problem. For that reason, a set 

of experiments utilising chemical etching to smoothen the pyramids were designed 

using a mixture of hydrofluoric acid (HF), nitric acid (HNO3) and water (H2O). The 

working principle of this etching is first by oxidising the surface with nitric acid with 

the following reaction; 
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 𝑆𝑖 +  2𝑁𝑂2  +  2𝐻2𝑂 →  𝑆𝑖𝑂2  + 𝐻2  +  2 𝐻𝑁𝑂2 (Eq. 36) [53] 

 The nitric acid in its liquid form partially decomposes into nitrogen dioxide 

(NO2) under heat or light illumination with the following reaction;  

 4𝐻𝑁𝑂3 ⇋  4𝑁𝑂2  +  2𝐻2𝑂 + 𝑂2 (Eq. 37) [59] 

 The formed SiO2 in (Eq. 36) is etched away by HF as; 

 𝑆𝑖𝑂2  +  6𝐻𝐹 →  𝐻2𝑆𝑖𝐹6  +  2 𝐻2𝑂 (Eq. 38) [53] 

 The overall reaction can be written as; 

 𝑆𝑖 +  𝐻𝑁𝑂3  +  6𝐻𝐹 →  𝐻2𝑆𝑖𝐹6  +  𝐻𝑁𝑂2 + 𝐻2𝑂 + 𝐻2  (Eq. 39) [53] 

 The resulting hexafluorosilicic acid (H2SiF6) is stable in water. In the (Eq. 37) 

and (Eq. 39) O2 and H2 gases are released, respectively, and this causes bubbling 

around the samples. The bubbles can be removed by moving the samples around in 

the mixture, from time to time. 

 

Figure 45 The SEM image of B-paste floating on a textured surface. The image is coloured to 

show paste flakes. 

3.3.1 First Set of Rounding Studies 

 On the first set (Table 3), the HF amount was kept constant, while HNO3 and 

H2O amounts were varied with respect to duration so that controllability of the etching 

can be observed with respect to reflection. The n-type, KOH textured samples, small 

in area (9 cm2), were immersed into acidic solutions of various chemical compositions 

to test the single side etching under different durations (Figure 46). The samples were 

rinsed with deionised water to stop the etching process and dried with a nitrogen gun. 



 

 

56 

Then, the reflectance of the samples and two references, SDE and textured, was 

measured, in the range of 300 – 1200 nm. The surface morphology was also checked 

with an optical microscope as well as SEM imaging.  

 

Figure 46 The rounding process with an example of the results. 

3.3.2 Second Set of Rounding Studies 

 The second set (Table 3) focuses more on the consumption of the HNO3 by 

reducing its amount, keeping the HF fixed and varying H2O amount to check the effect 

of water on the etch rate, as well as the controllability of the etching under varied 

durations. The reflectance of n-Cz small size samples along with references of textured 

and SDE wafers was measured and the surface morphology was examined using SEM. 

3.3.3 Final Set of Rounding Studies 

 On the final set (Table 3), all concentrations were kept the same while the 

duration is varied. This time, the samples included full-size p- and n-type wafers.  

Table 3 The pyramid rounding parameters. 

 First Set Second Set Final Set 

38% HF [ml] 1 1 1 

65% HNO3 [ml] 5, 10 5 10 

H2O [ml] 0, 1, 5, 10 1, 5 10 

Duration [Sec] 10 - 60, 90, 120 60 - 100 25 – 45 75, 90, 150 
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Also, some of the samples originally produced in the first and second sets 

underwent a secondary rounding procedure in this set to check whether changing the 

etchant concentration would have a better effect on rounding profile or not, would it 

affect the etching orientation differently. Lastly, in this set, samples that have 

regionally darkened (Figure 46) during previous sets have been dipped in HF to see if 

recovery is possible. This darkening occurred on both types of samples along with 

bubbling, especially on p-type wafers, due to the etching in an acidic solution. The 

samples were measured for their reflectance and imaged with SEM to check the 

morphology. 

3.4 Final Set of Optimisations 

 The results of previous optimisation sets (Table 4) were used to produce 

bifacial and IBC cells that utilise boron doping paste instead of conventional furnace-

based boron diffusion or ion-implanter.  

Table 4 The best results obtained from previous studies that have been used for the manufacturing 

of bifacial and IBC solar cells. 

Rounding Parameters 

Ratios: [1] HF : [10] HNO3 : [10] H2O 

Duration: 75 seconds for n-type, 90 seconds for p-type 

Printing Parameters 

Speed: 10 mm/sec 

Force: 64 N 

Drying Parameters 

Temperature: 200°C 

Duration: 10 minutes 

Annealing Parameters 

Temperature: 950°C 

Environment: High N2 (120 sccm) flow 

Duration: 90 and 120 minutes 
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3.4.1 Small-Size Bifacial Cells 

The n- and p-bifacial cells (Figure 47), were manufactured following the 

process flow shown in Figure 48.  

 

Figure 47 Basic structure of the bifacial cells. Contacts are shown as bulk, instead of a grid. 

