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ABSTRACT 

 

DEVELOPMENT AND APPLICATION OF NOVEL METAL OXIDE FOR 

HIGH-EFFICIENCY SILICON SOLAR CELLS 

 

 

 

Altıner, Gökhan 

Master of Science, Micro and Nanotechnology 

Supervisor: Prof. Dr. Raşit Turan 

Co-Supervisor: Dr. Hisham Nasser 

 

 

August 2025, 72 pages 

 

 

 

This thesis investigates the development and application of two novel metal oxide-

based passivating contacts designed to minimize carrier recombination and resistive 

losses in high-efficiency silicon solar cells. Hydrogenated Aluminum-doped Zinc 

Oxide (AZO:H) was developed via spatial atomic layer deposition (ALD) as a 

transparent, electron-selective contact for Tunnel Oxide Passivated Contact 

(TOPCon) solar cells. Molybdenum Oxide (MoOx) was developed via thermal 

evaporation as a hole-selective contact for Passivated Emitter and Rear Contact 

(PERC) solar cells. The passivation quality of an optimized AZO:H/AlOx stack on 

n-type poly-Si was exceptional, yielding an iVoc of 728 mV and a J0 of 7.5 fA/cm² 

after a commercially viable N2 anneal. Concurrently, the successful integration of 

MoOx into an industrial PERC process flow was demonstrated. A champion power 

conversion efficiency of 21.53% was realized for a large-area industrial Cz p-type 

cell featuring an optimized 5 nm local MoOx/Ag back contact. This performance was 

driven by a high fill factor of 80.66% and a Voc of 672.3 mV, validating the contact's 
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effectiveness. These findings demonstrate the high potential of both AZO:H and 

MoOx as effective, low-temperature processed passivating contacts, offering distinct 

and promising pathways to enhance the performance of next-generation crystalline 

silicon solar cell architectures. 

Keywords: Passivating Contacts, Photovoltaics, Transparent Conductive Oxides, 

Solar Cells. 

 



 

 

vii 

 

ÖZ 

 

YÜKSEK VERİMLİ SİLİSYUM GÜNEŞ HÜCRELERİ İÇİN METAL 

OKSİTLERİN GELİŞTİRİLMESİ VE UYGULANMASI 

 

 

 

Altıner, Gökhan 

Yüksek Lisans, Mikro ve Nanoteknoloji 

Tez Yöneticisi: Prof. Dr. Raşit Turan 

Ortak Tez Yöneticisi: Dr. Hisham Nasser 

 

 

Ağustos 2025, 72 sayfa 

 

 

Bu tez, yüksek verimli silisyum güneş hücrelerinde yük rekombinasyonu ve direnç 

kayıplarını en aza indirmek için tasarlanmış iki metal oksit tabanlı pasifleştirici 

kontağın geliştirilmesini ve uygulanmasını araştırmaktadır. Hidrojenlendirilmiş 

Alüminyum katkılı Çinko Oksit (AZO:H), TOPCon güneş hücreleri için şeffaf, 

elektron seçici bir kontak olarak atomik katman biriktirme (ALD) yoluyla 

geliştirilmiştir. Molibden Oksit (MoOx), PERC güneş hücreleri için pozitif yük seçici 

lokal kontak olarak termal buharlaştırma yoluyla geliştirilmiştir. n-tipi poli-Si 

üzerinde optimize edilmiş AZO:H/AlOx filmlerin pasivasyon kalitesi olduça yüksek 

olup, ticari olarak uygulanabilir N₂ tavlamasından sonra 728 mV'luk bir iVoc ve 7.5 

fA/cm²'lik bir J0 değeri vermiştir. Buna ek olarak, MoOx'in endüstriyel bir PERC 

üretim akışına başarılı entegrasyonu gösterilmiştir. Optimize edilmiş 5 nm'lik yerel 

bir MoOx/Ag arka kontağına sahip büyük alanlı endüstriyel Cz p-tipi hücre için 

%21.53'lük rekor bir verimlilik elde edilmiştir. Bu performans, %80.66'lık yüksek 

bir FF ve 672.3 mV'luk bir Voc değeri ile sağlanmış olup, kontağın etkinliğini 

doğrulamıştır. Bu bulgular, hem AZO:H'nin hem de MoOx'in, yeni nesil kristal 



 

 

viii 

 

silisyum güneş hücresi dizaynlarının performansını artırmak için farklı ve umut 

vadeden yollar sunan, etkili, düşük sıcaklıkta işlenmiş pasifleştirici kontaklar olarak 

yüksek potansiyelini göstermektedir. 

Anahtar Kelimeler: Kontak Pasivasyonu, Fotovoltaik, Saydam İletken Oksitler, 

Güneş Hücreleri. 
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CHAPTER 1  

1 INTRODUCTION  

Our world faces an escalating climate crisis, with the average global temperature 

rising by 1.1°C since 1880, mainly driven by ever-increasing greenhouse gas 

emissions caused by human activities [1]. The largest portion of these greenhouse 

gases is CO2, predominantly from the burning of fossil fuels. Climate change is 

responsible for the acceleration of Arctic ice loss and extreme weather events such 

as droughts, floods, storms, wildfires, and heat waves. Ultimately, it endangers 

human health and survival, vital resources like clean water and food, and the intricate 

balance of nature. To combat climate change and mitigate the risk of exceeding a 

1.5°C average global temperature increase, which could trigger an irreversible 

ecosystem collapse, it is crucial to drastically alter the energy production methods, 

shifting away from fossil fuels toward sustainable clean energy production. 

Photovoltaics (PV) have emerged as a critical solution to transition to sustainable 

energy. Between 2010 and 2023, the total globally installed PV systems showed a 

35 times increase, positioning PV as the fastest-growing sustainable energy source 

[2]. This significant growth can be primarily explained by the 90% reduction in the 

globally weighted average levelized cost of electricity (LCOE) for PV panels during 

the same period. The main cause of the cost reduction comes from the decreasing 

module prices. As a matter of fact, the decrease in module prices has been so 

significant that the balance of system (BoS) costs (including structural components, 

electrical wiring, installation, and labor costs) now comprise the majority of the total 

PV system cost, with 61% [2].  

Consequently, achieving higher solar cell efficiency becomes more important in 

order to reduce the total PV system cost. A more efficient cell will generate more 
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power from the same physical area, meaning fewer modules will be needed to reach 

the same power output; thus, the BoS cost per power output will be decreased.  

In order to maximize the solar cell efficiency, minimizing the carrier recombination 

by passivation is highly important. While the solar cell operation and the passivation 

mechanism are more detailedly explained in the later chapters, essentially, 

passivating involves applying one or more additional thin layers to the surface of the 

solar cell to heal the imperfections and defects on the surface, and/or generate a 

voltage difference so that the charge carriers are transported more selectively and 

effectively. Although each additional thin layer comes with its own complexity and 

fabrication cost, given the increasing relative contribution of the BoS costs to the 

total PV system cost, utilizing advanced methods like passivation is vital for the 

economic sustainability and the widespread adoption of PV. 

1.1 Solar Cell Operation 

Solar cells are electronic devices that convert sunlight directly into electricity by 

producing both a voltage and a current. This process is referred to as the photovoltaic 

effect. Sunlight is absorbed by the absorber material in the solar cell, exciting 

electrons to a higher energy level. Later, the electrons are guided toward an external 

load, where they dissipate their energy and then return to the solar cell. Dominantly, 

semiconductors are used for photovoltaic energy conversion. 

A semiconductor is a material that has an electrical conductivity between that of a 

conductor and an insulator. They have a few electronvolts of band gap (Eg) between 

their conduction and valence bands. This gap partially prevents the electrons from 

being free and readily participating in a current, unlike a conductor. This gap is 

smaller than the band gaps of insulators, so that the valence electrons of 

semiconductors can be excited to energy levels above the band gap by sending 

energy in the form of heat, light, etc. Photovoltaics uses light as the energy source, 

so when a photon with energy equal to or higher than the band gap (ħω ≥ Eg) of the 
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used semiconductor is absorbed, an electron jumps up to an energy level above the 

band gap, leaving an ‘empty spot’ called a “hole”, which is just the absence of an 

electron. This process is called electron-hole pair generation, and it is the foundation 

of generating the photocurrent. The holes can be filled by neighboring bonded 

electrons, in which case a new hole will appear in the place of the neighboring 

electron, so the holes will seem as if they freely move in the valence band. For this 

reason, in photovoltaics, the holes are conventionally treated as positively charged 

quasi-particles for ease of modeling.  

Crystalline silicon (c-Si) is the semiconductor material that dominates the 

photovoltaic market with a market share of about 97% due to its abundance on Earth, 

relatively low price, non-toxicity, and long-term stability [3]. The Si atom has four 

valence electrons, and in its crystalline form, each Si atom is connected to four other 

Si atoms by covalent bonds. c-Si has an indirect Eg of 1.12 eV, and at room 

temperature, it absorbs wavelengths between 400-1100 nm, which corresponds to 

most of the visible light where the solar irradiance peaks. The indirectness of the Eg 

signifies that the valence band maximum and the conduction band minimum are 

located at different positions in momentum space. Therefore, the electron to be 

excited needs both a phonon (a quantum of lattice vibration) alongside a photon, 

which results in a relatively low absorption coefficient compared to materials with a 

direct band gap. Nevertheless, efficient light management methods such as 

antireflection coatings and surface texturing enable effective light absorption in c-Si 

[4]. In addition, the indirect band gap means that the radiative recombination of 

electrons and holes will be inefficient as well, leading to electrons and holes with 

higher lifetimes.  

1.1.1 The p-n Junction 

The efficiency with which a solar cell converts light into electricity is critically 

dependent on two subsequent processes: the effective separation of these 

photogenerated charge carriers and their subsequent collection at the appropriate 
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electrical contacts. Without an efficient mechanism for separating electrons from 

holes, these carriers would rapidly recombine within the semiconductor material, 

instead of contributing to an electrical current. This highlights the fundamental 

requirement for an internal electric field to drive the separated carriers towards their 

respective terminals. 

The p-n junction is the primary active region in almost all conventional solar cells, 

being the basic structure responsible for charge separation. Its principal function is 

to create an internal electric field that effectively separates photogenerated electron-

hole pairs. Prior to the p-n junction, the doping mechanism, a key concept for the 

formation of such junctions, is explained in the following part. 

An important feature of semiconductors is their ability to be doped, which allows for 

the precise manipulation of the concentration of electrons and holes. In c-Si, doping 

is typically achieved using atoms with either three or five valence electrons, most 

conveniently with boron (B) and phosphorus (P). When a P atom is introduced into 

a c-Si lattice, it replaces one of the Si atoms, and its five valence electrons interact 

with four neighboring Si atoms. These four electrons form stable bonds, but the fifth 

electron is easily freed by ambient thermal energy at room temperature, turning into 

a mobile charge carrier. Essentially, a P atom donates a free electron and becomes 

positively ionized. Similarly, when a B atom is introduced into the lattice, its three 

valence electrons form stable bonds with four of its neighboring atoms, leaving one 

missing bond and consequently creating a mobile hole in the lattice while negatively 

ionizing the B atom.  

