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Chapter 1 

Introduction 

 

In the last decades, global photovoltaic (PV) production has taken a huge step forward towards 

becoming competitive with conventional energy sources. At the beginning of 2019, the global 

PV installed capacity exceeded 500 GW, with an annual increase of around 100 GW [1]. 

Projections estimate that by 2022 the total installed capacity will surpass 1 TW [2]. However, 

despite such an optimistic prognosis, further reductions in the levelized cost of electricity 

(LCOE) are needed to ensure the achievement of such growth rate and to surpass it. Therefore, 

increase in cell efficiency and reduction in production costs are necessary.  

Currently, 95 % of the global PV production is based on crystalline silicon (c-Si) [3], thus it 

can be regarded as the most relevant technology for further improvements in this field. In the 

development of c-Si solar cells, improving surface passivation and selective carrier extraction 

have become increasingly important topics and have proven to be key in achieving higher 

energy conversion efficiencies. For homojunction cells, which have carrier-selective contacts 

based on highly p- and n-doped Si regions, the implementation of surface passivation schemes 

has been pivotal in achieving higher efficiencies. A prime example is the introduction of 

Al2O3-based passivation layers at the rear side of the wafer in the passivated emitter and rear 

cell (PERC), which is now becoming the industry standard [4].  

For silicon solar cells based on heterojunctions (SHJ solar cells), thin films provide not only 

surface passivation, but should also allow for selective extraction of carriers. A conventional 

heterojunction approach involves the deposition of an intrinsic hydrogenated amorphous 

silicon (i-aSi:H) passivation layer, followed by an n- or p-doped aSi:H layer for carrier 

selectivity. More recently, carrier-selective contacts based on a passivating ultrathin 

(~1.5 nm) SiO2 layer followed by n- or p- doped poly-Si layers has been shown to yield 

excellent solar cell performance [5].  

However, doped layers cause additional losses in the device, such as heavy parasitic absorption, 

which decreases the current of the solar cell, thus limits the efficiency. Therefore, besides these 

heterojunctions based on doped silicon layers, there has also been an increasing interest in 

dopant-free metal oxide layers, which feature higher transparency, while maintaining the 
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desired functionality of the doped layers, as carrier collection. Rather than on doping, these 

layers rely on induced band-bending with optimized valence- and conduction band offsets at 

the oxide/c-Si interface to achieve strong asymmetry in the carrier densities of holes and 

electrons, and thus in conductivity [6], [7]. This approach can have some potential benefits, 

such as the mentioned enhanced transparency and lower absorption losses, no need for dopants, 

and additionally ease-of-processing, as some of these selective layers do not require a dedicated 

passivation layer and can serve as passivation layers themselves (so-called passivating 

contacts) [8]. Although solar cells using dopant-free selective contacts have not yet reached the 

>25 % efficiency level of doped silicon layers [9], silicon-based solar cells with metal oxide 

layers have in a span of a few years already demonstrated efficiencies in excess of 22 % [10]. 

Additionally, further carrier-selective materials based on metal oxides (TiO2 [10], Nb2O5 [11], 

MO3 [12]), metal nitrides (TaN [13]) and metal fluorides (LiF [14]) are being developed for 

device applications. Further optimization and also further exploration of novel carrier-selective 

contacts therefore remains of importance to chart the potential of this dopant-free approach. 

Within the development of these new materials, control over layer properties and layer 

thickness has become increasingly more important [15]. Additionally, layers should be 

deposited in a cost-effective way, which is scalable to high-volume manufacturing. Therefore, 

it is crucial to look not only at the material properties themselves, but to also consider deposition 

techniques that would be relevant to industry. Atomic layer deposition (ALD) can be a useful 

tool for depositing high quality layers. This deposition technique was adopted in the PV field 

relatively recently, initially in 2004 for the deposition of Al2O3 layers [16]. The main competing 

deposition technique is plasma enhanced chemical vapor deposition (PECVD), which has an 

advantage of being already widely implemented in industrial processes for a long time, where 

ALD has only recently started its growth for PV manufacturing. Therefore, for the further 

implementation of ALD in the industry, additional benefits should be provided. The main 

advantage of ALD for high quality devices is an excellent control over film properties, such as 

thickness homogeneity and doping level. Additionally, ALD processes can provide, in 

comparison to PECVD, more efficient precursor usage and low-temperature processing [17]. 

The decrease of precursor consumption would allow a significant reduction in operational costs. 

The work presented in this thesis is focused on the investigation of metal oxide layers as 

electron-selective contacts for solar cells: tin oxide (SnO2) in chapter 4 and magnesium oxide 

(MgO) in chapter 5 with ALD as a main deposition technique. These chapters discuss the 

process optimization, layer and interface properties of layers with subsequent implementation 
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in solar cell devices. Additionally, chapter 6 reviews the potential for dopant-free materials as 

carrier-selective contacts for silicon-based solar cells, and the potential of ALD as a way to 

deposit high quality carrier-selective layers for SHJ and perovskite solar cells. 

 

Structure of this thesis 

The first two chapters of this thesis contain the necessary theoretical and practical background 

for the following experimental results. Subsequent chapters present and discuss experimental 

results considering metal oxide layers (SnO2 and MgO) as electron-selective contacts for SHJ 

solar cells. The final chapter presents a broader overview on carrier-selective contacts for 

Si-based solar cells. Furthermore, considerations for further development of ALD for c-Si based 

and for perovskite solar cells is presented. 

Chapter 2 presents a brief summary of the materials, interfaces and device concepts used in 

this thesis. 

Chapter 3 gives an overview of the deposition methods and characterization techniques used 

in this thesis. 

Chapter 4 consists of three parts. The first part presents the plasma enhanced ALD (PEALD) 

process optimization for SnO2 layers and correlates deposition parameters to opto-electrical 

properties of SnO2. This section is based on the publication [18]. The second part elaborates on 

the interface between SnO2 layer and amorphous silicon, with increasing SnO2 layer thickness, 

which allows monitoring the formation of an intermediate layer at the interface. The final 

section discusses SnO2 as an electron-selective contact for perovskite solar cells. It presents and 

examines surface treatments for device improvement, based on the oxygen plasma treatment of 

spin-coated SnO2 layers. 

Chapter 5 encompasses the study of MgO layers as passivating electron-selective contacts for 

SHJ solar cells. The main focus of the chapter is the analysis of MgO/c-Si and MgO/i-aSi:H 

interfaces. The chapter also covers the dependence of solar cell performance on MgO layer 

thickness and deposition temperature. Additionally, it discusses possible metallization schemes 

at the interface to the MgO layer. 

Chapter 6 presents a discussion on the possibilities and issues of implementing high work 

function transition metal oxide materials into c-Si based solar cells. Moreover, the results of the 
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thesis are put into a broader context via a general discussion of metal oxide layers used as 

carrier-selective contacts for SHJ solar cells. The final part of the chapter focuses on 

perspectives for ALD as a deposition method for carrier-selective layers for SHJ and perovskite 

solar cells. 

The thesis closes with a discussion on the achieved results and a general outlook on future 

research of ALD for metal oxide layers, and for their implementation in SHJ solar cells in 

particular. 
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Chapter 2  

Materials, interfaces and devices 

2.1 Materials 

2.1.1 Amorphous silicon 

Hydrogenated amorphous silicon (aSi:H) is a disordered semiconductor, whose optoelectronic 

properties are governed by the large number of defects present in its structure. The main 

difference between the crystalline silicon (c-Si) and amorphous layers, is that c-Si, as a 

crystalline material, displays long-range order, while amorphous materials shows only 

short-range order [19], thus the random nature of the network determines the material 

properties. The main structural defects present in amorphous silicon are dangling bonds, which 

are created deep in the band gap. They arise, when some bonds are unsaturated in the amorphous 

network. In order to passivate these defects, hydrogen is introduced into the layer. This allows 

to fill microvoids [20] and to substitute weak Si-Si bonds, which constitute dangling bonds, 

with more stable Si-H bonds. Hydrogen can be incorporated in different configurations (SiH, 

SiH2, and (SiH2)n) [21], [22], depending on the hydrogen content. The creation of SiH and SiH2 

bonds occur, when the hydrogen content is below 10 %, whereas the formation of ((SiH2)n 

appears at higher concentrations [23]. Additionally, at hydrogen concentration above 14 %, 

layers contain microscopic voids that can be attributed to the formation of dihydride groups 

(SiH2) [22]. However, not all hydrogen in the layer is atomically bonded to the Si-H bond and 

can be present as hydrogen molecules [24]. Undoped i-aSi:H layers provide excellent chemical 

passivation and favorable properties as heterojunction contact. Hydrogenation to a level of 

around 10% reduces the defect density by 4-5 orders of magnitude [25]. Additionally, by 

controlling the level of hydrogen in the layer, it is possible to increase the band gap [26]. The 

widening of the band gap with increased hydrogen content is induced due to a retreat of the 

valence band edge, while the conduction band remains relatively constant [27]. 

Undoped i-aSi:H layers present a high level of passivation. However, these layers have low 

doping densities and, thus, are poorly conductive. Therefore, in order to build a p-n junction, 

doping for layers has to be considered. In comparison to crystalline semiconductors, where 

atomic positions are well-defined, doping in amorphous semiconductors, due to the random 
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network, is more complicated. In the case of crystalline semiconductors, the dopant can either 

substitute an atom of the host lattice, or occupy a position not in the lattice, forming a defect. 

In the case of amorphous materials, there is no defined long-range order. Thus, dopants can 

create their own bonding configurations, while being part of the host atomic network. Generally 

speaking, the doping of amorphous silicon should be impossible by the 8-N rule for chemical 

bonding, by which each atom adopts the coordination that results in no occupied anti-bonding 

states, but with fully occupied bonding and lone pair states [19]. However, the possibility of 

doping has been shown experimentally [28]. The majority of dopant atoms, such as boron or 

phosphor, are, indeed, threefold coordinated and thus inactive. However, it is possible to have 

them fourfold coordinated [29], which allows to make a-Si:H electronically controllable [19]. 

Nonetheless, the efficiency of such doping is low. Doping becomes possible, due to the 

introduction of hydrogen in the layer. In not hydrogenated a-Si, the Fermi level cannot be 

moved by doping, due to the high density of defects. With the hydrogenation dangling bonds 

are passivated, and charged dangling bonds obey the 8-N rule, so are favored energetically [29]. 

Most of the excess charge carriers that are introduced by doping are trapped in compensating 

dangling-bond defects [30]. As a result of doping, the density of shallow defect states increases, 

which act as recombination centers, and thus the passivation of a-Si:H layers deteriorates. The 

n-doping is considered to be less detrimental in comparison to p-type, which introduces more 

structural defects and lowers the bandgap [31]. Additionally, in case of p type doping, exposure 

of the surface simultaneously to silane and diborane gases may cause the growth of highly 

defect-rich a-SiBx:H layers [32]. Therefore, it is beneficial for high quality devices to consider 

dopant-free layers for p-n junction formation. 

 

2.1.2 Tin oxide  

Tin oxide (SnO2) is a transparent wide-band gap n-type semiconductor that is used for a variety 

of different applications, such as sensors [33], lithium-ion batteries [34], oxidation 

catalysts [35] and photovoltaics [36]. It belongs to transparent conductive oxide materials, 

which combine high electrical conductivity with optical transparency [37]. However, the 

properties of SnO2 layers strongly depend on stoichiometry, concentration of dopants and 

impurities, and microstructure.  

Elemental tin forms oxides that can vary in stoichiometry, due to its cation dual valence: Sn2+ 

and Sn4+ that form stannic or stannous oxide [38]. SnO material is thermodynamically less 
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stable than SnO2 and can exhibit p-type semiconductor behaviour [39]. Furthermore, it has a 

lower band gap (≈ 2.5-2.8 eV) in comparison to SnO2 (≈ 3-4 eV ) [38]. The main deposition 

method for SnO2 layers in this thesis is ALD, which will be discussed in chapter 3. Therefore, 

it is important to understand, what is a dominant oxidation state is achievable with the 

deposition process. When tin is exposed to an oxygen source, the dominant deposited oxidation 

state is Sn4+. However, if the oxidizer, or the tin precursor are not reactive enough to fully 

oxidize or to have full reaction at the surface, it  is possible to have a combination of both 

oxidation states in the layer, or even dominant Sn2+ [40]. 

 

   

Figure 2.1: He I UPS spectra of spin-coated tin oxide after the satellite intensity extraction (see 

chapter 3.2.1.2), showing the valence band region vs. normalized intensity. Films were 

deposited on crystalline silicon wafers. Shown are curves for as-deposited films (in black) and 

oxygen plasma treated films (in red), with the latter shifted by 0.2 eV towards the Fermi level 

for better comparability. 

 

In general, depending on the oxygen chemical potential of the system, the surface oxidation of 

SnOx can reversibly transform from stoichiometric Sn4+ cations into reduced Sn2+. The 

reduction of the surface modifies the surface electronic structure by forming Sn 5s derived 

surface states that lie deep within the band gap and cause the lowering of the work function [38]. 

These states can be detected by UPS measurements, as an additional signal intensity at a binding 

energy of 2-4 eV [41], [42], as is illustrated in fig. 2.1. However, it is possible to remove these 

surface states, e.g with an oxygen plasma treatment of the surface. 
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Furthermore, oxygen plays an important role for layer conductivity. Pure stannous oxide layers 

exhibit reduced conductivity. This is because the native defect in SnO2 is a doubly ionizable 

oxygen vacancy, which is one of the main contributors to layer conductivity [43]. For non-

stoichiometric layers, oxygen vacancies lie just 50 and 100-150 meV below the conduction 

band. Thus, at room temperature, charge carriers can be thermally excited from these states. 

Additionally, interstitial Sn, which has low formation energy, produces a donor level inside the 

conduction band, leading to instant donor ionization and conductivity [37]. Another important 

donor level at just 50 meV below conduction band, slightly deeper than the first oxygen vacancy 

level, can arise due to the presence of hydrogen [44]. The formation of this donor level occurs 

due to the diffusion of hydrogen in the layer, and interstitial hydrogen acts as a shallow mobile 

donor [45]. 

Additionally, tin oxide layers can be doped using a number of different elements. Tin cations 

can be substituted by Sb5+ or Ta5+. Otherwise, oxygen cations can be substituted by F- [46] or 

Cl-. In photovoltaics, the most common usage of SnO2 is in an alloy with InOx to form 

indium-tin-oxide (ITO) [47], which is used in solar cells as a transparent conductive oxide 

(TCO) and anti-reflection layer. Pure SnO2 can be used as a transparent conductive oxide itself, 

but is usually substituted with other materials, due to the lower charge carrier mobility and 

higher resistivity in comparison to other oxides, such as ITO or zinc oxide (ZnO) [48]. 

However, with the further development of perovskite solar cells, the usage of pure SnO2 has 

recently become more prominent, due to its high transparency and suitable energy alignment 

with perovskites [49]. Therefore, SnO2 can be used as an electron transport layer in perovskite 

solar cells [49]–[52], or in tandem devices like perovskite-silicon heterojunction solar 

cells [53], [54] In this thesis, SnO2 layers are considered as part of the electron-selective contact 

for SHJ and perovskite solar cells.  

 

2.1.3 Magnesium oxide  

Magnesium oxide (MgO) is an ionic material, which is widely used in various applications, 

such as AC-plasma display panels [55], magnetic tunnel junctions [56], or as a passivation layer 

in various material systems. The main properties of magnesium oxide are its behaviour as a 

diffusion barrier, n-type conduction and wide bandgap, which, depending on the deposition 

method and temperature, is in the range of 4.5-8.9 eV [57].  



 
14 

 

In PV MgO was first used in dye-sensitized solar cells, as a barrier layer for SnO2, in order to 

prevent interfacial charge recombination [58], [59]. In perovskite solar cells, it was 

implemented as a nanolayer coating for TiO2 to block charge recombination at the 

TiO2/CH3NH3PbI3 interface. Recently, the successful implementation of MgO thin layers as 

stand-alone passivating electron transport layers for n-type c-Si wafers [12], [60], [61], and in 

alloy with aluminum oxide (AlxMg1-xOy) as a passivation layer for p-type c-Si wafers has been 

shown [62]. 

In general, MgO layers show improvement in passivation and are stable towards high 

temperatures up to 300 °C in solar cells [60]. However, MgO layers have demonstrated 

chemical instability upon air exposure. It was shown that with air exposure, MgO films exhibit 

formation of -CO and CO2 at defect sites. [63]. Additionally, it was reported that water 

molecularly adsorbs to the magnesium oxide surface, which leads to the formation of surface 

hydroxyl groups [64], [65]. The hydration reaction occurs at defect sites at the surface, but can 

also happen in the inner MgO film. The main factors affecting the hydration region are the 

density and grain sizes of the MgO layers [66].  

 

2.2 Interfaces and devices 

2.2.1 Heterojunction interfaces 

A heterojunction interface is formed between two different semiconductors with unequal band 

gaps that are brought in contact [67]. Semiconductor heterojunctions can provide the 

asymmetry required for the effective separation and collection of photo-generated charge 

carriers. When carriers migrate across the junction interface, their movement is greatly affected 

by the junction barrier, which is determined by the band offsets and built-in potential (band 

bending) at the interface.  

In fig. 2.2 schematic example of a heterojunction contact of two materials is shown. The energy 

band alignment at semiconductor interfaces is determined by the valence and conduction band 

discontinuities at the semiconductor hetero-interface, and by the Schottky barrier heights at 

semiconductor/metal interfaces. Small barriers enable charge transport across the interface and 

are a prerequisite for Ohmic contacts [68], which would ensure a minimized voltage drop across 

the interface. Therefore, the main task, while forming such, is to achieve proper band alignment 
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for corresponding carrier transport between the materials, which largely determines the 

functionality of the final devices [69].  

 

 

Figure 2.2: Two different semiconductors in a hetero-contact, Evi – valence band, Eci – 

conduction band, EF – Fermi level, Egi – bandgap, Evac – vacuum level, ϕi – work function, Ii – 

ionization potential, χi – electron affinity. 

 

The simplest approach (Schockley-Anderson model) to assess the band alignment is by using 

the ionization potentials (I) and electron affinities (χ) for the offset assessment: 

 ∆𝐸𝐶𝐵 = 𝜒2 − 𝜒1 (2.1) 

∆𝐸𝑉𝐵 = 𝐼2 − 𝐼1  (2.2) 

Any change in doping of the semiconductor will change the band bending, but not the band 

offsets (barrier heights), if electron affinity and bandgap are not functions of doping [70]. The 

electron affinity is strongly influenced by surface dipoles, which are given by the local atomic 

structure and charge distribution at the surface. Thus, such approach can be valid only if the 

changes in the dipoles at the interface are equal for both semiconductors [71]. Another widely 

used model was derived by Tersoff, which suggests the interface dipole associated with gap 

states induced by band discontinuities is the dominant factor in determining band line-up. Any 
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difference in the work functions of two materials results in charge transfer, hence a dipole. This 

dipole depends on the band offset and tends to drive the band lineup towards the value that 

corresponds to zero dipole.  The equilibrium occurs, when the midgap energy of both materials 

characteristic for the bulk, lines up. Thus, the offset can be assumed from the difference of the 

midgap energy [72], [73]. The further models are based on the concept of charge transfer due 

to the tunneling of the bulk mass electrons into each side across the junction interface. A 

stationary dipole is induced by the net charge transfer from the material with the higher valence 

band into the material with lower [74]. For more polar bonded semiconductors the density of 

interface states is lower, which results in a lower Fermi level pinning [68].  

In addition to the induced states, extrinsic interface states can influence the band alignment of 

the two semiconductors. These states can arise from defect formation, or interface 

contamination. The states and bulk properties of the material can be modified by post-

treatments of the interface, such as annealing [75] or plasma treatment [76].  

 

2.2.2 Recombination  

Recombination is a process that leads to the elimination of excited charge carriers. Therefore, 

recombination properties of semiconductors strongly affect their electrical performance and, 

thus, recombination rate is an important characteristic for any semiconductor device, including 

solar cells. It is possible to classify the different types of recombination as being of intrinsic or 

extrinsic origin [77].  

Intrinsic recombination is present even in the ideal, undisturbed crystal. Two fundamental 

intrinsic recombination processes can be distinguished: radiative and Auger recombination. 

Radiative recombination occurs, when an electron in the conduction band recombines with a 

hole in the valence band and the excess energy is shed by emitting a photon with an energy 

approximately equal to that of the bandgap. Such recombination is most pronounced for direct-

bandgap materials. However, due to silicon being an indirect-bandgap semiconductor, the 

probability of such recombination for silicon-based devices is low, in comparison to other 

recombination processes. This occurs due to the necessity to have the simultaneous emission of 

a photon and phonon in order to conserve both momentum and energy. Thus, the involvement 

of the third particle in the recombination process decreases the probability of radiative 

recombination. Auger recombination occurs, if the excess energy is transferred to a third charge 
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carrier, which releases it as phonons to the crystal. The Auger lifetime is proportional to the 

inverse square of the carrier density, and at high injection levels, it is the dominant mode of 

recombination in silicon.  

For cases of extrinsic recombination, the electron-hole recombination occurs via defect center 

in the bandgap (Shockley-Read-Hall (SRH) recombination) [67]. It can be represented as a two-

step capture mechanism, whereby the free electron from the conduction band and a free hole 

from the valence band are annihilating each other in the defect level. This type of recombination 

can occur either through bulk defects, induced by impurities or dislocations, or at surface states. 

The different recombination processes occur in the parallel to each other and the total 

recombination rate in semiconductor is the sum of all the rates, each of which is characterized 

by a lifetime, which can be divided into surface and bulk lifetimes [67]: 

1

𝜏𝑒𝑓𝑓
=

∆𝑛

𝑅(∆𝑛,𝑛0)
= (

1

𝜏𝑆𝑅𝐻
+

1

𝜏𝐴𝑢𝑔𝑒𝑟
+

1

𝜏𝑟𝑎𝑑
) +

1

𝜏𝑠𝑢𝑟𝑓𝑎𝑐𝑒
=

1

𝜏𝑏𝑢𝑙𝑘
+

1

𝜏𝑠𝑢𝑟𝑓𝑎𝑐𝑒
 (2.3) 

This parameter is valuable for estimating solar cell performance. At low injection level, when 

the equilibrium majority charge carriers outnumber the light generated excess carriers, SRH is 

dominant recombination. At high injection level, excess carrier outnumber equilibrium majority 

charge carriers, Auger recombination is dominant.  

 

2.2.3 Solar cells 

Simplistically, a solar cell can be thought as a diode under illumination. The basic silicon solar 

cell consists of a silicon absorber layer and doped layers of the opposite polarity. Under incident 

illumination, light-generated carriers are separated, according to their polarity and then being 

collected at the appropriate contact.  

In a simple equivalent circuit a solar cell can be represented as a diode, with an external 

photocurrent jph, the series (Rs) and parallel (Rp) resistances. These resistances represent the 

ohmic losses within the device. Rs arises from the resistance of the layers and contacts to current 

flow. Rp (shunt resistance) represents current paths bypassing the p-n junction in the form of 

shunts between the two contacts. The major part of shunt resistance can be assigned to leakage 

currents at the edges of a solar cell. The IV curve of such circuit can be described as: 

𝑗(𝑉) = 𝑗0 (exp (
𝑞(𝑉−𝑗𝑅𝑆)

𝑚𝑘𝑇
) − 1) +

𝑉−𝑗𝑅𝑆

𝑅𝑝
− 𝑗𝑝ℎ, (2.4) 
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Where j0 is the reverse bias saturation current, q is the elementary charge, V is external voltage, 

m is the ideality factor that accounts for the deviation from the ideal diode equation where 

m = 1, k is the Boltzmann constant and T is the temperature [78]. When assuming the real 

device, where recombination is governed by different mechanisms that do not necessarily obey 

this relation, parameters j0 and m are needed to be adjusted accordingly. 

The IV curve for solar cell can be characterized by using four parameters:  

The short circuit current density (Jsc) is the current through the solar cell per unit area, when the 

voltage across the cell is zero. For an ideal solar cell with zero series resistance, the short circuit 

current is equal to the photogenerated current. The practical limit for a c-Si based single junction 

solar cell under standard illumination conditions, 1-sun illumination (AM 1.5G) at 25 °C is 

43.7 mA/cm2 [79]. The main decrease in Jsc in the device can be attributed to the reflection, 

parasitic absorption and recombination losses at the contact, or during the lateral carrier 

transport [80].  

Another important parameter is the open circuit voltage (VOC), which is the voltage generated 

by the illuminated diode at open circuit conditions. The maximum VOC can be achieved, when 

recombination rates throughout the cell are minimized and can be described as a measure of the 

amount of the recombination in a device. Auger recombination is the main recombination 

mechanism for silicon, thus is the main limitation for VOC in c-Si based solar cell devices [81].  

The next one is fill factor (FF), which is calculated as:  

𝐹𝐹 =
𝑉𝑀𝑃𝑃𝐽𝑀𝑃𝑃

𝑉𝑂𝐶𝐽𝑠𝑐
 , (2.5) 

where VMPP and JMPP are the voltage and current density at the maximum power point, which 

corresponds to the highest power output. The FF is a measure for the transport and 

recombination losses, thus it is highly impacted by both Rs and Rp resistances. High Rs and low 

Rp reduce the fill factor of the device and their optimization is one of the main challenges of 

the solar cell development. For a heterojunction solar cell, the presence of the hetero-interface 

itself can be regarded as a barrier for photo-generated carriers. In n-type absorber SHJ cells a 

large valence band offset at the a-Si:H/c-Si interface can result in a field effect, which improves 

the passivation, and thus increases the Voc. On the other hand, this offset limits carrier collection 

and reduces the FF of the solar cell [82]. In the case of mismatched interfaces in a solar cell, 

where transport barrier can form, making it possible to observe an s-shaped IV curve for the 

device [83].  
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Figure 2.3: Illuminated IV curves for SHJ solar cell with MgO layer as electron-selective 

contact measured on a deposited device, and after 3 minutes annealing at 150 °C. 

 

As an example, fig 2.3 shows the IV curve of the SHJ solar cell with MgO layer, as electron-

selective contact for as-deposited and annealed device. It can be seen that after the annealing 

step the shape of the IV curve became s-shaped, which leads to drastically decreased FF and 

VOC. Mitigation of the s-shape can be achieved by using different work function materials [84], 

by doping the contact materials, or by decreasing the thickness of the passivating buffer layers. 

FF is strongly dependent on VOC, therefore, the FF should be estimated while including VOC as 

a parameter. The maximum achievable FF of 89% can be accomplished with at VOC of 

769 mV [85].  

The final important parameter for the device analysis is the efficiency of the solar cell, which 

is calculated by dividing the power output by power of the incident light. From the calculations 

for the limiting efficiency of the solar cell, the maximum estimated theoretical efficiency that 

can be achieved for a single junction solar cell is of 29.43% for a 110 μm thick wafer [79]. 

 

2.2.4 Silicon heterojunction solar cells 

Most reported silicon heterojunction solar cells are based on n-type c-Si wafers as absorbers. 

This is due to their lower sensitivity towards impurities, which results in superior charge carrier 

lifetimes, in comparison to p-type wafers [86], [87]. SHJ solar cells include thin intrinsic 
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amorphous silicon layers and p-n junction formed by the deposition of the following 

corresponding doped layers: p-aSi:H as a hole contact (minority carrier contact) and n-aSi:H as 

an electron contact (majority carrier contact). SHJ cells with assuming n-type c-Si wafer as an 

absorber, can be built in a front junction configuration, with the hole-selective contact at the 

front side of the solar cell absorber, or as a rear side junction device, with the electron-selective 

contact at the front side and hole-selective contact at the rear. Both configurations function well 

in SHJ solar cells. The most widely used configuration is the front side emitter. In this case, 

minority charge carriers are generated close to their collecting contact, which enables higher 

short circuit current density. However, for high charge-carrier lifetime absorbers, minority 

charge carriers can efficiently reach the collecting contact, regardless of the hole contact 

position [88]. Therefore, excellent passivation is one of the main prerequisites for high quality 

devices. Thus, a thin layer of i-aSi:H is added on top of the c-Si substrate to passivate the wafer 

surface. The i-aSi:H/c-Si interface is crucial for both sides of the c-Si wafer and has to be 

atomically sharp, without epitaxial growth. By inserting an i-aSi:H layer, the interface 

recombination velocity can be decreased, and further increase in VOC can be achieved [89]. 