SDE, textured and pyramid wafers of both p- and n-types where boron paste 

will be printed on are coated with a SiNx layer in a PECVD system to prevent 

phosphorus doping to diffuse on that side of the wafer. This change in the conventional 

process flow, conventional being the diffusion of boron as a first step, was done to 

prevent phosphorus diffusion to nullify the effect of boron doping, as boron paste is a 

finite doping source whereas POCl3 is infinite. The full-size samples were then dipped 

in an HF-HCl mixture to strip away the protective SiNx layer to reveal undoped side. 

Afterwards, the boron paste was screen-printed on the wafers using the printing 

parameters investigated in earlier studies. The paste was dried in a furnace for 10 

minutes at 200°C. Then, the samples were cut by a laser into smaller chunks of an area 

around 25 cm2. The smaller size samples were annealed in an atmospheric tube 

furnace, using the best two results of the annealing step studies. Before annealing, 

from the sub-cells reserved for ECV measurements, a sub-sample for SEM imaging 

was taken to observe the dried boron paste layer.  

After the annealing step, the samples were RCA cleaned. Following the 

cleaning process, the ECV measurements were carried out, as well as detailed sheet 

resistance mapping, photoluminescence (PL) and implied Voc measurements on both 

sides of the wafers. After the cleaning an oxidation process to passivate both the p- 

and n-layers was applied. Another set of photoluminescence and implied Voc 

measurements on both sides were carrier out to observe the effects of passivation.  
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Figure 48 The process flow of small-size bifacial cells. 
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Before the metallisation step, the samples were PECVD coated with SiNx on 

both sides to form ARC layer. Another set of PL and iVoc measurements on both 

sides were carried out to check for the quality of the ARC layer. 

 Lastly, the H-grid pattern was printed on both sides of the cells with appropriate 

fire-through (FT) metallisation pastes which were then dried in a furnace and co-

fired in a belt furnace at various temperatures. To finish up, the performance of the 

completed cells was measured using the solar simulator on both sides. Also, PL, 

Suns-Voc and TLM measurements were carried out on both sides of the finished 

cells, as well. 

3.4.2 IBC Cells 

 The best results obtained in the small-size bifacial studies were also used on 

the production of small size IBC cells with the given process flow in Figure 49. In 

order to form the n+ region on the rear side of the wafers, a Si-rich SiNx layer with the 

thickness of 120-140 nm was deposited on the rear side of the wafer as a diffusion 

barrier. Afterwards, on top of the nitride layer, a layer of etch resist was screen-printed. 

The wafers were dipped into HF to remove the nitride layer through the openings of 

the etch resist layer to reveal the doping region. The samples went through POCl3 

diffusion on p-type and n-type wafers which form the front floating emitter (FFE) and 

front surface field (FSF), respectively, and the n+ region on the rear for both types. 

FFE was etched back to increase the emitter sheet resistance with TMAH. The sheet 

resistance of both the FSF and FFE has been checked after the diffusion and after the 

etch-back step. 

After the diffusion step, the SiNx was completely removed to allow screen 

printing of the boron paste. The paste was activated by the best result of the 

aforementioned annealing step. The doping profiles of both dopants have been 

checked using ECV and 4PP, also with PL and iVoc the process quality. RCA cleaned 

samples then went through an oxidation step to passivate the samples on both sides 

and an ARC on both sides was deposited by PECVD and after each step; the samples 

were quality checked with PL and iVoc on both sides. Then, both contact metals were 

screen-printed on the rear side for the appropriate polarities and then co-fired using 

the belt furnace with the best results obtained from the small-size bifacial studies. As 
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a last step of production, the samples were edge isolated, from full-size to 16 cm2, to 

remove shunting problems. The cells were then measured for J-V, PL, Suns-Voc, as 

well as EQE on selected cells. 

 

Figure 49 The process flow of IBC solar cells. The red outlined box shows the additional screen-

printing step and the blue outlined box shows additional HF dip step. 
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CHAPTER 4  

 

RESULTS AND DISCUSSION 

 

 “I have no doubt that we will be successful in harnessing the sun’s energy… If 

sunbeams were weapons of war, we would have had solar energy centuries ago.” 

- Sir George Porter (1920-2002) 

 

4.1 Previously Optimised Process Steps 

In Figure 50, cross-section of a pyramid textured Si is shown with an average 

pyramid height of 4.3 μm. This texturing recipe is used at GÜNAM laboratories for 

various cell process steps, among which a record efficiency of 19.23% has been 

achieved on Al-BSF solar cells. 

 

Figure 50 The SEM image of the textured surface. The marked pyramid shows an average pyramid 

height of 4.3 μm. 

 A textured silicon wafer without ARC has a 12.56% weighted average 

reflection in comparison to an SDE wafer with 33.80% in 400-1100 nm range and the 

corresponding reflection spectrum is shown in Figure 51. This reduction in the 

reflectance after texturing is one of the key optical gains in cell efficiency based on 

light trapping. 
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Figure 51 The reflectance of textured and SDE wafers before and after ARC layer deposition. 