Doping with P leads to electrons being the majority charge carriers in the 

semiconductor, which makes it an n-type semiconductor; on the other hand, doping 

with B makes the holes the majority charge carriers, turning the semiconductor into 

p-type. Both n-type and p-type c-Si are charge-neutral when they are isolated since 

the ionized doping atoms are compensated by the charge carriers. However, when a 

p-n junction is formed by bringing them in contact with each other, both majority 

carriers diffuse into the other side, creating a “depletion region” at the junction that 
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is depleted of mobile carriers. The lack of charge carriers in this region disrupts the 

charge neutrality by exposing the negatively charged fixed ions in the p-type region 

and positively charged ones in the n-type region. Eventually, it creates an electric 

field and a corresponding built-in potential difference (Vbuilt-in), which sweeps holes 

into the p-type region and electrons into the n-type region for efficient charge carrier 

separation. This Vbuilt-in determines the band bending at the surface. 

The energy band structures of separate p-doped and n-doped c-Si and the band 

structure when a p-n junction is formed by bringing them into contact are shown in 

Figure 1.1. Here, EV, EC, and Evac represent the highest energy level in the valence 

band, the lowest energy level in the conduction band, and the vacuum energy level, 

respectively. Evac is the energy level just outside the solid, which can be thought of 

as the required energy for an electron to be removed from the material.  

The Fermi level (EF), a fundamental concept in solid-state physics, represents the 

electrochemical potential of electrons within a material. Formally, it is the 

thermodynamic work required to add one electron to the system. EF represents the 

energy state that has a 50% probability of being occupied at thermodynamic 

equilibrium.  

The position of EF relative to band edges determines the carrier concentration and 

electrical properties. For an n-type material, EF is closer to EC, and for a p-type 

material, it is closer to EV. A fundamental rule of thermodynamics dictates that for 

any system of materials in thermal and electrical contact, the EF must be uniform 

throughout the system at equilibrium. This uniform EF is achieved by an electron 

flow from higher Fermi level material to lower Fermi level material when they are 

brought into contact until an equilibrium is obtained.  

This requirement for a single, constant electrochemical potential is the foundational 

principle that governs all electronic phenomena at a semiconductor junction, such as 

band bending and the formation of a depletion region.  



 

 

6 

 

Figure 1.1. The energy band diagram of (A) separate n-type c-Si and p-type c-Si, 

and (B) when they are brought into contact 

The work function is defined as the minimum energy needed to excite an electron 

from the Fermi level to the Evac. The electron affinity is the energy between the Evac 

and the EC. The work function and the electron affinity, together with the EF, 

determine how the energy bands of different materials will align when they are 

brought into contact. 
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1.1.2 Heterojunctions 

A p-n junction formed by bringing a p-type c-Si and an n-type c-Si is essentially a 

homojunction because they are both the same material with identical intrinsic 

properties like Eg and electron affinity. However, when two different semiconductor 

materials that have different Eg values and electron affinities are brought together to 

form a heterojunction, the alignment of their Fermi levels results in offsets, or energy 

barriers, in the conduction and valence bands.  

The difference in the electron affinities primarily determines the conduction band 

offset, ΔEC. Hence, since Eg is the difference between EC and EV, the valence band 

offset, ΔEV, is identified as 

∆𝐸𝑉 = ∆𝐸𝐶 − ∆𝐸𝑔 (1.1) 

These band offsets can be engineered by the choice of different materials to control 

the flow of electrons and holes separately, to obtain electron or hole-selective 

characteristics.  

1.1.3 Charge Carrier Recombination 

Recombination is one of the fundamental mechanisms in semiconductors where an 

excited electron from the conduction band and a hole from the valence band meet 

and annihilate each other. The photo-generated electron-hole pairs have to be 

efficiently separated at the p-n junction and collected through the contacts. Although 

in reality, some electrons and holes recombine before they are collected and utilized 

due to certain limitations. The recombination process can severely reduce the 

photocurrent and the efficiency of the solar cell. In this section, the recombination 

mechanisms that take place during solar cell operation are explained. Figure 1.2 

summarizes the different types of recombination processes across the band gap. 
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Figure 1.2. A schematic showing the generation and different types of 

recombination processes across the band gap of a semiconductor 

1.1.3.1 Direct Recombination 

Direct recombination, a band-to-band process, is essentially the opposite of photon 

absorption. An already excited electron in the conduction band falls into the valence 

band by filling a hole, and gives up its energy by emitting a photon. While in a direct 

band gap material, such recombination requires only an electron and a hole, an 

indirect band gap material like c-Si necessitates the involvement of a phonon in 

addition to the electron and hole, due to the mismatch between the valence band 

maximum and conduction band minimum in momentum space. The addition of a 

phonon turns this mechanism into a three-quasi-particle process and significantly 

reduces its probability. Therefore, such recombination is usually negligible for 

indirect band gap materials like c-Si.  

1.1.3.2 Auger Recombination 

In Auger recombination, the excess momentum and energy of a charge carrier are 

transferred to another charge carrier of the same type, so that the recombination can 
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happen. If the particle absorbing the energy is an electron, it is excited into higher 

energy levels and then loses its energy in the form of heat and vibration. Similarly, 

if it is a hole, it moves into lower energy levels and then loses its energy as vibration. 

Auger recombination is a three-quasi-particle process; thus, it heavily depends on 

the charge carrier density. This type of recombination dominates in highly doped 

regions. 

1.1.3.3 Shockley-Read-Hall (SRH) Recombination 

SRH recombination, also known as defect recombination, occurs via impurities or 

trap states located in the band gap [5]. These trap states are products of impurities, 

crystallographic defects, or dangling bonds in the lattice. When an electron-hole pair 

is recombined in a trap state, the energy is released primarily as phonons instead of 

photons. SRH recombination is mostly negligible in today's extremely pure c-Si 

bulks. It is mostly observed at the surface of the semiconductor and the interfaces. 

The abrupt termination of the crystal lattice leads to dangling bonds and forms a vast 

number of surface defects and trap states, which causes a significantly high density 

of interface states (Dit). These interface states act as alternative routes for charge 

carriers to recombine. The surface recombination is the primary mechanism for 

carrier loss and limits the efficiency of the solar cell.  

Reducing the surface recombination is critical to reach high-efficiency solar cells. It 

can be reduced either by excessively doping the surface so that the minority carrier 

concentration can be reduced near the surface, or by passivating the surface by 

depositing a thin film. Although the first case used to be historically common, it 

significantly increases the Auger recombination and limits the efficiency [6]. 

Therefore, in order to reduce the SRH recombination at the semiconductor surface 

without causing significant Auger recombination, various passivating layers are 

employed in modern solar cell designs. 
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1.1.4 Surface Passivation 

The surface passivation is applied to reduce the recombination near the 

semiconductor surface. The high recombination rate at the surface is mainly a 

consequence of dangling bonds at the surface, which create alternative paths for 

electrons and holes to recombine. In order to diminish the rapid recombination at the 

surface, two types of passivation mechanisms can be utilized: 

• Chemical Passivation: This type of passivation involves neutralizing the 

dangling bonds by introducing another atomic species or by depositing a thin 

layer onto the surface. These introduced atoms create bonds with the surface 

layer, effectively tying the dangling bonds up and reducing the trap states or 

the Dit.  

• Field-Effect Passivation: Field-effect passivation, also known as electrical 

passivation, creates an electric field near the surface to repel the minority 

carrier away from the surface. The electric field is generated by the fixed 

charges of a passivation layer or by heavy doping. Instead of reducing the 

Dit, it reduces the minority carrier density near the surface, so the 

recombination becomes less probable.  

Various types of materials can be used to realize either or both of these passivations. 

Aluminum oxide (AlOx) and silicon nitride (SiNx) are two of the most popularly used 

ones. AlOx is typically deposited by atomic layer deposition (ALD), typically on the 

back surface of p-type c-Si solar cells. Its negative fixed charges create a field-effect 

at the surface, repelling minority carrier electrons away. SiNx is commonly deposited 

by plasma-enhanced chemical vapor deposition (PECVD). Even though it is mostly 

used as an anti-reflective coating (ARC) layer, it also provides field-effect 

passivation, reducing surface recombination. These layers are also hydrogen-rich, 

that is, they contain high numbers of hydrogen atoms after they are deposited. When 

they are annealed at high temperatures, they release their hydrogen into the 

semiconductor surface. The hydrogen atoms bond with dangling bonds and provide 

extra chemical passivation. Using hydrogen atoms as a means of passivation is called 
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“hydrogenation”, which is an important process in order to reduce the Dit levels near 

the semiconductor surface. Hydrogenation can also be provided by annealing the 

semiconductor in H2 or forming gas (a mixture of hydrogen and nitrogen) ambient.  

Silicon oxide (SiOx) is another passivating layer that has been commonly used for 

its great chemical passivation. It has been shown that the Dit values can be reduced 

to an order of 109 cm-2 after annealing c-Si passivated with SiOx and a sacrificial 

AlOx capping [7]. SiOx is commonly used together with doped poly-Si layers in the 

so-called tunnel oxide passivated contact (TOPCon) structure [8]. Although this 

structure results in excellent surface passivation, doped poly-Si causes parasitic 

absorption, a concept where some of the photons are absorbed in a layer above the 

semiconductor bulk, so the generated electron-hole pairs recombine back before they 

can be effectively separated. In Figure 1.3, a schematic representation of the interface 

properties of these layers is given. 

Figure 1.3 Schematic representation of interface defect densities vs fixed charge 

densities of the most common passivation layers, adapted from Cuevas et al. [9] 
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These passivating thin films are used in various stack combinations. Since these 

layers are generally insulators, they are incorporated into different designs so that 

they can passivate the c-Si surface without completely blocking the current transport 

into the metal contact. These designs most commonly include methods such as: 

• depositing the film extremely thin, enabling current transport via tunneling 

and through pinholes [10]; 

• applying the films locally on the c-Si surface [11]; or 

• opening tiny windows through the passivating insulating layer to form local 

contacts between metal and c-Si [12].  

When a passivation layer allows for charge transport, either through tunnelling or by 

being inherently conductive, it can then function as a passivating contact. A 

passivating contact is, essentially, a layer that simultaneously passivates the surface 

and participates in current transport. Their Eg and work function induce a band 

alignment with Si and metal in such a way that these layers allow one type of charge 

carrier to be transported; hence, they provide carrier-selectivity. 