Therefore, in order to achieve high VOC, the insertion of i-aSi:H layers for passivation is crucial. 

However, the conductivity of i-aSi:H layers is very low, and parasitic optical absorption 

increases with layer thickness. Therefore, with thick i-aSi:H layer, Jsc and fill factor of the solar 

cell are reduced, and s-shaped IV curves are often observed [90]. Consequently, the layer 

thickness should be as thin as possible, but thick enough to provide sufficient surface 

passivation. Similarly, the thickness of the p-aSi:H layer should be as low as possible in order 

to reduce parasitic optical absorption, but at the same time thick enough to enable the proper 

formation of the p-n junction[47], [91].  

Additionally, the main issue with p-aSi:H layers is their comparatively low conductivity. 

Therefore to provide lateral conductivity, on top of the p-aSi:H layer an additional transparent 

conductive oxide (TCO) layer is deposited, commonly ITO [92]. Additionally, this layer serves 

as an anti-reflection layer. At the rear side, an additional TCO layer is deposited on top of 

n-aSi:H layer to reduce contact resistance and to enhance the optical response, by suppressing 

plasmonic absorption that would occur at the metal contact [93].  
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Figure 2.4: The top part represents the schematic structure of a front-side emitter SHJ solar 

cell. Light comes from the left (yellow arrow). The bottom part shows the band line-up of this 

cell. Top solid lines are conduction band (Ec), bottom solid lines are valence band (Ev). The 

dashed line is the Fermi energy (EF). The direction of the carrier flow is shown with arrows. 

The tunnel recombination at the p-aSi:H/ITO interface is marked in orange. 

 

The SHJ solar cell is completed by the deposition of metal contacts. The front side is contacted 

by a grid, and the back side can be fully metalized, or also contacted by a grid to form a bifacial 

solar cell [94]. A schematic representation of a SHJ solar cell and its band diagram is presented 

in fig. 2.4. Carrier excitation happens mainly in the c-Si wafer. Electrons diffuse through rear 

side i-aSi:H, n-aSi:H and TCO layers and are afterwards collected at the metal contact. The 

highest barrier on this path for electrons is created by the conduction band offset between i-

aSi:H and c-Si substrate, which is approximately 0.2-0.3 eV [27], thus can be overcome by 

thermionic emission. Similarly, holes diffuse to the front side trough i-aSi:H and p-aSi:H layers. 

However, the main difference here is that the p-aSi:H/TCO interface includes a tunnel-

recombination contact [91]. The mismatch in band alignment at this interface limits the current 

extraction of the solar cell and leads to the creation of the depletion region, which reduces the 

band bending in the a-Si:H/c-Si heterojunction and this decreasing the field passivation. Thus, 
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it can lead to the decrease of the VOC and FF of the solar cell. Therefore, proper interface 

engineering is required [84]. 

 

2.2.5 Si-based solar cells with dopant-free carrier-selective layers 

Fundamentally, there are two key parameters for highly efficient solar cells: efficient carrier-

selective contacts and excellent surface passivation. The main goal for a good carrier contact is 

to selectively block the flow of either electrons via conduction band barriers, or holes via 

valence band offsets, and at the same time allow the other type of carrier to pass through. 

Therefore, for further device improvements, there is a need to be able to maintain a low band 

offset for the corresponding carrier, while simultaneously reducing the optical absorption, in 

the contact layers. Unfortunately, doped amorphous silicon layers do not give such flexibility, 

due to the doping limitations and thickness restrictions mentioned before. Therefore, there is a 

need to substitute these layers with alternatives. One way is to use passivating contacts, such as 

metal oxide layers.  

 

 

Figure 2.5: Schematic band lineup for silicon solar cell with metal oxide layers as carrier-

selective contacts. The tunnel recombination at the c-Si/ high work function material interface 

is marked in orange. 
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In this case, suitable electron affinity and band gap of the material are especially important for 

the band alignment with the silicon wafer. For the minority carrier contact, transition metal 

oxide materials with higher work function than the ionization energy of c-Si, such as WO3 [95], 

or MO3 [96], can be considered. In this case, a large conduction band offset is formed, leading 

to a strong inversion layer with an accumulation of holes, despite these semiconductors being 

n-type. Materials with low work function which are lower or close to the electron affinity of 

c-Si, such as titanium oxide (TiO2), are suitable as electron selective contact, due to a low 

conduction band offset [97]. A simplified band lineup of such solar cell device with metal 

oxides, as carrier-selective contacts is presented in fig. 2.5. The use of these undoped 

alternatives to amorphous silicon enables the fabrication process of SHJ solar cells to be more 

robust and cost-effective. However, such an approach also demands higher attention to the 

interfaces of these layers with either TCOs or metals, in order to prevent the formation of 

Schottky barrier. 

 

 

  



 
24 

 

Chapter 3  

Deposition methods and characterization 

3.1 Sample preparation and layer deposition 

3.1.1 Pre-treatments of samples 

In this thesis, polished n-type c-Si wafers, float zone, with <100> surface orientation, resistivity 

of ~1-5 Ωcm, and 280 μm thickness were used as substrates. Prior to the depositions, wafers 

were cleaned with a standard process developed by Radio Company of America (RCA) [98]. 

This cleaning procedure involves two baths containing ammonium hydroxide and hydrogen 

peroxide in the first one, and hydrochloric acid with hydrogen peroxide in the second one. The 

first bath leads to the formation of a thin silicon dioxide layer with incorporating and etching 

organic residues and surface particles. The second bath removes metallic contaminants and 

forms a thin silicon dioxide layer. After this cleaning, samples are dipped in 1% HF for 2 

minutes in order to remove the wet-chemical oxide grown on the surface. Flat wafers were used 

in order to make it more accessible for measurement techniques like ellipsometry, where surface 

quality is important for further analysis. Additionally, such wafers were used for the fabrication 

of solar cell devices. While textured wafers would produce higher cell efficiencies, devices on 

flat wafers simplify the production process and have better reproducibility. Therefore, the 

sources of experimental errors can be decreased.  

Corning glass substrates were used for resistivity and optical measurements on SnO2 layers. 

Prior to the deposition processes, they were cleaned with the alkaline cleaner. 

 

3.1.2 Plasma-enhanced chemical vapor deposition 

Plasma-enhanced chemical vapor deposition (PECVD) is the most common deposition method 

for the fabrication of aSi:H layers. In this thesis, all aSi:H layers were produced in AltaCVD 

parallel-plate PECVD reactors from Altatech with 13.56 MHz frequency, RF power source for 

plasma excitation. During the PECVD process, a plasma discharge is created, which ionizes 

molecules and atoms of gases in the chamber. Afterwards, the dissociation products are 

transported on heated substrates and form a layer [25]. For the deposition of i-aSi:H layers, a 



 
25 

 

mix of Silane (SiH4), as the silicon precursor, and Hydrogen (H2) is used. Depending on the 

ratio between these gases, layer properties can differ drastically [23]. The best passivation 

quality can be achieved in the transition from amorphous to nano-crystalline [99] state, while 

avoiding epitaxial growth, which is detrimental to passivation [100]. Therefore, the amount of 

hydrogen during the layer deposition should be limited. However, as was discussed in 

chapter 2.1, hydrogen at the c-Si interface plays a crucial role for passivation quality of i-aSi:H 

layers. Thus, the post-deposition inclusion of hydrogen through a plasma treatment can be 

beneficial for layer quality [101], [102]. By optimizing plasma parameters, it is possible to 

achieve an improved passivation quality for i-aSi:H layers. For doped layers, the addition of 

precursor gases of diborane (B2H6) for p-aSi:H layers, or phospine (PH3) for n-aSi:H layers 

during the deposition process is needed. The standard deposition parameters for the different 

a-Si:H layers in this thesis are described in table 3.1.  

 

Layer SiH4 

(sccm) 

H2 

(sccm) 

Dopant gas 

(sccm) 

Pressure 

(mbar) 

Temperature 

(°C) 

Power 

(mW/cm2) 

i-aSi:H 13 7 0 0.8 185 45 

n-aSi:H 15 40 4 (PH3) 2 210 100 

p-aSi:H 33 25 18 (B2H6) 2.5 142 50 

Hydrogen 

plasma 

post-

treatment 

0 30 0 1.25 185 75 

Table 3.1: Main PECVD parameters for the various aSi:H layers and for the hydrogen plasma 

post-treatment of the i-aSi:H layers. 

 

3.1.3 Atomic layer deposition 

Atomic layer deposition (ALD) is a surface-limited thin film deposition technique, which is 

similar to a CVD process. However, contrary to CVD, gas phase precursors are not applied 

simultaneously in the process, but by the exposure of the substrate surface to the precursors in 

alternating exposure steps. Consequently, the sample surface is exposed to only one precursor 

at a time, and no gas phase reactions between precursors can occur. Each surface reaction during 

the process occurs between a gas-phase reactant and a surface functional group [103]. These 

reactions stop, when all available surface groups have reacted. Each of these steps has to be 
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optimized to exclude sub-saturated growth, or growth with a parasitic CVD growth component 

within too short precursor or purge steps [104].  

 

 

Figure 3.1: A schematic representation of ALD cycle consisting of two half reactions. The 

exposure in the first half cycle (Step 1) of precursor and in the second half cycle (Step 3) of co-

reactant are self-limiting and process stops, when all available surface site are saturated. Steps 

2 and 4 are purge steps that are required between half-cycles to remove unreacted precursor. 

 

Each ALD cycle involves two reactants with the following sequence, as shown in fig. 3.1: 

1) Self-terminating reaction of the first precursor, 2) a purge step to remove unreacted precursor 

and volatile reaction by-products, 3) self-terminating reaction of the second precursor through 

new surface groups, 4) another purge step. The cycle is then repeated, until the desired layer 

thickness is achieved [105].  

Therefore, a standard ALD process consists of reaction cycles, each of which results in a 

constant increase in film thickness. Thus, the deposition rate is usually referred to as growth 

per cycle (GPC) [106]. For an ideal ALD process, with known GPC, the film thickness can be 

controlled precisely through the number of deposition cycles. 

Depending on the precursor, with ALD it is possible to grow a wide range of materials, such as 

oxides, nitrides, sulfides, or pure metals [107]. This deposition technique produces high quality 

layers with accurate thickness control. The important factor is to have a suitable precursor-
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surface chemistry: the ALD reactants must adsorb to the surface, and the adsorption has to be 

irreversible and self-terminating [103], [108]. In order to have surface reactions, the presence 

of reactive surface sites is required, such as -OH groups for oxides [105]. Otherwise, no binding 

to the surface can occur. Therefore, the initial substrate surface state can lead to the delayed or 

absent nucleation and film growth.  

 

 

Figure 3.2: schematic representation of possible layer growth behaviour during ALD with 

varying substrate temperature [107]. 

 

Another important parameter for high quality ALD processes is the deposition temperature. The 

region of temperatures, where an ALD process can be described as ideal is called the 

“temperature window” [106]. This concept is applicable to most ALD processes [109]. 

However, there are also exceptions with no well-defined range of temperatures with a constant 

GPC [110]. A schematic representation of the effects of temperature on ALD processes is 

shown in fig. 3.2. Outside the temperature window, the growth per cycle changes significantly. 

At lower temperature, reactants can condense on the surface, or the surface reactants may not 

have enough energy to complete the reaction. At higher temperature, the surface species can 

decompose and allow additional reactant adsorption, which can resemble the behaviour of CVD 

with increased surface reactions that are no longer self-limiting. Otherwise, if the film material 

is volatile, it may evaporate, which would lead to a decreased GPC.  

ALD is defined by chemical reactions, so there is always a risk of residues left from the 

precursors. The impurity contents of the film bulk and its surface strongly depend on the 
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completeness of the reactions [111]. Due to this, ALD layer properties can strongly vary 

compared to same material layers deposited by other techniques, such as physical vapor 

deposition (PVD) or PECVD. 

The main focus of this work is on metal oxide layer growth by ALD. For oxide layers, the 

second precursor is an oxidizing agent (water, hydrogen peroxide, ozone, or oxygen plasma). 

Depending on the oxidizer, the deposition process and layer properties can differ drastically. In 

this thesis, the following ALD processes are investigated: SnO2 layer deposition with oxygen 

plasma as an oxidizer, and MgO layer deposition with water as an oxidizer. Both types of ALD 

processes are briefly described below.  

ALD processes involving non-plasma oxidizing sources, are usually referred to as thermal 

ALD. Water is commonly used for thermal ALD processes, and works well as an oxidizer. 

Moreover, water-based ALD can be considered a “soft” deposition process, as there is no 

damage at the substrate surface during the oxidation step. However, there are several drawbacks 

for such deposition. Firstly, the process has to include long purge times, due to the slow 

desorption of excess water [112], which drastically increases the total deposition time. 

Secondly, water reactivity is reduced with decreasing deposition temperature. Therefore, at 

lower temperatures water is not reactive enough to remove ligands from the surface, limiting 

the GPC or exhibiting absence of the layer growth [113].  

The other possibility is to use oxygen plasma as an oxidizer, so called plasma enhanced atomic 

layer deposition (PEALD). During the PEALD process, the reactive species are created in the 

gas-phase, which causes a higher reactivity with the surface [114]. This can also lead to shorter 

nucleation times [115] and higher GPC, in comparison to water-based ALD [116]. 

Additionally, the process requires lower deposition temperatures, therefore allowing a higher 

degree of freedom when choosing substrates, or precursors. In this thesis, a remote plasma 

source (RPS) is used for the PEALD process. The RPS is located away from the substrate stage, 

such that the substrate is not affected in the generation of the plasma species. This permits 

separate tuning of the substrate and plasma parameters, while having high reactivity with low 

ion energies [117]. Therefore, such deposition processes are flexible and produce high quality 

layers at higher deposition rates than for thermal ALD processes. Additionally, the utilization 

of plasma allows a higher flexibility in tuning the process, due to a higher number of tunable 

deposition parameters, such as plasma power [118], plasma exposure time [119], or the addition 

of gases during the plasma step [120]. However, PEALD has its own drawbacks that have to be 
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considered. During the plasma step, the deposition surface is exposed to reactive species from 

the plasma that can induce undesired reactions, leading to surface contamination and poor 

uniformity of the film. Another issue is plasma damage that can promote the formation of 

defects in the material, or at the surface [114], [121]. Plasma-induced damage can be partially 

or fully mitigated by tuning the deposition parameters, such as gas pressure, or plasma power 

[122]. 

 

3.1.4 Silicon heterojunction solar cells fabrication and IV measurements 

The general structure of SHJ solar cells was already described in section 2.2.4. Devices built 

for this thesis have a front junction configuration, with hole-selective contact at the front. The 

deposition of aSi:H layers is described in section 3.1. Additionally, TCO layers and metal 

contacts were deposited on all devices. ITO, which was deposited by physical vapor 

deposition (PVD) at 50 °C deposition temperature, was utilized as the TCO layer at the front 

and rear side of the solar cell. The required thickness of ITO is 75-80 nm, which was optimized, 

in order to get the best electrical and optical output from the device [47]. The front side ITO 

was deposited through a shadow mask to define a solar cell area of 1 cm2. Each wafer contained 

3-6 solar cells. After the sputtering step, samples were annealed for 5 minutes at 200 °C to 

remove sputter damage and to crystallize the ITO layers [123]. Metallization was done by 

thermal evaporation. The front grid consisted of a metal stack of 10 nm titanium and 1500 nm 

silver (Ti-Ag) and was defined by using a shadow mask. The back contact consisted of a blanket 

layer of 10 nm titanium and 500 nm silver for the standard SHJ solar cells. 

In order to determine parameters of the final device, IV measurements were performed at a 

solar simulator. These measurements were carried out at Wavelabs Sinus-70 Class AAA sun 

simulator that simulates the terrestrial solar spectrum AM 1.5G. The simulator was calibrated 

using calibrated silicon reference diode. During the measurements, the samples were 

maintained at a temperature of 25 °C and fully masked, except the measured cell area. 
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3.2. Characterization  

3.2.1 Photoelectron spectroscopy 

3.2.1.1 X-ray photoelectron spectroscopy  

X-ray photoelectron spectroscopy (XPS) is a powerful technique, which allows to extract 

surface and bulk information, such as type, chemical state and concentration of elements with 

a penetration depth of 1-10 nm [124]–[126], depending on the material. As an example, fig 3.3 

shows the survey spectra for thin SnO2 layer (2 nm) deposited on top of n-aSi:H substrate. In 

this case it is possible to get information not only about the SnO2 overlayer material, but also 

about n-aSi:H substrate. 

The technique involves irradiating the sample with soft X-rays and analyzing the energy of 

detected outcoming electrons. X-rays interact with atoms in material and cause electrons to be 

emitted via the photoelectric effect. The kinetic energy of these electrons is measured. 

Afterwards, this value can be converted to the binding energy by using the formula: 

 𝐸𝑘 = ℎ𝜈 − 𝐸𝑏 − 𝛷,  (3.1) 

where ℎ𝜈 is the energy of the incident photon, 𝐸𝑏 is the binding energy of the atomic orbital, 

from which the emitted electron originates, and 𝛷 is the work function of the spectrometer, 

which is an instrument parameter. The latter is obtained by setting the Fermi edge emission of 

a clean metallic sample to zero binding energy.  

Because of unique sets of binding energies for different elements, it is possible to identify the 

type, chemical state and concentration of elements in the measured depth of the material [127]. 

Depending on the X-ray source and measured material, it is possible to identify the species 

present in the material in the range of 0.1-1% [128]. Additionally, it is feasible to get valuable 

information from the shifts in binding energy. These chemical shifts arise from the differences 

in the chemical potential and polarizability of the compounds.  
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Figure 3.3: XPS survey of a 2 nm SnO2 layer deposited on top of an n-aSi:H layer on c-Si 

substrate. 

 

In this work, a non-monochromatized Al Kα (1486.6 eV) and Mg Kα (1253.6 eV) sources are 

used for global survey measurements. For region specific measurements Mg Kα source is used, 

due to its higher resolution [125] in comparison to Al Kα. Analysis of the XPS elemental core 

level spectra was conducted using the software fityk [129]. The fitting of the each spectra region 

was done, using Voigt profiles with full-width-half-maximum (FWHM) coupled to the same 

value and with the inclusion of a linear background, all of which were fitted simultaneously. 

The Voigt function incorporates the convolution of Gaussian and Lorentzian functions in the 

lineshape of the curve. The Gaussian component simulates peak broadening due to 

experimental origins. The Lorentzian component describes broadening from the transitional 

principle. Number of employed fit peaks was minimized, additional peaks for region fitting 

were only used, if a physical reason is could be invoked, such as the presence of other chemical 

species. 

 

3.2.1.2 Ultraviolet photoelectron spectroscopy 

The main difference between XPS and ultraviolet photoelectron spectroscopy (UPS) is the 

excitation energy. UV radiation is provided by inertial high purity gas, such as neon, or helium 

discharge. This gas discharge produces a number of emission lines with different intensities. In 

this work, the He I line with an energy of 21.2 eV is used. Due to the low excitation energy, it 
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is feasible to detect only valence electron states. This measurement technique is very surface-

sensitive and is used in this thesis to determine valence band edges, and to measure the 

secondary electron cutoff to determine the work function. 

The valence band edge was extracted from a linear fit of the leading edge of the spectrum [130] 

after subtracting the He Iβ-excited replica of the spectrum, which produced the satellite shift of 

1.87 eV and relative intensity of 1.2 %. Afterwards, calculated values are converted to the 

binding energy, using formula 3.1. The secondary electron cutoff region was measured with the 

applied bias voltage of 10 V and was fitted using a Boltzmann-Sigmoid function in order to 

determine the work function [131] with extracted afterwards value for bias voltage. The 

example measurements and fits for He I-UPS spectra are shown in fig. 3.4. 

 

 

Figure 3.4: Raw data and example fit of He I-UPS spectra for SnO2 layer: a) valence band edge 

fitting using linear fit, b) secondary cutoff region fit, using the center point of Sigmoid-

Boltzmann function.  

 

3.2.1.3 Determination of intermediate silicon oxide thickness 

The interface between silicon and a metal oxide is crucial for the solar cell device. Thus, it is 

important to understand the changes that occur at the interface upon the metal oxide layer 

deposition. One of the important issues is the exposure of silicon surface to oxygen, or metal 

oxide itself. This can lead towards oxidation of the silicon surface itself, if the resulting negative 

Gibbs formation energy is lower for Si, than for considered metal. Therefore, intermediate SiOx 
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layer can be formed at the interface. Depending on metal oxide and deposition method, the 

thickness of this intermediate layer can be up to 3 nm [132]. The band gap of SiO2 layers is 

~ 9 eV [133], which means that by depositing a metal oxide layer, the additional dielectric 

barrier is created. This barrier, by possibly being highly defective and not stoichiometric, or 

thicker than the threshold for charge carrier tunneling (~ 2 nm) [134], can lead to the 

degradation of the solar cell performance. Therefore, by analyzing interface and device 

performance, it is important to have an idea of not only about the structure of this layer, but also 

to be able to estimate its thickness. 

With XPS it is possible to not only identify chemical bonds at the surface and in the material’s 

bulk, but to also evaluate the thickness of a thin layer on a substrate. Unfortunately, XPS is 

powerful for qualitative analysis, but not so precise, when it comes to quantification of species 

in absolute values. There are a lot parameters that influence precision, from the type of 

measured materials themselves to the tool parameters, such as the transmission function of the 

spectrometer, or the efficiency of the detector. These uncertainties can give an accuracy of up 

to 10% by trying to quantify the presence of species in the absolute values [135]. Despite this, 

it is still important to have an estimate for the intermediate SiOx layer thickness, which is formed 

between the silicon substrate and metal oxides (SnO2 in this thesis). Oxide thickness can be 

determined from the formula [136]:  

𝑑𝑜𝑥𝑖𝑑𝑒 = 𝐿𝑆𝑖𝑂2cosθln (1 +
𝑅𝑒𝑥𝑝𝑡

𝑅0
⁄ ),  (3.2) 

where 𝐿𝑆𝑖𝑂2 is the attenuation length for Si 2p photoelectrons in the pure SiO2 overlayer, 𝜃 is 

the angle of emission of photoelectrons relative to the surface normal, 𝑅𝑒𝑥𝑝𝑡 is the measured 

ratio between the intensity of the substrate and oxide, and 𝑅0 indicates the relative intensities 

of pure silicon oxide on top of silicon. Both of these factors can be extracted from the Si 2p 

core level. In the case of formation of understoichiometric SiOx at silicon surface, all five 

chemical states of silicon, which include four oxidation states and Si0 have to be taken into 

account, when calculating the thickness of SiOx [136], and 𝑅𝑒𝑥𝑝𝑡 can be calculated as: 

𝑅𝑒𝑥𝑝𝑡 =

(𝐼𝑆𝑖𝑂2 + 0.75𝐼𝑆𝑖2𝑂3 + 0.5𝐼𝑆𝑖𝑂 + 0.25𝐼𝑆𝑖2𝑂)
(𝐼𝑆𝑖 + 0.75𝐼𝑆𝑖2𝑂 + 0.5𝐼𝑆𝑖𝑂 + 0.25𝐼𝑆𝑖2𝑂3),⁄  (3.3) 

where ISixOy are intensities of the corresponding chemical states of silicon. 
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3.2.1.4 The band offset at heterojunctions  

By combining XPS and UPS measurements, it is feasible to determine the offset for the 

heterojunction system by the method derived by Kraut [137], [138]. Near to the interface, the 

local charge-density distribution may differ from the bulk. It can be assumed that the bandgap 

does not change from the bulk to the interface, thus varying electrostatic potential which bends 

all energy level depends only on the distance from the interface. In general, valence band offset 

between the over layer and the bulk can be described, as: 

𝛥𝐸𝑣 = 𝐸𝑣
𝑜𝑣𝑒𝑟 − 𝐸𝑣

𝑠𝑢𝑏 − 𝑞𝑉𝐵𝐵
𝑜𝑣𝑒𝑟 + 𝑞𝑉𝐵𝐵

𝑠𝑢𝑏 (3.4) 

 

 

Figure 3.5: Generalized energy-band diagram of an semiconductor-semiconductor 

interface [137], [138], 𝐸𝑣 is the valence-band maximum, 𝐸𝐶𝐿
  is the energy of core level, 𝐸𝐶

  is 

the conduction band minimum, 𝐸𝑔 the bandgap of the material and 𝛿 is the position of the Fermi 

level in the bulk relative to 𝐸𝑣. 

 

Fig. 3.5 shows the representation of the interface between two semiconductors. It is possible to 

estimate the band bending potential at the interface as:  



 
35 

 

𝑞𝑉𝐵𝐵
 = (𝐸𝐶𝐿

 (𝑏) − 𝐸𝑣(𝑏)) + 𝛿 − 𝐸𝐶𝐿
 (𝑖) (3.5) 

 Consequently, when shifting to the interface between two materials with an overlayer thin 

enough to observe the XPS signal of the substrate, it is possible to determine the valence band 

offset only by XPS and UPS measurements: 

Δ𝐸𝑣 = (𝐸𝐶𝐿
𝑂𝑣𝑒𝑟 − 𝐸𝑉

𝑂𝑣𝑒𝑟) − (𝐸𝐶𝐿
𝑆𝑢𝑏 − 𝐸𝑉

𝑆𝑢𝑏) − (𝐸𝐶𝐿
𝑂𝑣𝑒𝑟(𝑖) − 𝐸𝑉

𝑆𝑢𝑏(𝑖)) (3.6) 

The effect of interface states is to shift the potential within the sampled region on both sides of 

an interface. Thus, any potential shift, due to interface states or other sources of band bending 

cancel [138]. Therefore, it is feasible to estimate the offset independently of potential variations 

across the interface, such as band bending, or electric fields. 

 

3.2.2 Surface photovoltage 

 The Surface photovoltage (SPV) is the illumination-induced change in the surface 

potential [139]. SPV measurement technique is an efficient tool to measure surface band 

bending [140] at the heterojunction, or to obtain a qualitative estimate of the surface 

passivation [141]. The SPV setup, used in this thesis, was developed at HZB [27].  

The setup configuration can be represented metal-insulator-semiconductor contact. This 

structure consists of TCO layer as a front contact, which is deposited on quartz window and 

thick mica foil that insulates sample from the TCO. On top of the foil the top electrode is located 

that enables capacity measurement. The back side of the sample is grounded, or bias voltage 

can be applied, depending on the measurement. The basic principle is to measure the surface 

potential before and after a short light pulse, which in this case is produced by laser pulse with 

wavelength of 905 nm. The light pulse is directed through the top electrode to the sample 

surface. The sample structure consists of a c-Si substrate and a semiconductor layer on top. The 

pulse with the chosen wavelength would prevent strong absorption in the most coatings on top 

of c-Si substrate. Thus, the photogeneration takes place in the c-Si substrate, which leads to a 

splitting of the Fermi level into the quasi-Fermi levels for electrons and holes [142]. 