Hollow symbols show the reflectance after nitride deposition.   

After texturing, diffusion is the following key process step in the cell fabrication 

process. 

 

Figure 52 The typical concentration profile of POCl3 diffusion measured by ECV used in produced 

solar cells. 

Considering the ECV profile given in Figure 52, currently optimized POCl3 

diffusion recipe at GÜNAM laboratories has a peak doping concentration of 7x1020 
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cm-3 with a junction depth of around 500 nm. The corresponding sheet resistance for 

this recipe is 60 Ω/□ on 1-10 Ω.cm, textured, p-Cz wafers. During bifacial cell 

processes, the same recipe was applied on wafers with diffusion barrier at one side to 

end up with single side doping. For the case of IBC cell processes, the same diffusion 

barrier having 120-130 nm thick SiNx layer was applied at the rear side of the wafers 

and then patterned for the corresponding diffusion process. Depending on the substrate 

type, the diffusion barrier was patterned either for emitter or for BSF region prior to 

POCl3 diffusion. With the help of ECV and sheet resistance measurements, it has been 

confirmed that the regions lying under the SiNx layer are well protected while the open 

regions are doped during POCl3 diffusion processes. 

As a passivation layer, 4-5 nm oxide layer was grown on the samples in a 

reduced pressure furnace at 850°C for 40 minutes on both sides. The grown SiO2 was 

capped with a SiNx layer acting as an ARC. The weighted average reflectance of this 

ARC layer is 4.73% for a textured surface and 16.27% for the SDE surface with the 

corresponding reflection spectrum shown in Figure 51.  

4.2 Boron Doping Paste 

The results of the boron doping paste on SDE and textured wafers are given in 

this section. Before an experimental matrix was designed, the screen-printer was 

checked if it were possible to print the paste or not. For that purpose, a full-size Al 

screen has been used to provide the designated screen for the paste applications, 

regarding paste optimisation and bifacial applications. 

4.2.1 First Set of Optimisations for the Annealing Step on SDE Wafers 

 Before going through the results, it is worth mentioning that the Al screen 

would cause bubbling on the surface after the snap-off. After a very short time, the 

bubbles would burst due to the weight of the paste and its low viscosity and form small 

rings. The rings would eventually close off; however, this would also mean that if a 

pattern were to be applied, its resolution would not be the desired one, considering the 

real purpose of the B-paste, for IBC doping pattering. These small rings, would still 

be clearly visible after diffusion and barely visible after HF dip to remove the BSG, 

as shown in Figure 53. To prevent the bursting of the bubbles the samples were cured 
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as soon as they were printed. However, the airflow in the dryer to satisfy uniform 

heating would burst the bubbles anyway. At first thought, the expectation was that the 

bubble formation would affect the doping profile poorly, as those regions looked 

uncovered. The decision at that point was to address this issue with another 

experimental matrix (Table 2) that focuses on improving the printing quality and 

remove the bubble formation which follows right after this subsection. 

 

Figure 53 The images of the annealed B-paste before (left) and after (right) HF dip to remove 

BSG.  

After activating the B-paste, it was observed that the surface would diffract the 

light as a thin soap bubble. As the annealing temperature increased the rings would 

become darker with a mixture of blue and pink and right outside the contour 

throughout the surface a faint yellow. To check the hypothesis that rings could distort 

the doping profile, four-point-probe measurements were carried out on and around the 

rings and regular mapping (3 by 3 on B-paste side and two on the rear side) of the 

surface. The size of the rings were too small compared to the probe head to be sure of 

the results of the measurements but, the samples yielded uniform sheet resistance 

values on the surface, on and around the rings. The rear side measurements were 

carried out to check if auto-doping [58] occurred between two successive samples then 

it was realised that there was no such effect occurring during activation. Absence of 

auto-doping was also verified by ECV measurements of the rear side on randomly 

selected samples. 
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The aforementioned matrix in Table 1 was used to print full-size B-paste 

samples then they were cut into smaller pieces and used for activation optimization 

studies. The results of the doping profiles under high nitrogen flow rate are shown in 

Figure 54. The low-temperature diffusion, at 800°C, was insufficient to diffuse the 

boron paste into the silicon substrate deep enough and rather would form a highly 

resistive layer that would prevent the ECV tool to measure it. Although the formed 

BSG layer was removed with an HF dip, this highly resistive layer would still be 

present, suggesting a very shallow and dense layer. This measurement problem was 

also observed for the samples annealed at 850°C for 90 minutes, but not on the other 

samples annealed at the same temperature and could be due to the poor removal of the 

BSG layer. At 850°C, the 4PP mapping has shown high sheet resistance values with 

high nonuniformity. This implied that the diffusion temperature and duration were not 

sufficient enough for a uniform doping. The best doping profiles were achieved with 

the annealing temperature of 950°C for 90 and 120 minutes. For this temperature, as 

the annealing duration was increased both the sheet resistance, the nonuniformity 

decreased accordingly. Although the samples were prepared on wafers from the same 

batch, the profiles showed slight concentration variations for the substrate 

concentration. 
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As shown in Table 1, the effect of  O2 addition to the annealing gas mixture 

was tested. Addition of O2 was expected to change the composition of the BSG layer 

and thus change the boron concentration at the surface. In order to reduce the O2 

consumption, the flow rates of N2 and O2 were lowered with the same ratio as in the 

previous set and their effect on doping profiles was tested with a fixed annealing 

temperature of 900°C and duration of 60 minutes while varying the environment. The 

ECV results of these trials are shown in Figure 55. 