In addition to providing excellent surface passivation, a carrier-selective passivating 

contact should minimize the contact resistivity (ρc). ρc describes the electrical 

resistance at the interface between the semiconductor and the metal contact. Low ρc 

is vital for the efficient extraction of the majority carriers to the external circuit.  

In conclusion, a good passivating and carrier-selective contact is responsible for 

minimizing the recombination current density (J0) by achieving superior passivation 

quality, which directly contributes to open-circuit voltage (Voc), and minimizing ρc 

by successfully conducting the current to the external circuit with low resistive 

losses, which translates into high fill factor (FF).  

1.1.5 Solar Cell Parameters 

Solar cell performance is quantitatively evaluated using key device parameters 

derived from their current-voltage (I-V) characteristic curves. These parameters are 
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fundamental for evaluating how efficiently a solar cell converts incident sunlight into 

electrical energy and are crucial for analyzing potential issues within the cell 

structure or materials. 

1.1.5.1 Open-Circuit Voltage (Voc) 

Voc is the maximum voltage that a solar cell can produce when no external load is 

connected. It mainly serves as an indicator of passivation quality. It is highly 

sensitive to recombination; therefore, a high Voc is typically accompanied by a low 

J0. 

1.1.5.2 Short-Circuit Current Density (Jsc) 

Jsc represents the maximum current density (Isc/cell area) that flows through a solar 

cell when the voltage across it is zero. It mainly serves as an indicator of the device’s 

ability to capture and effectively utilize the incident solar spectrum. A high Jsc is 

achieved by maximizing the photon absorption and minimizing carrier losses due to 

recombination or parasitic absorption of front layers. 

1.1.5.3 Fill Factor (FF) 

FF is a dimensionless parameter that quantifies the squareness of the J-V curve. It is 

defined as the ratio of the extracted maximum power from the cell to the theoretical 

maximum power. It primarily indicates the resistive losses throughout the device. 

1.1.5.4 Power Conversion Efficiency (PCE) 

The efficiency of a solar cell is the vital overall parameter that represents the 

percentage of incident solar power that is being converted into electrical power by 

the solar cell. It is calculated as 
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PCE =  
𝑉𝑜𝑐𝐽𝑠𝑐𝐹𝐹

𝑃𝑖𝑛

(1.2) 

where Pin is the incident solar power.  

1.2 Solar Cell Designs 

The advancement of standard crystalline silicon solar cell technology reflects an 

ongoing development aimed at overcoming limits while improving performance, 

mainly through enhanced passivation and contact strategies.  

 

Figure 1.4. Schematics of common (A) Al-BSF, (B) mono-facial PERC, (C) mono-

facial TOPCon, (D) bifacial PERC, and (E) bifacial TOPCon solar cells 

1.2.1 Aluminum Back Surface Field (Al-BSF) Solar Cells 

The Al-BSF cell was considered the "standard solar cell" in the industry for a long 

time. In this design, the silicon wafer's entire back surface is covered with an 

aluminum layer (Figure 1.4A). During the high-temperature firing, aluminum 

diffuses into the silicon and creates a heavily doped p+ region, known as the back 

surface field. This electric field at the rear surface assists in preventing minority 

carrier electrons from recombining at the back contact. Al-BSF cells were effective 
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for their period, but their maximum efficiency was constrained by a less effective 

direct metal/semiconductor back contact, which introduces a large number of Dit. 

This resulted in larger recombination losses at the back surface. 

1.2.2 Passivated Emitter and Rear Contact (PERC) Solar Cells 

PERC technology marked a significant advancement, rapidly superseding Al-BSF 

cells and achieving market dominance, with almost 70% market share by 2023 [3]. 

The core innovation in PERC cells is the introduction of a dielectric passivation 

layer, typically composed of AlOx or SiNx, on the rear surface, beneath the metal 

contacts (Figure 1.4B & 1.4D). This passivation layer stack substantially reduces 

surface recombination losses through both chemical passivation and field-effect 

passivation by substantially reducing the total surface area exposed to direct 

metal/semiconductor contact. Additionally, SiNx functions as an internal rear 

reflector, directing unabsorbed light back into the silicon wafer, thereby improving 

photon absorption and enhancing both Voc and Jsc. PERC modules typically achieve 

efficiencies near 21% with single cell efficiencies reaching 24% [3,13]. However, 

PERC cells suffer from light-induced degradation (LID), which can cause their 

efficiency to diminish over time. Additionally, the reliance on metal/semiconductor 

contacts at the rear side fundamentally limits the maximum efficiency of this 

structure. Although the PERC design currently dominates the PV market, it is 

steadily getting replaced by other advanced passivation designs, mainly TOPCon.  

1.2.3 Tunnel Oxide Passivated Contact (TOPCon) Solar Cells 

TOPCon technology, which is now gaining a lot of popularity and starting to push 

PERC cells out of the market, is the next evolutionary step in crystalline silicon solar 

cells. By adding an ultra-thin SiOx layer (about 1-2 nm thick) and a poly-Si layer, 

TOPCon cells expand on the PERC concept by completely removing the 

metal/semiconductor interface (Figure 1.4C & 1.4E). Usually applied to both the 
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front and rear surfaces, this "tunnel oxide passivated contact" arrangement allows for 

extremely selective carrier extraction with J0 values below 10 fA/cm2 [14], with their 

module efficiencies reaching 22.5% [3]. The lab-scale solar cells utilizing TOPCon 

design show remarkable efficiencies up to 26% [15]. In addition to offering superior 

passivation that reduces recombination losses for minority carriers, the ultra-thin 

tunnel oxide layer enables majority carriers to "tunnel" through to the polysilicon 

layer with low resistance, reducing the contact resistivity and the resistive losses. 

The performance and lifetime of cells are greatly enhanced by this dual role. 

Advantages of TOPCon cells include excellent thermal performance, with minimal 

performance degradation at high temperatures, and high resistance to degradation 

mechanisms like LID due to employing n-type c-Si as the bulk instead of p-type. 
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CHAPTER 2  

2 LITERATURE REVIEW 

2.1 AZO:H as a Transparent Conductive Oxide (TCO) and Passivating 

Layer 

Zinc Oxide (ZnO) thin films, both as intrinsic and doped, are widely recognized as a 

TCO layer, employed mostly on silicon heterojunction (SHJ) solar cells, and have 

also been recently recognized for their ability to passivate the c-Si surface [16,17]. 

The commonly used passivation layers, as discussed earlier, are either insulating 

(such as AlOx, SiNx, SiOx) or not transparent and result in parasitic absorption (such 

as poly-Si). Therefore, a passivating transparent and conductive material like ZnO 

has great potential as a passivating contact. The conductivity of ZnO is generally 

improved by doping with various elements, like boron [18], indium [19], and most 

commonly aluminum [20–22] to introduce extra charge carriers. In this thesis, we 

will focus on aluminum-doped ZnO (AZO). 

When ZnO is doped with Al, the Al ions substitute for Zn ions. Al has one more 

valence electron than the Zn ions, so this substitution provides one extra free 

electron, increasing the carrier concentration and improving the conductivity. AZO 

can be deposited by various methods, such as temporal and spatial ALD [23,24], 

sputtering [25], and the sol-gel method [26]. Later, AZO can be hydrogenated to 

form hydrogenated AZO (AZO:H) with various methods to provide a better 

passivating quality, if it was not already simultaneously hydrogenated during the 

deposition. Both AZO:H and ZnO are polycrystalline materials that tend to grow in 

a hexagonal wurtzite crystal structure predominantly along the c-axis for the (002) 

plane, meaning their growth is perpendicular to the substrate surface [27]. It was 

observed that doped ZnO results in more oriented crystals, improving the resistivity 

[28].  
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The electron affinity of AZO:H is about 4.4 eV, and its work function (around 4.07-

4.12 eV depending on the doping rate [29]) is below the work function of c-Si; hence, 

it keeps the holes away from the surface, applying an electron-selective characteristic 

along with the field-effect passivation [22]. The Eg of the AZO:H typically falls 

between 3.22-3.64 eV [29]. This Eg is highly dependent on the doping level due to 

the Burstein-Moss effect, where the apparent Eg of a material increases due to the 

lowest energy levels in the conduction band being fully occupied (or the highest 

energy levels of the valence band for p-type materials), effectively increasing the 

energy required to overcome the Eg and making the layer more transparent for shorter 

wavelengths [22,30]. In addition, AZO:H has a refractive index between 1.80 and 2, 

making the layer also suitable for use as an ARC. 

The electrical resistivity is a key property for any TCO. For high-quality AZO:H 

layers, resistivities between 10-3 to 10-4 Ωcm are typically achieved, which are 

sufficiently low for most solar cell applications [31]. The sheet resistance (RSheet), 

which is the parameter that determines the lateral conduction loss of a layer, is highly 

dependent on the thickness of the AZO:H layers. Values between 100-250 Ω/sq are 

reached with >100 nm AZO:H layer, while 40 nm thin AZO:H layers can result in 

1150 Ω/sq [32,33].  

When the AZO:H is brought into contact with n-type poly-Si, their similar electron 

affinities (both at around 4 eV) align well with each other, leading to conduction 

bands at similar energy levels with a small energy barrier [34]. However, the large 

difference between their Eg (3.22-3.64 eV for AZO:H, 1.12 eV for Si) results in their 

valence bands having a large energy difference. Additionally, the similar work 

function of AZO:H and n-type poly-Si induces minimal band bending near the 

surface, leaving a large asymmetry with the small energy barrier at the conduction 

band and a large barrier at the valence band [34–36]. This significant energy barrier 

asymmetry facilitates electron transport while impeding hole transport, rendering the 

AZO:H electron-selective for Si. 
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On the other hand, in the structures employing AZO:H, the chemical passivation is 

not achieved solely by the AZO:H layer itself. Generally, a thin interfacial SiOx is 

grown thermally, chemically, or by UV/O3, or to simplify the fabrication steps, the 

native SiOx grown during the RCA cleaning of the wafers is used directly to 

chemically passivate the c-Si surface [17,21,24]. Among these different SiOx layers, 

UV/O3 and RCA SiOx lead to the best passivation qualities. This passivation quality 

is later significantly improved by a vital post-deposition annealing process, 

commonly a forming gas anneal (FGA) at temperatures between 400-500°C [37]. 

Forming gas is a mixture of N2 and H2, typically about 95% to 5% respectively. 

During the process of FGA, the molecular H2 dissociates into atomic hydrogen. 

These hydrogen atoms diffuse through AZO:H to the c-Si/SiOx interface and further 

passivate the remaining defects and dangling bonds.  

In order to achieve excellent passivation, the FGA step is realized with a sacrificial 

AlOx capping layer on top of AZO:H. It was observed that without a capping layer, 

hydrogen starts effusing from the AZO:H layer before the interlayer reaches the peak 

passivation [17,21]. This sacrificial AlOx layer can then be chemically etched using 

a Na2CO3 solution [24]. 