Additionally, the homogenizer and system of lenses is used to make the laser beam as 

homogeneous as possible in the active area. The variation in surface potential measured as a 

photovoltage pulse corresponds to a change in band bending at the substrate/semiconductor 

interface and is extracted after a correction for the Dember voltage resulting from the difference 

in mobility’s of electrons and holes [27]. If the illumination intensity is high enough that the 
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conduction and valence band will flatten at the surface right after the excitation, thus the system 

is in a steady state condition. Therefore, the maximum value of Dember-corrected SPV after 

the light pulse directly corresponds to the dark band bending in c-Si.  

 

3.2.3 Minority carrier lifetime measurements 

A widely applied experimental method to measure injection-dependent carrier lifetimes in 

samples is from measurements of transient and quasi-steady state photoconductance (TRPCD 

and QSSPC, respectively). In this thesis, a WCT-100 setup from Sinton Consulting was 

used [143]. The setup consists of a photographic flash lamp, as a generation source of free 

charge carriers in the sample. The sample is inductively coupled at the back side by a coil to a 

radio-frequency bridge, which detects changes in the permeability of the sample and therefore 

its conductance. The TRPCD mode uses a short illumination pulse that is rapidly turned off. 

Afterwards, the decay of excess carrier density over time is determined without 

illumination [77]. This approach is commonly used to measure high carrier lifetimes, if the flash 

decay time is a few orders of the magnitude shorter than the carrier lifetime. In the case of low 

lifetimes, where the effective lifetime of the sample is comparable to the duration of the light 

flash, the QSSPC mode is used. In this case, the illumination is slowly reduced to zero over 

several milliseconds [143]. Therefore, the decay is slow enough to ensure that the sample is in 

a steady state in terms of recombination. 

Samples for such type of measurement need to be symmetrically processed. The requirement is 

necessarily due to PCD method being sensitive towards all recombination in the sample, which 

means that the bulk of the sample has to be high quality to be able to exclude its influence. 

Thus, the opposite side has to be passivated as well, such that the investigated surface is the 

limiting one. Additionally, samples require absence of the metal coverage, in order to have 

inductive coupling.  

The described measurement technique allows to obtain minority carrier lifetime curves as a 

function of excess carrier density. A widely applied evaluation is to compare the effective 

lifetime data at a certain excess carrier concentration, usually at 1015 cm-3, or to calculate the 

implied VOC (iVOC) directly from the data. IVOC is equal to the splitting of the electron and hole-

quasi-Fermi level and indicates the maximum achievable VOC for a structure. Another important 

output result that can be calculated from lifetime measurements is the implied JV curve based 
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on passivation properties and assumed photogenerated current density. From this curve it is 

possible to determine the implied fill factor (iFF). This parameter does not include series 

resistive losses and represents the limit for the achievable FF of the device on provided 

passivation quality [144].  

 

 

 

Figure. 3.6: modelled injection-dependent curves for the effective lifetime for a-Si:H/c-Si 

structure a) for varying Dit with the Qi fixed at -1011 cm-2, b) for varying Qi with the Dit fixed at 

1010 cm-2.  

 

A more advanced assessment of the data requires theoretical models [145]. The recombination 

velocity at the interface is determined by the defect density (Dit) and by the carrier concentration 

at the interface (Qi). By applying a semi-analytical model developed by Leendertz [146], [147], 
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it is feasible to deduce both of these parameters at the interface. This model is using Dit and Qi 

as the fitting parameters. The Qi determines the field-effect passivation. At the same time, Dit 

determines the defect passivation. The model is fitting both these parameters in the whole range 

of the experimental data of the obtained lifetime curve, using the sum of the residuals squared 

as a norm [147].  

In fig. 3.6 a,b the variation of the simulated with the model lifetime curve shapes, while fixing 

Dit or Qi, is shown. Depending on the features of the lifetime curve, it is possible to discern 

between Dit and Qi. Dit shifts the curve upwards or downwards, while maintaining the shape of 

the curve (fig 3.6 a). At the same time, changes in fixed charge density have a strong impact on 

the curve shape, influencing carrier lifetimes mostly at low excess carrier density, since field 

effect passivation (due to high Qi) is only effective in low injection (fig 3.6 b). 

 

3.2.4 Suns-Voc measurements 

The VOC of the solar cell strongly depends on the illumination intensity. The Suns-Voc method 

involves measurement of the VOC of the solar cell at monotonically varying illumination from 

a flash lamp. Assuming the superposition principle, an implied IV curve one-sun (AM 1.5G) 

illumination can be constructed from the measured data. By measuring the solar cell at VOC 

conditions at different incident light intensities, it is possible to exclude series and shunt 

resistance related losses [148]. Therefore, it is feasible by comparison of measured current-

voltage curve for the device at one-sun (AM 1.5G) illumination and pseudo curve calculated 

from Suns-Voc measurements to extract series resistance of the solar cell as: 

𝑅𝑠 =
∆𝑉

𝐽𝑚𝑝𝑝
, (3.7) 

where ∆𝑉is the voltage difference between both pseudo and measured curves at the maximum 

power point, which is divided by the current density at this point [149]. 

Therefore, this measurement is a valuable method for estimating the series resistance of the 

device, if the IV curve of the solar cell device is not limited by an S-shape, which is caused by 

non-linear transport barriers. In this thesis, Suns-Voc measurements were done at the Suns-Voc 

accessory station to the WCT-100 lifetime tool from Sinton Consulting. 
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3.2.5 Photoluminescence measurements 

Photoluminescence (PL) imaging is a fast and convenient optical technique to get an overview 

of the spatial distribution of the minority carrier lifetime in the sample. In this technique, the 

passivated wafer is excited by a light source with an energy greater that the wafer’s bandgap to 

generate charge carriers. These charge carriers can then recombine radiatively and produce 

luminescence, which can be detected by the camera. Intensity of the emitted light relates to the 

passivation quality of the investigated sample, where areas with low intensity correspond to 

increased amount of defects and SRH recombination. The setup used in this thesis includes a 

silicon CCD camera and an optical filter that blocks wavelengths below 800 nm, which allows 

ideally only the PL signal from silicon to pass through. However, the measured PL signal 

strongly depends on the optical properties of the sample. Additionally, it is not possible to 

differentiate between bulk and surface recombination. Therefore, in order, to make a 

quantitative conclusion about the lifetime, calibration is needed in order to know the absolute 

emission [150]. The PL data presented in this thesis does not have calibration, thus the obtained 

results are discussed only from a qualitative point of view. All investigated samples were 

produced on high quality float c-Si wafer, which allows to exclude the influence of the bulk, 

thus PL intensity changes are caused by the surface passivation. Samples with different material 

stacks were not compared between each other, due to the different optical properties. However, 

by measuring samples with the same optical properties, it is possible to estimate the changes in 

the surface passivation. 

 

3.2.6 Mercury probe measurements 

Mercury probe measurements are fast and convenient way to estimate the resistivity of thin and 

not highly conductive layers, but in which resistivity is too high to measure with the standard 

four-point probe. This method involves the contacting of the investigated layer with a mercury 

drop defined area electrode under the vacuum and IV curve is measured [151]. Films for these 

measurements were deposited on top of dielectric materials (corning glass substrates). 

Additionally, film thickness was measured via ellipsometry, in order to compute the resistivity 

of the investigated layers [152]. For conductive materials this method gives values similar to 

those obtained, with a standard four-point probe. Therefore, it can be used for a wide-range of 

materials. 
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3.2.7 Contact resistivity measurements 

Contact resistivity is one of the important parameters for contact characterization and 

optimization. Depending on the contact resistance value, it is possible to determine the eventual 

existence of transport barriers at the contact. For low values, below 100 mΩcm2, no drastic 

influence on device efficiency for c-Si based devices can be observed. However, with 

increasing contact resistivity, the losses at the contact are no longer negligible. If contact 

resistivity  exceeds values of  around 250 mΩcm2, the additional loss of Voc, due to the contact, 

is around 10 mV [7]. The specific contact resistivity can be defined as the product of contact 

resistance (Rc) and contact area A. It is derived from the Rc [153], and includes various parasitic 

contributions, depending on the measurement method of Rc [154]. The most common 

techniques for contact resistivity measurement are the Transfer Length Method (TLM) and the 

Cox and Strack method (CSM).  

 

3.2.7.1. Transfer Length Method 

  

Figure 3.7: a schematic a) side, b) top view of the TLM structure.  

 

TLM allows to determine the contact resistivity at the contact and to separate the contact 

resistivity from the semiconductor sheet resistance of the layer beneath the contact [155]. The 

basic sample structure, as shown in fig. 3.7 a,b, is an array of the metal stripes of width W and 

length l, deposited on top of another conductive material. These stripes should have the same 

width and length, but differ in their spacing distance. Current-voltage measurements are then 

performed on adjacent stripes at each distance. The total resistance RT between two contacts is 
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afterwards plotted as a function of the distance between the stripes, which is a linear equation. 

It is possible to extract contact and sheet resistance Rc and RSH accordingly: 

𝑅𝑇 = 2𝑅𝐶 + (
𝑅𝑆𝐻

𝑊
)𝑑 (3.8) 

By taking into the account the geometry of the stripes, it is feasible to obtain the contact 

resistivity ρc through transfer length parameter LT, which is the intersection of the total 

resistance function at RT = 0, divided by two and can be calculated as [156]: 

 𝐿𝑇 = √
𝜌𝑐

𝑅𝑆𝐻
.  (3.9) 

Hence, ρc can be calculated, as 

𝜌𝑐 = 𝑅𝑐𝐿𝑇
1

coth (𝑙
𝐿𝑇)⁄

  (3.10) 

 

3.2.7.2 Cox and Strack method 

  

Figure 3.8: a schematic a) side, b) top view of a test structure for the Cox & Strack method.  

 

The TLM is suitable for investigating moderately conductive materials. However, due to the 

inclusion of lateral resistance in the total output, it is difficult to estimate contact resistivity for 

the lowly conductive materials. Therefore, a different test structure is needed. One of the most 

common ways to extract contact resistivity for lowly conductive materials is the Cox & Strack 

method (CSM) [157]. The schematic structure for CSM is shown in fig.3.8. The top of the 

structure consists of an array of circular pads with varying diameters deposited on top of 
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investigated material. The current-voltage output is measured through the whole structure at 

different pads, hence, so a back contact to the substrate is required. In this thesis, Ti-Ag 

metallization is used at the rear side, which forms an Ohmic contact with the silicon wafer, used 

as a substrate. The total measured resistance can then be plotted as a function of the pad area, 

where d is the diameter of the pad: 

𝑅𝑇 = 𝑅𝑠 + 𝑅𝑐 + 𝑅0 =
𝜌

𝑑𝜋
arctan

4
𝑑

𝑡⁄
+

4𝑅𝑐

𝜋𝑑2 + 𝑅0,  (3.11) 

where the first part describes the spreading resistance RS, in which ρ and t are layer resistivity 

and thickness, respectively. The second term denotes the specific contact resistance, which 

includes the interface and bulk resistances. Furthermore, 𝑅0 denotes the back side resistance 

and is independent of the contact diameter.  

 

3.2.8 Spectroscopic ellipsometry 

Ellipsometry is a non-destructive measurement technique for obtaining optical properties of 

materials by probing with an obliquely reflected or transmitted light beam. Ellipsometry is most 

commonly used in reflection mode for the determination of film thickness and optical constants 

over a wide photon energy range. The main working principle of the technique is that linearly 

polarized light incident at an oblique angle to a surface changes polarization state when it is 

reflected, and that this change in polarization is strongly sensitive to dispersion and interference 

effects [158]. The polarization change is determined for a set of wavelengths in a certain photon 

energy range, usually by using a CCD array or scanning monochromator. The main 

ellipsometric parameters are the amplitude ratio ψ between incoming and outgoing beam and 

their phase angle Δ. These parameters are related to the Fresnel amplitude reflection 

coefficients for light polarized parallel and perpendicularly to the plane of incidence, ρπ and ρσ, 

respectively. These are themselves strongly dependent on the complex refractive index of the 

material. These parameters can be described as:  

𝜌𝜋

𝜌𝜎
= tan𝜓𝑒𝑖Δ (3.12) 

In order to get information for the specific layer, such layer thickness, it is necessary to fit 

appropriate dispersion models for the complex refractive index to the data. In this thesis, the 

following models are used [159]:  
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1. Tauc-Lorentz oscillator. It combines Tauc’s model for the absorption edge of 

amorphous semiconductors with a Lorentz oscillator for high energy absorption. Thus, 

it considers the bandgap of the material as the absorption onset and three oscillator 

parameters (center value, width and oscillator strength). This model was used for the 

description of amorphous silicon layers. 

2. Drude-Lorentz oscillator. It is based on Drude’s classical AC conductivity model and 

describes the optical absorption due to free charge carriers. When bound charge carriers 

are considered, it is known as the Lorentz oscillator model, which can describe 

absorption bands in metals. This model was used in conjunction with Tauc-Lorentz to 

describe TCOs, such as tin oxide, or ITO. 

3. Cauchy dispersion model. It is an approximation of a Lorentz oscillator, which is used 

for transparent materials. The model consists of three Cauchy parameters, which 

describe the dispersion of the refractive index. This model is used for the description of 

MgO layers, which have wide bandgaps and are thus transparent in the entire measured 

range.  

In this thesis, all ellipsometry measurements were performed in the wavelength range of 

190-850 nm. Additionally, all ex-situ measurements were performed under three different 

incident angles (50, 60, 70 °) for increased accuracy. 

In this thesis, in-situ ellipsometry is used for growth monitoring during the PEALD process of 

tin oxide layers. This is a powerful tool for layer analysis during the deposition process, which 

is especially valuable during the first cycles. Generally, ellipsometry is sensitive to changes in 

the nominal thickness of the layer down to 0.01 monolayer [160]. Therefore, this is a robust 

tool to monitor the thickness changes during the ALD process. The incidence angle for these 

measurements was fixed at 70 °.  
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Figure 3.9. Thickness of PEALD SnO2 vs. the deposition time. The data extracted from in-situ 

ellipsometry measurement. The inset graph shows at detailed view of the thickness variation 

over a cycle time scale. 

 

An example of layer thickness evolution by time, using in-situ ellipsometry measurements for 

the first deposition cycles of SnO2 is shown in fig. 3.9. From these measurements, it is possible 

to obtain the following information [160]: 

1. The nucleation behaviour, by observing the delay in layer growth, or the increased growth 

during the first cycle. This can indicate the formation of a layer with different morphology, 

or composition, which can be an intermediate oxide. 

2. By monitoring thickness, as a function of deposition time, it is feasible to obtain the growth 

per cycle and saturation curves in a quick and with reduced material use. The amount of 

cycles needed for higher precision is dependent on the measurement time, in order to 

decrease signal/noise ratio. 

3. From measurements during different stages of the deposition cycle, it is possible to 

distinguish sub-monolayer changes. As can be seen from the fig. 3.9, after the precursor 

step the measured thickness is higher than at the end of the cycle. This can be related to 

chemisorption of the precursor for SnO2 and corresponds to changes in refractive index. 

However, within the model all layer parameters fixed, thus the change in the thickness is 

observed. After the plasma step the organic surface groups are removed [161], which 

corresponds to a decrease in the thickness.  
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Chapter 4  

Tin oxide as an electron-selective contact  

4.1 Introduction 

The following chapter outlines the optimization process of PEALD SnO2 layers and provides 

an analysis of the interface between n-aSi:H and SnO2, as a function of SnO2 layer thickness. 

Due to SnO2 being an n-type semiconductor [38], it can be combined with n-aSi:H layers to 

form an electron selective contact, as a bilayer, or it is conceivable to deposit it on an undoped 

passivation layer as a stand-alone electron-selective contact. Thus, it is important to investigate 

this interface. Additionally, this chapter presents the post-treatment of spin-coated SnO2 layers 

for the perovskite solar cells with a focus on properties of the layer surface and interface to the 

perovskite layer. 

The first section of this chapter focuses on an investigation of the optical and electrical 

properties of PEALD SnO2 layers, depending on the process parameters. These properties are 

then related to chemical information gathered from in-system photoelectron spectroscopy. 

Three main parameters were varied for each optimization series: deposition temperature, 

oxygen step duration and oxygen plasma power. This part of the chapter is based on the 

publication in Ref. [18]. 

The second section of this chapter discusses how the interface between n-aSi:H and SnO2 

changes with increasing SnO2 layer thickness, which is controlled by the number of PEALD 

cycles. In-system ultraviolet photoelectron spectroscopy and X-ray photoelectron spectroscopy 

measurements were used to monitor shifts in the core levels and the valence band edge positions 

in the silicon substrate and in the SnO2 film. Additionally, spectroscopic ellipsometry was used 

to extract the band gaps of both the SnO2 and underlying n-aSi:H layers. This combination of 

PEALD, in-system XPS/UPS and ellipsometry allows for a detailed characterization of the 

n-aSi:H/SnO2 heterojunction with increasing SnO2 layer thicknesses. The valence and 

conduction band offsets are then calculated, as outlined in chapter 3.2.1.4. With this, the band-

lineup for this interface can be constructed. Finally, the implications of these findings for the 

prospective application of this interface in silicon heterojunction solar cells are discussed. 
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The last section of this chapter focuses of spin-coated SnO2 layers for implementation in 

perovskite solar cells. With the recent development of perovskite solar cells, the pure tin oxide 

material has received more attention as a prominent electron transport layer for perovskite solar 

cells, because of its suitable valence band offset to perovskites layers [51]. This section presents 

and investigates the post-treatment oxygen plasma procedure as an option to improve layer 

surface properties and band alignment to the perovskite layer and thus improving efficiency of 

the device. 

 

4.2 SnO2 PEALD process optimization 

SnO2 films were grown by PEALD at a deposition temperature of 90-210 °C using an oxygen 

plasma produced by a remote plasma source, with an oxygen flow of 100 sccm. The tin 

precursor was Tetrakis(dimethylamino)tin (TDMASn) (Sigma Aldrich 99.99% purity), which 

was held at 40 °C in a stainless steel canister. The precursor was fed in using an injector held 

at 60 °C and helium was used as a carrier gas. The line temperature was kept at 90 °C to prevent 

condensation of the precursor in the line. 100 sccm of N2 was used as a purge gas.  

Each PEALD sequence consisted of: a TDMASn pulse (1.5 s) - N2 purge (5 s) - Oxygen plasma 

pulse (varied duration and power) - N2 purge (5 s). The pressure was set by a pressure control 

valve and kept at 0.5 mbar throughout the whole process. All deposited SnO2 layers for the 

cycle optimization investigation had thicknesses in the range of 20-30 nm after 200 PEALD 

cycles, as derived from ex-situ ellipsometry measurements. GPC for different cycle parameters 

was derived from in-situ ellipsometry measurements. 

 

4.2.1 Optimization of the oxygen plasma pulse step 

The TDMASn and N2 pulses were optimized to yield a saturation in the film growth per cycle. 

However, the saturation point for the plasma step in PEALD cannot be adjusted in the same 

way as for thermal ALD, mostly due to plasma kinetics. If the reaction kinetics are slow and 

the plasma species are distributed isotropically, better quality layers can be obtained before the 

saturation point is reached [114], [117]. Therefore, the oxidation step parameters (pulse time, 

plasma power) were optimized with regard to SnO2 layer conductivity and not step saturation.  
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Figure 4.1: a) GPC, and b) resistivity of SnO2 layer as a function of oxygen plasma step 

duration.  

 

Therefore, the saturation point of the GPC and layer resistivity were investigated 

simultaneously. For this variation, the initial deposition temperature was set at 120 °C, and RPS 

power at 150 W. Fig. 4.1.a shows the GPC for SnO2 layers for varying oxygen plasma step 

durations. For short pulses below 4 seconds, layer growth is greatly reduced, which indicates 

that not all active sites are saturated and the pulse duration is insufficient. For longer pulses of 

8-10 seconds, the changes in the GPC are minor and the process can be considered saturated. 

However, as seen in fig 4.1 b, the minimal resistivity of the layer is achieved for oxygen plasma 

pulse duration of 6 seconds, which lies before the saturation point for the deposition process. 

Thus, this pulse length was used for the deposition process. 

 

4.2.2 Optimization of the plasma power  

The next important parameter for the PEALD process optimization is the oxygen plasma power. 

For this variation, the initial deposition temperature was set at 120 °C, and oxygen plasma step 

duration of 6 seconds. In fig. 4.2 a, the GPC for the SnO2 layers with increasing RPS power is 

presented. It can be seen that the saturation of growth is achieved at a plasma power of 

approximately 500 W. However, as shown in fig. 4.2 b, minimum layer resistivity is achieved 

at 300 W. With further increases in plasma power, there is an increase in the resistivity of up to 

3-4 orders of magnitude. This increase can be caused by plasma damage of the surface, due to 

the higher power output. Therefore, the optimal RPS power of 300 W was used for the SnO2 

PEALD cycle. 
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Figure 4.2: a) GPC, b) resistivity of SnO2 layers as a function of RPS power.  

 

4.2.3 Influence of argon addition on the electrical and optical properties of 

SnO2 layers 

The addition of argon gas during the oxygen plasma discharge can be helpful for modifying 

plasma conditions during the deposition process. By doing so, it is possible to increase the 

oxygen radical concentration [162].  

Therefore, the first step is to assess the influence of adding argon to the gas mix on the GPC of 

the deposition process. Gas concentrations were derived from the respective flow ratios. For 

this variation, the initial deposition temperature was set at 120 °C, and RPS power of 150 W, 

and oxygen plasma step at 6 seconds. For low Ar concentrations, around 2%, only slight 

changes in GPC were observed, as shown in fig. 4.3. However, with greater amounts of argon 

in the gas mix, the GPC drastically decreases. It is thus possible that the addition of argon leads 

to a partial etching of the deposited film during the plasma oxidation step. 
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Figure 4.3: GPC for SnO2 layers with varying Argon concentration during the plasma step. 

 

Next, the influence of argon on the optical and electrical properties of deposited layers is 

assessed. Fig. 4.4 a,b show the resistivity and refractive index for deposited layers with 

increasing argon to oxygen ratio in the gas mix. For low argon concentrations, up to 4%, only 

slight changes are noticeable. However, for higher concentrations there is a drastic decrease in 

resistivity, of around 3 orders of magnitude. Additionally, the refractive index increases with 

argon concentration, as shown in fig. 4.4 b. This is also consistent with increased surface 

etching, as the changes could be explained by the removal of residuals from the surface, which 

improves opto-electronic properties of the SnO2 layers. This hypothesis is further substantiated 

by XPS measurements, as will be seen later in section 4.3.3. Therefore, based on these results 

in the following an additional flow of 10 sccm Argon was introduced into the chamber during 

the oxidation step.  
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Figure 4.4: a) Resistivity, b) refractive index for SnO2 layers with varying argon content during 

the oxygen plasma step. 

 

4.3 Optical and electrical properties of SnO2 as a function of deposition 

temperature 

In order to investigate the influence of the deposition parameters on opto-electrical properties 

of the layers, two types of ALD processes were compared at the varied deposition temperatures: 

the initial and optimized processes. The initial process with not optimized cycle had an oxygen 

step duration of 2 seconds, with an RPS power of 150 W. After the optimization, which was 

discussed in the previous section, the optimal oxygen step duration was established at 6 seconds, 

at an RPS power of 300 W, with the addition of 10 sccm of argon during the plasma step.  

 

4.3.1 Optical properties of PEALD SnO2 layers  

Fig. 4.5 shows the variation of the optical bandgap and refractive index for the deposited SnO2 

layers, as functions of the deposition temperature. Both the optimized and non-optimized 

PEALD process cycles are considered. For both, refractive index and bandgap, changes are 

most prominent for the samples with not optimized cycle parameters. With increasing 

deposition temperature, there is a decrease in the bandgap for the non-optimized process, and 

only a slight variation for the optimized one. At the same time, the refractive index increases 

with increasing deposition temperature, being similarly more pronounced for the not optimized 

parameter set. However, the trend for the refractive index is similar in both cases. 
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Figure. 4.5. (a) Refractive index at 632.8 nm and (b) optical bandgap for SnO2 layers deposited 

using both the not optimized and optimized cycle parameters, as a function of deposition 

temperature. 

 

For high deposition temperatures, it is possible to achieve refractive index values around 1.9, 

which is in the range for high-quality SnO2 thin films [163]. These trends are comparable with 

the literature for other types of ALD of tin oxide layers [164], [165]. Changes in these 

parameters with deposition temperature can be correlated to the contamination of the layer with 

carbon-nitrogen containing residues from the precursor at the surface, or in the bulk, which will 

be discussed in later sections. 

 

4.3.2 Electrical properties of PEALD SnO2 layers  

Layer resistivity for both optimized and non-optimized cycles and for different deposition 

temperatures are presented in fig. 4.6. Both trends show similar behaviors with temperature, 

with a drastic decrease in the resistivity by about 4-5 orders of magnitude when changing the 

deposition temperature from 80 °C to 210 °C.  
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Figure 4.6: Resistivity of SnO2 layers deposited using both the not optimized and optimized 

cycle parameters, as a function of deposition temperature. 

 

For samples deposited using the optimized cycle, the resistivity saturates at about 10 mΩcm at 

a deposition temperature of 165 °C, while the resistivity of samples deposited with the non-

optimized process is more than three orders of magnitude higher. For the optimized cycle, the 

SnO2 layers show similar conductivities and a comparable trend vs. deposition temperature, as 

for those reported for thermal ALD using the same precursor [163], [164]. However, even for 

the optimized cycle, the difference in layer resistivity between low and high temperature 

regimes is substantial. 

The conductivity of the deposited layers can be improved with post-treatments. For the layers 

deposited at low temperatures, the resistivity can be drastically increased with a short annealing 

step of 5 minutes at temperatures above 200 °C. Fig. 4.7 shows the resistivity of SnO2 layers at 

optimized cycle parameters after 5 minutes annealing at varied annealing temperatures. It can 

be seen that, for layers with higher deposition temperatures, the difference in resistivity with 

annealing temperature is minor. However, for layers deposited at 90 and 120 °C, the resistivity 

can be reduced by 1-2 orders of magnitude by annealing for 5 minutes at 200 °C. This is possible 

due to the desorption of oxygen and the formation of oxygen vacancies [166]. With further 

increases in the annealing temperature, the resistivity of these layers is almost comparable to 

those deposited at higher temperatures. 
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Figure 4.7: Resistivity of SnO2 layers deposited at different deposition temperatures for 

optimized deposition parameters after consecutive 5 minutes annealing at varied annealing 

temperatures. 

 

The increase in resistivity of the layers at low annealing temperatures (100-150 °C) can 

probably be attributed to the chemisorption of oxygen from the air, which results in the capture 

of conductive electrons. Slight increases in the resistivity at annealing temperatures above 

350 °C can probably be explained by crystallization of the amorphous layers [167]. 

 

4.3.3 XPS analysis of SnO2 layers with varied deposition temperature 

The most likely reason for the changes in optical and electrical layer properties with deposition 

temperature is a change in the deposited layer’s composition. Therefore, XPS measurements 

were conducted to further investigate whether precursor residuals and/or byproducts are present 

at the surface, or incorporated in the volume of the SnO2 films.  
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Figure. 4.8: Relative XPS core level peak areas for PEALD SnO2 layers as a function of 

deposition temperature for (a) not optimized and (b) optimized cycle parameters. 

 

The analyzed XPS core level data for these SnO2 layers includes tin 3d3/2, oxygen 1s, carbon 1s 

and nitrogen 1s signals. Fig. 4.8 shows the relative peak areas for specific core levels compared 

to the total sum of the areas of the main core levels (Sn 3d3/2, O 1s, C 1s, N 1s) present in the 

SnO2 for both processes (“not optimized” and “optimized”). For this plot, the total peak area 

for the Sn 3d3/2 core level spectrum is labeled as “Tin”, the area for the main peak in the O 1s 

spectra, as “Oxygen”, and the O 1s secondary peak as “-OH”. “Surface carbon C-H” and 

“Organic residuals carbon” labels correspond to parts of the C 1s signal, which will be discussed 

in the further section, and “Nitrogen” to N 1s signal. For both the optimized and non-optimized 

sets of deposition parameters, there is a decrease in the presence of contamination species with 

increasing temperature. These species include nitrogen, carbon residuals and -OH groups. The 

decrease is more prominent for the non-optimized cycle parameters, where the total relative 

area of these species at the lowest temperature was above 24 % and decreases to around 9 %. 

