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Abstract 

Energy traps at the silicon surface originating from discontinuities in the lattice is 

detrimental to the performance of solar cells. Acting as recombination centers, they offer 

a location where the charge carriers may easily return to their original energy band after 

excitation. Surface passivation is an effective method to combat this and can be done 

either by suppressing traps (lowering trap density) or by forming an electric field, 

preventing the carriers from reaching the defect states. Silicon oxide, SiO2, and 

aluminum oxide, Al2O3, are two materials which have previously been shown to provide 

good passivating qualities. In this thesis, SiO2 and Al2O3 have been used both as single 

layers and in a stack configuration to passivate the surface of crystalline silicon (c-Si). 

Using a response surface methodology approach, temperature optimization with respect 

to deposition and annealing temperature has been conducted for SiO2/Al2O3 stacks 

deposited with plasma-enhanced atomic layer deposition, PEALD. It was shown that the 

same deposition temperature (𝑇𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 = 140 °𝐶, 𝑇𝑎𝑛𝑛𝑒𝑎𝑙 = 395 °𝐶 ) could be used for 

both materials and provide good passivation with an effective surface recombination 

velocity, 𝑆𝑒𝑓𝑓 , of 5.3 cm/s (1Ωcm n-type Si wafers). From FTIR measurements, an 

increase in hydroxyl groups was seen as the SiO2 deposition temperature increased while 

the opposite was observed for Al2O3 which also showed fewer carbon related impurities 

with increasing temperature. Increasing the SiO2 temperature strongly affected the fixed 

charge density, causing it to decrease and even switch polarity. The fixed charge density 

could also be controlled by varying the thickness of the intermediate SiO2 layer. At a 

thickness of 1-2 nm, a minimum in the effective lifetime was observed and was 

correlated to Si close to flat-band conditions. N-type wafers showed a larger negative 

fixed charge density than p-type wafers which results in stronger field-effect passivation. 

For phosphorous doped emitters (200 Ω/sq on 10 Ωcm p-type wafer), it was seen that 

SiO2/Al2O3 stacks with a SiNx anti-reflection coating performed better than SiO2 or Al2O3 

single layers. By depositing SiO2 at 130 °C in SiO2/Al2O3 stacks and annealing at 450 °C, 

an implied open circuit voltage (𝑖𝑉𝑂𝐶) of 710 mV was measured (AM1.5G) together with 

an implied fill factor (𝑖𝐹𝐹) of 84.1% and a recombination parameter (𝐽0) of 19.2 fA/cm2. 

Al2O3 single layer showed an extremely low 𝐽0 of 10 fA/cm2 but suffered from a decreased 

𝑖𝐹𝐹 and strong injection dependent lifetimes which originates from an inversion layer. 

ALD ozone processes were successfully developed for SiO2 and Al2O3.  The deposition 

rate per cycle for SiO2 was found to be only ~0.175 Ǻ/cycle (PEALD ~1.1 Ǻ/cycle), making 

it rather unpractical for use outside of research. Single layer SiO2 deposited with ozone 

showed, similarly to a plasma process, almost no surface passivation. Al2O3 however 

proved to be highly passivating on its own with a 𝜏𝑒𝑓𝑓 = 3.8 ms, 𝑆𝑒𝑓𝑓 = 1.2 cm/s (1 Ωcm n-

type) after depositing at 250 °C. Studies on the effect of annealing showed that an 

annealing temperature of 450 °C is necessary to completely activate the passivation. The 

low 𝑆𝑒𝑓𝑓 values were attributed to a very high negative fixed charge density ~1013 cm-2 

together with strong chemical passivation. 
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Symbols 