The symmetrical n-type c-Si/SiOx/AZO:H structures in literature result in impressive 

peak iVoc values of about 740 mV, with solar cells employing SiOx/AZO:H rear 

passivating contact avhieving 23.17% efficiency on small area cells [29,38]. 

The combination of transparency, conductivity, and electron-selective passivating 

properties puts AZO:H in a unique position, opening the door for future designs 

where AZO:H can be employed as a passivating TCO, ARC, or recombination 

junction for tandem solar cell applications. Although AZO:H is extensively used as 

a passivating contact on c-Si with various interfacial SiOx, its interaction with poly-

Si remains largely unexplored. This research area is critical, as poly-Si is the key 

component of TOPCon solar cells, the emerging industrial standard. The AZO:H 

part of this thesis is focused on this important research gap, to investigate the synergy 

of AZO:H and n-type poly-Si. 
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2.2 MoOx as a Hole-Selective Passivating Layer  

Molybdenum oxide (MoOx) is the sub-stoichiometric form of MoO3, where the ratio 

of oxygen to molybdenum, x, is typically less than 3 and higher than 2. This oxygen 

deficiency is the source of conductivity in MoOx layers, distinguishing them from 

stoichiometric MoO3, which is an insulating material [39]. This characteristic 

behavior is observed because the oxygen deficiency in MoOx leads to the formation 

of oxygen vacancy-derived defect energy states in the large band gap, below the 

minimum of the conduction band. These defect states reach up to the Fermi level, 

making the material semi-metallic and enabling charge carrier transport through 

these defect states [40,41]. The sub-stoichiometry of MoOx arises during the low-

temperature deposition of the source MoO3 by thermal evaporation or sputtering 

[41]. 

The MoOx has an Eg of 3-3.35 eV, which makes the layer transparent for the vast 

majority of the useful solar spectrum for c-Si solar cells [42]. This is useful for front 

surface applications of MoOx since it will not lead to parasitic absorption.  

One of the most vital properties of MoOx that determines its hole-selective 

characteristic is its exceptionally high work function above 5 eV [43]. This high work 

function is the main reason that enables MoOx to induce strong band bending at the 

c-Si surface. Its work function heavily depends on the oxygen/molybdenum ratio, 

with more stoichiometric films exhibiting a larger work function [44]. Therefore, 

introducing a trade-off between the hole-selectivity and conductivity. The MoOx 

films employed as hole-selective layers need to strike a balance where they are 

conductive enough not to introduce significant resistance, yet stoichiometric enough 

to keep their high work function. Common MoOx hole-selective layers on p-type c-

Si may simultaneously exhibit a significantly low ρc of about 0.2 mΩcm2 with a 

moderate J0 of 200 fA/cm2 [41].  

The hole selectivity of MoOx on p-type c-Si can be understood by considering the 

alignment of their energy bands upon contact. In the initial state before contact, the 
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Fermi level of the p-type c-Si lies close to the valence band. The work function of 

MoOx is larger than the p-type c-Si; therefore, its Fermi level is at a lower energy 

than c-Si relative to the vacuum level. When they are brought into contact, the Fermi 

levels must be aligned through the flow of the electrons of the smaller work function 

c-Si to the higher work function MoOx until the electrochemical potential is constant 

throughout the system. The lack of electrons near the surface will result in c-Si 

energy bands bending upward, bringing the valence band even closer to the Fermi 

level. This leads to an “accumulation” of holes on the p-type c-Si surface, turning 

the surface into a p+-region, forming an accumulation layer [42,45,46]. Likewise, for 

the case of MoOx brought into contact with an n-type c-Si, again due to the higher 

work function of MoOx, the electrons at the surface will flow to MoOx and expose 

positively charged fixed ions, depleting the region of electrons. Due to heavy upward 

band bending, the n-type c-Si at the surface will effectively turn into a p-type region 

since the valence band gets closer to the Fermi level [44,47].  

This strong upward band bending at the c-Si surface attracts holes while pushing 

away the electrons, hence resulting in hole selectivity. The holes at the c-Si surface 

tunnel into and through the network of defect energy states located in the MoOx band 

gap, to be collected [48].  

Alongside providing field-effect passivation by shielding the surface from electrons, 

MoOx also provides chemical passivation by unintentionally forming an interfacial 

SiOx at the MoOx/c-Si interface [42,49]. The thin SiOx layer is simultaneously 

formed during the MoOx deposition and reduces the Dit at the highly defective c-Si 

surface. Therefore, the overall passivation quality of the MoOx layer is a synergistic 

outcome of the strong field-effect passivation provided by MoOx and the chemical 

passivation from the interfacial thin SiOx.  

However, the passivation quality of MoOx, along with its excellent hole-selectivity, 

strongly degrades when this layer is exposed to high-temperature processes such as 

annealing, mainly due to the reduction of the work function of MoOx and thickening 

of the interfacial SiOx. MoOx showed reduced Voc and Jsc after annealing under N2, 
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even at temperatures as low as 160 °C [50]. Although depositing MoOx on pre-grown 

thermal SiOx slightly increased its thermal stability to withstand temperatures up to 

250°C [51], it is nevertheless preferable to integrate MoOx into structures in a way 

that avoids subsequent thermal processing. 

The MoOx layer is commonly employed on the front side of SHJ structures as a hole-

selective layer, resulting in solar cells exceeding 23.8% efficiencies [52]. Due to its 

popularity on SHJ, MoOx is typically used on structures with n-type c-Si bulk 

[52,53]. There are a few studies integrating MoOx into the industrial workhorse p-

type PERC-like structures as rear passivation. Depositing full-area MoOx/Ag hole-

selective contacts on industrial-size p-type solar cells resulted in 17.65% efficiencies 

with a relatively low Voc of 626 mV [49]. Low Voc is mainly due to insufficient 

chemical passivation provided by the full-area MoOx. Depositing MoOx as local rear 

contacts through AlOx/SiNx rear-passivation stack resulted in 20.4% efficiency with 

improved 658 mV Voc on non-industrial small-area high-quality float zone (FZ) 

wafers [54]. In this thesis, the high-potential local MoOx back contact design was 

implemented on industrial-size PERC solar cells, prepared by industrial processes 

and precursors. 
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CHAPTER 3  

3 CHARACTERIZATION METHODS 

This chapter describes the characterization methods used to examine the optical, 

electrical, and physical characteristics of AZO:H and MoOx thin films deposited in 

this work. Each section briefly overviews the fundamental principles of the methods 

and explains how these methods were utilized in this study. 

3.1 Spectroscopic Ellipsometry (SE) 

SE is a non-destructive and non-contact method, vital for a better understanding of 

the thin film thickness and optical properties such as refractive index and extinction 

coefficient. During the operation of SE, a beam of light with typically linear 

polarization is sent to a sample surface at an incident angle from a polarizer, reflected 

from the sample surface, becomes elliptically polarized, and collected in the 

analyzer. 

The polarization of the light beam can be separated into two perpendicular 

components. These are the p-polarized component that is parallel to the plane of 

incidence and the s-polarized component that is perpendicular to the plane of 

incidence (Figure 3.1). After the light is reflected from the surface, both these 

components will undergo a phase shift. The phase shift for p-polarized and s-

polarized components can be different, so a parameter named delta (Δ) can be 

defined as the change in the phase differences between p-polarized and s-polarized 

components before and after the reflection.  
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Figure 3.1. A schematic representation for SE  

Additionally, after the reflection, the amplitudes of p-polarized and s-polarized 

components will also be reduced by a different amount. The total reflection 

coefficients for p-polarized (Rp) and s-polarized (Rs) components are defined as the 

ratio of the amplitudes of the light wave before and after the reflection. Psi (Ψ) is a 

parameter corresponding to an angle, whose tangent gives the ratio of the magnitudes 

of Rp and Rs, shown as 

tan Ψ =  
|𝑅𝑝|

|𝑅𝑠|
 (3.1) 

The fundamental equation of ellipsometry, which is the complex ratio of Rp and Rs, 

can be written as 

𝑅𝑝

𝑅𝑠
=  tan Ψ 𝑒𝑖Δ (3.2) 

The analyzer of the SE measures Ψ and Δ. Later, these parameters are fitted to 

existing mathematical models depending on the properties of the thin film that is 

being analyzed [55]. 

The SE measurements give accurate results even for a few nanometer-scale thin films 

due to the high sensitivity of the parameter Δ. However, the measurements are highly 
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sensitive to surface roughness and require extremely flat surfaces with uniform 

thickness inside the measurement spot. 

In this thesis, GES5E-Semilab Sopra SE was used on saw damage etched (SDE) and 

polished samples. Thicknesses of all the deposited thin films were measured by SE. 

For AZO:H, the Tauc-Lorentz model with Drude oscillators was used [17], and for 

MoOx samples, the Cauchy with Urbach Tail model was used for fitting [49]. 

3.2 Quasi-Steady-State Photoconductance (QSSPC) 

The minority carrier lifetime is the typical time it takes for minority carriers to 

recombine after their excitation. It identifies the quality of the semiconductor bulk 

as well as the passivation quality on the surface. The effective lifetime (τeff) includes 

the lifetime values corresponding to the intrinsic lifetime (τintrinsic) for carriers 

recombining due to Auger and radiative recombination, SRH lifetime (τSRH) for SRH 

recombination at bulk, and surface lifetime (τsurface) for the surface recombination. 

Mathematically, it can be represented as 

1

𝜏𝑒𝑓𝑓
=

1

𝜏𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐
+

1

𝜏𝑆𝑅𝐻
+

1

𝜏𝑠𝑢𝑟𝑓𝑎𝑐𝑒
 (3.3) 

The effective lifetime is commonly measured by using a Sinton Instrument WCT-

120. During the measurement, the semiconductor sample is placed on an inductive 

coil that forms one arm of a radio-frequency (RF) bridge circuit. The sample is 

momentarily illuminated by a flash of light. The flash of light generates excess 

charge carriers (Δn), which increases the photoconductance, and this leads to a 

change in the impedance of the coil underneath the sample. The change in impedance 

creates an imbalance in the RF bridge, producing an output voltage. The output 

voltage can be converted into an absolute measure of photoconductance by 

calibrating the measurement using samples with known conductance. Later, Δn can 

be calculated using the wafer thickness and carrier mobilities. Δn is related to the 

change in photoconductance (σL) as 
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Δ𝑛 =  
𝜎𝐿

𝑞𝑊(𝜇𝑝 + 𝜇𝑛)
 (3.4) 

where q represents the electric charge, W is the thickness of the semiconductor, and 

μp and μn are the mobility of holes and electrons, respectively. The effective lifetime 

can then be measured by equation 3.5 after the photogeneration rate (G) is measured, 

again, by the same device. 