 

Figure 55 The ECV results of varied environment trials. 

Based on ECV profiles, it is clear that the reduction in nitrogen flow alone did 

not have a significant effect on the sheet resistance values, and a slight reduction in 

uniformity. It was also worth noting that samples annealed under high (120 sccm) and 

low (25 sccm) N2 flow showed the same concentration profile. On the other hand, with 

the introduction of oxygen to the environment, both the uniformity and sheet 

resistance were worsened. The surface got highly oxygenated and thus during the HF 

dip, the oxygen rich BSG was stripped away, realised by the reduction in peak 
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concentration. However, the rest of the concentration profile changed along with other 

flow schemes. 

Unfortunately, due to the high oxygen consumption, the sets involving 900°C 

and 950°C for all durations of high oxygen flow set were discontinued, and those 

samples did not have measurable concentration profiles. 

Last doping profiles belong to low O2 and N2 flow samples, shown in Figure 

56. The best ECV results were obtained at the highest annealing temperature, 950°C 

with questionable results at 900°C. For almost all the samples the peak concentrations 

were at least one order of magnitude lower than both the high flow N2 case and the 

boron emitter. The increased sheet resistance around 60 minutes could be observed on 

these samples as well. The 900°C sample profiles did not show the characteristic 

behaviour of the paste observed on the samples annealed at the high temperatures. The 

observation was that the duration was not sufficient enough to initiate proper doping 

and boron tends to diffuse slower.  

From the 4PP measurements, the sheet resistances and their nonuniformity 

were high for all the samples. This highly resistive surface could hinder the ECV 

measurements as well. Unfortunately, for the annealing temperatures of 800 and 

850°C, the boron paste did not diffuse at all and both the ECV results and the 4PP 

measurements yielded the concentration and the sheet resistances of the substrate, 

instead of a p+ layer. 

After the annealing and HF dip, the samples were also measured for their iVoc 

values as shown in Figure 57. Considering all temperature and duration ranges it is 

clear that the paste yields best iVoc values, a range from 550 to 580 mV when the 

environment was of pure nitrogen. Aside from some outliers, the general trend was a 

decrease in iVoc as the annealing duration increased. This could be due to the variation 

in the concentration of atoms at the surface. 
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Figure 57 The iVoc results of the experimental set. 

 After the metallisation of the samples, dark I-V and TLM measurements were 

carried out. Instead of using a regular front H-grid, a TLM pattern with varying pad 

separation was evaporated (Figure 44) as the front contacts and was annealed at 

400°C. Thus, the same samples could be used both for dark I-V and TLM 

measurements. The general behaviour of the samples was ohmic, a few showed diode 

behaviour which could be related to the increasing annealing temperature for both 

annealing environments. Another hindering reason could be due to the weak contact 

formation of thermal evaporation compared to FT paste. After the first few test 

measurements, it was realised that the results were highly inconsistent with one 

another, both on the same sample among different rows, and from sample to sample. 

For these reasons, TLM measurements on this set were cancelled and varying TLM 

pattern was abandoned to equidistant pattern applications like bifacial. 

For the case of cell fabrication, B-paste was annealed first at a high 

temperature, then it was followed by POCl3 diffusion during which B-paste printed 

regions were protected by a SiNx layer. In Figure 58 the effect of POCl3 diffusion to 

B-paste profile is shown. Even though the POCl3 diffusion was done at a lower 
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temperature than B-paste annealing temperature, it is clearly seen that a slight shift 

occurs throughout the profile. The enhanced diffusion in the tail region could be 

related to the additional thermal energy provided by POCl3 diffusion while the 

increase in the surface concentration could be explained by the activation of inactive 

boron atoms during POCl3 diffusion.  Lastly, double printing of the B-paste was tried 

to achieve peak concentrations similar to the boron emitter. But as can be seen in 

Figure 58, the peak concentration only increased slightly without reaching to the boron 

emitter whereas the doping profile shifted deeper into the substrate similar to the boron 

emitter. This could be observable as a second layer of B-paste present on the surface 

satisfying the high to low gradient diffusion. Double printing, however, did not make 

a lot of sense as IBC processes would have good alignment requirements and that 

would present a challenge to already existing problems. 

 

Figure 58 The ECV results of various high temperature processes and double printing. 
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4.2.2 Second Set of Optimisations for the Printing and Drying Parameters for 

Polished (SDE) and Textured Wafers 

 The aforementioned bubbling effect was planned to be optimised with this set 

of experiments. For the first trials, a set of 135 textured samples were screen-printed 

by B-paste and dried using belt furnace. While the samples were collected, flakes were 

realised on the surface, shown in Figure 45 with SEM and in Figure 59 with optical 

microscope images. In hindsight, the flakes were considered as artefacts of the drying 

process and they were dismissed, just like in the bubbling case where bubbles were 

considered as artefacts of the printing process, and the experiment continued as 

planned. The printed samples were annealed, and HF dipped, then measured with 4PP. 