At the same time, the relative area of the described contamination species at low temperatures 

for the optimized cycle is almost comparable to the area for high temperatures using the non-

optimized cycle. However, the trend with temperature change is similar in both cases. In later 

subsections, these signals are analyzed in further detail. 
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4.3.3.1 Evaluation of carbon and nitrogen signals 

 

  

Figure 4.9: C 1s XPS spectra of SnO2 films deposited at different temperatures for (a) not 

optimized and (b) optimized process. The spectra (data: open circles; fit: solid lines) are shown 

after subtraction of the fitted linear background, with identical scaling and are offset for better 

visibility. 

 

In fig. 4.9, the carbon C 1s core level spectra for SnO2 layers deposited at different temperatures 

are shown. Three peaks and a linear background were sufficient to fit these spectra, with binding 

energies centered at around 285.2-285.5 eV, 287.0-287.3 eV and 289.2-289.5 eV. The shift of 

the core level for not optimized process samples at deposition temperature 90 °C and 120 °C of 

approximately 0.2 and 0.4 eV towards higher binding energy is due to the slight charging of the 

samples. This shift is persistent for other core levels and thus is not discussed in details. The 

peak with the highest binding energy at about 289.4 eV can be attributed to O=C-N bonds [168], 

or other carboxyl-containing precursor residues. The peak at about 287 eV can be attributed to 

carbon-nitrogen bonds in ethyl groups of the form N-CH2-CH3 [169] from TDMASn precursor 

residues. The third one, with the lowest binding energy is attributed to carbon atoms bonded to 

hydrogen [169]. Unlike the previous two peaks, does not show any clear correlation with 
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changing deposition temperature or with other deposition parameters. The two peaks in the C 1s 

signal, which are assumed to be due to precursor residuals, show a clear decrease in peak area 

with increasing deposition temperature, especially for the non-optimized process. 

 

 

Figure 4.10: N 1s XPS spectra for SnO2 films deposited at different temperatures for (a) not 

optimized and (b) optimized process. The spectra (data: open circles; fit: solid lines) are shown 

after subtraction of the fitted linear background and are offset for better visibility. 

 

The next important signal to analyze stems from the N 1s core level. Similar to the carbon 

signal, there is a clear correlation between the overall peak area and deposition temperature, as 

shown in fig 4.10. The spectrum was fitted with two peaks, where the signal at the lower binding 

energy of 399.2-399.5 eV is assumed to originate from the N-CH2-CH3 TDMASn precursor 

residues [169], and the higher energy part of 401.5-401.8 eV from O=C-N related bonds, as 

concluded from fig. 4.9 [168]. 
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Figure 4.11: Sum of relative peak areas for the 287-287.3 eV (“C1s287eV”) and the 

289.2-289.5 eV (“C1s289eV”) contributions to the C 1s core level plotted versus the total relative 

area of the N 1s signal. Data points represent samples from the three studied sample sets: not 

optimized process, optimized process and oxygen pulse time variation at 120 °C.  

 

In Fig. 4.11, the sum of areas of the C 1s contributions that are assumed to be due to precursor 

residuals is plotted against the total area of the N 1s peak for different deposition conditions. 

Clearly, with increasing nitrogen N 1s area, there is also an area increase for the two high-

binding energy C 1s signals. This shows that these two groups of signals are directly related to 

each other. Therefore, it is likely that these signals are indeed caused by TDMASn residuals 

incorporated in the SnO2 layers and that these residuals contain nitrogen-carbon bonds. Since 

the intensities of these signals decrease with increasing deposition temperature, it can be 

surmised that with increasing deposition temperature fewer precursor residues are incorporated 

into the layer and at the surface, due to more efficient precursor reactions.  

However, even at the highest investigated temperatures and for the optimized cycle, a 

measurable amount of carbon and nitrogen contamination can still be detected. In contrast, for 

SnO2 layers deposited with TDMASn by thermal ALD [163]–[165], [170], no nitrogen or 

carbon was found in the films for deposition temperatures above 200 °C. It can be concluded 

that, for PEALD, the incorporation of impurities from the precursor cannot be prevented even 

at elevated deposition temperatures. Therefore, it is important to understand how the 

contamination from the precursor affects the optical and electrical characteristics of the 

deposited films. To this end, samples with different deposition conditions were further 

0 1 2 3 4 5 6 7 8 9
0

1

2

3

4

5

6

N 1s relative peak area (%)

C
1

s
2
8

7
e

V
+

C
1

s
2
8

9
e

V
 p

e
a

k 
a
re

a
 (

%
) Not optimized process

Optimized process
Oxygen pulse time variation 



 
58 

 

investigated in terms of their electrical and optical properties, with results shown in fig. 4.11 

vs. the relative nitrogen N 1s peak area. 

 

 

Figure 4.11: (a) Layer resistivity, (b) optical band gap and (c) refractive index at 632.8 nm for 

PEALD SnO2 layers, as functions of the relative area of the N 1s signal. Data points represent 

samples from the three studied sample sets: not optimized process, optimized process and 

oxygen pulse time variation at 120 °C. 

 

Regarding the electrical properties, there is a correlation between resistivity and nitrogen 

contamination in the layers, as shown in fig. 4.11 a. However, the data is quite scattered, which 

can indicate that surface and substrate contamination as probed by XPS relate to the resistivity 

of the layers, but that there are possibly other parameters that influence it to a higher extent, 

e.g. the crystallinity of the layers.  

At the same time, as seen in fig. 4.11 b and c, the optical band gap and refractive index, which 

were extracted from ellipsometry measurements for investigated layers, strongly depend on the 

amount of nitrogen-containing residues from the precursor. Additionally, the highest refractive 
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index and minimal band gap are achieved for the lowest amount of precursor residuals in the 

layer. The relationship between bandgap and the amount of residues in the layer can have next 

possible explanation: as it is known for i-aSi:H layers, the presence of hydrogen can replace 

weak Si-Si bonds with more stable Si-H bonds. Therefore, there is an increase in the bandgap 

due to a shift in the valence band from the Fermi level, with the conduction band remaining 

almost at the same level [27]. For the SnO2 layers, a similar behavior might take place [171].  

 

4.3.3.2 Evaluation of the oxygen signal 

 

  

Figure 4.12: O 1s XPS spectra of SnO2 films deposited at different temperatures for (a) not 

optimized and (b) optimized process. The spectra (data: open circles; fit: solid lines) are shown 

after subtraction of the fitted linear background, with the same scaling and are offset for better 

visibility. 

 

The nitrogen and carbon signals are not the only ones that show a dependence on deposition 

temperature. As seen in fig 4.12, the O 1s core level signal also undergoes changes upon 
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variation of the deposition temperature. The O 1s signal was fitted with two components: the 

main peak centered at 531.2-531.4 eV, which corresponds to O-Sn bonds [172], and the 

secondary signal centered at 532.7-533.3 eV, which corresponds to other oxygen species 

like -OH groups or carboxyls [173], [174]. However, it is not possible to discriminate between 

-OH groups and carboxyls in these spectra, since their binding energies have a significant 

overlap. For the sample with optimized process deposited at 210 °C a slight additional shift of 

O 1s core level towards lower binding energy can be observed. The reasons for this shift are 

not fully clear. However, it is possible that this shift is caused by the stoichiometry change of 

the layer at this deposition temperature. This will be discussed in the next section. With 

increasing temperature, the O-Sn related signal intensity remains almost constant, while the 

impurity related signal intensity decreases. Assuming the high-binding energy contribution to 

the O 1s signal is indeed due to -OH groups, then a possible explanation for its temperature-

induced decrease is dehydroxylation with increasing temperature [175]. However, it is known 

for PEALD of Al2O3 that -OH groups can be located not only at the surface, but can also be 

incorporated into the layer [117], [161]. This might then also happen during SnO2 PEALD. 

However, from the obtained data, it is not possible to state whether -OH groups are located only 

at the surface or also incorporated in the bulk.  

 

4.3.3.3 Evaluation of the tin signal and layer stoichiometry 

The next step is to evaluate the tin 3d core level signal. Fig. 4.13 shows the evaluation of the 

Sn 3d3/2 core level signal for different deposition temperatures, both for the non-optimized and 

the optimized processes. The signal was fitted with two components, which correspond to two 

tin valences: Sn4+ and Sn2+. No presence of metallic Sn0+ was detected in any of the samples. 

The peak corresponding to Sn4+ was fitted at binding energies of 496.1-496.3 eV. Sn2+ peaks 

were fitted at lower binding energies, at a distance of 0.64 eV to those for Sn4+, which is 

comparable to literature data [176]. For the non-optimized process, at all deposition 

temperatures, only Sn4+ is present, except at 120 °C, where a small amount of Sn2+ is detectable. 

Therefore, for the non-optimized process, the deposited layers can be considered fully 

stoichiometric.  
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Figure 4.13: Sn 3d3/2 XPS spectra of SnO2 films deposited at different temperatures for (a) not 

optimized and (b) optimized process. The spectra (data: open circles; fit: solid lines) are shown 

after subtraction of the fitted linear background and are offset for better visibility. 

 

However, for the optimized cycle, there is an increase in the presence of Sn2+ with increasing 

deposition temperatures. At the highest investigated temperature of 210 °C, Sn2+ is the 

dominant signal. Moreover, for this sample, there is an additional shift of the core level towards 

higher binding energies. It can then be said that, for the optimized process, layers become less 

stoichiometric with increasing deposition temperature. The dominant presence of Sn2+ at high 

deposition temperatures can be explained either by a partial decomposition of the precursor at 

such temperatures at regarded process conditions, or, additionally, by the possible influence of 

the argon plasma during the deposition process for optimized process. It has been shown for 

other metal oxide layers that argon plasma post-treatments can lead to a decrease in layer 

stoichiometry [177]. 
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4.4 Band offset between SnO2 layers and hydrogenated amorphous silicon 

Due to SnO2 being an n-type semiconductor, it can be combined with n-aSi:H to form an 

electron selective contact, as a bilayer. It is also conceivable to deposit it on an undoped 

passivation layer as a stand-alone electron-selective contact. Previous studies of sputtered [178] 

and CVD-grown [179] SnO2 on crystalline silicon have been conducted, but the chemical 

composition and properties of the interfacial region have not been investigated in detail,. 

However, the inverted structure, i.e. growth of silicon on SnO2, has been investigated in detail 

in context of the silicon-based solar cells [180], [181], including an analysis of the incubation 

layer. A reduction of SnO2 after the first deposition stages, as well as the formation of an 

intermediate silicon oxide at the interface, were observed. Regarding the growth process of 

SnO2 on silicon, it is worth investigating if the deposition of SnO2 in an oxygen rich 

environment could prevent the reduction of SnO2, which can occur due to the formation of the 

intermediate silicon oxide at the interface. Such conditions can be achieved in the PEALD 

process, in which highly reactive oxygen radicals are present during the oxygen plasma step in 

every cycle. Moreover, ALD enables the monitoring of changes at the interface for different 

levels of SnO2 film growth, with monolayer scale resolution. Thus, it is possible to have a 

detailed representation of the formed interface at each growth stage. 

 

Figure 4.14: Thickness of SnO2 films with increasing number of PEALD cycles from the 

in-situ ellipsometry measurements. 
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Therefore, in this section the evolution of the interface between n-aSi:H and SnO2 for increasing 

SnO2 layer thickness is investigated. The thickness of the overlayer is controlled by increasing 

the number of PEALD cycles. The growth of SnO2 layers within the optimized process cycle 

at a deposition temperature of 150 °C displays a linear behaviour, as shown in fig. 4.14. The 

GPC of PEALD for SnO2 at these conditions is around 0.17 nm/cycle. This temperature enables 

a low concentration of precursor residues, as discussed in the previous sections. Additionally, 

it is possible to avoid degradation of the amorphous silicon layers, which would occur at 

elevated temperatures [182], and to exclude an annealing effect on the a-Si:H layers during the 

deposition process.  

In-system UPS and XPS measurements were used to monitor shifts in the core levels and the 

valence band edge positions of the silicon substrate and SnO2 film. Additionally, ex-situ 

spectroscopic ellipsometry was used to extract the band gap of both the SnO2 layers and the 

underlying n-aSi:H layers. This combination of PEALD, in-system XPS/UPS and ellipsometry 

makes it possible to thoroughly characterize the n-aSi:H/SnO2 heterojunction for increasing 

SnO2 thicknesses, as discussed in chapter 3.2.1.4. Therefore, the valence and conduction band 

offsets can be estimated for different growth stages of the SnO2 layers.  

For the interface investigation, crystalline silicon wafers (n-type, resistivity 1-3 Ωcm) coated 

with a stack of 20 nm intrinsic and 20 nm n-doped a-Si:H were used as substrates. These layers 

were deposited by PECVD and the relevant process parameters and pre-treatments of the wafer 

are outlined in chapter 3.1. The additional intrinsic amorphous silicon layer was deposited to 

prevent epitaxial growth of the n-doped amorphous silicon. After the PECVD process, samples 

were moved to the ALD chamber with a short (< 1 min) air exposure in between. Before the 

PEALD process, the substrates were exposed to nitrogen gas flows in order to stabilize the 

substrate temperature. After the deposition, samples were directly transferred to the XPS 

chamber in ultra-high vacuum (UHV) with a base pressure in the range of 5×10-9 mbar. The 

highest pressure the samples were exposed to during the transfer was 10-7 mbar for very short 

(on the order of seconds) intervals. This was due to the rapid movement of the UHV transfer 

mechanisms, the opening/closing of valves and the base pressure of the transfer chamber for 

the deposition chamber. In order to have a detailed understanding of the interface chemistry 

and electronic structure of the interface, XPS spectra for the Si 2p, O 1s and Sn 3d3/2 core levels 

are discussed. Peak positions for the XPS measurements were aligned on the energy scale using 

the binding energy position of the surface –C-C-H component of the carbon 1s core level [183]. 
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This originates from precursor residuals, as discussed in the previous sections and appears to 

be independent of the process conditions. 

 

4.4.1 XPS analysis of SnO2 layers with increasing thickness 

4.4.1.1 Si 2p analysis and intermediate oxide thickness estimation 

Fig. 4.15 a shows the evolution of the Si 2p core level signal with increasing numbers of 

PEALD cycles. The core level can be divided into five main parts: The Si0+ and the four 

oxidation states of silicon [184]. Before the first PEALD cycle, i.e. on the bare n-aSi:H layer, 

only the Si0+ and Si1+ oxidation states are detectable. However, already after the first deposition 

cycle, there is a drastic increase in signals at higher binding energies that are characteristic of 

higher oxidation states, which indicates the oxide layer formation. Thus, an intermediate silicon 

oxide layer is formed at the interface between the Si and SnO2. After about 5 to 10 cycles (0.85-

1.7 nm SnO2 layer thickness), the ratio of the areas of the peaks that correspond to the oxidation 

states, relative to the Si 2p peak, stabilize and remain unchanged during further growth of the 

SnO2, for as long as the Si signal remains detectable.  

Assuming that the intermediate SiOx layer at the interface is fully formed after 1-3 cycles, its 

thickness can be determined from the Si 2p core level intensity, from the equation discussed in 

chapter 3.2.1.3 [185]: 

 𝑇𝑜𝑥 = 𝜆𝑐𝑜𝑠𝜃𝑙𝑛(
𝑅𝑒𝑥𝑝

𝑅0
⁄ + 1). (4.1) 

Here, λ is the attenuation length of the Si 2p photoelectrons in a SiO2 matrix, θ is the angle 

between the surface normal and the analyzer. 𝑅0 =
𝐼𝑆𝑖𝑂2

∞

𝐼𝑆𝑖
∞⁄  is the intensity of the Si 2p core 

level emission measured on a thick silicon oxide, relative to the emission of silicon without the 

oxide overlayer. Values for λ and R0 were taken from the literature: 2.91 nm and 0.89, 

respectively [186]. Rexp indicates the relative intensity of the measured values. Applying these 

equations for the Si 2p core level intensity after 1-3 ALD cycles, the calculated value for the 

SiOx thickness at the interface is approximately 0.45±0.1 nm.  

 



 
65 

 

 

 

 Figure 4.15: Background corrected XPS spectra for the Si 2p core level. The spectrum of the 

uncoated n-aSi:H sample (0 PEALD cycles) is scaled by a factor of 0.5 for better visibility and 

is shown in red. b) Si 2p1/2 peak position after a varied number of ALD cycles. Increased error 

bars for 5,10 and 40 cycles are due to the sample charging. 

 

With increasing numbers of cycles, the total intensity of the Si 2p peak decreases due to the 

increased thickness of the SnO2 overlayer. The non-oxidized Si 2p doublet is present for all tin 

oxide film thicknesses, as long as this core level is detectable. Additionally, after the first cycle, 

the Si 2p signal shift toward lower binding energy. However, with an increasing number of 

ALD cycles, the shift is reversed towards higher binding energies, as it shown in fig 4.15 b. The 

decreased binding energy after first ALD cycles is an indication of a negatively charged oxide 
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layer, yielding an additional upwards band bending (attracting holes) in the n-aSi:H close to its 

interface to the oxide [187]. The change of the shift direction indicates that either this interfacial 

fixed charge is lost, or that it is overcompensated by positive fixed charges in the growing SnO2 

film. 

 

4.4.1.2 Changes in main core level signals with increasing SnO2 layer 

thickness 

In addition to the previously discussed orbital, the Sn 3d core level and Sn MNN level were 

analyzed. Fig. 4.16 a shows the evolution of the Sn 3d3/2 signal for increasing numbers of 

PEALD cycles. This core level was fitted with a similar procedure to the one discussed in 

chapter 4.3.3.3, with two signals that correspond to the oxidation states Sn4+ and Sn2+. The main 

peak is assumed to be the Sn4+ oxidation state, since its binding energy position is consistent 

with previously reported values [188]. The second peak, with the lower binding energy at a 

distance of 0.64 eV to the Sn4+ peak, corresponds to Sn2+. No other peaks at lower binding 

energies were observed, therefore it can be surmised that, at every stage during the film 

formation, no metallic Sn0+ is present. From fig. 4.16 a and c, it is clear that after one ALD 

cycle the ratio between these two peaks is almost 1:1. However, with further deposition cycles 

the Sn4+ peak intensity relative to Sn2+ continuously increases, up to 10 ALD cycles. 

Afterwards, the Sn2+ state is no longer detectable. Therefore, it can be said that, during the first 

10 ALD cycles, an intermediate state of tin is present in the layer. Afterwards, the layer reaches 

stable growth conditions, and only stoichiometric Sn4+ is present in the fully formed layer. 

Similar to Si 2p core level, there is an observable shift of the core level signal with the increasing 

number of deposition cycles, which is observed for the intermediate layer and indicates band 

bending of not only in the substrate, but in the overlayer. 
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Figure 4.16: a) Fits and raw data of the Sn 3d3/2 XPS signal after subtraction of fitted linear 

background for increasing numbers of PEALD cycles. The spectra (data: open circles, fit: solid 

lines) are offset for better visibility. Gray dash lines indicate the position of Sn4+ peak. 

b)  Sn 3d - Sn MNN modified Auger parameter (α’). The inset graph shows Sn MNN Auger 

spectra after substracting the background at 435 eV at kinetic energy and shifted in energy to 

overlap with 80 cycle spectra, using zero-crossing of the first derivative. c) Ratio of Sn4+ bonds 

in the Sn 3d3/2 core level. Dashed lines serve as guides to the eye, both as functions of the 

number of PEALD cycles. 

 

Additionally, the Sn MNN Auger spectra were analyzed. The modified Auger parameter (α´) 

gives chemical composition information by combining the binding energy of a core level with 

the kinetic energy of the corresponding Auger spectrum (Sn 3d5/2-Sn MNN), which numerical 

value can describe the chemical state of Sn. By adding two contributions, shifts due to e.g. 

charging are cancelled out, and so it is possible to probe the Sn state in a way that is free from 

the uncertainties involved in referencing the C 1s core level position.  To exclude the presence 

of the satellite intensity of Mg Kb, that is located at the 8.54 eV distance, which is similar to 

498 497 496 495 494

In
te

n
s
it
y
 (

a
.u

.)

80 cycles

40 cycles

20 cycles

10 cycles

5 cycles

3 cycles
 

1 cycle

Binding energy (eV)

Tin 3d3/2

a)

Sn2+

 

Sn4+

 
 

 
 

 

 

0 20 40 60 80

0.6

0.8

1.0

918.25

918.50

918.75

919.00

919.25

 

R
e

la
ti
ve

 a
re

a
 S

n
4
+

 in
 S

n
 3

d
3
/2

 c
o
re

 le
v
e
l

ALD cycles

c)

b)

415 420 425 430 435
Kinetic Energy (eV)

 

1 cycle

3 cycles

5 cycles

10 cycles

20 cycles

40 cycles

80 cycles

In
te

n
s
it
y
 (

a
.u

.)

 

 

M
o

d
if
ie

d
 A

u
g

e
r 

p
a
ra

m
e

te
r 

(e
V

)



 
68 

 

spin-orbit splitting of Sn 3d core level (8.45 eV) distance,  the Sn 3d3/2 core level was analyzed 

and spin-orbit splitting distance was subtracted [124]. Thus, this calculated value can be 

compared with the literature values for tin oxide. Fig. 4.16 b shows the Sn 3d5/2-MNN modified 

Auger parameter as a function of the number of deposition cycles. All values are in the range 

that is expected for Sn oxides [189]. There is a clear tendency of the Auger parameter to 

increase until 20 cycles, then leveling off at 919.1±0.1 eV, a value that corresponds SnO2. The 

lower values for fewer deposition cycles suggest that the material formed at the interface is 

more like SnO than SnO2, which agrees with the discussed Sn 3d core level analysis. 

 

 

Figure 4.17: a) Relative area of the Si 2p0+, Si 2p1+,2+,3+,4+ (Si-O) and Sn 3d3/2 core levels. 

b) Relative area of the contributions of O-Sn, O-Si and -OH bonds to the O 1s core level. All 

values are plotted vs. the number of PEALD cycles. 

 

Moving on with the XPS analysis, fig. 4.17 a displays the relative XPS signal intensities of the 

Si 2p and Sn 3d3/2 core levels plotted versus the number of PEALD cycles. The Sn 3d3/2 orbital 

has been already detectable after the first cycle. This indicates that, already within the first 

cycle, tin is able to bond to the a-Si:H surface. Thus, there is no growth delay for the PEALD 

process. Additionally, the intensity of the silicon bulk signal decreases with SnO2 film 
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thickness, until it is no longer detectable after 40 cycles. Therefore, only tin oxide is observed 

after further deposition steps and the film can be considered a closed, fully formed layer. 

The next core level of interest is the O 1s orbital. The O 1s core level was fitted with three 

signals: the O-Sn bond at a binding energy of about 530.6-531.3 eV, the O-Si bond at a distance 

of 0.89 eV relative to the O-Sn bond [179], and -OH related surface groups [190] at a distance 

of 1.73 eV from the O-Sn bond. Fig. 4.17 b displays the relative contributions of these three 

signals to the total intensity of the O 1s signal, plotted versus the number of PEALD cycles. It 

can be seen that the O-Si bond fraction of the O 1s core level continuously decreases, while the 

O-Sn bond signal increases for increasing numbers of PEALD cycles. Finally, the O-Si bond 

fully disappears after 80 cycles, with only O-Sn and -OH bonds detectable, which coincides 

with the absence of the Si 2p XPS signal. Additionally, with the increase in SnO2 layer 

thickness, the -OH component ratio remains almost unchanged. Therefore, it can be surmised 

that the -OH species are mostly surface-related [161].  

 

4.4.2 UPS analysis of SnO2 layers 

Moving on, from UPS measurements it is possible to quantify the work function and the valence 

band edge positions for the SnO2 layers after different growth steps. The fitting procedure is 

described in chapter 3.3.2.  

The cut-off region for the UPS spectra and the extracted work function values for layers with 

increasing numbers of PEALD cycles are shown in Fig. 4.18 a and c, respectively. In both 

graphs, a drastic shift in the work function for the first cycles is apparent, which presumably 

reflects the oxidation of the silicon surface [191]. During the first 5-10 cycles, an intermediate 

tin oxide layer is grown, which features a lower work function than for the thick SnO2. 

However, after 15 cycles the work function stabilizes, which indicates that at this stage the 

incubation of SnO2 on the silicon/silicon oxide surface has been completed and the growth has 

entered a stable regime. This agrees with observations of the Sn 3d core level, where at this 

stage of growth only the Sn4+ oxidation state is present. The work function for the final SnO2 

layer after 80 cycles was measured at about 4.82±0.1 eV. This is consistent with literature 

values, which are between 4.4 and 5.7 eV, depending on the surface state of the material [191]. 

Oxygen rich SnO2 surface tends to exhibit higher work function, whereas reduced surface tends 

to work function lowering [38]. However, this value is higher than those reported for other 
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n-type semiconductors, such as ZnO (4.4 eV) [192] or TiO2 (4.2 eV) [193]. Such high work 

functions can be an issue for using PEALD SnO2 as an electron contact in silicon heterojunction 

solar cells, due to its negative impact on the fill factor, as shown in simulations [6], [131].  

 

 

 

  

 

Figure 4.18: UPS spectra for SnO2 layers deposited on top of n-doped amorphous silicon and 

measured after different numbers of ALD cycles. a) Secondary cut-off after extracted bias, b) 

valence band region of the UPS spectra with normalized signal intensity, c) work function of 

SnO2 layers on n-aSi:H, d) valence band edge energies relative to EF as a function of the number 

of PEALD cycles.  

 

Fig. 4.18 b displays the normalized valence band spectra, obtained by UPS, vs. kinetic energy. 

It is clear that the position of the leading edge of the spectrum shifts with increasing numbers 

of ALD cycles. Additionally, the shape of the valence band changes from that of pure a-Si:H to 

SnO2. The shape of the signal undergoes the most drastic change after the first PEALD cycle, 

where it is possible to detect the intermediate stage between SnO2 and Si. The valence band 
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edge energies Ev relative to the Fermi level were obtained using the fitting procedure discussed 

in chapter 3.2.1.2, and are plotted against the number of PEALD cycles in Fig. 4.18 d. The 

valence band edge position for the n-aSi:H layer was measured at 1.1 eV below the Fermi level. 

Similar to the work function, a rapid shift in the valence band edge position after the first 

PEALD cycle is observed. This is due to the formation of an intermediate silicon oxide on the 

surface, which has a much lower valence band edge position, EV - EF =4.62±0.2 eV. This is 

consistent with the growth of a silicon oxide on the a-Si:H, which has a valence band offset of 

~4 eV to a-Si:H [194]. With continued deposition up to 15-20 cycles, there is a noticeable shift 

in Ev values and slight further changes in the shape of the curve, which might be correlated to 

the previously discussed presence of Sn2+. The valence band edge position saturates after 

20 cycles and, for thick SnO2 layers, reaches about 3.32±0.15 eV.  

 

4.4.3 Band offset between SnO2 and n-aSi:H layers 

The next step is to discuss the electronic band line-up at the SnO2/n-aSi:H heterojunction. The 

XPS and UPS measurements discussed so far allow extracting the valence band edge positions 

of n-doped amorphous silicon and SnO2 at the different growth stages, relative to EF. 