𝜏𝑒𝑓𝑓 =
Δn

𝐺 −
𝑑Δ𝑛
𝑑𝑡

 (3.5) 

The principal application of QSSPC in this thesis is the quantitative evaluation of 

surface passivation quality realized by AZO:H and MoOx thin layers. 

3.3  Characterization of The Optical Properties 

3.3.1 UV-Visible Light Spectroscopy 

UV-visible light spectroscopy is a fundamental analytical method for determining a 

material’s optical characteristics, particularly transmission, reflection, and 

absorption. A standard UV-visible light spectroscopy is made up of a broadband light 

source, a photodetector, a sample holder, and a dispersive part, such as a diffraction 

grating, to select monochromatic light. 

During a transmission measurement, the transmittance is calculated by taking the 

ratio of the intensity of a monochromatic light beam that passes through the sample 

to the intensity of another beam that passes through a reference. Similarly, the 

reflection is measured by comparing the light intensity reflected by the sample to the 

intensity of the reference light. In this work, the UV-visible light spectroscopy was 

used to measure the transmittance of the AZO:H and MoOx thin films.  
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3.3.2 External Quantum Efficiency (EQE) 

EQE is used for completed solar cell devices to measure their ratio of the number of 

charge carriers collected in an external circuit to the number of photons of different 

wavelengths sent upon the front surface of the solar cell. Ultimately, EQE indicates 

how efficiently a solar cell turns incident photons into useful current for varying 

wavelengths. 

The EQE spectrum is a powerful tool for understanding the performance loss 

mechanism in the solar cell. Losses in the short wavelength region indicate a 

potential parasitic absorption by the layers on the front surface of the cell, or high 

recombination near the front surface. On the other hand, losses in the long 

wavelength region indicate incomplete light absorption or inefficient collection of 

the charge carriers that were generated deep in the bulk of the cell. 

The EQE measurement includes both electrical and optical losses since it compares 

the carriers collected by the solar cell to the total number of sent photons. The EQE 

is often realized with reflection and transmission measurements to exclude the 

photons that are not absorbed by the solar cell. This is called the internal quantum 

efficiency (IQE), which is the ratio of the number of charge carriers collected in an 

external circuit to the number of photons absorbed by the solar cell.  

In this thesis, EQE and IQE measurements were taken for fabricated PERC cells 

employing rear MoOx passivating contacts. EQE, IQE, and UV-visible 

measurements were conducted using a BENTHAM PVE300 tool. 

3.4 Electrical Resistance Measurements 

3.4.1 Four-Point-Probe Method 

The four-point-probe measurements are commonly used to measure the sheet 

resistance (RSheet) of the thin-films or doped c-Si surface. The measurement tool is 
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made up of four parallel, equally spaced probes. These probes are brought into 

contact with the sample surface. A current is sent from one outer probe to the other 

while the two inner probes measure the voltage. The RSheet is given by  

𝑅𝑆ℎ𝑒𝑒𝑡 =
𝜋

ln 2

𝑉

𝐼
≈ 4.532

𝑉

𝐼
 (3.6) 

For the four-point-probe measurements, the thickness of the film should be much 

smaller than the probe spacing. The sample should be square-shaped and large 

enough to overcome edge effects. If these conditions are not realized, then Equation 

3.6 must be used with the appropriate correction factors. Another important point 

that needs to be considered is the substrate underneath the thin film. For accurate 

measurements, the thin film must be more conductive than the layers underneath; 

otherwise, the current will flow through the more conductive layer instead of the thin 

film. In order to prevent this problem, the AZO:H layers were deposited on square-

shaped insulating glass substrates for the accurate extraction of RSheet.  

3.4.2 Cox-Strack Method 

The Cox-Strack method is used to measure the ρc, that is, the resistivity between the 

semiconductor and the metal contact. When the passivating contacts are present 

between the semiconductor and the metal, their resistive effects are also included in 

the measured ρc. 

During the Cox-Strack measurements, current passes from a top contact through the 

bulk of the sample to a full-area back contact. The front contacts of the test structure 

involve circular contacts of different sizes, as shown in Figure 3.2 (A).  
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Figure 3.2. Representative schematics for (A) the sample design used for Cox-Strack 

and (B) a simplified sketch showing the current spreading (in red) through the c-Si 

bulk while the current flows from the top to the bottom contact (spread backside area 

shown in purple) [56] 

In the Cox-Strack method [57], current is sent from the front circular contact to the 

back contact in the dark, and the total resistance RT is measured for different voltage 

values. The components of the measure RT can be written as 

𝑅𝑇 = 𝑅𝑐 + 𝑅𝑆𝑝𝑟𝑒𝑎𝑑 + 𝑅0 (3.7) 

𝑅𝑐 =
𝜌𝑐

𝑓𝑟𝑜𝑛𝑡 𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑟 𝑎𝑟𝑒𝑎
=

𝜌𝑐

𝜋𝑑2

4

 (3.8)
 

𝑅𝑆𝑝𝑟𝑒𝑎𝑑 =
𝜌𝑤

2𝑑
𝐵 (3.9) 

where Rc is the contact resistance that includes both the interface resistances (at 

contact metal/passivating layer/c-Si) and the bulk resistances of the contact metal 

and the passivating layer. RSpread is called the spreading resistance and represents the 

resistance applied to the current while it spreads horizontally in the c-Si bulk. ρw is 

the bulk resistivity of the semiconductor, d is the diameter of the front circular 

contacts, and B is called the geometrical factor that models the spatial spreading of 

the flowing current. R0 is the residual resistance, which includes the resistive effects 

of back contact and the probe, both of which are independent of the contact area. The 
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resistance applied by the metal bulk is omitted in Equation 3.7 since it is significantly 

smaller than all the other components.  

In this thesis, an extended version of Cox-Strack (recently proposed by Folchert and 

Brendel [58]) was used, which enables extracting ρc from symmetric lifetime 

samples. Due to samples being symmetric, a new resistance component RBack, 

backside contact resistance, was introduced as a replacement for R0 in Equation 3.9. 

RBack corresponds to the contact resistance applied by the passivation layer at the 

back of the symmetric sample as  

𝑅𝐵𝑎𝑐𝑘 =
𝜌𝑐

𝑠𝑝𝑟𝑒𝑎𝑑 𝑏𝑎𝑐𝑘𝑠𝑖𝑑𝑒 𝑎𝑟𝑒𝑎
(3.10) 

Notice that the backside contact resistance term does not consider the whole back 

surface area, only the area where the current is able to spread at the back surface of 

c-Si. A simplified drawing of the current spreading in the c-Si bulk while flowing 

into the back surface, and the spread backside area was depicted in Figure 3.2 (B).  

The geometrical factor B in Equation 3.9 determines the spatial spreading geometry, 

and thus the spread backside area. Therefore, RBack depends on the term B, and 

ultimately, the selected RSpread model. A spreading geometry was suggested by 

Folchert and Brendel, which is a slightly modified version of the spreading geometry 

proposed by Rijnbach et al. [59]. In this thesis, both spreading geometries were 

employed to calculate and compare ρc. 

 When Equations 3.8 and 3.10 are taken into consideration, Equation 3.7 can be 

rewritten (by replacing R0 with RBack) as 

𝑅𝑇 − 𝑅𝑆𝑝𝑟𝑒𝑎𝑑 = 𝜌𝑐 (
1

𝑓𝑟𝑜𝑛𝑡 𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑟 𝑎𝑟𝑒𝑎
+

1

𝑠𝑝𝑟𝑒𝑎𝑑 𝑏𝑎𝑐𝑘𝑠𝑖𝑑𝑒 𝑎𝑟𝑒𝑎
) (3.11) 

The ρc value can be extracted from Equation 3.11. 

In this thesis, the Cox-Strack method was used to obtain the ρc of p-type c-

Si/MoOx/Ag passivating contacts for different MoOx thicknesses (between 3.5-30 

nm). The dark I-V measurements were taken using a 2425-Keithley source meter. 
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3.4.3 Transfer-Length Method (TLM) 

Although the Cox-Strack method is a powerful tool for obtaining ρc, it requires 

polished flat surfaces and is not suitable for use on textured surfaces. This is mainly 

because the textured surfaces with their complex geometries, featuring pyramids, 

grooves, and other irregularities, violate the assumptions made for spreading 

resistance models to work properly. For the textured surfaces, as is the case for 

symmetric AZO:H lifetime samples that are used in this study, TLM is the more 

proper way of extracting ρc. 

 

Figure 3.3. A schematic showing the current flow path and LT during a TLM 

measurement 

TLM uses samples with front rectangular metal bars. The total resistance RT is 

measured between varying distances, such as the first and second metal bars, the first 

and third, the first and fourth, and so on. The path of the current passing from one 

metal pad to another is depicted in Figure 3.3A. The RT measured for this path can 

be shown as 

𝑅𝑇 = 2𝑅𝑐 + 𝑅𝑆ℎ𝑒𝑒𝑡

𝑙

𝑊
(3.12) 

Where Rc is the contact resistance, l is the distance between metal pads, and W is the 

width of the metal pad surface that is perpendicular to the current flow direction. 

Similar to Equation 3.7, the resistance applied by the metal bulk is omitted in 

Equation 3.12 due to being significantly smaller than the other terms. 
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After measuring RT values for different distances l, the slope of the linear fit of the 

RT vs l graph will give the RSheet, and the residual resistance at l = 0 will be equal to 

two times Rc. However, the ρc value cannot be extracted by simply multiplying the 

metal bar area by RT. That is because most of the current will be sent and collected 

from a small area next to the edges of the metal bars, as shown in Figure 3.3A. The 

length of this area is called the transmission length, LT, and it is equal to 

𝐿𝑇 = √
𝜌𝑐

𝑅𝑆ℎ𝑒𝑒𝑡
 (3.13) 

Therefore, the effective metal bar area will be equal to LT multiplied by W, which 

leads to 

𝑅𝑐 =
𝜌𝑐

𝐿𝑇𝑊
=

√𝑅𝑆ℎ𝑒𝑒𝑡𝜌𝑐

𝑊
 (3.14) 

After extracting the RSheet and Rc from the RT vs l graph, the ρc can be calculated from 

Equation 3.14. 

The AZO:H on n-type TOPCon samples were used for the TLM measurements with 

Ag metal contact bars deposited on one surface by screen printing. PV-Tools TLM-

SCAN was used for the measurements. 

3.5 Scanning Electron Microscopy (SEM) 

SEM creates high-resolution images of the sample surface by using a focused beam 

of high-energy electrons to scan the surface. The sample chamber is kept under high 

vacuum to prevent the electron beam from being scattered by molecules in the air. 

In this thesis, SEM was employed only for imaging the surface morphology and 

topography, predominantly by the detection of secondary electrons. These electrons 

are low-energy electrons (less than 50 eV), which are generally released from the 

uppermost few nanometers due to inelastic interactions with the sent electron beam. 