The results showed that B-paste did not diffuse into Si at all which was also double-

checked by ECV measurements. At that point, it was realised that due to the long shelf 

waiting time for the printed samples to be dried in the belt furnace, they actually have 

air-dried instead. 

  

Figure 59 The B-paste flakes on the wafer surface (right) under the optical microscope (left). 

 To correct this issue, a smaller set of 9 textured and 9 SDE samples were 

prepared where the previously optimised annealing parameters were used. Although 

B doping was achieved on all the samples, textured wafers were more uniform with 

sheet resistance (142 ± 9 Ω/□) in terms of sheet resistance compared to SDE wafers 

(227 ± 125 Ω/□). For the sheet resistance readings, both types of wafers were equally 

higher than the samples prepared in annealing studies shown in Figure 54 with the 

ECV profiles of the second trial given in Figure 60. Comparing both these figures, it 

is clear that the surface concentration was actually lower than the annealing studies. 
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In this set, the samples were annealed for 100 minutes which could be the reason why 

the sheet resistances increased. 

Even though the results of this batch yields positive results for the textured 

wafers, the actual experience with the B-paste required further investigation of 

increasing the adhesiveness of it to a textured surface. For that reason, the following 

experiments were done. 

 

Figure 60 The ECV results of the second trial. 

4.3 Pyramid Rounding Studies 

 The many failed attempts for the optimisation of B-paste on textured surfaces 

required the investigation of pyramid rounding. For that reason, mixtures of various 

acids in different concentrations were used. Below the results of these trials are shown 

sorted by sets of trials. 

4.3.1 First Set of Rounding Studies 

 The samples with high nitric acid concentration (HNAC - right side in Table 

5) yielded a gradually varying distribution of the reflectance could indicate the 

controllability of etching, while the lower reflectance results were obtained in low 

nitric acid concentrations (LNAC - left side in Table 5); some of them are lower than 

textured values. These promising results shifted the focus on lower nitric acid 

concentrations due to not only the low reflectance but also the reduction in acid 
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consumption. LNAC samples partially and HNAC samples totally showed a reduction 

in reflectance as the amount of water is increased. This could be due to a decrease in 

etchant concentration. The mixture becomes less harsh and the etch rate was slowed 

down. This could also mean that; especially for similar reflection values on HNAC 

samples with textured samples; the etching was not enough to round the pyramids.  

 

Figure 61 The reflectance results of first pyramid rounding trials with the acid concentrations of 

(1)HF : (5)HNO3 : (1)H2O. The right-hand side graph represents the boxed part on the left-hand 

side graph. 

 The results shown in Figure 61 indicated that a short dip, 10, 20 and 30 

seconds, in the acid mixture of (1) HF : (5) HNO3 : (1) H2O reduced the sample 

reflection even further than any other durations. It can also be observed that as the 

duration increased, the reflection also increased. But, none one of the durations yielded 

a reflection that was in the proximity of SDE type wafers. It is worth mentioning that 

the KOH textured samples are referred to as the reference. Although considering the 

reflection for short durations resulted in an overall positive result especially around 

the UV region, the surface texturing was not adequate enough for paste applications 

Figure 62. 
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Figure 62 The SEM images of textured (left) and rounding (right) samples in first trials for the 

acid concentrations of (1)HF : (5)HNO3 : (1)H2O in 20 seconds. 

The darkened sample shows desired results, however achieving it on a small 

sample in a uniform manner is difficult, thus larger samples would be even more 

problematic.   

Table 5 The weighted average reflectance results of the first set of rounding studies on n-type 

wafers. The result shown with the red font is measured from darkened samples. The weighted 

average is over 400-1100 nm range. 

 

4.3.2 Second Set of Rounding Studies 

 The requirement for pyramid rounding for B-paste application while 

maintaining the lowest possible reflection from the first trials required the selection of 

the concentrations laid in Table 3 – second set. As shown in Figure 62, the surface 

needed longer durations for the etching to take effect. Since the results of these 

samples were to be used for large size solar cell applications, the scale-up 

requirements were also needed to be considered. For that reason, a recipe with low 

acid usage that could control the etching rate by varying the water concentration was 

designed. 
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Table 6 The weighted average reflectance results of the second set of rounding studies on n-type 

wafers. The weighted average is over 400-1100 nm range. 

 

 As shown in Table 6, extending the rounding duration had very different 

results for the samples. For the same recipe used in the first trials for the same duration, 

lower water concentration - 60 seconds, the reflection jumped from 15.26% to 

23.31%. On the other hand, for high water concentration samples, the reflection results 

remained the same compared to the previous set. The results indeed showed that the 

variation of water concentration could be used to control the etching rate. 