Additionally, spectroscopic ellipsometry was used to determine the bandgap Eg for the PEALD 

grown SnO2 layers and the amorphous silicon. Thick SnO2 layers (after 40 cycles) were fitted 

with the Tauc-Lorentz model, with a bandgap of 3.38±0.1 eV, which was assumed constant for 

all other SnO2 thicknesses. The n-aSi:H layer was fitted using a Drude-Lorentz model and its 

band gap was found to be 1.65±0.05 eV.  

Finally, the construction of a complete band line-up necessitates determining band offsets 

between SnO2 and n-doped amorphous silicon. This information can be obtained from the Si 2p 

and Sn 3d core level binding energies, extracted from XPS measurements, as well as the valence 

band edges from UPS measurements for samples with different SnO2 thicknesses by the Kraut 

method, as discussed in chapter 3.2.1.4. The valence band offset ∆𝐸𝑣 can be estimated as 

follows [138]: 

 ∆𝐸𝑣 = 𝐸𝑜𝑣𝑒𝑟(𝑆𝑛𝑂2) − 𝐸𝑠𝑢𝑏(𝑆𝑖) + ∆𝐸𝐶𝐿.  (4.2) 

In this case, Eover(SnO2) is the difference between the Sn4+ 3d3/2 core level position and the 

valence band edge for the layer stack after 80 cycles (reduced binding energy). At this thickness, 

no silicon signal is detectable. Therefore, it can be assumed that there is no influence from the 
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silicon interface at this growth stage. Esub (Si) is the difference between the Si 2p3/2 core level 

position and the valence band edge for a bare n-aSi:H film. ΔECL is the difference between the 

Sn4+ 3d3/2 and Si 2p3/2 core level positions at the intermediate or interface state, where both, 

substrate and overlayer are detectable. 

 

 

Figure 4.19: Valence band offset for the SnO2/n-aSi:H interface plotted versus the number of 

PEALD cycles.  

 

The evolution of the valence band offset with increasing numbers of PEALD cycles calculated 

by the Kraut method is represented in fig. 4.19. It is possible to see that with increasing 

thickness of the deposited layer, the valence band offset continuously decreases. It is likely that 

this is due to two effects that are difficult to distinguish, one related to the materials, the other 

to the evaluation method. Firstly, the mentioned intermediate silicon oxide (SiOx) formed 

during the first ALD cycles can be expected to have a larger band offset to the a-Si:H than the 

SnO2 formed at later stages. Secondly, there are fundamental limitations to the applicability of 

Kraut’s calculation method for the considered measurements, because it does not account for 

possible band bending within the XPS probing depth. XPS and UPS have different probing 

depths: UPS probes only the surface (< 2 nm), whereas XPS probes not only the surface but 

also the bulk (< 5 nm). This is evident in the discussed UPS and XPS data, where already after 

3 cycles no presence of the a-Si:H bulk was detectable for the UPS valence band spectra 

whereas in the XPS measurements, the Si 2p peak is observed up to 40 cycles. Additionally, 

for the first deposition cycles, the shift in core level positions for Sn 3d and Si 2p was the most 

drastic. These shifts correspond to the increased band bending at the interface. However, when 
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probing the interface after the first cycles, with XPS and UPS different depths are sampled. 

Both methods provide data that is exponentially averaged over the probing depth. However, 

due to the small inelastic mean free path of UPS photoelectrons, the valence band position is 

sampled only in the first few monolayers, whereas XPS averages over a few nm. Thus, if there 

is a pronounced band bending present within this probing depth, an average core level position 

is obtained, whereas the valence band edge position corresponds to the state at the surface. As 

was established earlier, there are pronounced changes in band bending with increasing number 

of ALD cycles, starting already at the first cycle. Therefore, it is not possible to exactly 

determine the band offset for the first cycles. The offset for the a-Si:H/SnO2 interface can be 

estimated only beyond the space-charge region, where no changes in offset will occur due to 

the band bending. After 20-40 cycles, where the SnO2 layer can be considered as fully formed, 

with no presence of substoichiometric species, but with a detectable presence of the Si 2p signal, 

the valence band offset is calculated to 2.23±0.2 eV. Due to the mentioned limitations of Kraut’s 

method, this value includes an eventual band bending in the SnO2 film towards the SnO2/Si 

interface.  

Similarly, the conduction band offset ∆𝐸𝑐 can be estimated, as: 

∆𝐸𝑐 = 𝐸𝑔𝑆𝑛𝑂2 − 𝐸𝑔𝑆𝑖 − ∆𝐸𝑣,  (4.3) 

Where Eg is the bandgap of the corresponding material and ∆𝐸𝑣 is the valence band offset. Like 

the valence band offset, the conduction band offset decreases with layer growth, from 

1.19±0.3 eV after 3 deposition cycles to 0.55±0.1 eV after 40 deposition cycles, due to included 

band bending at the interface. Note that in addition to the previously discussed limitations for 

valence band offset calculation, for the conduction band offset an additional source of error is 

introduced by the ambiguity of the bandgap during the first deposition cycles, due to formation 

of SiOx and substochiometric SnOx layers. 
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Figure 4.20: Sketch of the band line-up of SnO2/n-aSi:H interface after 40 ALD cycles with 

the inclusion of the intermediate SiOx layer. The red color indicates the intermediate SiOx and 

SnOx regions. The shaded area indicates uncertainties in the vacuum level and valence band of 

SiOx region. 

 

A schematic representation of the SnO2/n-aSi:H heterojunction after 40 deposition cycles is 

shown in fig. 4.20. The region in red indicates the space-charge region, which includes the 

intermediate SiOx and SnOx layers. The SiOx region presents most uncertainties at this interface, 

especially with the position of the conduction band, due to unknown bandgap that can differ 

from the stochiometric SiO2 layer. From the shift of Si 2p core level during the first deposition 

cycles towards lower binding energies, it can be assumed that intermediate SnOx is negatively 

charged. Thus, an additional upwards band bending in the n-aSi:H layers is induced. With the 

further growth and formation of a stoichiometric SnO2, the interfacial fixed charge is lost and 

the offset decreases. For the fully formed stoichiometric SnO2 layer after 40 cycles, the film is 

thicker than the width of the space charge region. Thus, the conduction and valence band offsets 

calculated with Kraut’s method disregard the band bending at the interface, and thus 
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underestimate the value for the valence band offset and overestimate the value for the 

conduction band offset.   

 

4.5 Implementation of PEALD SnO2 layers in SHJ devices 

PEALD SnO2 layers were tested in SHJ solar cells as part of the electron contact and as a 

possible replacement for the TCO (ITO) at the rear side. Thus, the first step was to perform 

TLM measurements for the SnO2 layer in combination with different metallization stacks. TLM 

test structures consisted of 15 nm PEALD SnO2/ 5 nm i-aSi:H/c-Si layer stack, on top of which 

metal grid with different metal stacks was evaporated. 

 

Contact layer stack ρc, Ωcm2 ρc after annealing, Ωcm2 

SnO2/Ag 0.06-0.1 n/a* 

SnO2/Ti-Ag n/a** 0.1-0.15 

SnO2/Al 39.61* 12.41* 

*poor contact linearity, **scattered data 

Table 4.1: Contact resistivity (ρc) for SnO2 layers with different metal stacks. 

 

Table 4.1 shows the extracted results for contact resistivity from the TLM measurements for 

the different layer stack systems: as-deposited, and after a 5 minute annealing step at 200 °C. 

For the as-deposited state, the SnO2/Ag layer stack showed a decent contact resistance below 

100 mΩcm2. However, after the annealing step, no data could be extracted due non linearity of 

the IV curves, which impeded the application of the TLM method. At the same time, the Ti-Ag 

metal stack showed a superior contact resistance after the annealing step, despite the fact that 

no data could be extracted for this stack in the as-deposited state. Finally, the SnO2/Al stack 

was highly resistive, and yielded non-linear current-voltage curves both after the deposition and 

after annealing Therefore, only Ti/Ag or Ag metallization stacks can be considered for the 

interface with SnO2. However, due to the poor lateral conductivity of these layers (regarded 

layers had ρ ≈ 180 Ωcm), their implementation as a single rear side TCO in solar cells could be 

problematic. The investigated solar cells that had a standard front layer stack (p,i-aSi:H layers) 

and the rear n-aSi:H/SnO2 (15-30 nm)/Ti-Ag layer stack showed very poor output parameters 
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and efficiencies below 5 % (not presented here). Therefore, on the rear side, ITO in the solar 

cell must still be used.  

 

SnO2 ALD cycles Jsc, mA/cm2 Voc, V FF, % η, % Rs, Ωcm2 

0 31.6 0.690 70.3 15.4 2.9 

25 31.4 0.680 66.0 14.1 4.73 

50 31.6 0.684 67.3 14.5 4.33 

75 32.3 0.681 63.9 14.1 5.14 

Table 4.2: Parameters of the best solar cells on planar wafers with a varied SnO2 layers 

thickness. 

 

  

  

Figure 4.21: Solar cell parameters for device with a varied SnO2 layer thickness. iVOC and iFF 

values extracted from TrPCD measurements, before the metallization step. 
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Thus, SHJ solar devices with a rear structure consisting of i-aSi:H/n-aSi:H/SnO2/ITO/Ti-Ag 

with varied SnO2 layer thicknesses were fabricated on planar c-Si wafers. The parameters of 

these cells are presented in fig 4.21 and table 4.2. Additionally, the series resistances for all 

samples were calculated from Suns-Voc measurements. The reference cell shows reduced 

parameters, due to overly thick i-aSi:H layer (6.5 nm) and not fully optimized p-aSi:H layer. 

However, the addition of a thin SnO2 layer causes a slight drop and scatter in VOC and a drop in 

the fill factor, of more than 6 % already for the thinnest SnO2 layer. The inclusion of SnO2 

layers drastically increases RS, which can explain the drop in fill factor with increasing layer 

thickness. Slight drop and increased scatter of the VOC values could be associated with possible 

sputter damage of the layer stack during the ITO deposition, or formation of the defective SiOx 

layer at the interface between n-aSi:H and SnO2 layers, which was discussed in the previous 

sections.  

 

4.6 Tin oxide layers for perovskite solar cells 

4.6.1 Introduction 

So far, the main focus of this thesis was on SHJ solar cells. However, perovskite solar cells 

have achieved drastic increases in efficiency and stability in the span of the last several years, 

such that they can be now regarded as one of the promising routes for future solar cell 

development. Perovskite refers to crystalline materials with a perovskite-type structure with an 

ABX3 formula. For perovskites used in photovoltaics, A is a monovalent and often organic 

cation (such methylammonium, formamidinium or cesium), B is a metal (usually lead or tin), 

and X is a halogen (iodine, bromine or chlorine) [195]. Planar perovskite devices are typically 

classified, according to the arrangement of precedent electron, or hole-transport layer, as either 

n-i-p (regular) or p-i-n (inverted) contact stacks, depending on the deposition sequences, where 

a perovskite film serves as the absorber [196]. The most recent record power conversion 

efficiency (PCE) for a single junction perovskite solar cell was above 24% [197]. Having 

already achieved such prominent results, one of the further developments for perovskite cells 

is their combination, as a top sub-cell, with other solar cell concepts to form tandem cells. This 

would allow these tandems to surpass the Shockley-Queisser limit for single-junction solar 

cells. By now, there are prominent results for perovskite-silicon [198] and 

perovskite-CIGSe [199] tandem solar cells. 
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However, despite recent impressive progress in the development of perovskite solar cells, this 

technology is still far from ready for commercialization in the next years. The main limitations 

and roadblocks in the development of such devices include poor photo- and thermal stability, 

the presence of hysteretic behaviour in cell performance [200], and concerns regarding the 

presence of lead [201]. 

The development of perovskite solar cells has been derived from research in organic solar cells. 

Therefore, a lot of effort has been dedicated to the development of different organic materials 

and metal oxides for use as carrier-selective contacts and TCOs, respectively. For the hole-

selective contacts, organic materials such as spiro-OMeTAD or PTAA are often used, as well 

as metal oxides like MoO3 or NiOx [202]. Recently, self-assembling monolayer contacts have 

also been used for this purpose [203].  

For electron-selective contacts the most commonly used layers are PCBM, TiO2 and SnO2, due 

their good band alignment towards the perovskite interface [204]. The main functions of 

electron-selective contact layers are to have an optimal band alignment with the perovskite layer 

for electron transport, and to reduce the presence of surface defects and therefore mitigate losses 

at the interface. A recurring problem for perovskite solar cells is a hysteresis behaviour in the 

JV curves for the solar cells. If the electron contact leads to an accumulation of charge, there is 

a drastic increase in hysteresis. However, if the charge can be easily extracted at the interface, 

the hysteresis can be decreased or even eliminated [205]. 

By now, the most common electron-transport layers in perovskite solar cell are organic 

materials, or metal oxide layers. However, metal oxide layers show more advantages in terms 

of cost and long-term stability, in comparison to organic materials. More research is 

concentrated nowadays on SnO2 layers, due to their higher conductivity, better band alignment, 

wider bandgap and excellent transparency, compared toTiO2 [206], and better chemical stability 

in comparison to ZnO .  

There is a variety of different methods used for the deposition of tin oxide in perovskite solar 

cells, such as spin-coating, sol gel, e-beam evaporation or ALD. The main criteria for layer 

deposition is to have high scalability and to have low deposition temperatures. 

Spin-coating is one of the most used deposition methods for layers in perovskite solar cells, due 

to its simplicity, low cost and low deposition temperature. For this, an appropriate precursor 

solution, which for SnO2 could be SnCl4 in isopropyl alcohol or a SnCl2·2H2O solution in 
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ethanol, is used. Spin-coated tin oxide is widely used material for perovskite solar cells. 

However, solar cells with as deposited SnO2 layers exhibit reduced efficiencies or device 

stability [207]. One possible reason is an improper band-alignment between as deposited tin 

oxide and perovskite layers. Additionally, deposition by spin-coating often results in poor 

coverage and/or porous SnO2 layers, which can cause efficiency losses [208]. 

To prevent these issues, post-treatments of the layers after deposition have to be considered. 

The most common post-treatment techniques are ozone treatments [209] and annealing of the 

layer [208]. Another option is to treat spin-coated layers with an oxygen plasma at elevated 

temperatures, which is explored in this thesis. Thus, in the next section, the oxygen plasma 

treatment of spin-coated SnO2 layers is introduced and its influence on layer properties and 

device performance will be discussed. 

 

4.6.2 Oxygen plasma post-treatments for spin-coated SnO2 layers 

A study of post-treatment procedures for spin-coated SnO2 films was conducted by Philipp 

Tockhorn and the author of this thesis. P. Tockhorn deposited SnO2 layers and produced 

perovskite solar cells. The author of this thesis designed and optimized an oxygen plasma post-

treatment process, and additionally measured and analyzed XPS and UPS data for the as 

deposited and oxygen plasma treated layers. 

The developed plasma post-treatment procedure was carried out in a PECVD chamber at 

AltaCVD deposition tool by Altatech, with a plasma power density of 50 mW/cm2, 0.5 mbar 

pressure, oxygen gas flow of 15 sccm and a process temperature of 180 °C. This temperature 

has an additional annealing effect on the SnO2 layers, which improves their conductivity and 

was found to be optimal for the functionality of SnO2 films as electron transport layers [210]. 

The described post-treatment process was applied for spin-coated SnO2 layers with layer 

thicknesses of 20-25 nm deposited on ITO/glass substrates for solar cells and XPS/UPS 

measurements, and on flat c-Si wafers for ellipsometry measurements and XPS measurements. 

The investigated layers were deposited from a SnCl2·2H2O solution. Layer thickness was 

obtained via ellipsometry measurements, using a Drude-Lorentz model for fitting. 

The main step for the implementation of the post-treatment was to find the optimal duration of 

the plasma step, and how it influences layer structure and solar cell performance. Thus, the 

duration of the post-treatment was varied as the main optimization parameter. This is especially 
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important due to the etching of the exposed material during the plasma step. Fig. 4.22 shows 

how the thickness of a spin-coated SnO2 layer decreases with varied plasma duration steps. For 

a short plasma step of 30 seconds, up to 3% of the SnO2 layer is removed, which means that 

mostly the film surface is etched away. However, with further increases in plasma duration, the 

change in layer thickness reaches up to 13%. This indicates that, with a longer post-treatment 

process, the layer bulk starts to be etched. Thus, it is possible that with the longer plasma 

exposure step plasma-induced damage occurs in tin oxide layer, which would create additional 

recombination centers [114], [211]. 

 

 

Figure 4.22: Relative reduction in thickness of SnO2 layer during the plasma post-treatment 

step. 

 

In order to monitor changes in layer properties with the post-treatment step, XPS and UPS 

measurements were performed. The core level XPS spectra of spin-coated SnO2 layers were 

fitted with the same procedure as in the previous sections for the PEALD SnO2 layers.  
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Figure 4.23: Area of the Cl 2p3/2 core level signal, relative to the total area of all main core 

levels for spin-coated SnO2 layers (i.e. Sn 4d3/2, O 1s, C 1s, Cl 2p3/2), as a function of oxygen 

plasma step duration. The inset shows an example of raw data and fit for Cl 2p core level. 

 

The main difference in the XPS spectra for spin-coated tin oxide layers, in comparison to the 

previously discussed PEALD SnO2 layers, is a detectable Cl 2p core level signal at a binding 

energy of around 199.7-200.0 eV. This signal originates from the residuals of the SnCl2 

precursor salt used for the spin-coating deposition process. Fig. 4.23 shows the evolution of the 

Cl 2p3/2 XPS signal with increasing duration of the oxygen plasma post-treatment. It can be 

seen that for the as deposited SnO2 oxide layer, there is a high concentration of chlorine, which 

steadily decreases with plasma treatment duration. However, even after the longest investigated 

plasma step of 180 seconds, there is still a detectable Cl 2p core level signal. At this point of 

the plasma post-treatment, more than 10 % of the layer has been etched away. Therefore, it is 

possible to conclude that for spin-coated SnO2 layers chlorine is present, not only as a surface 

contaminant, but also incorporated into the bulk.  
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Figure 4.24: a) peak position of Sn 3d3/2 core level, b) evolution of the raw data of Sn 3d3/2 core 

level after varied oxygen plasma treatment step, referenced to C 1s core level positions. Spectra 

are offset for better visibility. c) FWHM of the fitted peak for Sn 3d3/2 core level 

 

In order to check for the presence of additional signals in Sn 3d3/2 core level, the fit for all 

signals was done with one peak, with FWHM as a fitting parameter. The change in FWHM 

would indicate the presence of additional signal in the core level. However, as it is seen from 

fig. 4.24 c, there are no noticeable changes in FWHM for any sample. Thus, all spin-coated 

layers, both as-deposited and after the post-treatment step, showed no detectable presence of 

the Sn2+ oxidation state. However, already with the shortest plasma treatment process of 30 

seconds, there is an observable shift of around 0.4-0.5 eV for the core level energy, as it is 

shown in fig 4.24 a,b. The oxidation state of Sn within the bulk remains unchanged with the 

plasma treatment, thus it can be assumed that the shift in the core level is caused by charging 

of SnO2 layers upon the plasma treatment. 
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Figure 4.25: Area of the O 1s core level signal, relative to the total area contributed by all main 

core levels for spin-coated SnO2 layers (Sn 4d3/2, O 1s, C 1s, Cl 2p3/2) as a function of oxygen 

plasma step duration. 

 

Additionally, with the plasma post-treatments changes in the O 1s core level signal could be 

observed, as shown in fig. 4.25. The O 1s core level was fitted with two components, the main 

peak that corresponds to the O-Sn bond, and a second one that represents -OH groups. With an 

increased plasma duration, the signal that corresponds to the O-Sn bond continually increases 

until saturation at around 90 seconds. At the same time, the -OH signal steadily decreases. This 

behaviour indicates that the surface and the bulk of SnO2 layers are oxidized during the plasma 

step. 

 Another important point is to identify the influence of the oxygen plasma on the surface of the 

spin-coated SnO2 layer. Fig. 4.26 illustrates the evolution of the valence band edge and 

secondary cut-off region of the UPS spectra for the investigated layers, with varied oxygen 

plasma step duration. Both regions are strongly affected by the applied oxygen plasma 

treatment. With increasing oxygen plasma duration, the valence band edge moves towards 

lower binding energies. Thus, the value changes from 3.29±0.2 eV for as deposited samples, 

which is comparable to values obtained for PEALD SnO2 layers, to 2.59±0.2 eV after 180 

seconds of oxygen plasma step.   
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Figure 4.26: UPS spectra of spin-coated SnO2 layers after oxygen plasma step of varied 

duration: a) valence band region after satellite spectra extraction (chapter 3.2.1.2), b) evolution 

of the valence band edge with plasma duration, c) secondary cut-off of the UPS spectra with 

normalized signal intensity, d) evolution of work function with plasma duration. 

 

Additionally, the shape of the curve changes already after a short plasma step of 30 seconds. 

For the untreated sample, there is an additional feature at low binding energies of 2-4 eV, which 

is possibly characteristic to Sn 5s surface states and would indicate the presence of the Sn2+ 

oxidation state [188]. While fitting the XPS data, the Sn 4d core level signal did not exhibit any 

detectable presence of Sn2+. Therefore, it is possible to conclude that the reduced states are 

present only at the surface and, by applying the plasma post-treatment, the surface is oxidized 

and reduced states are lost. 

 Additionally, it is possible to observe changes in the cut-off region for the investigated layers. 

Within a short plasma step, the work function is slightly reduced in comparison to the untreated 
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sample. However with a longer step, an increase in the work function from the initial 

4.48±0.05 eV to 4.87±0.05 eV after 180 seconds of oxygen plasma step can be observed. This 

increase can be caused by the further oxidation of the surface and reduction of surface species, 

such as chlorine, or -OH groups.  

 

 

Figure 4.27: Schematic representation of the investigated perovskite solar cell structure. 

 

The next step is to compare the performance of the perovskite solar cells with oxygen plasma 

post-treatment steps of varied duration. Thus, inverted perovskite solar cells were investigated, 

with a layers structure, as shown in fig 4.27. For these cells, 25 nm of SnO2 layer is deposited 

at the rear side of the cell on top of glass substrates coated with 110 nm of patterned ITO. Such 

deposition sequence allows to have oxygen plasma post-treatment step and to exclude damage 

to the absorber, due to oxygen and elevated temperature exposure. Subsequently, “triple cation” 

Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 (CsMAFA) perovskite absorber is deposited. 

Afterwards, 150 nm of Spiro-OMeTAD layer, as hole-selective contact are spin-coated. Finally, 

80 nm layer of gold grid was thermally evaporated.  
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Figure 4.28: a) VOC, b) FF c) power conversion efficiency and d) hysteresis index for perovskite 

solar cell with varied plasma step duration.  

 

Fig. 4.28 shows the main output parameters and a schematic representation of the investigated 

devices. It can be seen, for a short plasma step of 30-60 seconds, there is a clear improvement 

in Voc, which leads to increased solar cell efficiencies. Additionally, this short plasma step 

yields a noticeably decreased hysteresis index, which is extracted from comparing forward and 

reverse IV curve scans [207]. However, with further increase in the post-treatment duration, the 

performance of solar cell degrades. A possible explanation for this behaviour is that, because 

of the short plasma step, the top defective contaminated surface layer is etched and the surface 

is oxidized without plasma-induced damage. Therefore, the passivation is improved. However, 

with longer plasma step durations, more of the layer is etched off and then the surface roughness 

and induced defects from oxygen plasma might increase, which could then lead to the decreased 

VOC. Moreover, the observed increase of the fill factor and decreased hysteresis index for the 
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short oxygen plasma step can be assigned to the improved band alignment between SnO2 and 

perovskite layer.  

The straightforward way to estimate the band offset is by applying Schokley-Anderson model, 

which is a simplistic representation of the heterojunction interface and does not include the 

interface dipole. The bandgap of CsMAFA layer is 1.6 eV, work function is 4.7 eV and valence 

band edge is at 0.9 eV below the Fermi level [199]. From the ellipsometry measurements the 

extracted bandgap of spin-coated tin oxide is 3.5 eV. Thus, by applying Schockley-Anderson 

model (chapter 2.2.1) and using the valence band edge and work function of spin-coated SnO2 

layers (fig 4.26 b, d) , the conduction band offset can be estimated, and its evolution over 

oxygen plasma step time is shown in fig 4.29. 

 

 

Figure 4.29: Calculated band offset for the SnO2/CSMAFA interface, as a function of oxygen 

plasma treatment duration. 

 

Within the shortest oxygen plasma treatment process, the conduction band offset is decreased, 

which is indicated the improved electron selectivity in the interface. However, with assuming 

Anderson model, it can be seen that even for the longer plasma duration the conduction band 

offset is steadily decreasing, which does not correspond to the observed hysteresis index 

behavior for long treatment that can indicate charge accumulutaion at the interface. The reason 

is not fully clear, however, it can be assumed that upon a longer plasma treatment time, the 

Schockley-Anderson model is no longer valid, due to the creation of the dipole at the interface 
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upon long plasma exposure that was seen with the increase of the work function after 60 s 

oxygen plasma step (fig. 4.26 d).  

Additionally, the performance of the perovskite solar cells with SnO2 layers was also compared 

for different post-deposition treatments. For the ozone treatment, the spin-coated SnO2 layers 

were exposed to UV-ozone for 30 minutes at room temperature. This treatment would also 

oxidize and clean the surface of the layer. The reference sample, “annealed”, was only subjected 

to an annealing step at 180 °C.  

Treatment Jsc (mA/cm2) Voc (V) FF (%) PCE (%) 

Annealed 20.9 1.15 75.8 16.4 

Ozone 20.5 1.13 69.5 14.1 

Plasma (30 s) 21.1 1.17 77.9 18.1 

Table 4.3: Best perovskite solar cell performance with different SnO2 layer post-deposition 

treatments 

 

Table 4.3 shows solar cell characteristics for best perovskite solar cells with just annealed, 

ozone and short plasma (30 seconds) treated SnO2 layers. It can be seen that the solar cell with 

the ozone treated SnO2 layer shows a reduced VOC, FF and PCE, even in comparison to the 

device with only annealed SnO2. Much lower FF of the device for ozone treated layer can be 

attributed to the possible misalignment between perovskite layer and SnO2, due to which a 

carrier barrier is likely formed. Another important parameter is VOC. From the XPS 

measurements, the ozone treated sample behaved similarly to the oxygen plasma treated ones, 

showing an increase in O-Sn bonds and an oxidation of the surface in comparison to the as-

deposited sample. However, unlike the oxygen plasma treated layers, no Cl 2p core level signal 

was detectable from XPS. 

Therefore, it is possible to conclude that after the ozone treatment, chlorine is removed from 

the layer surface and bulk. However, chlorine can be beneficial for the perovskite passivation, 

as it was shown for both chlorine terminated TiO2 [212] and SnO2 [213] layer surfaces for 

perovskite solar cell. It was reported that chlorine termination on TiO2 and SnO2 surfaces can 

suppress the defect formation in the perovskite, upon its deposition and thereby reduce interface 

recombination. In comparison to the oxygen plasma treatment, in which is chlorine was present 

even after the long plasma step and can be assumed to be present at the surface of the film, the 
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surface of ozone treated layers exhibits no presence of these species. Thus, the passivation at 

the interface is decreased, which is reflected in the solar cell performance.  

 

4.7 Chapter summary 

This chapter presented a detailed investigation of a PEALD process for SnO2 layers, from the 

process optimization to device implementation of the layers and discussed post-treatment of 

spin-coated SnO2 layers for perovskite solar cell. 