𝑄𝑓 Fixed charge density 

𝐷𝑖𝑡 Interfacial defect density 

𝑉𝑓𝑏 Flat-band voltage 

𝑉𝐺𝐵 Gate bias 

𝑉𝑡 Threshold voltage 

𝑆𝑒𝑓𝑓 Effective surface recombination velocity 

Δ𝑛 Excess electron density 

𝜏𝑏 Bulk carrier lifetime 

𝜏𝑒𝑓𝑓 Effective carrier lifetime 

𝜏𝑠 Surface carrier lifetime 

𝐺 Carrier generation rate 

𝐺𝐿 Carrier generation rate from light energy 

𝐺𝑡ℎ Carrier generation rate from thermal energy 

𝐼 Current 

𝑘 Boltzmann constant 

𝑇 temperature 

𝑞 Elementary charge 

𝑛𝑖 intrinsic carrier concentration 

𝑁𝐷 Donor dopant concentration 

𝑁𝐴 Acceptor dopant concentration 

𝐼𝑠𝑐 Short circuit current 

Δ𝑝 Excess hole density 

𝐸𝑔 Bandgap energy 

𝐸𝑐 Conduction band energy 

𝐸𝑣 Valence band energy 

𝜂𝑔 Generation quantum efficiency 

Φ0 Photon flux density 

𝑔𝑠𝑝 Spectral generation rate 

𝛼 Absorption coefficient 

𝑛0 Equilibrium concentration of electrons 

𝑝0 Equilibrium concentration of holes 

𝑛 Concentration of electrons 

𝑝 Concentration of holes 

𝛽 Proportionality constant 

𝑅∗ Radiative recombination rate 

𝑅𝑡ℎ Thermal recombination rate 

𝑣𝑡ℎ Thermal velocity 

𝜎𝑝 Hole capture cross section 

𝜎𝑛 Electron capture cross section 



𝑁𝑇  Trap density 

𝑒𝑛 Electron emission coefficient 

𝑒𝑝 Hole emission coefficient 

𝐸𝑇 Trap energy 

𝜏𝑆𝑅𝑉 
Minority carrier lifetime for SRH 

mechanism 

𝜏𝑑 
Minority carrier lifetime for radiative 

mechanism 

𝑆𝑛 Electron capture velocity 

𝑆𝑝 Hole capture velocity 

𝐷 Ambipolar diffusion coefficient 

𝑊 Width of specimen 

𝜙𝑚𝑠 
Metal-semiconductor work function 

difference 

𝑉𝑂𝐶 Open-circuit voltage 

𝑖𝑉𝑂𝐶 Implied open-circuit voltage 

𝐹𝐹 Fill factor 

𝑖𝐹𝐹 Implied fill factor 

𝐽0 Recombination parameter 

𝐽𝑆𝐶  Short-circuit current 

𝜂 Conversion efficiency 

𝑃 Power 

𝑝𝑃 Psuedo power 

 

  



Abbreviations 

ALD Atomic layer deposition 

PV Photovoltaic 

SRV Surface recombination velocity 

GPC Growth per cycle 

CVD Chemical vapor deposition 

PEALD Plasma enhanced atomic layer deposition 

MOSCAP Metal Oxide Semiconductor Capacitor 

MOS Metal Oxide Semiconductor 

QSSPC Quasi-steady-state photoconductance 

IBC Interdigitated back contact 

CV Capacitance-voltage 

PCD Photoconduction decay 

TOPCon Tunnel Oxidized Passivated Contacts 

TMA Trimethylaluminum 

BDEASi Bis(diethylamino)silane 

TTIP Titanium (IV) isopropoxide 

IV Current voltage 

FTIR Fourier transform infrared 

SPV Surface photovoltage 

PO Plasma oxidized 

QE Quantum efficiency 

EQE External quantum efficiency  

IQE Internal quantum efficiency 
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1. Introduction and motivation 
Production of renewable energy is becoming a more significant part of the worlds’ energy 

mix as countries adopt stricter policies to reduce their emissions of greenhouse gasses. 

Solar energy harnessed directly in photovoltaics (PVs), solar cells, is an important piece 

of the puzzle to reach these goals as they do not emit any greenhouse gasses during 

operation. This technology could cover a big part of our energy need since earth receives 

a tremendous amount of energy from the sun. It is estimated that the technical potential 

of solar energy is several orders of magnitude larger than our energy consumption rate 

[1]. The first photovoltaic device dates back from the late 19th century but did not 

manage to become the prime energy source as the efficiency was not nearly sufficient for 

practical purposes. The silicon solar cell was developed in the early 1950s and exhibited 

major improvements from earlier devices. Space applications, which presented some 

unique technical challenges, were the main drive for further development of PV devices 

and pushed the technology forward. Although solar cells have been developed with more 

exotic materials over the years, silicon is still highly relevant. To this day, silicon solar 

cells dominate the market, corresponding to over 90 % of global PV energy production in 

2017 [2]. Some reasons for the widespread use of silicon cells are: 

• Silicon is one of the most abundant elements in the earth crust, allowing for easy 

extraction and relatively low material costs. This also allows a large production 

without risk of depleting the earth reserves. 

• Silicon has a suitable bandgap energy (1.1 eV) which gives a high maximum 

theoretical efficiency of 32.23 % [3], close to the Shockley-Queisser limit. 

• The semiconductor industry is already very focused on silicon to create digital 

circuits. This means that supply chains and know-how are already in place to 

extract and process large quantities of silicon which allows for mass production. 