 

Figure 63 The reflectance results of second pyramid rounding trials with the acid concentrations 

of (1) HF : (5) HNO3 : (1 - left and 5 - right) H2O.  

 From Figure 63 it is observed that lesser water amount caused the acid mixture 

to react with the surface more therefore, etching it very close to the proximity of  SDE. 

On the other hand, for greater water concentration mixture the etching had slowed 

down or maybe did not happen at all due to the exact reflection results obtained in 

(1) HF (1) HF

(5) HNO3 (5) HNO3

(1) H2O (5) H2O

Textured 12.65 12.65

60 sec 23.31 12.47

70 sec 25.23 12.59

80 sec 26.78 12.61

90 sec 22.4 12.43

100 sec 27.45 12.69

SDE 30.23 30.23

Weighted 

Average 

Reflectance [%]
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comparison to the textured surface. The SEM images, Figure 64, show that the surface 

was indeed etched very harshly, and the surface looked closer to of SDE with lesser 

water concentration. On the other hand, for the greater water concentration, the surface 

was similar to a textured surface with tips of the pyramids slightly more slanted than 

usual. 

 

Figure 64 The SEM images of (a) low water concentration and (b) high water concentration 

samples for the second pyramid rounding trials. 

4.3.3 Final Set of Rounding Studies 

 As none of the rounding trials yielded satisfactory results a third set was 

designed, details are shown in Table 3 – final set. In this set the etching durations were 

varied and p-type wafers were also introduced as the following solar cell trials were 

planned to include them as well. As a secondary test, to see whether as-cut n- and p-

type wafers could possibly be used for paste applications were also included. These 

as-cut wafers were planned to undergo the rounding recipe of this section and to see 

if the saw damage can be removed while rounding. The recipes used in the previous 

sets were useful if the only desired outcome were an improvement in reflection. 

However, the actual rounding effect occurred either extremely rapid or extremely 

minuscule and adhesiveness of the paste to the surface is the main concern as long as 

reflections lower than SDE could have achieved. 

Table 7 The weighted average reflectance results of the final set of rounding studies on n-type and 

p-type wafers. The weighted average is over 400-1100 nm range. 
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The reflectance results of the final set are given in Figure 65. For the as-cut 

wafers of both types, it was observed that the reflectance at the UV region reduced 

significantly after etching. They are also similar to textured and rounded samples in 

the UV range. The reduction on the reflectance in the infrared region is, however, low 

in both cases, and about 10-15% higher than other samples. 

 

Figure 65 The reflectance results of the final rounding trials on n- and p-type wafers. 

Comparing textured and rounded samples of this set, it was observed that all 

trends in the visible and infrared region are similar to one another. However, in the 

UV region, there is a spreading. For n-type wafers 75 seconds of etching yields the 

lowest reflection values which were the preferred etching duration for the following 

sets of cell sets. On the other hand, for p-type no singular lowest reflectance value 

corresponds to a duration. For that reason, the weighted average reflectance values, 

shown in Table 7, as well as SEM images, shown in Figure 67, were also considered 

for the choice regarding p-type etching recipe. In both images, it is shown that the tips 

of the pyramids are slightly rounded. 

 

Figure 66 The surface of n-type (left) and p-type (right) wafers after rounding. 
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 Another important observation of this set was that p-type wafers would react 

with acids much more than n-type wafers. The aforementioned bubbling effect on the 

surface had a visible effect on the sample surface especially on p-type wafers if left 

alone, as shown in Figure 66. 

 

Figure 67 The SEM images of n-type (top) and p-type (bottom) of rounding samples at 75 seconds. 

 Introduction of Acetic Acid 

To control the etching better a subset was designed where acetic acid was 

introduced to already existing mixture. 

Table 8 The weighted average reflectance results of the final set of rounding studies on n-type and 

p-type wafers with acetic acid. The weighted average is over 400-1100 nm range. 
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 The results, shown in Figure 68, indicated that the reflection of the rounded 

samples with the introduction of acetic acid showed improvement in the UV region 

for p-type wafers whereas, no changes occurred for n-type wafers. 

 

Figure 68 The reflectance results of pyramid rounding samples on n-type (left) and p-type (right) 

wafers with added acetic acid to the mixture. 

 The introduction of acetic acid to the mixture was tested at an extreme etching 

scheme of 10 minutes. It is shown in Figure 69 – (b) that the pyramids were still visible 

at the end of the etching unlike seen in Figure 69 – (b). The reduction in etch rate was 

probably not only due to the acetic acid introduction but also related to the increase in 

water concentration. 

 

Figure 69 The SEM image of the final set of pyramid rounding samples (a) without and (b) with 

acetic acid. The sample with acetic acid was etched for 10 minutes. 

4.4 Final Set of Optimisations 

 Before producing the following solar cell sets, a small test had been done on 

SDE, textured and rounded pyramid cells with the B-paste. The test aimed to check 
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the adhesiveness of the paste to various surfaces. In Figure 70, it is shown that the B-

paste adheres to SDE wafers decently with a coverage of 90%.  