Due to their shallow origin, secondary electrons are quite sensitive to the surface 
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topography, which enables SEM to create extremely high-magnification images that 

reveal grain size, roughness, and surface texture. In this thesis, QUANTA 400F Field 

Emission SEM was used to investigate the cross-section and top-down view of 

different AZO:H layers deposited on 200 nm thick SiOx. 
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CHAPTER 4  

4 FABRICATION AND EXPERIMENTAL FLOW 

In this chapter of the thesis, the fabrication steps of the TOPCon samples employing 

AZO:H and PERC samples employing MoOx passivating contacts will be explained. 

Additionally, the experimental flow and the deposition methods for each structure 

will be discussed. 

4.1 Fabrication and Experimental Flow of AZO:H Passivation Contacts 

4.1.1 ALD Process 

The AZO:H layers and the capping AlOx layers in this thesis were deposited by a 

spatial-ALD tool. ALD is a self-limiting vapor-phase deposition method, heavily 

used for depositing various thin films because of their superior thickness control, 

uniformity, and capability to deposit high-quality layers at relatively low 

temperatures (commonly below 250°C). During the ALD process, a thin film is 

deposited by exposing the surface to alternating cycles of different gaseous species. 

Every cycle corresponds to a submonolayer of the material being deposited. 

Typically, a cycle can be separated into four stages. 

1. Sending a precursor to the surface, where the precursor molecules (generally 

in the form of a metal center surrounded by ligands) adsorb to the surface and 

react with the suitable surface sites. 

2. The first purging, where the excess precursor and the products arising from 

the prior reaction are vacuumed away. 

3. Sending the co-reactant to the surface, where the co-reactant molecules 

adsorb to the surface and react with the ligands of the adsorbed precursor 

molecules 
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4. The second purging, where the excess co-reactant and the products arising 

from the prior reaction are vacuumed away. 

Figure 4.1. A schematic representation of the deposition steps of an ALD process 

These precursors and co-reactants can, strictly, only react with either the surface or 

each other. Neither can react with themselves or the surface group they create, 

preventing the adsorption of co-reactant molecules on co-reactant molecules, or 

precursor molecules on precursor molecules. The nature of the alternating growth of 

monolayers is key to achieving self-limiting uniform deposition [60]. The stages are 

schematically shown in Figure 4.1, considering a binary material AB (like ZnO). The 

reaction that takes place in the first frame while sending the precursor is 

s − X(ads) + AY2(g) → s − AY(ads) + XY(g) (4.1) 
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Where s is the sample surface with adsorbed X ligand and AY2 is the precursor 

molecule. In the second frame, the excess molecules are purged after enough time is 

passed for saturation to occur (no more sites without adsorbed AY). These two steps 

correspond to what is called one half-cycle. In the third frame, the co-reactant BX2 

is sent as 

s − AY(ads) + BX2(g) → s − ABX(ads) + XY(g) (4.2) 

Then, again, the excess molecules are purged after the surface saturation is reached. 

This repeated process gives the desired ABAB deposition on the sample surface.  

The separation of the precursor and the co-reactant is vital for the ALD process to 

ensure cycle-by-cycle deposition. The precursor and co-reactant can be separated 

either by time or space. Depending on this mechanism, the ALD tool is either 

classified as a temporal-ALD or a spatial-ALD, respectively. 

During a temporal-ALD process, the samples are placed inside a vacuum furnace. 

First, the furnace is filled with the precursor, and after some time, the furnace is 

purged. Then, the same half-cycle is repeated using the co-reactant instead of the 

precursor. Therefore, the temportal-ALD is a relatively slow process by its nature 

since there will be a pause between every step to ensure saturation and purge. 

On the other hand, during a spatial-ALD process, both the precursor and the co-

reactant are sent simultaneously, separated spatially by N2 gas curtains. In this 

design, the sample moves back and forth underneath the gas beams. There is a tiny 

gap between the sample and the beams. As shown in Figure 4.2, each gas outlet is 

placed between exhausts so the gas will interact with the surface and be purged right 

after. This design is much faster than the temporal-ALD design, since there is no 

delay between each step. In this thesis, a spatial-ALD by SALD was used for 

depositing AZO:H and the capping layer AlOx. 
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Figure 4.2. Schematic representation of the separation of precursor and co-reactant 

in spatial-ALD 

In addition to these two half-cycle deposition, there can be used more advanced 

multi-step process to deposit thin films consisting of more than two types of 

elements, such as AZO:H. Commonly, AZO:H layers are deposited either by co-

injection or supercycles.  

• During a supercycle deposition, the first full cycle takes place using the ZnO 

precursor, and then another full cycle takes place using the AlOx precursor 

for Al doping. Since the number of Al in AZO:H is desired to be much less 

than the number of Zn, one AlOx cycle is sent between every n cycles of ZnO, 

depending on the desired Al doping ratio.  

• During a co-injection deposition, both precursors for ZnO and AlOx are sent 

together as a mixture. The Al doping ratio in this case is determined by 

varying the AlOx precursor flow ratio to that of the ZnO precursor. 

In this thesis, the co-injection method was used during the AZO:H deposition. The 

precursors DEZ (ZnO precursor) and DMAI (Al doping precursor) were mixed in 

one precursor outlet and sent together with varying ratios to test the effect of different 

Al doping concentrations. 



 

 

39 

4.1.2 Experimental Flow 

AZO:H layers and AlOx capping layers were deposited using a spatial-ALD tool. For 

the AZO:H deposition, DEZ and DMAI were co-injected simultaneously with the 

H2O co-reactant. DMAI was chosen over TMA as the doping precursor due to its 

superior doping efficiency [61]. DMAI was also used for the deposition of AlOx 

capping layers for convenience. Different AZO:H deposition recipes were used, 

varying the deposition temperature (110, 200, and 230°C), DMAI flow for Al doping 

(0.5 and 1.5 slm), and H2O co-reactant flow (40 and 550 mg/min) while keeping the 

DEZ flow fixed at 2.0 slm. The AlOx capping layer recipe was kept fixed with 1.5 

slm DMAI and 280 mg/min H2O flow rates; however, the deposition temperatures 

were changed so that both AZO:H and AlOx deposition temperatures would match 

for each sample. 

For the lifetime measurements, symmetrical n-TOPCon test samples were fabricated 

on 170μm p-type textured Czochralski (Cz) c-Si wafers with 0.9 Ωcm base 

resistivity. Around 1.1 nm tunneling thermal SiOx and 110 nm poly Si layer were in-

situ grown in a low-pressure chemical vapor deposition (LPCVD) device. Later, the 

n-doping on the poly-Si was realized using an atmospheric doping furnace with a 

phosphoryl chloride (POCl3) precursor.  

 

Figure 4.3. 2D schematics of the fabricated samples 
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AZO:H(/AlOx) layers were deposited on four different types of structures, 

schematically shown in Figure 4.3. For the Type A samples, 20, 88, and 200 nm 

thick layers were deposited with and without an AlOx capping layer. These samples 

were used for transmission and four-point-probe measurements. For the Type B 

samples, 22 nm AZO:H layers were symmetrically deposited on the symmetric 

TOPCon test samples, and then the samples were cut into 5×5 cm2 pieces, and each 

piece experienced a 5-minute annealing under forming gas at different temperatures 

in the 375-525°C range. Afterwards, low-temperature Ag contacts were deposited 

by screen printing for TLM measurements. Type C samples consist of 

AZO:H(/AlOx) deposited on 2.5 Ωcm 280 μm-thick double-side polished n-type FZ 

wafers for the ellipsometry measurements. Type D structures consist of 200 nm thick 

SiOx on one side of 2 Ωcm 280 μm-thick Cz c-Si wafers deposited by spatial-ALD 

using bis(diethylamino)silane (BDEAS) as the precursor for SEM imaging. Thick 

SiOx enhances the visibility of AZO:H cross-section during the SEM imaging. 

Unfortunately, it was not possible to test the AZO:H passivation contacts on a 

finished operational TOPCon solar cell in this thesis. Instead, the iVoc values and the 

resistive properties were analyzed to evaluate the potential usage of AZO:H layer as 

a passivating contact. 

4.2 Fabrication and Experimental Flow of MoOx Passivating Contacts 

4.2.1 Physical Vapor Deposition (PVD) 

PVD is a broad category of vacuum deposition methods that are employed to deposit 

thin films on a substrate. The PVD process can be described in three steps. 

1. The generation of vapor phase from a solid source material. 

2. The transportation of the vapor from the source to the substrate. 

3. The condensation of the vapor onto the substrate surface, where it forms the 

thin film. 
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The process is solely physical; that is, there is no chemical reaction occurring at the 

substrate surface. It takes place in a vacuum chamber so that the vapor won’t interact 

with or be scattered by the atmospheric impurities. Common PVD methods include 

thermal and E-beam evaporation and sputtering, each of which differs in the method 

of vaporizing the source. 

The thermal PVD method employs resistive heating to vaporize the source material. 

The source materials are placed in metal boats, and the chamber is vacuumed. Then 

the boats carrying the source materials are heated by passing a high electrical current 

through them. This heat leads the source materials to sublimate or evaporate. The 

vapor travels in all directions from the source, while the sample is placed on top of 

the source to efficiently collect the vapor particles. The vapor, then, condenses on 

the cooler substrate surface. The substrate holder rotates during the process to 

increase the uniformity of the deposition. Meanwhile, the deposition thickness is 

being measured by the thickness monitor to realize accurate thickness control. This 

method is advantageous for its relative simplicity and high deposition rates.  

In this study, the stoichiometric MoO3 powder with >3N purity and Ag pellets with 

99.99% purity were used as the source material. MoOx was deposited with a 

deposition rate of 0.6 Å/s, and Ag was deposited with 1 Å/s initially, gradually 

increasing to 3 Å/s. All the depositions were realized under high vacuum with 

chamber pressure levels around 10-5 Torr. Leybold Univex 450 was used as the PVD 

tool. 

4.2.2 Experimental Flow  

The PERC solar cells with MoOx local back contact were produced using 170 μm 

150 × 150 mm2 Cz p-type wafers, using the common processing sequence of 

industrial PERC solar cells while using industrial precursors and tools. The process 

flow of these solar cells is displayed in Figure 4.4. 
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Figure 4.4. Process flow diagram of the fabrication of PERC cells employing local 

MoOx/Ag back contact, also showing a schematic of the final cell [56] 

The wafers were first saw damage etched and pyramid textured double-side by KOH-

organic additive solution, then, they were cleaned using the RCA process. The front 

side was n-type doped in an atmospheric furnace using POCl3 precursor, and local 

selective emitters (n+) were formed by a laser. The rear side doping removal and the 

junction isolation were carried out by chemical etching in HF:HNO3:H2SO4 mixture. 