In the first part, optical and electrical properties of SnO2 layers deposited using TDMASn as a 

precursor and oxygen plasma in the deposition temperature range of 90-210 °C were 

investigated. The PEALD cycle optimization for this process was discussed, and three sets of 

layers were investigated in detail: one based on the initial non-optimized process, the other on 

the final optimized process. For the third sample set starting from the optimal process, the 

oxygen pulse time was varied. The influence of deposition parameters on optical and electrical 

properties was investigated, and XPS measurements were conducted to connect these 

macroscopic layer properties with the layer composition. It was shown that, in all layers 

deposited with PEALD, residual carbon and nitrogen are present that can be assigned to 

residuals from not fully reacted precursor molecules. These contaminations, which decrease 

with deposition temperature, have a direct influence on the refractive index and optical band 

gap of the SnO2 layers. Additionally, a shoulder in the O 1s core level spectrum at higher 

binding enrgy is indicative of -OH and/or carboxyl groups present in the film or at its surface. 

It was shown that, with increasing deposition temperature, there is a decrease in this high-

binding energy O 1s signal. Assuming that most of this signal can indeed be attributed to -OH 

groups, its thermally induced decrease could be interpreted as a dehydroxylation of the SnO2 

layers. Additionally, the stoichiometry of the layers with deposition temperature was 

investigated. It was observed that, at deposition temperatures above 165 °C, the layers contain 

more substoichiometric species, which may partially contribute to the bandgap variation.  

Moreover, the influence of deposition temperature on the electrical properties of SnO2 layers 

was investigated. The layer resistivity changes drastically, by up to five orders of magnitude, 

with varying deposition temperatures from 90 °C to 210 °C. However, there is no direct simple 

dependence between layer resistivity and composition. Presumably, the high inclusion of 

precursor residues leads to high resistivity. However, low residue concentrations do not 
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necessarily lead to low resistivity. Thus, it is likely that other factors (like layer topography and 

crystallinity) become dominant in this composition regime.  

The second part of this chapter is focused on understanding the formation of the SnO2/n-aSi:H 

interface throughout the different stages of SnO2 growth using PEALD, starting from thin 

incubation layers up to a full stochiometric SnO2 overlayer. For this interface, no growth delay 

was observed, and the Sn 3d core level signal was detectable at the surface already after the first 

PEALD cycle. However, it was seen that, after the first 1-3 cycles, intermediate 

understochiometric silicon oxide was formed. Moreover, during the first 10 cycles, the 

intermediate substoichiometric tin oxide is deposited, with the present Sn2+ oxidation state was 

observed. The apparent conduction band offset at the SnO2/n-aSi:H interface is decreasing with 

increasing SnO2 layer thickness and is estimated as 0.55±0.15 eV after 40 ALD cycles. 

However, this value represents not only the offset between the fully formed SnO2 layer and the 

n-aSi:H bulk, but also includes the band bending in the SnO2 film towards the interface, and 

not the direct interface. Even though the fully formed ALD SnO2 layer does not cause an 

additional upwards bend bending at the interface with n-aSi:H substrate as compared to the free 

n-aSi:H surface, the conductance band offset is still too high to consider SnO2 as a part for the 

electron contact for a silicon based device. 

The calculated conduction band offset for this interface is substantially higher than for other n-

type wide gap semiconductors, such as ZnO (200 meV) [192]. Additionally, SnO2 layers 

deposited by PEALD have a high work function of around 4.82 eV, which is problematic for 

the electron contact. Therefore, as-deposited PEALD SnO2 layers are not suitable to function 

as electron transport layers in SHJ based devices. Nevertheless, SHJ devices with the 

implementation of this interface were presented. Solar cell with c-Si/i-aSi:H/n-aSi:H/SnO2/ITO 

layer stack showed a high drop in fill factor in comparison with the reference device, which 

may be due to the formation of a potential barrier at the interface, according to presented 

XPS/UPS results and due to series resistance of these cells, which was drastically increased by 

the addition of SnO2 layers, which also contributed to the decrease in fill factor. Therefore, 

PEALD SnO2 layers are not suitable for use in SHJ devices. Post-treatment procedures for these 

layers might be considered in order to decrease the offset between SnO2 and aSi:H layers, which 

is beyond the scope of this thesis.  

The final section of this chapter was dedicated to the post-treatment procedures for the spin-

coated layers, with the focus of their implementation in perovskite solar cells. Within this 
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section, the oxygen plasma post-treatment process for spin-coated SnO2 layers is introduced as 

an effective method to improve the surface of SnO2 layers and interface between SnO2 and the 

perovskite layers. Thus, XPS and UPS measurements were carried out for layers after varied 

oxygen plasma treatment time and these results were further correlated with the solar cell 

performance.  

The main difference between PEALD and spin-coated SnO2 layers was the detectable signal of 

Cl 2p in the XPS spectra that originates from the salt precursor for spin-coating. Upon oxygen 

plasma treatment, the intensity of Cl signal was steadily decreasing, but even after the longest 

investigated step this signal was detectable. Additionally, amount of O-Sn bonds drastically 

increased until the saturation at around 90 s of the post-treatment. This indicates that upon 

oxygen plasma treatment, SnO2 surface was oxidized. Moreover, with the prolonged oxygen 

plasma treatment the valence bad edge shifted towards Fermi level. At the same time, high 

increase of the work function occurred upon the oxygen plasma treatment step above 60 s, with 

4.48±0.05 eV for as-deposited sample, to 4.87±0.05 eV after plasma step of 180 s. This led to 

the changes at the interface between SnO2 and perovskite layer, which were mirrored in the 

solar cell performance. It was observed that due to the improved conduction band alignment 

between SnO2 layer and the perovskite, fill factor and hysteresis index for solar cell were 

improved after the short plasma treatment step. As a result, it was possible by the short oxygen 

plasma treatment step of 30 seconds to improve PCE of the solar cell by 10 % relative, due to 

increased FF and VOC of the solar cell.  
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Chapter 5  

Magnesium oxide as a passivating electron-selective 

contact for silicon heterojunction solar cells 

5.1 Introduction 

Magnesium oxide has a work function of 4.2 eV [214], which makes it a suitable material for 

the electron contact in c-Si based devices [6]. Recently, the successful implementation of MgO 

thin layers as stand-alone passivation and electron transport layers on n-type c-Si wafers [12], 

[60], [61], and in combination with aluminum oxide as a ternary oxide (AlxMg1-xOy), as a 

passivation layer for p-type c-Si wafers [62] have been shown. Devices with 1-2 nm thin MgO 

electron-selective contacts, prepared by e-beam or thermal evaporation, have been reported. 

These devices showed moderate improvement of the passivation with MgO layer as compared 

to the bare c-Si wafer and had a good contact resistance in the range of 18-40 mΩcm2 for a 

MgO thickness of ~1 nm. The main issue with implementing MgO layers is a trade-off between 

passivation and contact resistance: by increasing the MgO layer thickness it is possible to 

achieve higher passivation quality, but at the same time the contact resistance increases 

drastically, due to the insulating nature of the MgO layers. Therefore, an optimal thickness has 

to be established with high precision. Additionally, it is possible to introduce a buffer layer, 

such as i-aSi:H, in order to optimize the passivation of the solar cell. In common deposition 

techniques such as chemical beam deposition [215], metal-organic chemical vapor 

deposition [216], [217] or chemical vapor deposition [218], the growth of MgO layers demands 

high deposition temperatures. In order to decrease the deposition temperature without 

sacrificing layer properties, ALD can be regarded. ALD is shown to be a suitable deposition 

method, especially for low work function metal oxides layers in solar cells. Therefore, the 

applicability of ALD MgO layers for devices is an important topic to address.  

The following chapter outlines the optimization of an ALD process for magnesium oxide 

(MgO) layers using Bis(ethylcyclopentadienyl)magnesium (Mg(CpEt)2) and is partially based 

on the accepted publication in IEEE Journal of Photovoltaics.  
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The considered precursor was shown to be suitable for the growth of high quality MgO layers 

for ALD processes using water as the oxidizing agent, at the deposition temperature range of 

125-200 °C [219]. Such an ALD process for MgO thin film deposition was investigated, with 

a focus on obtaining well-passivated interfaces for MgO/c-Si and MgO/i-aSi:H/c-Si layer 

stacks.  

The first section of this chapter focuses on the ALD process optimization and the chemical 

characteristics of MgO layers.  

The second section discusses the passivation properties and contact resistance for MgO/c-Si 

and MgO/i-aSi:H/c-Si layer stacks, with varying thickness of the MgO layer. Additionally, a 

post-treatment annealing step and its influence on the layer stack is discussed. Furthermore, this 

section presents and discusses results obtained for SHJ solar cell devices implementing both 

types of layer stacks with varied layer thicknesses.  

The sections that follow discuss the further optimization of SHJ solar cells with MgO layers. 

First, MgO layer properties and solar cell properties for various MgO layer deposition 

temperatures and the influence of an annealing step on layer properties are investigated. 

Afterwards, different possible metallization schemes are analyzed and the thermal stability of 

the SHJ solar cells with MgO layers is addressed. 

 

5.2 Optimization of the ALD process and MgO layer properties 

5.2.1 Optimization of the ALD cycle 

MgO films were deposited by thermal atomic layer deposition in an 

Arradiance GEMStar XT 6-8 ALD reactor. Mg(CpEt)2 was used as a precursor and was held at 

a temperature of 80 °C in the stainless steel bubbler. N2 as the carrier gas and water as the 

reactant were applied. The default temperature for the cycle optimization was set at 150 °C, as 

this is an optimal temperature for layer deposition [219]. As a first step, the precursor and water 

step durations were optimized for the ALD cycle.  
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Figure 5.1: MgO layer thickness after 100 deposition cycles as a function of a) Mg(CpEt)2 and 

b) water step durations. 

 

For each variation in step duration, MgO layers after 100 ALD cycles were deposited on 

HF-treated c-Si substrates. The results of these variations are presented in fig. 5.1. It can be 

seen that for the Mg(CpEt)2 step duration of around 800-1000 ms, there is no change in the 

deposition rate, thus the growth rate saturates. For the oxidizer step, the growth rate also 

saturates in a comparable time range. Hereby, the standard deposition cycle for MgO layers in 

this thesis consists of a 1 second pulse of Mg(CpEt)2, 10 s of first purge step with N2, a 750 ms 

water pulse, and a 10 s second purge with N2. 

 

5.2.2 Growth of MgO layers on c-Si and i-aSi:H/c-Si substrates 

The next step was to evaluate the growth behavior of ALD MgO layers on c-Si and 5 nm thick 

i-aSi:H/c-Si substrates. As shown in fig. 5.2, there is a linear dependence of film growth with 

increasing number of ALD cycles with a very slight delay. The linear fits cross the abscissa at 

around 4 cycles for the series on c-Si and at 7 cycles for i-aSi:H. In case of the i-aSi:H substrate, 

the delay is higher, due to surface passivation by silicon-hydrogen bonds, which possibly 

hinders the nucleation of the layer at Si surface dangling bonds during the first cycles of the 

deposition process [220]. Additionally, no growth on glass substrates was observed, which 

could possibly indicate a low reactivity of Mg(CpEt)2 precursor with the surface groups of the 

glas substrate. 
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Figure 5.2: Film thickness of MgO layers on HF- dipped c-Si wafers (black) and on i-aSi:H 

layers on c-Si (red), as a function of the number of ALD cycles. The deposition temperature 

was set at 150 °C. 

 

5.2.3 Changes in layer composition with air exposure 

Next, the chemical composition of the deposited layers and the effects of air exposure were 

evaluated. As discussed in chapter 2.1.3, magnesium oxide is known for hydrogen accumulation 

and adsorbing water at the surface [66], [221]. Therefore, it is important to compare air-exposed 

with as-prepared samples to identify changes at the surface and in the bulk. To this end, two 

MgO layers with thickness of 10 nm were deposited at 150 °C on c-Si wafers. Afterwards, one 

of the samples (“exposed”) was subjected to ambient air for about one hour, before being 

introduced to the UHV XPS System. The second sample (“clean”) was directly transferred to 

the UHV system through nitrogen-filled gloveboxes, without exposure to ambient air. 

Therefore, additional contamination could be excluded.  
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Figure 5.3: a) Fitting of the Mg 2s core level for the “exposed” sample. Circles represent the 

raw signal data, b) Relative area of the Mg-OH and Mg-O components of the Mg 2s core level 

signal for “clean” and “exposed” samples, c) Fitting of the O 1s core level for the “exposed” 

sample. d) Relative areas of the O 1s core level components for the “clean” and “exposed” 

samples. 

 

Fig. 5.3 a and c show the Mg 2s and O 1s raw data and fitting of the core levels for the “exposed” 

sample. As shown in Fig 5.3 a, it is not possible to fit the Mg 2s core level using only 1 peak, 

the Mg-O bond. At higher binding energies, there is a strong contribution that can be attributed 

to Mg-OH bonds, which correspond to the presence of Mg(OH)2 [222]. In fig. 5.3 b, the relative 

contributions of Mg-OH and Mg-O bonds to the Mg 2s core level for the “clean” and “exposed” 

samples are shown. It can be seen that even the “clean” sample has a high intensity for the 

Mg-OH bond component, which increases upon sample exposure to ambient air.  

Another relevant core level is O 1s. As seen in fig. 5.3 c, the core level can be fitted with four 

component peaks, which are Mg-O at around 531.5 eV, a peak at around 533.5 eV that possibly 
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originated from C-O bonds in precursor residuals, a Mg-OH bond at around 534.5 eV and an 

H2O peak at the highest binding energy of around 536 eV [223]. 

Figure 5.3 d shows a comparison between the O 1s core level compositions for the “clean” and 

“exposed” samples. Contamination residues assigned to C-O bonds and H2O, remain at the 

same level. However, with exposure to ambient air the intensity of the peak assigned to O-H 

bonds increases, which correlates with the Mg 2s core level Mg-OH bond component. 

Therefore, it is possible to conclude that the deposited layers are not fully stoichiometric. 

Moreover, there is an accumulation of hydrogen and an increase of peroxide Mg(OH)2 with air 

exposure. 

 

5.3 MgO layer thickness variation  

5.3.1 Passivation properties 

The next important step is to investigate the passivation properties of ALD MgO layers with 

varying thickness. For this, samples with symmetrical layer stacks on both sides of the wafer 

were produced in order to investigate changes of the passivation quality in terms of minority 

carrier lifetime upon deposition of MgO layers. Minority carrier lifetime data was extracted at 

an injection level of 1015 cm-3. The full lifetime vs. injection level data sets, τ(Δp), were further 

analyzed using a semi-analytical simulation model to separate the influence of field-effect 

passivation from defect passivation for the investigated layer stacks [147], [224]. A more 

detailed description of the simulation model is given in chapter 3.2.3.3. 

With the direct deposition of a thin MgO layer (30 ALD cycles, d ≈ 3 nm) on c-Si substrates, 

no passivation was achieved, neither in the as-deposited state, nor after the annealing steps. 

However, for a thicker MgO layer, i.e. after 75 ALD cycles (dMgO ≈ 9.8 nm), changes in the 

passivation quality were observed: Fig. 5.4.a shows the minority carrier lifetime for such a MgO 

layer deposited on a c-Si wafer. For the as-deposited stack no passivation was noticible. 

However, after 5 minutes annealing at 200-250 °C, a slight passivation effect, yielding a 

lifetime of around 150 μs, is observed.  
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Figure 5.4: a) Effective excess minority carrier lifetime at 1015 cm-3 injection level after MgO 

layer deposition at 150 °C for the HF-treated c-Si wafer and i-aSi:H/MgO layer stacks on c-Si, 

as a function of the annealing temperature. b) Carrier lifetime at 1015 cm-3 injection level, 

modelled defect densities and effective charge, c) iFF and iVOC for i-aSi:H/MgO layer stacks 

on c-Si substrates, as a function of the number of ALD deposition cycles. 

 

20 100 200 300 400
0.01

0.1

1

M
in

o
ri
ty

 l
if
e
ti
m

e
 

1
5
 (

m
s
)

Annealing temperature (°C)

75 ALD cycles MgO on:

 HF-treated c-Si surface

 5 nm i-aSi:H

i-aSi:H reference a)

3029

a
s
 d

e
p
o
s
it
e
d

0.1

1

10

10
10

10
11

15 30 45 60 75

-1.0x10
11

-5.0x10
10

0.0

5.0x10
10

1.0x10
11

 i-aSi:H/c-Si substrate

 MgO/i-aSi:H/c-Si (Tdep=150 °C)

 MgO/i-aSi:H/c-Si annealed

 

M
in

o
ri

ty
 c

a
rr

ie
r 

lif
e
ti
m

e
 

1
5
 (

m
s
)

b)

D
e

fe
c
t 

d
e

n
s
it
y
 (

c
m

-2
)

C
h
a
rg

e
 d

e
n
s
it
y
 (
c
m

-2
)

ALD cycles

15 30 45 60 75

640

660

680

700

720

740
78

80

82

84

86

 

iV
O

C
 (

m
V

)

ALD cycles

i-aSi:H reference

c)

 as-deposited MgO

 annealed MgO

 

 

iF
F

 (
%

)

MgO/i-aSi:H/c-Si



 
99 

 

A similar experiment was performed on MgO deposited on i-aSi:H coated c-Si substrates. For 

this, 5 nm i-aSi:H layers were deposited using PECVD with the process parameters described 

in chapter 3.1, prior to the ALD growth of the MgO layer. In this case, it was possible to observe 

significant changes in the effective lifetime with varying MgO thickness. 

 In the upper panel of fig. 5.4 b, the effective minority charge carrier lifetime for c-Si wafers 

coated with such layer stacks is shown as a function of the number of ALD cycles. After the 

initial deposition of MgO layer atop the i-aSi:H substrate, there is a noticeable degradation of 

the lifetime for all MgO layer thicknesses, which also correlates with iVOC, as shown in 

fig. 5.4 c. From the analytical model fitting, it can be seen that the degradation is caused by the 

drastic increase in interface defect density (middle panel of fig. 5.4 b). However, similar to the 

MgO/c-Si layer stack, recovery and improvement in the passivation is observed after a 200 °C 

annealing step, with the maximum increase for the sample after 45 MgO ALD cycles, which 

also corresponds to the point with the lowest interface defect density. At the same time, the total 

effective charge slightly increases with the number of deposition cycles. Therefore, it is possible 

to conclude that the main c-Si interface passivation mechanism is that of chemical passivation 

by the i-aSi:H film, which degrades upon MgO deposition, then recovers during the annealing 

step. The existence of an optimal MgO layer thickness for the passivation is similar to results 

found for some other metal oxides, such as TiO2 [225]. Furthermore, it is interesting to note 

that the fixed charge reverses its sign: while it is initially rather small and negative, 

~-1x1011/cm² after i-aSi:H deposition, it increases to > +5x1011/cm² after MgO deposition and 

anneal, for all MgO thicknesses except the thinnest (15 cycles). This indicates, that 

MgO/i-aSi:H stacks are indeed suitable as electron contact layers, since the positive fixed 

charge will lead to a downwards band bending and attract electrons at this contact.  

It is not fully clear why the fixed charge changes its sign. It is possible that after 15 cycles, the 

MgO layer is not yet fully closed, and that the intermediate SiOx is dominant. This oxide is 

formed at the interface between i-aSi:H and MgO layer therefore plays the main role for the 

values of Dit and the sign of Qi. The formation of an intermediate SiOx layer will be discussed 

in further sections.  

As explained above, the annealing step is needed after the MgO layer deposition to improve the 

passivation quality by decreasing the defect density at the interface. Therefore, the next step is 

to optimize the annealing temperature in order to achieve the highest improvement of 

passivation. Fig. 5.4 a compares the minority carrier lifetimes as a function of annealing 
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temperature for both layer stacks. As expected, for the MgO/i-aSi:H layer stack, the minority 

carrier lifetime values decrease at annealing temperatures above 300 °C due to the degradation 

of the i-aSi:H layer caused by hydrogen effusion [226]. The MgO/c-Si layer stack shows a 

similar trend, with a nearly total degradation of the effective lifetime at annealing temperatures 

above 300 °C. Possible reasons for this degradation can be the breaking of Mg-OH bonds 

present in the layer and the partial recrystallization of MgO layer [227]. 

 

5.3.2 Contact resistivity of MgO layers 

 

  

  

Figure 5.5: IV characteristics of Cox & Strack test structures for varying thicknesses of ALD 

MgO deposited at 150 °C on, a) c-Si substrates, and b) i-aSi:H/c-Si layer stacks. IV 

characteristics for varying pad diameters on the test structures after 30 cycles of MgO for, 

c) c-Si substrate, d) i-aSi:H/c-Si layer stacks. Samples were annealed at 250 °C before the 

metallization process, insets show schematics of the test structures.  
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The next point to evaluate is the contact properties of the MgO/c-Si and MgO/i-aSi:H/c-Si layer 

stacks. Therefore, test structures using the method devised by Cox and Strack, as described in 

chapter 3.2.5.2, were investigated [157]. At the front side, the corresponding contact stacks with 

MgO layers with different thicknesses were realized. On the rear side of the structure a 10 nm 

titanium/500 nm silver metal stack was thermally evaporated. This yields an Ohmic contact to 

the c-Si wafer and is assumed to contribute negligibly to the total resistance of the sample. As 

shown previously, the passivation of the c-Si substrate by such layer stacks can be improved by 

a short annealing step at 200-250 °C. Consequently, samples were annealed at 250 °C for 

5 minutes before metallization. Afterwards, 2 μm thick circular aluminum pads of different 

sizes were evaporated onto the front side.  

For both cases, i.e. with and without i-a-Si:H buffer layers, the IV characteristics had a linear, 

Ohmic behaviour as shown in fig. 5.5 c,d. On the other hand, it can be seen from fig. 5.5 a,b 

that with the increase of MgO layer thickness there is a drastic increase of resistance. The 

conduction band offset between the MgO layer and c-Si is around 1.55 eV [228]. The band 

offset between c-Si and i-aSi:H is around 0.2-0.3 eV [27]. Assuming the transitivity rule, which 

implies that three semiconductors A, B and C should combine in a predictable manner, and the 

band offset at A/B heterojunction can be deduced from band offset of the sum of A/C and C/B 

heterojunctions [229]. Thus, the conduction band offset between MgO and i-aSi:H is still 

expected to be around 1.25-1.35 eV. Such a barrier is considerably higher than the thermal 

energy kbT. Thus, tunneling of electrons from the a-Si conduction band through the MgO to the 

metal contact is probably the main current transport mechanism, and an exponential scaling of 

resistance with barrier thickness is consistent with this argument. Therefore, this increase most 

likely corresponds to a dominant contribution of tunneling resistance [230]. With the increase 

of the layer thickness, the IV data become more scattered. Therefore, the contact resistivity for 

thicker layers could not be reliably determined from the thicker layers. As a result, in the 

following only data obtained from the test structures with 30 ALD cycles of MgO, for both 

cases, i.e. with and without i-aSi:H, is discussed. 

For the MgO/c-Si stack the contact resistance of the structure is 0.18±0.01 Ωcm2, which is 

comparable to values reported by others for evaporated MgO layers with similar 

thicknesses [60]. For samples with i-aSi:H layer, the extracted contact resistance is drastically 

higher: 0.95±0.11 Ωcm2.  
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One of the possible reasons for such an increase in contact resistance can be due to the insertion 

of the i-aSi:H buffer layer itself. The lowly conductive i-aSi:H layer introduces an additional 

resistance in the current transport path through the contact stack, due to its bulk resistivity [231]. 

Indeed, the reference structure for the rear structure, Ti-Ag/ITO/n-aSi:H/i-aSi:H/c-Si, showed 

a total contact resistance of 1.1±0.15 Ωcm2, which is even higher than for the considered 

MgO/i-aSi:H/c-Si stack. Most of the contributions can be assigned to i-aSi:H layer resistivity, 

whereby the contribution of other layers in the stack are negligible. While calculating the 

contact resistance by the Cox and Strack method, the resistivity of the layer can neglected, if  

the product ρ*t is low, where t is the thickness of the layer (equation 3.11). However, in case 

of i-aSi:H and MgO layers, which are dielectric layers with ρ ≥ 106 Ωcm, this value cannot be 

excluded. Thus, the presented calculated values represent the contact resistance with included 

resistivity of the layers. Another possible influence on the contact resistance values is the 

aluminum metallization at the front contact. The aluminum contact is shown to be suitable in 

combination with MgO material [60], which due to its low work function (~ 4 eV) should 

contribute to a more pronounced downward band bending. However, for very thin MgO layers, 

it is a possible for aluminum to diffuse through the layer to the i-aSi:H interface. The interaction 

of Al with the a-Si:H layer produces p-type counterdoping [232] and as a result, yields an 

increase in the total contact resistance [233].  

 

5.3.3 Devices with varying MgO thickness 

Solar cells with MgO/c-Si and MgO/i-aSi:H/c-Si layer stacks as rear contacts were fabricated 

in order to explore the feasibility of implementing ALD MgO layers in devices and compared 

to the standard SHJ solar cell. The process flow for SHJ solar cells is described in chapter 3.1.4. 

For the cells with an MgO layer, the MgO layer thickness was varied in the range of 20-50 ALD 

cycles (≈ 2-5 nm) to assess the influence of layer thickness on the final solar cell performance. 

Two types of solar cell structures were considered: They have different rear sides with either a 

direct c-Si/MgO contact or contain an i-aSi:H buffer layer, i.e. an c-Si/i-aSi:H/MgO layer stack. 

Both types of layer stacks received 5 minutes annealing at 200 °C after the MgO layer 

deposition. One of the technological problems during the fabrication step of such cells is a 

possible parasitic deposition (under-deposition) of the MgO material on the other side of the 

wafer during the ALD process. This parasitic deposition can contaminate the front side with 

residuals from MgO layer deposition. In such cases, a degradation of solar cell parameters can 



 
103 

 

be observed, especially in the passivation. For standard SHJ solar cells, the p-aSi:H layer at the 

front is deposited after n-aSi:H layer. However, for SHJ cells with MgO layers, p-aSi:H layers 

were deposited first, in order to prevent a degradation in passivation due to the under-

deposition. For structures with MgO layers, the rear side ITO was omitted, and the rear side 

metallization consisted of a blanket layer of 1 μm aluminum. Schematic representations of both 

types of stacks are shown in fig. 5.6 a,b. 

 

  

Figure 5.6: Illuminated one-sun JV characteristics of solar cell devices with rear electron 

contacts composed of a) MgO/c-Si layer stack, B) MgO/i-aSi:H/c-Si stacks. The MgO layer 

thicknesses were varied from 20 to 50 ALD cycles. The colors of the curves represent the same 

number of deposition cycles for both graphs. Schematic representations of the corresponding 

devices are shown as insets. 

 

Contact stack MgO cycles Jsc (mA/cm2) Voc (mV) FF (%) Efficiency (%) 

MgO/c-Si 20 33.4 664 73.8 16.4 

MgO/i-aSi:H 30 33.8 687 72.4 16.8 

Reference 

(n,i-aSi:H) 

0 33.3 698 73.4 17.0 

 

Table 5.1. Solar cell parameters for the best devices fabricated on planar Si wafers 

incorporating the ALD-grown MgO layers. 
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The JV characteristics of such devices, with solar cell size of 1 cm2 are shown in fig. 5.6. 

Additionally, table 5.1 shows the results for the best cell for each type of stack. Due to the flat 

surfaces on the c-Si wafers and shading by the front grid used for these cells, the short circuit 

current density is strongly limited.  

For cells with the MgO/c-Si stack, an efficiency of 16.4 % is achieved with a thin MgO layer 

(20 ALD cycles, dMgO ≈ 2.5 nm). For comparison, a reference cell with an i,n-aSi:H/ITO 

contact has an efficiency of 17 %. From the Suns-Voc measurements it was possible to extract 

series resistance for cells with MgO layer after 20 and 30 cycles. For the thinnest MgO layer 

after 20 cycles, the series resistance in the cell is 2.5±0.2 Ωcm2. However, already after 30 

deposition cycles, the series resistance increases to 5.45±0.3 Ωcm2. With a further increase in 

layer thickness, the formation of a transport barrier is observed, which is reflected in the S-shape 

of JV curves (fig.5.6) and in a decrease of VOC and FF. This degradation is consistent with the 

increasing contact resistance that was discussed earlier.  