 

Figure 70 The SEM images of the B-paste (gray) coverage on various surfaces after printing and 

curing. The images were processed by using the software “ImageJ”. 

 The flake sizes were usually small in comparison to the other two texturing 

types. Comparing the textured and rounded surfaces, it is clear that about 10% more 

paste coverage was achieved on rounded samples. The larger parts of these samples 

were annealed to check their doping profiles. Unfortunately, only the SDE wafer 

yielded results whereas, the other two failed and only the substrate concentration was 

measured. Although the surface coverage increased about 10%, the diffusion was not 

achieved due to the flakiness of the B-paste so further investigation is required.  

At this point, it is worth mentioning that a set of IBC cells were produced using 

textured wafers. But those textured wafers were printed at the early stages of the 

experimental process. But as time passes the paste quality may have degraded due to 

various conditions. 

4.4.1 Small-Size Bifacial Cells 

 Using all of the optimised parameters from the annealing, printing and drying 

studies, as well as the pyramid rounding studies; 5 cm x 5 cm pseudo square bifacial 
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cells were produced on n-type and p-type wafers. Corresponding reflection spectra are 

shown in Figure 71 top two graphs. 

 

Figure 71 The reflectance of bifacial cells after rounding (top) and after ARC (bottom). The left-

hand side shows n-type wafer results and p-type results are given on the right-hand side. 

 The reflection measurements have shown that rounded samples are indeed in 

between textured and SDE surfaces. Initially, the rear side (POCl3 diffused side) was 

expected to be safe from the effects of rounding as samples were immersed in the 

acidic mixture single side up position (B-Paste to be printed). But reflection results 

indicate that the rear side was also etched, and the weighted average reflectance of 

these surfaces are given in Table 9. 

Table 9 The weighted average reflectance results of the produced bifacial cells after rounding and 

after the ARC layer. 

 

 The sheet resistance values of the annealed and HF dipped cells were measured 

using the 4PP, shown in Table 10. For n-type textured and SDE wafers, it was 
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observed that after annealing the B-paste was not sufficient enough to turn the polarity 

from p to n-type, as both sides yielded the same sheet resistance values. On the other 

hand, for p-type textured and SDE wafers, B-paste was capable of doping the substrate 

uniformly.  

Table 10 The sheet resistance values of annealed samples for bifacial solar cells.  

 

For pyramid rounding case, both n-type and p-type wafers yielded nonuniform 

doping profiles and for n-type substrate, although nonuniform, a variation in the sheet 

resistances exist. The doping profiles of p-type SDE wafers, Figure 72, were measured 

on both sides as those set of samples were expected to work if none of the others did. 

The doping profile of pyramid rounded (PR) samples were not measured by ECV as 

the surface structure would be something in between textured and SDE, and that would 

require correction factor calculations. 

 

Figure 72 The ECV results of p-type SDE wafers used in bifacial solar cells. 
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 Initially, the solar cell fabrication steps up to SiNx deposition step were applied 

on 126 small-size wafers. At this step, however, due to the sample size, some samples 

had to be eliminated. For that reason, iVoc measurements were carried out after 

annealing and after oxidation. Among those samples, the best four sets were chosen 

(n-type; textured and PR– p-type; SDE and PR), and those samples continued to ARC 

deposition. 

 

Figure 73 The implied open-circuit voltage results of bifacial cells after various process steps. 

 In Figure 73; for after annealing and oxidation cases; the iVoc measurements 

were applied in an emitter-up manner, whereas for after nitride deposition, both sides 

were measured.  After annealing, the iVoc values were close to one another and 

peaking at 567 mV for p-type PR samples. After oxidation, there was a slight decrease 

and samples were in the range of 550-560 mV. For p+/n and n+/p junctions, the iVoc 

improved slightly, whereas for n+/n junction showed around 30 mV of increase. On 

the other hand, p+/p junction suffered after ARC layer deposition. One of the main 

reasons for such variations is due to the nonuniformity of the ARC layer on B-paste 

side. The HF dip was kept short to ensure not to etch away the doping, thus some of 

the PSG must have been left on the surface. The PSG caused a rougher surface that 

ARC could not be coated the entirety of the surface. The POCl3 side was however 

uniformly coated. The other reason is that doping concentration was lower than what 

has been expected. This was assumed to be related to the age of the paste. 
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 As the last step, the ARC deposited samples were double-side screen-printed 

with FT-Ag and FT-AgAl paste with H-grid pattern for metallisation. The samples 

were then fired with peak temperature range of 880-940°C with 20°C of increments. 

J-V characteristic of the best performing cell is shown in Figure 74. 

 

Figure 74 The J-V curves of the best cell produced using B-paste. The cell is p-type PR and fired at 

920°C. 

The best bifacial cell fabricated with these parameters yielded 7.43% 

efficiency on the front side and 0.55% efficiency on the rear side. The bifaciality factor 

of the cell is 7.40%. The difference between FF of the front and rear sides may be 

caused by the peak firing temperature where different pastes e.g. FT-Ag and FT-AgAl 

would require different peak temperatures. The basis of the best cell is on a p-type 

wafer with pyramid rounding. This indicated that rounding, although poorly, did work 

with bifacial cells and can be used for IBC solar cells. The EQE measurements, shown 

in Figure 75, of the bifacial cell from the front side, yielded Jsc values of 23.66 mA/cm2 

which when corrected, could improve the cell efficiency to 8.16%. 
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Figure 75 The EQE of the best bifacial cell. 