Wafers were then passivated double-side with a thin thermal oxide. AlOx/SiNx stacks 

were applied on the back side using a PECVD tool, and only SiNx was applied on 

the front as an ARC, again, by PECVD. The back surface AlOx/SiNx stack was laser 

processed to form local contact openings (LCO) on approximately 3.8% of the whole 

surface area. Later, the front side metal contacts were deposited in the form of five 

Ag busbars and Ag fingers by utilizing screen printing and firing. Then the back side 

was cleaned with an HF/HCl mixture right after the wafers were put into the PVD 

vacuum chamber to prevent oxidation. Using thermal PVD, 3.5, 5, 7, 15, and 30 nm 

of MoOx with 300 nm Ag layers were deposited without breaking the vacuum. These 
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solar cells were characterized by I-V measurements under a solar simulator under 

standard 1-sun conditions (1000 kW/m2, AM 1.5 spectrum). 

Double-sided MoOx with the same set of thicknesses was also deposited on 250 μm 

thick double-side polished p-type FZ c-Si wafers with 1 Ωcm base resistivity for SE 

and QSSPC measurements. The Cox-Strack test structures were also fabricated using 

the same wafer substrates in the structure design explained in Figure 3.2. During the 

deposition of the MoOx/Ag stack onto the front surface, a mask with circular 

openings with different diameters (3.5-1.3 mm) was used. 
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CHAPTER 5  

5 RESULTS AND DISCUSSION 

In this chapter, the characterization results of the AZO:H and MoOx passivating 

contacts are presented and discussed.  

5.1 Results for AZO:H 

5.1.1 AZO:H on TOPCon 

The AZO:H(/AlOx) layers were deposited on symmetric n-TOPCon samples for the 

evaluation of the passivation quality of AZO:H(/AlOx) on n-type poly-Si layers, 

which are the standard type of poly-Si layers used in the industrial TOPCon solar 

cells. The deposition parameters of these layers for symmetric lifetime samples, 

along with their thicknesses measured by SE, are given in Table 5.1. The DMAI flow 

rate is kept fixed at 1.5 slm for this set of depositions. 

Table 5.1 Deposition parameters of AZO:H layers on symmetric lifetime samples 

with corresponding thickness measured by SE 

Deposition 

Temperature (°C) 

H2O Flow 

(mg/min) 

AlOx Capping 

Thickness (nm) 

AZO 

Thickness (nm) 

230 550 0 19.5 

230 550 19.3 17.3 

230 40 0 20.3 

230 40 19.4 17.1 

200 40 20.4 24.4 

110 40 0 22.1 

110 40 19.2 24.2 
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Figure 5.1. (A) Change in iVoc and (B) iVoc values of the AZO:H(/AlOx) stacks 

deposited on symmetric n-TOPCon samples for different forming gas annealing 

temperatures 

The change in iVoc values and the resulting iVoc of the symmetrical n-TOPCon 

samples are given in Figure 5.1. TOPCon/AZO:H samples with AlOx resulted in 

excellent passivation quality, peaking at 450 °C, with impressive iVoc values reaching 

734 mV with a J0 of 6.5 fA/cm2 per side, demonstrating the outstanding capability 

of AZO:H/AlOx stacks as an excellent hydrogen source. While their uncapped 

counterparts were still able to improve the passivation by up to 56 mV at 425°C, they 

resulted in lower iVoc values.  

In addition, uncapped samples showed lower thermal stability. At temperatures 

higher than 425°C, the passivation level of uncapped samples started decreasing, 

likely due to hydrogen effusion from uncapped AZO:H during annealing. This 

decrease is less evident for the samples with capping, especially at 525°C, since the 

capping layer partially prevents the effusion. The AZO:H deposited at 110°C 

outperformed the one deposited at 200°C and resulted in the largest improvement by 

about 90 mV after annealing at 450°C, and resulted in similar iVoc values as high as 

the one deposited at 230°C.  

The behavioral difference between capped and uncapped AZO:H under annealing is 

a strong clue that the main passivation mechanism of AZO:H is hydrogenation. The 

AlOx capping prevents the hydrogen from effusing out of the sample, as suggested 
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by [17]. Instead, in the capped samples, the hydrogen in AZO:H diffuses through the 

poly-Si and to the c-Si/SiOx interface. Hydrogenating the interface and healing Dit. 

The comparison of the uncapped versions of AZO:H deposited at 110 and 230°C 

shows that the 230°C one outperforms by >10 mV at lower annealing temperatures. 

Since in the uncapped case, the hydrogen effusion limits the iVoc, this behavior might 

be a result of the different crystalline quality, due to their different deposition 

temperature, dictating the hydrogen effusion rate. 

The samples deposited with a 550 mg/min H2O flow show very low enhancement in 

passivation. Increasing the H2O flow to very high levels during deposition might 

have resulted in insufficient purging of the co-reactant and molecular H2O being 

physiosorbed into the AZO:H layer, creating local defects. 

Since the samples with capping result in higher hydrogenation during FGA, the 

hydrogen in AZO:H might be introduced by the co-reactant H2O during the 

deposition, instead of the forming gas during FGA. In order to test this hypothesis, 

an unannealed 5×5 cm2 piece of the AZO:H/AlOx deposited at 230°C with 40 

mg/min was annealed at 450°C for 5 minutes under N2 environment, instead of 

forming gas. The resulting iVoc and J0 values were 728 mV and 7.5 fA/cm2 per side. 

The closeness of these results to those of the one annealed under the forming gas 

ambient shows that the AZO:H/AlOx stacks were already hydrogenated prior to the 

FGA process, and the ultra-high passivation by AZO:H/AlOx stacks is achievable 

even with N2 annealing, which is a more common process than FGA in industry.  

5.1.2 Optical Properties 

The transmission results for AZO:H with 20 nm (both with and without a capping 

layer), 88 nm, and 200 nm, along with bare glass substrate transmission, are given in 

Figure 5.2. These AZO:H layers were deposited with 40 mg/min H2O flow and 1.5 

slm DMAI flow. AZO:H on glass substrate demonstrates excellent transparency with 

all 20, 88, and 200 nm AZO:H, resulting in more than 80% between 380-1200 nm 
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wavelengths, while 20 nm AZO:H predominantly maintains a transmission level of 

around 90%. The 88 nm AZO:H gives lower transmission than 200 nm in the 

wavelength range 550-900 nm, but still remains between 80-90% range between 

380-1200 nm wavelengths. The non-etched capping layer decreases the transmission 

level by only 1-2% in the visible range.  

Figure 5.2. Transmission results for bare glass substrate, 20 nm AZO:H(/AlOx), 88 

nm, and 200 nm AZO:H 

In Figure 5.3, the transmission results of the samples with different deposition 

parameters were compared for 20 nm AZO:H without capping. The samples 

deposited at 110°C showed slightly higher transmission than 200 and 230°C, 

reaching 90% transmission at 550 nm wavelength. For 20 nm samples deposited at 

230°C, H2O co-reactant flow showed no significant effect on transparency; on the 

other hand, a higher doping rate gave slightly higher transmission at wavelengths 

below 600 nm. This slight increase in transmission in the lower wavelengths might 

be due to the increase in Eg caused by higher Al doping following the Burstein-Moss 

effect.  
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Figure 5.3. Transmission results for varying (A) deposition temperature, (B) DMAI 

flow, and (C) H2O Flow 

These exceptionally high transmission results show that AZO:H layers can be 

successfully used at the back side of bifacial TOPCon solar cells since AZO:H will 

not result in optical losses.  

5.1.3 Structural Properties 

Figure 5.4 presents the top-down SEM images of 200 nm and 80 nm AZO:H layers 

deposited at 230°C. There is a clear enlargement in grain size of the AZO:H as the 

thickness is increased. As the thickness increases, crystals start merging into each 

other and resulting in an improved crystallinity. 
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Figure 5.4. SEM images of (A) 80 nm and (B) 200 nm AZO:H 

Figure 5.5 shows the cross-sectional SEM image of 200 nm AZO:H deposited on 

200 nm SiOx. The ALD-deposited AZO:H shows directional poly-crystalline growth 

perpendicular to the sample surface. This characteristic vertical crystal structure of 

AZO:H favors vertical conductivity, especially at low thicknesses where the grain 

sizes are smaller, as shown in the next section. 

 

Figure 5.5. Cross-sectional SEM image of 200 nm AZO:H on 200 nm SiOx 
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5.1.4 Electrical Properties 

The RSheet values obtained by four-point-probe measurements on the glass samples 

(type A) for different parameters are shown in Figure 5.6. In Figure 5.6A, 20 nm 

AZO:H layers deposited at 230°C are compared depending on their DMAI flow and 

H2O co-reactant flow during deposition. It is shown that increasing the DMAI flow 

reduces the sheet resistance by more than 1 MΩ/sq. The higher DMAI flow 

introduces more Al doping in ZnO and results in increased carrier density due to 

interstitial Al acting as an electron donor in the ZnO matrix. On the other hand, 

increasing the co-reactant H2O flow from 40 to 550 mg/min leads to higher RSheet. 

These results support the idea of the excess amount of H2O flow causing H2O to be 

physiosorbed into the AZO:H layer or excess hydrogen and oxygen forming defects 

inside the AZO:H, which, alongside causing reduced passivation, also results in less 

conductive layers.  

Figure 5.6B compares different AZO:H thicknesses deposited at different 

temperatures with deposition parameters of 40 mg/min H2O flow and 1.5 slm DMAI 

flow. The RSheet of AZO:H layer is highly dependent on the thickness since its grain 

size increases with increased thickness of the layer, as shown in the previous section. 

For the AZO:H deposited at 230°C, the RSheet decreases from 343 kΩ/sq at 20 nm to 

about 1000 Ω/sq at 80 nm and below 100 Ω/sq at 200 nm thickness. In addition, the 

increased deposition temperature also showed reduced RSheet due to improved 

crystallinity. 
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Figure 5.6. RSheet results (A) for different DMAI and H2O flows for 20 nm AZO:H 

deposited at 230°C, and (B) for different thicknesses deposited at 110 and 230°C 

For the measurement of ρc values of 20 nm AZO:H on n-type poly-Si, Ag metal bars 

were deposited on one surface of the Type B symmetric lifetime test samples to be 

used for TLM measurements. In order for TLM measurements to be valid on a multi-

layer stack, the lateral conduction must occur through one layer only [62]. This can 

be realized due to 20 nm AZO:H favoring vertical conductivity over lateral 

conductivity, and its RSheet values being over 1000 times higher than the n-type poly-

Si. Regardless, the RSheet of n-TOPCon on p-type c-Si was measured by a four-point 

probe to compare it with the RSheet measured at TLM. The four-point probe resulted 

in 208 ± 10 Ω/sq, which falls in the same range of RSheet values measured by the TLM 

shown in Figure 5.7A, indicating that the lateral current transport dominantly occurs 

through the n-type poly-Si layer.  
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Figure 5.7. (A) RSheet and (B) ρc values measured by TLM for 20 nm AZO:H 

deposited and forming gas annealed at different temperatures  

Figure 5.7B shows the ρc results for 20 nm AZO:H deposited at 230 and 110°C, later 

annealed under forming gas for different temperatures without an AlOx capping 

layer. The ρc of AZO:H deposited at 230°C is around 175 mΩcm2 in the as-deposited 

case, and it increases to 475-575 mΩcm2 range for annealing temperatures below 

525°C. The increase in resistivity after annealing of AZO:H without a capping layer 

is commonly observed [21,35], and caused by hydrogen effusion and the reactions 

with the ambient gas. The relatively steep increase at 525°C might be further induced 

by the AZO:H/poly-Si interface starting to get roughened, as is the case with 

AZO/SiOx/c-Si [21]. The AZO:H layer deposited at 110°C shows much higher ρc in 

the as-deposited case relative to one deposited at 230°C. This behavior is similar to 

the RSheet results and is likely due to the worse crystallization of the layer at lower 

deposition temperatures. The initial decrease in ρc until the annealing temperature of 

425°C further supports this idea and shows that the behavior of ρc is determined 

dominantly by the improvement of the crystallinity instead of hydrogen effusion and 

ambient gas effects at these temperatures. Nevertheless, the ρc starts increasing again 

after FGA at 475°C. 