For the MgO/i-aSi:H/c-Si stack, it is obvious that the additional thin i-aSi:H layer helped to 

keep the passivation on a level that allows VOC above 680 mV for devices with MgO layers. 

This shows that the i-aSi:H layer can sustain the passivation, and that a thin layer of MgO is 

sufficient to function as an electron transport layer. Moreover, the VOC of the solar cell with the 

layer stack with included i-aSi:H layer corresponds to the passivation behavior discussed in 

chapter 5.3.1, where the optimal thickness for the highest iFF and iVOC is found for 30-45 ALD 

cycles. For the best device, after 30 deposition cycles and with output parameters presented in 

table 5.1, the series resistance is 2.39±0.15 Ωcm2. The slight degradation of the Voc and FF for 

such stacks as compared to the reference can probably be attributed to the diffusion of aluminum 

through the MgO stack during the evaporation of the aluminum contact, and potential parasitic 

under-deposition of MgO contaminants at the front side of the wafer.  
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Figure 5.7: Parameters of best solar cells with (i-aSi:H/MgO/Al) stack as the rear side contact 

as deposited and after an annealing step of 3 minutes at 150 °C. 

 

However, despite having acceptable device parameters these cells with Al metal contacts 

showed high thermal instability. In fig 5.7, the cell parameters for devices with MgO/i-aSi:H 

layer stacks are shown before and after an annealing step at 150 °C. It can be seen, that for all 

thicknesses, there is a drastic degradation in solar cell performance, which is especially 

prominent for the thickest MgO layer after 50 cycles. At the same time, iVOC and iFF for layer 

stacks before the metallization, were comparable for all investigated MgO thicknesses. It is not 

fully clear, why the degradation is especially prevalent for the device with the thickest layer. 

However, it can be proposed that with Al diffusion into the MgO layer, the ternary AlxMg1-xOy 

may be formed. Such layer would result in high negative effective charge density [62], which 

would be detrimental to both passivation and fill factor of the cell.  Therefore, further 

optimization of the layer stack, and metallization should be considered. A possible replacement 

for the metal contact is discussed in the following sections.  
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 5.4 Magnesium oxide layers at varied deposition temperatures 

5.4.1 Dependence of MgO layers passivation quality on deposition 

temperature 

Another important parameter to consider is the deposition temperature for the MgO layers. The 

temperature window for the MgO ALD process is ~ 125-200 °C [219]. Therefore, in this 

temperature range, the highest precursor utilization during the deposition process can be 

expected. However, the interface properties and surface contamination can vary for different 

deposition conditions. 

The starting point is to investigate the variation of passivation properties for the MgO/i-aSi:H 

layer stack with a varying deposition temperature of the MgO layers. Similarly to the previous 

section, samples with symmetrical layer stacks on both sides of the wafer were produced in 

order to investigate changes of the passivation quality in terms of minority carrier lifetime upon 

deposition of MgO layers. For these samples, 5 nm i-aSi:H layers were deposited using PECVD 

with the process parameters described in chapter 3.1, prior to the ALD growth of the MgO 

layer. Afterwards, MgO layers after 45 ALD cycles at varied deposition temperatures were 

deposited. No changes in the GPC with deposition temperature were observed, and the layers 

had comparable thicknesses (≈ 4.5 nm). Minority carrier lifetime data was extracted at an 

injection level of 1015 cm-3. The full lifetime vs. injection level data sets, τ(Δp), were further 

analyzed using a semi-analytical simulation model to separate the influence of field-effect 

passivation from defect passivation for the investigated layer stacks [147], [224]. A more 

detailed description of the simulation model is given in chapter 3.2.3.3.  
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Figure 5.8: (a) Effective excess minority carrier lifetimes at a 1015 cm-3 injection level, (b) c-Si 

interface defect density, (c) fixed charge density after 45 cycles of MgO layer deposition on 

5 nm i-aSi:H/c-Si, as a function of deposition temperature before and after annealing 

(5 minutes, at 250 °C).  

 

Fig. 5.8 a shows the effective excess minority carrier lifetime for MgO/i-aSi:H/c-Si structures 

as a function of MgO deposition temperature for as-deposited samples, as well as after an 

annealing step of 5 minutes at 250 °C. For samples deposited at a temperature below 200 °C 

the minority carrier lifetime drastically degrades after the initial MgO layer growth. In contrast, 

the sample deposited at 200 °C shows an improvement that can probably be attributed to 

hydrogen diffusion in i-aSi:H, upon annealing during the ALD process. All lifetimes could be 

recovered or improved by a short annealing step at 250 °C. Interestingly, lifetimes are highest 

after annealing for the lowest and highest ALD temperatures, whereas for the a-Si:H/c-Si 

samples, i.e. prior to MgO deposition, the lifetime minimum is at a deposition temperature of 

175 °C, which corresponds to the maximum defect density, as shown in fig 5.11 (panel b). 

Similarly to samples investigated in chapter 5.3, annealing step at 250 °C improved the 

passivation, and the interface defect density was decreased for samples at all deposition 

temperatures, especially for low deposition temperatures, of 125-150 °C. It can be assumed that 

this improvement occurs due to a reduction of the surface contamination of MgO layer surface 
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by the residuals of precursor, and layers becoming more stoichiometric. These assumptions will 

be discussed in a further section, based on XPS measurements for such layers stacks.  

 Additionally, for deposition temperatures of 175-200 °C, the initial fixed charge sign changes 

already after a direct deposition and it remains the same after the annealing step. However, for 

all samples after the annealing, the charge sign is positive, and values are comparable for all 

samples. Thus, all layers investigated in this temperature range are suitable to be electron-

transport layers for SHJ solar cells.  

 

5.4.2 XPS analysis of MgO layers deposited at different temperatures 

To shed light on the physical mechanisms behind the dependence of passivation on deposition 

temperature and annealing, it is important to identify changes at the MgO/c-Si interface upon 

MgO layer deposition and after the annealing step. Therefore, MgO/i-aSi:H/c-Si samples were 

prepared for XPS investigations: thin layers of around 3 nm MgO (30 ALD cycles) were 

deposited on top of an i-aSi:H layer at temperatures in the range of 150-200 °C. Such thin MgO 

layers allow the observation of X-ray excited photoelectrons not only from the MgO film, but 

also from the underlying i-aSi:H layer. At the same time, such MgO film thickness is relevant 

for the applications in devices.  

Samples were transported from the deposition tool to the XPS system through N2 gloveboxes, 

without exposure to ambient air. All samples were measured as-deposited and then annealed in 

vacuum at 200 °C for 5 minutes.  

The first peak to start the XPS analysis with is the C 1s core level signal. This signal could be 

fitted with two components: A peak assigned to C-H bonds at a binding energy around 287 eV, 

and a peak stemming from C-O groups at 289 eV [223], as illustrated in fig. 5.9 a. In fig. 5.9 b, 

the areas of the C-H and C-O bonds relative to the total area of the main core level signals are 

shown. The carbon concentration changes for different deposition temperatures: the relative 

area for both bonds decreases with the deposition temperature, and decreases further after 

annealing. However, for the sample deposited at 200 °C, the C-O signal is increased in 

comparison to the other deposition temperatures, which might indicate the start of precursor 

decomposition at this deposition temperature. 
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Figure 5.9: a) Raw data and example fits of the C 1s core level signal after linear background 

subtraction. Signals are offset for better visibility. b) Relative area of the components of the 

C 1s core level signal, relative to the total area contributed by all main core level signals (Mg 2p, 

O 1s, C 1s, Si 2p) for as-deposited samples and after 5 minutes the annealing step at 200 °C at 

varied deposition temperature. 

 

  

Figure 5.10: a) Raw data and example fit of the Mg 2p core level signal after subtraction of the 

linear background. Signals are offset for better visibility. b) Relative area of the Mg-O bond to 

the total area of the Mg 2p core level signal for as-deposited samples at varied deposition 

temperatures, and after annealing at 200 °C. 

 

The next XPS signal of interest is the Mg 2p core level. In this core level, there are two clearly 

detectable components: Mg-(OH) and Mg-O bonds (fig. 5.10 a) [222]. No formation of 

Mg(CO)3 [223] was detectable in the Mg 2p core level signal. Therefore, it can be assumed that 

these observed carbon bonds originate from the Mg(CpEt)2 precursor residuals. Fig. 5.10 b 
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shows that for all deposition temperatures, the ratio of Mg-O to Mg-(OH) bonds increases after 

the annealing step. Therefore, it can be concluded that with annealing, the Mg-(OH) bonds are 

indeed substituted by Mg-O bonds, as surmised from the passivation/carrier lifetime data 

discussed in previous sections.  

Finally, the O 1s core level was investigated. In this signal, at least 5 components, i.e. individual 

peaks, are present which are hard to distinguish from each other, and thus it is difficult to assign 

specific chemical bonds. The components that could be located in this binding energy range 

are: Mg-O, O-Si, -Mg(OH), -CO, H2O[223], [234]. Because of this complicated peak structure 

and the limited energy resolution, no fitting of individual peaks to this signal will be presented, 

corresponding peak positions for mentioned signals as reported in the literature are shown in 

fig. 5.11 a.  

 

  

Figure 5.11: a) Normalized intensity of the O 1s core level. b) Raw data of the Si 2p core level 

signal for as-deposited samples at varied deposition temperatures, and after annealing at 200 °C. 

Signals are offset for better visibility. For both figures linear backgrounds were subtracted. 

Possible positions for core level signals are shown in grey. 

 

Fig. 5.11 a shows that for all samples after annealing, the signal intensity at higher binding 

energies decreases. Within this sample series, the Si 2p core level was analyzed, and the 

presence of oxidation states of silicon has been observed, which indicates the presence of silicon 

sub-oxides, SiOx at the interface. 

Analysis and fit of this signal was limited, due to high level of uncertainty for this signal, 

especially for Si1+ oxidation state, due to possible satellite of Mg Kb signal from Mg 2s core 

level, which would be located at around 90 eV. Peak positions for signals in Si 2p core level 

are shown in fig 5.11 b. However, no observable changes in relative area ratio and peak shape 
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were seen in this core level upon annealing. Therefore, it can be assumed that the O-Si 

contribution should also be unchanged for the O 1s core level, as such signal would represent 

Si-O bonds. Keeping this in mind, it can be surmised that the annealing step mainly affects -

CO and -OH groups within the MgO film, and that layers become more stoichiometric with the 

annealing step [235]. Thus, the annealing temperature of 200-250 °C is sufficient to break the 

-OH bonds. Therefore, it possible that hydrogen diffuses from the MgO layer to the interface, 

hence the MgO layers become less defective due to less hydrogen at the surface and in the 

bulk [236]. Thus, surface passivation would be improved. 

 

5.4.3 SHJ solar cells with MgO layers at varied deposition temperatures 

In order to see the influence of the deposition temperature of MgO layers on the final device 

performance, SHJ solar cells with an MgO layer at the rear side after 25 deposition cycles were 

produced. Similar to the previous section, devices with and without the addition of an i-aSi:H  

buffer layer at the rear side are considered. No differences in growth per cycle in the varied 

temperature range were observed, and all deposited MgO layers had thicknesses of 2.7±0.1 nm.  

First, devices without i-aSi:H layers are investigated. Fig. 5.12 shows the main characteristics 

of such cells. The efficiency of these cells is very modest, and lower than in the optimal case 

for such a device that was shown in chapter 5.3.3, due to the MgO layer being thicker than 

optimal thickness. Therefore, the fill factor of these cells is lower. However, even in such 

suboptimal case, it is possible to estimate the device parameter dependence on deposition 

temperature of the MgO layers. It can be seen that with the increasing deposition temperature, 

there is a slight increase in JSC and VOC, with the maximum cell efficiency at a deposition 

temperature of 175 °C, due to the highest FF. The efficiency of this sample was 13.03±0.3 %. 

With further increase of the deposition temperature, there is a drop in efficiency, due to the 

slight drop in VOC, and substantial decrease in fill factor. One of the possible reasons for these 

losses is due to the MgO layer being the most stoichiometric, as shown in the XPS analysis in 

the previous section. Therefore, the layer is possibly less conductive, which would cause a drop 

in the fill factor. 
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Figure 5.12: Solar cell parameters for solar cells with the rear structure c-Si/MgO/Al at varied 

deposition temperatures for the MgO layers.  

 

The following step is to investigate solar cell devices with the inclusion of an i-aSi:H layer at 

the interface between the c-Si wafer and MgO layer. The structure of the solar cell is the same, 

as previously discussed, with inclusion of the i-aSi:H passivation layer ( ≈5.5 nm). 

Additionally, for cells with i-aSi:H layers, in order to mitigate efficiency losses due to the 

metallization, two types of metal stacks at the rear side of the solar cell are considered: 

aluminum and a stack of titanium (10 nm) and silver (500 nm) (Ti-Ag). The parameters of these 

solar cells are shown in fig. 5.13. It can be seen that at low deposition temperatures (125,150 

°C), solar cell parameters for both types of metallization are similar. The maximum solar cell 

efficiency can be achieved at MgO deposition temperature of 150 °C. 
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Figure 5.13: Solar cell parameters for solar cells with the rear structure 

c-Si/i-aSi:H/MgO/Al(Ti-Ag) at varied deposition temperature for the MgO layers. Both 

Al (red) and Ti-Ag (black) metallization schemes are considered. 

 

However, for solar cells with MgO layers deposited at 175 °C, there is a drastic degradation in 

performance, which is especially pronounced for the sample with Al metallization. Unlike the 

samples without the i-aSi:H buffer layer, this temperature is already damaging for the stack. 

The drop in VOC corresponds to the passivation behaviour for such deposition temperature, 

where there is an increase in the interface defect density, as was discussed in previous sections. 

For the deposition temperature of 200 °C only the Ti-Ag metallization was considered. It is 

possible to see a slight improvement in efficiency. However, both VOC and FF are significantly 

lower, in comparison to samples deposited at 150 °C. 

Therefore, despite having the ALD window at the investigated temperature range (125-200 °C) 

for the MgO layer deposition, interface and device properties drastically differ. In the case of 
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the direct deposition of MgO layers on top of c-Si wafers, the optimal temperature is at around 

175 °C. However, the inclusion of i-aSi:H as a passivation layer, shifts the optimal temperature 

to a lower range. In both cases, it was shown how a slight change in deposition temperature of 

the MgO layer can influence the performance for the solar cell devices. 

 

5.5 Magnesium oxide-metal contacts for silicon heterojunction solar cells 

5.5.1 Comparison between Al and Ti-Ag metallization  

As was discussed in the previous sections, solar cells with aluminum contact exhibit high 

thermal instability at already moderate annealing temperatures. In order to mitigate these losses, 

other metals should be considered for this contact. Therefore, for SHJ devices with MgO layers, 

two alternative metallization stacks at the rear side, deposited on top of the MgO layer were 

examined: aluminum and a titanium-silver stack. To compare these contacting schemes, SHJ 

solar cells with varying i-aSi:H layer thicknesses and with a constant MgO layer thickness after 

25 ALD cycles (≈ 2.7 nm) were produced. Thus, it is possible to monitor not only the 

dependence of the cell performance on the metallization type, but to also find the optimal 

i-aSi:H thickness for these structures.  

 

Type of metallization Jsc (mA/cm2) Voc (V) FF (%) η (%) Rs (Ω*cm2) 

Aluminum 33.5 0.691 69.6 16.1 3.1 

Titanium-Silver 33.7 0.684 75.2 17.3 2.2 

 

Table 5.2. Solar cell parameters for the best devices fabricated on planar Si wafers 

incorporating ALD-grown MgO layers with an i-aSi:H thickness of 5.48 nm and different rear 

side metallization. 
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Figure 5.14: Solar cell parameters for solar cell devices with different rear side metallization 

and varied i-aSi:H layer thicknesses. 

 

Fig. 5.14 shows solar cell parameters for the variations. Each wafer had 3-7 solar cells, with a 

cell size of 1 cm2.  In general, there is a high scatter in the performance for each wafer. This 

deviation could have been due to technological problems during the fabrication step, such as a 

parasitic deposition of the MgO material on the other side of the wafer during the ALD process, 

as was mentioned in the previous sections. Another problem in the production of these cells 

could be due to the MgO layer itself. As was shown in previous sections, a thin layer of 2-3 nm 

is needed for a high VOC and fill factor of the solar cell. However, at the same time, such 

thickness after 25 cycles is possibly too thin to be able to improve the passivation and to provide 

high enough charge for the electron transport, as it was shown in chapter 5.3.1. Therefore, it is 

possible that for such thickness, either the layer is not fully closed, which causes the increased 

defect density at the interface, or the charge density is too low to provide carrier selectivity at 
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the interface. These issues could explain the outlier samples for Ti-Ag metallization at an 

i-aSi:H thickness of 4.3 nm, as well as those with Al metallization and i-aSi:H thickness of 

6.2 nm. The low performance of the cells with Al metallization and a thin i-aSi:H layer of 2.85 

nm can again be explained by the diffusion of Al, which degrades the interface. However, for 

the Ti-Ag metallization, it is possible for solar cells with such i-aSi:H thickness to have 

efficiencies of 16.5±0.4 %, and to maintain sufficient passivation. Additionally, by comparing 

the averaged results over the wafer (fig. 5.8) and best cells (table 5.2) performances for both 

types of metallization, it is possible to see that for Ti-Ag metallization, the VOC output is lower 

than for Al metallization. The reason for these findings is not fully clear. However, the fill factor 

is drastically higher, due to the reduced series resistance. For the best devices, the relative 

difference of FF between the solar cell devices with Ti-Ag and Al metallization is above 8 %, 

which indicates that that MgO/Ti-Ag metallization scheme is, indeed, preferable for improved 

device output in comparison to MgO/Al. 

 

5.5.2 Annealing of solar cells with different metallization 

The next issue to be addressed for the different metallizations is the thermal stability of the solar 

cells with MgO layers. Devices with different rear stacks were annealed for 5 minutes in air at 

varied annealing temperatures and measured at PL setup. Samples were measured at the same 

conditions, with the same analysis area chosen for the analysis. Fig. 5.15 a-c show the 

histograms of the PL intensities for solar cell for each stack in the as-deposited state and after 

annealing. An example PL image is shown fig 5.d with the selected investigated area.  

In fig. 5.15 a and b, the samples measured to generate the histogram, have the same 

metallization and layer structure, except for the presence of the i-aSi:H layer between the wafer 

and MgO layer. The PL measurements were performed in an uncalibrated mode, and therefore, 

the PL histogram gives only an indication in the relative change of recombination at the silicon 

surface. Under the same illumination and exposure conditions, for the stack without i-aSi:H 

layer, there is only a slight decrease in the intensity distribution for the cell, thus the c-Si 

interface passivation by the layer stack remains at a similar level for all annealing temperatures. 
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Figure 5.15: PL intensity histogram for solar cells after annealing at the temperatures given in 

the inset with rear side structure: a)Al/MgO/c-Si, b)Al/MgO/i-aSi:H/c-Si, and 

c) Ti-Ag/MgO/i-aSi:H/c-Si. D) PL image of the sample, the selected area corresponds to the 

area of one solar cell. 

 

At the same time, for the stack with included i-aSi:H and Al metallization, signal intensity 

already starts to decrease at a low annealing temperature of 100 °C, and at 150 °C almost no 

signal is detectable. This is consistent with the assumption that, indeed, aluminium diffuses to 

i-aSi:H through the MgO layer. Thus, passivation degrades, probably due to the formation of 

intermediate Al silicide layer. This coincides with a significant reduction of VOC in the final 

devices [237], [238]. On the other hand, the same structure but with Ti-Ag metallization shows 

almost no degradation of PL intensity up to an annealing temperature of 200 °C. 
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Figure 5.16: Parameters for solar cells with different rear side contact stacks using MgO 

layers with varying annealing temperatures. 

 

Moving on to the comparison of this data to the solar cell performance with annealing 

temperature, fig. 5.16 shows solar cell parameters with the previously discussed structures at 

varied annealing temperatures. Despite the changes in PL intensity with annealing temperatures 

for the Ti-Ag metalization being less pronounced than for Al metalization, there is a noticeable 

degradation of the VOC for cells at high annealing temperatures. On the other hand, it can be 

seen that the fill factor for cells with Ti-Ag metallization stays at a similar level after annealing. 

Therefore, decrease of the cell efficiency of around 2 % is caused by the drop in VOC. At the 

same time, the sample with Al metalization has not only passivation losses, but also a severe 

degradation of the fill factor, which corresponds to the drastic increase in the series resistance 

of stack with annealing, from 4.5 Ωcm2 for the as deposited sample, to 9.5 Ωcm2 after annealing 

at 200 °C, as calculated from the JV curve, while the structure with Ti-Ag metalization shows 

no such degradation.  
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Figure 5.17: FF and pFF for solar cells with MgO/i-aSi:H/c-Si layer stack at the rear side with 

Ti-Ag metallization. 

 

Only for the structure with Ti-Ag metallization it was possible to extract the pFF data from the 

Suns-Voc, measurements, as it is shown in fig. 5.17. Other structures exhibited s-shaped 

illuminated J-V curves, and the calculated pFF values were higher than expected (> 89 %), 

which indicates further recombination losses and formation of barriers for these structures. 

Therefore, it can be concluded that Ti-Ag metalization is prefereble for solar cells with MgO 

layers, with benefits for cell in the efficiency and thermal stability. 

 

5.6 Chapter summary 

In this chapter an investigation of low temperature ALD magnesium oxide layers on c-Si(n) 

and i-aSi:H/c-Si(n) substrates, at deposition temperatures of 125-200 °C, was presented. The 

interface passivation and layer properties, as well as the behavior of such layers upon an 

additional annealing step have been discussed. It was observed that MgO layers do not provide 

good passivation on their own on c-Si wafers. A weak passivation effect yielding minority 

carrier lifetimes of 0.15 ms was observed for a ~9.8 nm thick MgO layer directly deposited on 

c-Si after an annealing step of 200-250 °C. However, such a thickness is too high to be device-

relevant, due to the insulating properties of MgO layer insulator. Therefore, an intermediate 

layer is needed to provide good passivation. In this thesis, i-aSi:H layers were used as additional 

passivation layers. In this case, the MgO layer functioned as a part of the passivation layer stack, 
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and its primary function was that of an electron-selective contact. Additionally, it was observed 

that for both types of layer stacks the contact showed an Ohmic behavior. Therefore, both types 

of stacks could be used in SHJ devices. However, with increasing MgO layer thickness, the 

contact resistance increases drastically. For device-relevant MgO thicknesses of around 3 nm 

(30 ALD cycles), the contact resistance in the MgO/c-Si layer stack was approximately 

0.18 Ωcm2, and for the MgO/i-aSi:H/c-Si stack it was 0.95 Ωcm2. Thus, for both contact stacks, 

there is a tradeoff between the passivation quality and contact resistance.  

In order to investigate possibilities for the further development of such layers stacks and ALD 

MgO layers for solar cells, in particular, SHJ solar cells with different parameter variations 

were produced.  

The first important step was to have working devices with varied ALD MgO layer thicknesses 

in order to see, what solar cell parameters can be achieved, and potential of ALD MgO layers 

in SHJ solar cells. The SHJ solar cells with two types of stacks (c-Si/MgO and 

c-Si/i-aSi:H/MgO) at the rear side as passivating-electron selective contacts and standard 

(p,i)a-Si:H hole selective contacts at the front side were fabricated on flat wafers. The cells for 

both types of stacks showed similar efficiencies of above 16.4 %. Therefore, both stacks showed 

potential forfurther investigation. At the same time, the stack with the additional i-aSi:H layer 

showed higher VOC output. However, a slight decrease of the fill factor was observed, in 

comparison to the MgO/c-Si layer stack. Coincident, a problem with the metallization was 

identified for this stack. For these cells, aluminum metallization at the rear side was used. Upon 

annealing of the cells at the moderate temperature of 150 °C, the total cell parameters degraded 

severely. 

Therefore, the next important topic to consider were layer properties and cell outputs for varied 

deposition temperatures of MgO layers. The ALD window for these layers is in the range of 

125-200 °C. It was shown in this thesis, that the deposition temperature is a crucial parameter 

for the solar cell performance. For cells with i-aSi:H layer, the highest output was achieved at 

a deposition temperature of 150 °C. However, for the direct c-Si/MgO stack the optimal 

temperature was higher, at 175 °C.  

Finally, the analysis of the rear side metallization was done. In this work, a Ti-Ag metallization 

scheme was compared to Al, for as deposited and annealed cells. In general, in both cases as-

deposited devices showed similar solar cell efficiencies. However, solar cells with Ti-Ag 

contact demonstrated lower VOC, but with a drastically higher fill factor than the Al contact. 



 
121 

 

Additionally, upon annealing, solar cells with Ti-Ag metallization showed a degradation in 

passivation, but the fill factor remained at a similar level. At the same time, solar cells with Al 

contact exhibited a drastic degradation in fill factor and especially VOC already at moderate 

annealing temperatures (150 °C). Therefore, it can be concluded that Ti-Ag metallization for 

solar cells with MgO layers is beneficial for the solar cells, and more thermally stable in 

comparison to Al contacts.  

Therefore, the ALD MgO layers presented in this thesis, can be considered as a suitable building 

block for further development in c-Si based devices. Furthermore, the low process temperatures 

(< 200 °C) ensure compatibility with the well-established i-aSi:H/c-Si heterojunction 

technology used in high efficiency cells. A solar cell efficiency of 17.3 % for SHJ cells 

implementing MgO layers on the rear side of flat wafers was achieved. Possible further routes 

for improvements include further optimization of the metal contact and the interface with the i-

aSi:H layers. Also, the deposition of MgO on top of an intentionally grown ultrathin silicon 

oxide rather than an HF-last Si surface can be considered as a route to achieve improved contact 

properties and passivation. 
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Chapter 6  

Prospects and challenges for carrier-selective contacts 

for solar cells 

6.1 Introduction  

So far, this thesis only presented results for metal oxide layers used as electron-selective 

contacts in SHJ and perovskite solar cells. However, this is only a part of the larger field of 

research dedicated to different carrier-selective contact schemes for c-Si based solar cells. It is, 

therefore, worthwhile to look further into other possible applications and prospects for other 

metal oxide layers as carrier-selective contacts, silicon-based cells, as well as into the 

applicability of ALD for research and further industrialization. 

Therefore, this chapter adresses several points that are relevant for further development in this 

field.  

The first section of this chapter focuses on carrier–selective contacts that can replace aSi-based 

layers in silicon-based devices, without sacrificing the thermal stability and efficiency of the 

solar cell. The first part discusses solar cells using SiO2/poly-silicon contacts as an alternative 

for further development of Si-based solar cells. Moreover, these cells are already used in 

industry and exhibit much higher efficiencies in comparison to those using metal oxide contacts. 

The second part presents a brief overview of metal oxides used as electron-selective layers, and 

discusses perspectives on this approach. The last part comments on the perspectives and issues 

of implementing TMO layers with high work functions as hole-selective materials for c-Si 

based solar cells.  

The second section of this chapter focuses on atomic layer deposition (ALD) as a prominent 

deposition method for carrier-selective layers for both silicon-based and perovskite solar cells. 

For these layers, thickness control is crucial for final device performance. With ALD, it is 

possible to have monolayer scale control over layer thickness. Furthermore, ALD requires low 

deposition temperatures and can provide high quality uniform and conformal layers, which is 

crucial for solar cell interfaces and further scalability of the devices. Thus, it is important to 
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understand, what benefits and possible complications can be encountered during further 

development of ALD layers. 