The EQE results show that the rear side is slightly responsive to the infrared 

region and shows no response in neither UV nor visible range. On the other hand, the 

front surface shows a similar response to the rear side after 1000 nm. 

4.4.2 IBC Cells 

 Following the described cell process flow a set of IBC cells were fabricated 

using textured p-type Cz-Si wafers with 1-3 Ω.cm resistivity. After POCl3 (on both 

front and rear) and B-paste diffusion, the dopant concentrations of all dopants on either 

side (Figure 76) were measured using ECV. The curve shown as blue triangles 

indicates the controlled etch-back of the FFE. The diffusion barrier blocking the BSF 

regions was sufficient enough that after B-paste diffusion, high B concentration was 

achieved. This also indicates that the etch resist patterning was decent. 
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Figure 76 The concentration of dopants on IBC solar cells. 

The first working IBC cells, using the parameters listed in Table 4 for boron 

paste, produced at GÜNAM labs yielded an efficiency of 8.70% with an FF of 76.32%, 

shown in Figure 77. 

 

Figure 77 The J-V curve of the best cell produced using B-Paste. 

It is observed that the Voc dropped tremendously after the metallisation step as 

shown in Figure 78. The high metal coverage of the doped surfaces could be the reason 

why the Voc decreased. Comparing the after oxidation and after silicon nitride 
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deposition measurements, it was observed that the variations in the pitch size did not 

have a significant effect on cell efficiency for this size of solar cells. 

 

Figure 78 The implied-Voc values of the IBC cells The Voc values after the metallisation step are 

given as a comparison. 

 The EQE measurements, Figure 79, show that the cell responsivity in the UV 

region is almost non-existent due to high recombination values. The response of the 

emitter region is higher compared to the BSF.  

 

Figure 79 The EQE of the best IBC cell. 
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CHAPTER 5  

 

CONCLUSIONS 

 

 “Scientists will eventually stop flailing around with solar power and focus their 

efforts on harnessing the only truly unlimited source of energy on the planet: 

stupidity. I predict that in the future, scientists will learn how to convert stupidity 

into clean fuel” 

- Scott Adams (1957- ) 

 

 In this work, a screen printable boron doping paste has been optimised in the 

processes of printing, drying and curing for possible device applications. Application 

of the boron paste has shown to facilitate the process sequence of IBC and bifacial 

solar cells. Although the efficiency values were low compared to other groups working 

on similar ideas, the proof-of-concept has been demonstrated. The paste can be applied 

to bifacial and IBC cells with the most confidence and as shown, decent results have 

been achieved. 

 The use of screen-printer for metallisation is a widely accepted method in the 

solar cell industry. Since such application already has alignment support B-paste is a 

viable option to have at hand that can be used along with already existing systems. 

Complex process schemes like IBC could benefit from this approach and become 

industrially applicable. 

 In the first part of this thesis work, the B-paste was optimised so that a 

controlled set of sheet resistance and doping profile could be achieved on textured and 

SDE wafers. The undesirable bubbling effect which was observed during the printing 

studies necessitates an optimisation study on this process. Also, the drying studies 

made it apparent that dried paste could have a flaky form, especially when printed on 

textured wafers. A further investigation had shown that the surface structure was 

preventing the paste to adhere to the surface properly and thus under stress caused by 

the drying step, the flakes would form. To solve this problem rounding recipes were 
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investigated. After several sets, a suitable etching recipe was achieved. The aim of the 

recipe was to decrease the surface reflection while increasing the adhesiveness of the 

paste to the surface. As a secondary benefit, the rounding recipe can be used for 

various other applications where necessary. The best sheet resistance value of 52.17 

Ω/sq was achieved at the annealing temperature of 950°C for 120 minutes. The peak 

concentration of this profile is 4.51x1019 cm-3 with the junction depth of 600 nm. 

 Lastly, using all of the optimisations, two types of solar cells, i.e. bifacial and 

IBC, were produced. The best bifacial cell has an efficiency of 7.43% with Voc 506 

mV, Jsc 21.55 mA/cm2 and FF 68.86% on the front side. On the other hand, the best 

IBC cell yielded an efficiency of 8.70% with Voc 568 mV, Jsc 20.04 mA/cm2 and FF 

76.32%. 

 As a future work, the paste can be applied to full-size IBC solar cells which 

were the initial point. Full-size applications may yield better results; as in small-size, 

alignment issues are usually cumbersome. The reduction in process steps and 

complications by B-paste integration could allow IBC solar cells to become 

industrially more feasible. The viscosity of the B-paste could be improved so that   

screen-printing applications can be   easily applied. The boron concentration of the 

paste could also be altered so that limitations for the peak impurity concentration can 

match other doping methods
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