These results show that thin (below 20 nm) AZO:H indeed favors vertical 

conductivity over lateral conductivity due to its directional crystal growth direction. 

Although the ρc is much larger than the state-of-the-art passivating contact schemes, 
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it was shown that the ρc of the AZO:H can be significantly reduced by two orders of 

magnitude by reducing the AZO:H thickness to 10 nm from 18 nm and depositing a 

thin LiF layer in between the metal contact and AZO:H without losing significant 

passivation [38]. Although this will further increase the RSheet, depositing AZO:H on 

n-type poly-Si with high lateral conductivity eliminates the requirement for good 

lateral conductivity for AZO:H, since the lateral transport of the charge carriers will 

occur mainly through the poly-Si layer. Overall, a thin AZO:H layer can be used as 

a hydrogen-rich passivation layer at the rear side of the mono-facial TOPCon solar 

cells between the poly-Si and metal. 

Another promising potential application of AZO:H on n-type poly-Si is being 

employed as a recombination junction in TOPCon-like bottom cell/perovskite top 

cell tandem structures. The excellent transparency and passivating quality of AZO:H 

ensure the effective photon collection and high passivation at the bottom cell. In 

addition, its high RSheet values can increase the overall performance by limiting the 

shunting effect of the top cell, which is a common problem with large-area 

perovskites [63]. 

5.2 Results for MoOx 

5.2.1 Electrical Properties 

A variety of Cox-Strack test samples with varying MoOx thicknesses were prepared 

in order to observe the behavior of ρc depending on thickness. Figure 5.8A shows 

the non-Ohmic characteristic of the dark I-V results of the direct c-Si/Ag stack 

without a MoOx layer in between. Each line in Figure 5.8A and B represents a 

measurement taken with the probe making contact on a different front circular pad 

with varying diameters. Unlike the direct c-Si/Ag case, the dark I-V measurements 

resulted in a desired linear behavior for all the tested c-Si/MoOx/Ag stacks with 

MoOx thicknesses of 3.5, 5, 7, 15, and 30 nm. Figure 5.8B shows the dark I-V results 

for the sample with 5 nm MoOx. 
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Figure 5.8. The dark I-V results for the test samples with (A) c-Si/Ag without 

MoOx and (B) 5 nm MoOx between c-Si and Ag. (C) RT – RSpread vs (front circular 

area)-1 + (spread backside area)-1 plot for the test sample with 5 nm MoOx [56] 

The ρc value is extracted from the slope of the linear fit shown in Figure 5.8C, 

following Equation 3.11. As described in Chapter 3, two different spreading models 

were used in the calculation of ρc. Both models resulted in similar values (Table 5.2), 

with the Folchert and Brendel model giving about 14% larger results than the 

Rijnbach et al. 

Table 5.2 The ρc results for different MoOx thicknesses [56] 

MoOx thickness 

(nm) 

ρc (Folchert and Brendel) 

(mΩcm2) 

ρc (Rijnbach et al.) 

(mΩcm2) 

3.5 6.6 5.7 

5 5.6 4.8 

7 5.9 5.1 

15 6.3 5.4 

30 16.1 13.8 

 

The 5 nm MoOx gives the lowest ρc values of 5.6 or 4.8 mΩcm2, depending on the 

used model. Such low levels of ρc indicate the efficient hole transport through p-type 

c-Si/MoOx/Ag passivating contact, with minimized electrical loss. The thicker the 

MoOx gets, its ρc increases. This behavior is very common for MoOx because at 
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increased thicknesses, the large bulk resistivity of MoOx starts dominating the total 

ρc [41]. On the other hand, the thinner 3.5 nm MoOx also resulted in an increased ρc, 

which can be explained by the insufficient, partial surface coverage of MoOx at very 

low thicknesses. Volmer-Weber nucleation is very common for such metal oxide 

thin films being deposited by thermal PVD, which means the MoOx starts growing 

as islands on the c-Si surface instead of full-area layers [41,43].  

5.2.2 MoOx on PERC 

The same set of thicknesses in Table 5.2 was used in the production of the complete 

PERC cells, utilizing local MoOx/Ag passivating contacts at the rear side. The solar 

cell parameters extracted from I-V measurements under the solar simulator are 

represented in Table 5.3.  

Table 5.3 Solar cell parameters of PERC cells utilizing different thicknesses of 

local MoOx/Ag back contacts [56] 

MoOx thickness 

(nm) 

Voc  

(mV) 

Jsc  

(mA/cm2) 

FF  

(%) 

Efficiency  

(%) 

3.5 650 39.3 75.38 19.25 

5 672.3 39.7 80.66 21.53 

7 672.4 39.9 79.50 21.33 

15 670.4 39.0 76.39 19.99 

30 652.3 35.8 40.20 9.38 

 

3.5 nm MoOx gives low FF along with low Voc because of the insufficient surface 

coverage, leading to partial direct c-Si/Ag contacts with high recombination and no 

passivation. The samples with 5 to 15 nm MoOx show a higher passivation quality 

of more than 670 mV due to their uniformity and sufficient surface coverage. 
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The differences in the overall efficiencies at these thicknesses are predominantly 

determined by the resistive losses and the corresponding FF of these solar cells. 

Figure 5.9 compares the ρc to FF values for different MoOx thicknesses. 

 

Figure 5.9. Change in FF and ρc with varying MoOx thickness [56] 

The cell with 5 nm local MoOx/Ag contacts resulted in the best efficiency with 

21.53% due to successfully minimizing the ρc and maximizing the Voc. The low ρc 

of this design resulted in the highest FF of 80.66%. These results are quite high 

compared to the previous literature results on both full-area MoOx [49] and locally 

contacted MoOx [54]. The I-V properties under 1-sun conditions for the best-

performing solar cell are shown in Figure 5.10. 
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Figure 5.10. The I-V results under 1-sun for the best-performing PERC solar cell 

employing 5 nm local MoOx/Ag [56] 

In addition, the J0 of 5 nm MoOx on p-type c-Si was measured using symmetrically 

deposited full-area MoOx with different thicknesses on p-type FZ c-Si. The test 

structure resulted in 68.5 fA/cm2 per side. The J0 of MoOx stays behind the state-of-

the-art designs like TOPCon or SHJ [64]. Regardless, it still shows quite superior 

chemical passivation, which is translated into a Voc of 672.3 mV, compared to direct 

metal/c-Si (with moderate doping) contacts that result in J0 values of more than 105 

fa/cm2 [65].  

The quantum efficiency measurements for the best-performing solar cell are shown 

in Figure 5.11, which contains EQE, IQE, and the reflection. The measurements were 

taken from the top surface, between the metal grids. The results are similar to a 

common c-Si solar cell. The 5 nm MoOx layer at the rear side is seemingly causing 

no significant reflection, as expected. 
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Figure 5.11. The quantum efficiency measurements for the best-performing cell 

with the image of the front surface of the complete solar cell [56] 

 

 

 

 

 

 

 

 

 

 





 

 

61 

CHAPTER 6  

6 CONCLUSION 

This thesis successfully developed and characterized two distinct metal oxide-based 

passivating contacts, demonstrating their significant potential for enhancing the 

performance of industrially relevant silicon solar cell technologies. For TOPCon 

applications, an electron-selective AZO:H contact was investigated. An optimized 

AZO:H/AlOx stack deposited on an n-type poly-Si structure achieved an excellent 

iVoc of 734 mV and a remarkably low J0 of 6.5 fA/cm². A critical finding was the 

role of the AlOx capping layer in retaining hydrogen within the film stack during 

thermal treatment, which enabled the use of a standard N2 anneal to achieve 

passivation levels (iVoc of 728 mV and of J0 7.5 fA/cm2) comparable to a more 

complex forming gas anneal.  

For PERC technology, a hole-selective local MoOx back contact was integrated into 

an industrial fabrication sequence. By systematically varying the layer thickness, an 

optimal value of 5 nm was identified, which effectively balanced the trade-off 

between surface passivation and charge extraction. This optimization culminated in 

a champion large-area PERC solar cell with a power conversion efficiency of 

21.53%, primarily driven by a high Voc of 672.3 mV and an excellent fill factor of 

80.66%.  

The implications of these findings are substantial. The work on AZO:H not only 

demonstrates its excellent passivation potential for TOPCon cells but also highlights 

its multifunctionality as a transparent conductive layer, making it a candidate for 

bifacial cells or as a recombination junction in future tandem devices. The discovery 

that a simple N2 anneal is sufficient for activation significantly enhances its industrial 

viability by aligning with existing, low-cost manufacturing processes. The research 

on MoOx provides a compelling validation of its use as a low-temperature upgrade 
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for the vast existing PERC manufacturing base. Achieving a higher efficiency on 

industrial Cz wafers than previously reported on superior FZ wafers underscores the 

robustness and commercial potential of the developed local contact scheme, offering 

a practical path to boost the performance of the current market-dominant technology. 

Future research should build directly upon these promising results. For the AZO:H 

contact, the logical next step is the fabrication and characterization of a complete 

TOPCon solar cell to translate the excellent lifetime results into demonstrated device 

efficiency. Further investigation into reducing its contact resistivity, potentially 

through the use of thinner layers or the integration of interlayers like LiF as suggested 

in the literature, is a key avenue for optimization. For the MoOx contact, future work 

must focus on long-term stability and degradation studies, as thermal stability is a 

known concern for this material. A critical step towards commercialization would be 

to explore alternative capping layers or encapsulation schemes that can protect the 

MoOx layer during the high-temperature module lamination process, ensuring the 

durability of the efficiency gains demonstrated in this work. 
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