 

6.2 Carrier-selective contacts for SHJ solar cells 

6.2.1 Silicon-based carrier-selective contacts 

SHJ solar cells based on amorphous silicon layers exhibit high efficiencies: for both-side 

contacted SHJ 25.1 % [9], and for integrated back contact (IBC) exceeding already 26.6 % 

[239]. However, the main drawback of these layers is thermal instability at temperatures above 

200 °C. This issue limits further fabrication processes of the solar cells. The main topic of this 

thesis addresses the substitution of aSi-based layers with dopant-free layers, such as metal 

oxides. However, another prominent approach is to use poly-silicon contacts. Solar cells 

implementing poly-silicon (poly-Si) contacts (known as TOPCon (tunnel-oxide passivating 

contacts), or POLO (poly-Si on oxide)) have recently achieved quite remarkable efficiencies 

above 25 % for both-sides contacted [240], and above 26 % for integrated back contact c-Si 

solar cells [241]. Thus, this approach is attractive for further development and is already being 

researched at the industrial level, achieving efficiencies above 24.5 % for large scale 

wafers [242]. 

The main idea behind this concept is the deposition of a poly-Si layer on top of a thin SiO2 

layer. This deposition requires high-temperature processing (~ 900 °C) and layers are 

subsequently stable at elevated temperatures. The doping can be introduced during the 

deposition of the poly-Si layers, or afterwards by ion implantation [243], or diffusion [244]. 

The SiO2 layer provides chemical passivation at the c-Si/SiO2 interface, ensuring a low defect 

density at the interface. Additionally, it functions as a barrier to dopant diffusion from poly-Si 

layers. Thus, the quality, thickness and stoichiometry of the SiO2 are crucial for final device 

performance. The implemented thickness of SiO2 layers in devices varies from 1.4 nm [240] up 

to 3.6 nm [244]. There are still uncertainties regarding the main charge carrier transport 

mechanism for poly-Si cells. It is commonly assumed that, for SiO2 thicknesses below 2 nm, 

tunneling is the main transport mechanism. However, for thicker layers the probability of 

tunneling is highly reduced, thus, another proposed transport process is through pinholes in 

SiO2 layers [245], [246].  
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The poly-Si approach is attractive for further developments, but it has some drawbacks. The 

main issue is that poly-Si has a bandgap similar to c-Si. Thus, a doped poly-Si layer on the front 

side of the device would result in high absorption losses. Additionally, heavy doping of poly-Si 

results in free-carrier absorption [247]. Thus, poly-Si layers are most suitable for the rear side 

of the solar cell. 

 

6.2.2 Metal oxide layers as electron-selective contacts  

The main topic of this thesis is the investigation of metal oxide layers as electron-selective 

contacts. It is thus important to have an idea of the larger context. A rapidly increasing interest 

in various metal-oxide layers for electron-selective contacts has been observed in recent years. 

The most promising results, so far, have been achieved with TiOx layers. These layers do not 

passivate c-Si surfaces and so a buffer SiOx tunnel layer is used to ensure passivation. By 

improving cell processing and the TiOx contact structure, an improvement from efficiencies of 

19.8 % [225] to 22.1 % [10] was achieved in a short span of time. Another important parameter 

is the choice of deposition method. The electron selectivity of TiOx layers is strongly affected 

by film growth. It has been shown that TiOx layers grown by plasma and thermal ALD resulted 

in reversed band bending, which creates the additional transport barrier and thus hinders band 

alignment [248]. Furthermore, the choice of metal contact is also important, in order to ensure 

minimal contact losses through a suitable band alignment. Thus, metal contacts with low work 

functions, such as Al, Mg, or Ca should be used. 

 

Metal oxide Deposition method Buffer layer VOC  

(mV) 

FF  

(%) 

Efficiency 

(%) 

TiO2 [10] ALD SiOx 674.0 82.5 22.1 

MgO [60] Thermal evaporation - 628.8 80.6 20.0 

AZO [249] Spin-coating i-aSi:H 672.1 72.0 18.5 

SnO2 [250] Sol-gel i-aSi:H/SiOx 685 71.5 18.4 

Ta2O5[251] ALD - 638 79.3 19.1 

Table 6.1: Best c-Si based solar cell devices, using metal oxide layers as electron-selective 

contacts. 
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However, TiOx layers are not the only ones to have been investigated over the last years. More 

promising materials have been developed and introduced to the solar cell structure, such as 

Ta2O5 [251], MgO and Nb2O5 [11]. These materials can provide passivation by themselves, or 

be deposited atop a buffer layer (such as SiO2 or i-aSi:H), and provide high electron selectivity. 

Another option is doped ZnO. There are already works that implement boron-doped ZnO layers 

as a full-area rear electron selective contact [252], yielding reduced absorption and series 

resistance. Another possibility is aluminum doped ZnO (AZO). AZO layers are commonly used 

as TCOs, but it has been shown that these layers can serve also as an electron-selective 

contacts [249]. However, the FF for such cells is low in comparison to other metal oxide 

materials, as shown in table 6.1. 

The use of metal oxides as an electron-selective contacts is a relatively new topic in comparison 

to high work function TMOs. Most results regarding c-Si based solar cells with such electron-

selective contacts have been published in the last 2-3 years, as of the writing of this thesis. 

These devices have so far shown promising results (table 6.1). Nevertheless, there is still a way 

to go for the further development of these layers, and issues that have to be addressed. One of 

the main concerns is thermal stability. Depending on the deposition method and temperature, 

the morphology and layer properties drastically differ. For the ALD MgO layers that were 

investigated in this thesis, the MgO/Al stack in the solar cell exhibited a degradation in 

passivation and fill factor already at annealing temperatures below 200 °C, whereas a similar 

stack with an evaporated MgO layer was shown to be stable up to 300 °C [60]. Additionally, 

so far all metal oxide layers used as electron-selective contacts in c-Si based solar cells, have 

been implemented as rear side full area contacts. However, there is an opportunity for these 

layers to be implemented at the front side, due to their transparency. However, this would 

require either high lateral conductivities, or a suitable TCO with low work function on top of 

the metal oxide layer to ensure lateral conductivity and to cap the layers. Currently this has been 

not yet been investigated. 

 

6.2.3 TMO layers as hole-selective contacts 

So far in this thesis, only electron-selective contacts for SHJ solar cells have been discussed. 

However, regarding hole-selective contact development, it is challenging to have a conductive, 

transparent p-type material. In classical SHJ solar cells, p-aSi:H layers are used. However, these 

layers have low thermal stability, low electrical conductivity and high optical absorption [31], 
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[47]. Another option is employing p-type layers using materials with wider bandgaps,  including 

metal oxides such as NiOx, Cr2O3 or Co3O4 [253]. As of the writing of this thesis, only NiOx 

layers have been investigated for c-Si based devices. However, these layers can be detrimental 

to wafer passivation, due to the large number of defects formed at NiOx/c-Si interface [254]. So 

far, no reports on SHJ devices implementing these layers have been published. 

An alternative way is to use TMO materials, such as MoOx, WOx, or VOx. These are n-type 

materials that exhibit wide bandgaps and work functions higher than the ionization potential of 

c-Si. Due to their high work function, they can induce a high degree of band bending at the 

interface with the c-Si wafer. Therefore, hole collection can be enhanced, and the electron 

concentration reduced at this interface. The schematic band diagram in fig 6.1 shows a 

comparison between the classical p-aSi:H/c-Si interface and the TMO/c-Si interface. These 

layers can be deposited directly atop c-Si wafers, as passivating hole-selective contacts. 

However, in such cases the VOC in solar cell devices is reduced [255]. Consequently, to ensure 

high quality wafer passivation, an additional i-aSi:H buffer layer [8], or ultrathin tunnel oxide 

layer (SiO2) [256], are commonly used. 

 

 

Figure 6.1: Schematic band diagram for a) p-aSi:H/c-Si heterojunction, b) ideal case of 

TMO/c-Si heterojunction, c) TMO/c-Si heterojunction with formation of intermediate SiOx at 

the interface. The tunnel recombination at the TMO/c-Si interface is marked in orange. 
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These layers have potential for further development. However, there are various issues that 

should be addressed for their implementation in SHJ solar cells. The first issue is the formation 

of a thick SiOx layer at the interface between the silicon-based layer and TMO [132], which 

creates an additional barrier for the tunnel-recombination contact, as shown in fig 6.1. This SiOx 

is especially pronounced for ALD processes, and almost negligible for evaporated layers. 

However, even for evaporation processes, a mixing layer between the hole-selective contact 

and the TCO layer can sometimes be induced during TCO sputtering [257]. Therefore, these 

interface layers may induce additional defects which harm the passivation and create additional 

potential barriers for the carriers. Thus, this process should be suppressed with surface 

treatments, or by using a buffer layer.  

Currently, the most efficient solar cells with such TMO layers have been those implementing 

MoOx as the hole-selective contact, with a cell efficiency of 22.5 % [257]. Moreover, 

specifically MoOx layers have been used for the further concept of dopant-free asymmetric 

hetero-contact cells (DASH solar cells), which are based on the substitution of classical doped 

amorphous silicon layers with dopant free layers. By now, an efficiency of 20.7 % for a solar 

cell of this type was achieved [14].  

The main problem for TMO layers is the trade-off between band bending and conductivity. In 

these materials, one of the main types of defects that contribute to layer conductivity are oxygen 

vacancies. A decreased amount of oxygen vacancies leads to increased band bending and higher 

hole-selectivity of the layers [131]. However, at the same time, layer conductivities are 

drastically decreased [95].  

Moreover, further research and optimization of these layers is required to achieve higher 

efficiencies with more temperature stable devices. The thermal instability issue is most 

pronounced for MoOx layers, for which post-deposition temperatures above 130 °C should be 

avoided [257]. It has been shown that with annealing temperatures above 150 °C, there is a 

degradation in cell performance for cells with MoOx layers. One of the reasons for this 

behaviour, is layer reduction to a substochiometric state with annealing. Already by depositing 

a MoOx layer on top of i-aSi:H, a slightly substoichiometric layer is formed [258]. Upon 

annealing, the oxidation state of MoOx is reduced even further. As a consequence, layer 

conductivity increases due to the formation of oxygen vacancies and a reduction in 

stoichiometry [259]. At the same time, the work function decreases, which leads to a decline in 

band bending that results in reduced contact-selectivity. This reduction in selectivity results in 
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a reduced solar cell efficiency and an increasingly pronounced S-shape in the illuminated IV 

curve. It was shown that the S-shape can be partially mitigated by annealing pretreatments of 

the i-aSi:H layers, which reduces hydrogen content, which would also reduce the hole-

selectivity of MoOx layers [260], due to the formation of hydrogen donor levels. Thus, thermal 

stability and the formation of substoichiometric MoOx layers are important issues that have to 

be considered for further developments. However, for WOx layers, a substoichiometric phase 

forms during annealing steps above 400 °C [261]. Therefore, these layers are more thermally 

stable. 

Other recently investigated TMO materials are VOx and WOx. VOx is not a widely investigated 

material, due to its relatively low bandgap of around 2.5 eV, which leads to increased absorption 

in comparison to other considered TMO materials. However, there have been attempts to use 

these layers in SHJ solar cells, which reached efficiencies above 17 % [262]. On the other hand, 

WOx can be considered as a good alternative to MoOx layers. Out of these three materials, WOx 

has the highest bandgap and is more thermally stable than MOx. This material has not been 

investigated as a hole-selective contact as much as MoOx, but its implementation in solar cells 

has shown similar efficiencies in comparison to MOx [250]. At the same time WOx 

conductivities are much lower in comparison to MoOx, thus further investigations are needed 

to increase the conductivity of these layers while maintaining their work function [95].  

 

6.3 Prospects for ALD for carrier-selective contacts 

6.3.1 ALD for c-Si based solar cells 

The main focus of this thesis has been the development of metal oxide layers as electron-

selective contacts. One of the most important points is to have a precise control over the contact 

layer thickness, due to the trade-off between surface passivation and contact resistance. 

Therefore, given its monolayer-scale resolution, ALD is an ideal deposition technique. It is 

already commonly used for metal oxide materials research and in industry, e.g. for Al2O3 layers 

in PERC cells [4]. Moreover, ALD provides high control over processing and doping and 

involves a simple manufacturing process. 

Currently, the most efficient solar cells with metal oxides as electron-selective contacts have 

been produced using thermal ALD [10]. Additionally, other ALD compatible materials, such 
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as Ta2O5 [251], and MgO (this work) have shown to be promising, and devices implementing 

these layers have been developed.  

At the same time, thermal evaporation is the most common deposition method for high work 

function TMO layers, such as MoOx and WoOx, in solar cell devices [131], [257]. Both of these 

materials have ongoing investigations towards the implementation of ALD layers for solar 

cells [263], [261]. TMO layers deposited by ALD show promising properties for 

implementation in solar cell devices, such as increased band bending, or enhanced effective 

carrier lifetime [263], [264]. However, at this moment there are almost no published results 

with such layers as hole-selective contacts. The only attempts at implementing ALD MoOx 

layers showed a drastically decreased solar cell efficiency, due to reduced carrier 

selectivity [265], [266], in comparison to cells with evaporated MoOx layers. Unfortunately, 

the reason for this issue remains unknown, and thus, further investigations are needed. 

One of the most common uses of ALD for c-Si based solar cells is for growing Al2O3, due to 

its excellent passivation of c-Si substrates. These layers are already an industry standard for 

PERC solar cells [4]. Moreover, ALD Al2O3 layers are often used as a hydrogen source for the 

hydrogenation of the surface, e.g. in POLO solar cells [267]. These layers can also be used as 

capping layers for annealing treatments of layers, such as for SiOx and ZnO:B [268]. Besides 

Al2O3, high quality SiO2 layers are very important for further device developments. The first 

attempts at SiO2 growth by ALD involved relatively high deposition temperatures (>300 °C) 

and no results are yet published that compare ALD SiO2 layers with other deposition methods. 

However, there is a rapidly growing list of possible precursors with decreasing required 

deposition temperatures [269]. Further development in this direction is yet to be explored. 

 

6.3.2 ALD for perovskite solar cells 

Poor uniformity and conformality can lead to the formation of pinholes and cracks, thus 

reducing the carrier-selectivity of the layers and increasing the likelihood of shunts [270]. Thus, 

ALD has great potential for implementation in perovskite solar cells, as it provides uniform and 

conformal layers. Perovskite solar cells with layers deposited by ALD commonly show higher 

PCE and cell stability, compared to those by other deposition methods [52].  

Electron-selective contacts are especially crucial for perovskite solar cells. One of the biggest 

problems for perovskite solar cells is a hysteresis behaviour in the cell output. If the electron-
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selective contact leads to an accumulation of charge, there is a drastic increase in hysteresis. 

However, if the charge can be easily extracted at the interface, the hysteresis can be decreased 

or even eliminated [205]. Thus further development of electron-selective contacts for 

perovskite solar cells is crucial. Initially, TiO2 was the dominant metal oxide material for the 

investigation, as an electron-selective contact for perovskite solar cells. Perovskite solar cells 

implementing ALD TiO2 layers showed drastically higher PCE in comparison to spin-coated 

layers [271]. However, it was observed that due to the conduction band misalignment between 

the ALD TiO2 and perovskite layer leads to PCE limitation and increased hysteresis 

behaviour. Another possible material for the electron-selective contact is ZnO, due to its high 

conductivity and optimal conduction band offset to the perovskite. ALD ZnO was successfully 

employed in the solar cell and showed potential for further implementation [272]. At the same 

time, considerable work has been dedicated to the implementation of ALD SnO2 layers as 

electron-selective contacts for perovskite solar cells. The ALD SnO2 layers have been shown 

to yield not only improved cell efficiencies [49], but also enhanced device stability [52]. These 

improvements could be achieved due to a good band alignment to the perovskite layer due to 

low conduction band offset, high bulk electron mobility and low deposition temperature for 

SnO2. However, these layers require the inclusion of a buffer layer for passivation, tuning of 

the deposition temperature and annealing post-treatments (e.g. in water vapor). Otherwise, the 

final devices have a lower PCE, high hysteresis and low stability, as compared to the direct 

deposition on top of perovskite layer [273].  

Hole-selective layers can also be deposited through ALD processes. There are different ways 

to approach this topic. Similar to SHJ solar cells, TMO layers with high work functions can be 

employed as hole-selective contacts. The most commonly used TMO material is thermally 

evaporated MoOx. However, it has been shown that the MoOx layers react with the perovskite, 

which negatively impacts device efficiency and stability [274]. Additionally, there has been a 

successful implementation of ALD VOx layers, which have shown to be stable when deposited 

on top of the perovskite layer [275]. Moreover, for perovskite solar cells, there is a higher degree 

of freedom when choosing p-type materials, with options such as NiOx [276] or CuCrO2 [277], 

which are not fully suitable for silicon based solar cells due to the detrimental effect of these 

materials on the wafer passivation [254], [278]. Another possible route is to deposit ultra-thin 

passivating insulator layers, such as AlOx, which if deposited between the perovskite and metal 

contact, would create a metal-insulator-semiconductor hole-transporting contact. Ultra-thin 
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ALD AlOx layers have been shown to improve the VOC and PCE of perovskite solar cells [279], 

[280]. 

Another possible consideration for ALD is for tandem solar cell applications, as a deposition 

method for recombination layers and TCOs. There are two most common configurations for 

tandem solar cells: 4-terminal [281] and 2-terminal [282]. A 4-terminal tandem solar cell 

consists of two individual solar cells that are deposited separately and afterwards mechanically 

stacked, but still remain electrically independent  

 

  

Figure 6.2: schematic representation of possible configuration of 2-terminal and 3-terminal 

perovskite/c-Si tandem solar cells with inclusion of recombination layer. 

 

For a 2-terminal solar cell, the perovskite solar cell is deposited directly on top of the bottom 

cell, and both cells are monolithically connected. In this case, the engineering of a tunnel-

recombination layer between the cells is required that electrically connects two cells [275]. 

Another potential tandem architecture is the 3-terminal solar cell, which combines a perovskite 

solar cell with an IBC solar cell. This concept is not commonly explored, however it is very 

promising for further development. Such a structure does not require current matching, and can 

operate as a 4-terminal device, while being compatible with a monolithic design [283]. This is 

a promising approach, however no experimental results have yet been published.  
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Fig 6.2 illustrates the possible configurations for 2-terminal and 3-terminal solar cells, for which 

the tunnel recombination layer is required. If the bottom cell is a SHJ solar cell, then, in order 

to avoid the degradation of the aSi layers, low temperature deposition processes below 200 °C 

should be considered. Moreover, the conventional sputtering of TCOs induces sputter damage, 

which can be avoided with a soft deposition method, such as ALD. Currently, there are 

promising results regarding ALD In2O3:H [220] and AZO [284], which have similar electrical 

properties to the sputtered versions. 

Despite ALD already being prominent in perovskite solar cell developments, there are still 

issues with processing that have to be considered. Most perovskite devices have perovskite 

layers deposited on top of ALD layers. This allows a higher degree of freedom to choose the 

substrate, deposition temperature, or type of oxidizer for the ALD process. However, it is 

attractive to grow metal oxide layers directly on top of the perovskite. If the ALD layer is 

deposited on top of the perovskite, then there is a direct exposure of the perovskite to oxygen, 

elevated temperature stresses or high levels of moisture, which can all lead to perovskite 

degradation during the deposition [285]. Additionally, depending on the choice of precursor, 

there is a possibility of organic cation interaction with the metal-organic precursor during layer 

growth [286]. Thus, deposition conditions should be chosen carefully, with limited thermal 

budget and with the choice of a “soft” oxidizer, such as water.  
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Chapter 7 

Conclusions and outlook 

The main focus of this thesis is on metal oxide layers and their possible implementation as 

carrier selective contacts in SHJ solar cells. The dominant topics in this work are the 

development of deposition processes for such metal oxide layers and their further analysis, 

covering layer composition, layer properties and their interface with perovskite, c-Si, or aSi:H. 

Their implementation in solar cell devices, as well as their impact on output performance, were 

also assessed. Chapters 4 and 5 focus on electron-transport layers for SHJ solar cells deposited 

by ALD. Additionally, a discussion of a post-treatment process for spin-coated SnO2 layers for 

perovskite solar cells was presented in chapter 4. Chapter 6 gave a brief overview of metal 

oxides as electron-selective contacts and discussed the possibilities and issues of implementing 

high work function TMO layers in SHJ devices. Furthermore, it presented a general outlook for 

ALD in SHJ and perovskite solar cells.  

Chapter 4 summarizes an investigation of PEALD SnO2 layers. This chapter covers the 

development of the deposition process, and the correlation of deposition parameters and layer 

composition to the opto-electrical properties of SnO2 layers. It was shown that, for SnO2 layers 

deposited by PEALD, residuals from the precursor, such as carbon and nitrogen species, are 

present at the surface and in the bulk. These residuals are especially prominent for low 

temperature depositions and have a direct influence on the refractive index and optical band 

gap of SnO2 layers. Moreover, this chapter discusses the evolution of the interface between 

n-aSi:H and SnO2 layers at different stages of SnO2 layer growth. The formation of intermediate 

SiOx and SnOx phases was observed during the first stages of the deposition. Additionally, the 

apparent conduction band offset for this interface was calculated to be 0.55±0.15 eV. However, 

this value represents not only the offset between the fully formed SnO2 layer and the n-aSi:H 

bulk, but also includes the band bending in the SnO2 film towards the interface, and not the 

direct interface. Such offset is higher than for comparable metal oxides that can be used as 

electron-transport layers. This was reflected in the performance of solar cells with implemented 

PEALD SnO2 layers, which exhibited a drop in fill factor in comparison to reference SHJ solar 

cells. This demonstrated that PEALD SnO2 layers are not suitable as electron-selective contacts 

in SHJ solar cells.  
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Furthermore, in a broader overview of SnO2 layer and surface properties, a post-treatment with 

oxygen plasma for spin-coated SnO2 layers was investigated with a focus on implementation in 

perovskite solar cells. It was demonstrated that, with oxygen plasma exposure, it is feasible to 

eliminate reduced surface states and contamination at the SnO2 film surface. Moreover, by 

introducing the oxygen plasma treatment, an improvement in the band alignment between SnO2 

and perovskite layer can be achieved. This was mirrored by the improved efficiency and 

decreased hysteresis behaviour of such perovskite solar cells. 

Chapter 5 describes the layer properties and device implementation of ALD MgO layers as 

passivating electron-selective contacts for SHJ solar cells. It was observed that MgO layers do 

not provide good passivation by themselves on c-Si wafers. Therefore, an intermediate 

passivation layer was needed to maintain a high VOC in solar cells with MgO layers. In this 

work, i-aSi:H layers were considered as a passivating buffer layer. The low MgO deposition 

temperatures (< 200 °C) ensured compatibility with i-aSi:H layers. Regarding layer and 

interface properties, such as passivation and layer stochiometry, the main varied parameters in 

this chapter were: MgO layer thickness, the metallization scheme for the rear side at the MgO 

layer interface, and the deposition temperature for the MgO layers. Using flat wafers with rear 

side MgO layers, it was possible to achieve efficiencies of 16.4 % for solar cells with a c-

Si/MgO interface, and 17.3 % with an i-aSi:H/MgO interface. Therefore, the ALD MgO layers, 

presented in this thesis, can be considered as a suitable building block for further development 

in c-Si based devices. 

Finally, chapter 6 discusses current and future topics for research in relation to the results of 

this thesis. Perspectives and issues regarding implementation are discussed for TMO high work 

function layers as hole-selective contacts, and low work function metal oxides as electron-

selective contacts, for SHJ solar cells. Moreover, an overview of the prospects for metal oxides 

and ALD in the context of SHJ and perovskite solar cells is presented. 

 

Outlook 

In recent years, silicon-based solar cell devices have achieved great success of reaching high 

efficiencies and reduction of production costs. However, further development is still required 

in order to minimize recombination and resistance losses at the contacts. To this end, 

passivating contacts, which allow simultaneously to provide carrier-selectivity and surface 
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passivation, have become a focus of research.  One possible development pathway is the further 

investigation of dopant-free materials, such as metal oxides, as possible carrier-selective 

contacts. These layers are attractive for further investigation due to their high transparency and 

low contact resistance. In the scope of five years, it was possible for the fully dopant-free 

asymmetric hetero-contact (DASH) solar cells to achieve efficiencies above 20.7 % and for 

cells with substitution of one of the carrier-selective layer above 22 %, which are not fully 

comparable in terms of efficiency to mainstream SHJ cells based on doped amorphous silicon 

layers. They, however, show the promising for the development, due to their simplified 

deposition processes, in comparison to doped layers. Additionally, these layers have been 

implemented in integrated back contact solar cells (IBC) and show drastic progress regarding 

ease of production and efficiency today. Despite these significant improvements and 

developments, there are many remaining challenges for the further application of these layers 

in silicon-based devices. These include thermal stability and suitable band alignment, which 

must be achieved for both electron- and hole-selective contacts. However, there are increasingly 

more new materials that have been shown to be suitable for further development of solar cells. 

These include not only oxides, but also sulfides, nitrides and fluorides. Moreover, with further 

developments of other types of solar cells, such as perovskite devices, there is a possibility of 

further development of these layers in tandem devices that may surpass existing efficiencies. 

 With regard to deposition techniques, it can be assumed that ALD will be increasingly more 

common for PV research and production. By now, CVD and PVD dominate in the field of thin 

film deposition. However, with the further development of layers, and general trend of layer 

thickness minimization and precise control over layer properties on large substrates the 

demands for layer deposition become higher. ALD allows to have high level of control over the 

thickness and uniformity of the layers with high scalability for thin layers, and simultaneously 

allows for decreased deposition temperature, while being “soft” damage-free deposition.  

  



 
136 

 

Chapter 8 

Appendix 

8.1 Abbreviations and symbols 

Al Aluminum 

ALD Atomic layer deposition 

Eg Bandgap 

Mg(CpEt)2 Bis(ethylcyclopentadienyl)magnesium 

Qi Carrier concentration  at the interface 

n Charge carrier density 

c-Si Crystalline silicon 

EC Conduction band 

ΔEC Conduction band offset 

CSM Cox and Strack method 

Dit Defect density at the interface 

τeff Effective charge carrier lifetime 

χ Electron affinity 

EF Fermi level 

FF Fill factor 

GPC Growth per cycle 

HF Hydrofluoric acid 

aSi:H Hydrogenated amorphous silicon 

i-aSi:H Hydrogenated intrinsic amorphous silicon 

IBC Integrated back contact 

iFF Implied fill factor 

iVOC Implied open circuit voltage 

ITO Indium tin oxide 

I Ionization potential 

MgO Magnesium oxide 

n-aSi:H n-type amorphous silicon 
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PERC Passivated emitter and rear cell 

jph Photocurrent 

PL Photoluminescence 

PV Photovoltaic 

PVD Physical vapor deposition 

PEALD Plasma-enhanced atomic layer deposition 

PECVD Plasma enhanced chemical vapor deposition 

PCE Power conversion efficiency 

p-aSi:H p-type hydrogenated amorphous silicon 

RPS Remote plasma source 

Rs Series resistance 

Jsc Short-circuit current density 

SHJ Silicon heterojunction 

SiOx Silicon oxide with stoichiometry x 

VOC Solar cell open circuit voltage 

SPV Surface photovoltage 

TDMASn Tetrakis(dimethylamino)tin 

SnO2 Tin oxide 

TiO2 Titanium dioxide 

Ti-Ag Titanium-silver  

TLM Transfer length method 

TrPCD Transient photoconductance 

TMO Transition metal oxide 

TCO Transparent conductive oxide 

UPS Ultraviolet electron spectroscopy 

EVac Vacuum level 

EV Valence band 

ΔEV Valence band offset 

ϕ Work function 

XPS X-ray photoelectron spectroscopy 

ZnO Zinc oxide 
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