The best laboratory silicon solar cells have efficiencies of 26.63 % (Kaneka Corporation 

2017). Comparing this with the theoretical maximum efficiency of silicon solar cells of 

32.23 % [3] (29.43 % including Auger recombination  [4]), it’s clear that the solar cell has 

come a long way and is a mature technology. Many of the limiting loss mechanisms have 

been minimized over time. Surface recombination is a loss mechanism which, if not 

properly dealt with, can generate losses which are substantially larger than any intrinsic 

recombination [5]. Surface recombination has been the subject of intense research effort 

but some mechanisms concerning surface passivation quality still not completely 

understood. The problem is complex, and passivating materials and processing 

techniques need to be tailored and optimized for different designs so that maximum 

efficiency can be reached.  

Surface recombination arises from non-saturated (“dangling”) bonds at the surface which 

acts as defects in the crystal structure and creates a high probability of electron-hole 

recombination as defect states are created in the bandgap. Surface recombination and its 

negative impact on the efficiency have been known for some time and ideas to reduce 

this phenomenon have already been implemented [6]. One method is to create a doping 
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profile below the surface of silicon, where an electric field is formed from the diffusing 

charge carriers and acts as an electric mirror. The minority charge carriers can thus be 

repelled from the surface, reducing the risk of recombination. Another method is to use 

passivation layers by depositing a thin insulating film over the silicon. Some materials 

which have already been explored for this purpose are silicon oxide SiO2 (technically SiOx 

but is in this thesis reserved for the thin interfacial layer formed close to the Si surface), 

Aluminum oxide Al2O3, and titanium oxide TiO2. Using passivation layers, it is possible 

to saturate dangling bonds, making recombination less likely. In addition to this, 

passivation layers can create electrostatic charges at or near the interface, forming an 

electric field as in the case of a doping which may improve performance. Passivation 

layers can therefore both reduce the density of states and create a field effect which 

increases the total efficiency of the cell. A fixed surface charge density is however not 

always beneficial to the performance of the cell. To control the fixed charge density (𝑄𝑓) 

it is possible to create stacks of passivation layers. SiO2/Al2O3 stacks have shown to 

produce very low surface recombination velocities (SRV) of less than 2 cm/s and the fixed 

charge density has been found to be tunable as a function of the SiO2 layer thickness [7]. 

Modern solar cell designs utilize some type of passivation to increase performance. In 

interdigitated back contact (IBC) architectures, a special concern is recombination in the 

undiffused gap region between the p++ emitter and the n++ back surface field, see 

Figure 1. A high surface recombination velocity in this region leads to lower charge 

collection probability and reduced short circuit current [8]. Efficient passivation is 

therefore needed to reduce this loss. It is known that passivation layers made from 

different materials gives different surface state densities 𝐷𝑖𝑡 and fixed charge density.  

Even though a low 𝐷𝑖𝑡 can be achieved using e.g Al2O3 layers, a high 𝑄𝑓 may increase the 

SRV as inversion or accumulation regions are formed in the silicon. These inversion or 

accumulation regions can lead to parasitic shunts that decrease the performance. 

Furthermore, an IBC cell without a front surface field has been suggested to slightly 

improve the performance of the cell [9], and an electrically neutral passivation layer 

could therefore be beneficial. 

Atomic layer deposition (ALD) is often the method of choice to deposit the passivation 

layers as the process is well controlled. With ALD, it is possible to obtain nanometer 

thick layers with good stoichiometric control as well excellent repeatability. 

Furthermore, ALD is a low temperature process (~25-500 °C) for most materials. From 

previous investigations it has been seen that the passivation qualities depends on the 

substrate temperature during the deposition process as well as the temperature of the 

subsequent annealing step [10].  Optimizing these temperatures both for single layer 

and stacks system is therefore an important step to achieving optimum performance of 

the cells.   
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2. Objectives 
The overall goal of this thesis s to create low 𝑄𝑓 and low 𝐷𝑖𝑡 passivation layer stacks 

using Al2O3 and SiO2, as well as to increase the physical understanding of the 

passivation mechanisms. To achieve this, it will be explored how the ALD deposition 

temperatures and the thickness of the SiO2 layer affects the passivation properties. 

Furthermore, ALD processes using ozone as oxidant will be developed as an alternative 

to oxygen plasmas in order to compare different technologies and their possible impact 

on the passivation mechanisms.  

The thesis is divided in five separate investigations: 

Investigation 1: SiO2/Al2O3 stack temperature optimization 

Objective: Minimize 𝑆𝑒𝑓𝑓 by finding an optimal temperature in the deposition process 

and the subsequent annealing step so that both materials can be deposited at the same 

temperature and still maintain good passivation qualities.  

The deposition as well as annealing temperatures strongly affects the surface 

passivation. To have a highly efficient solar cell it is therefore necessary for these 

temperatures to be optimized. In previous work, it has been shown that SiO2 requires a 

low temperature and Al2O3 a high temperature for high carrier lifetimes [10]. As two 

different deposition temperatures complicates the fabrication process, especially in 

industry where a streamlined production process is necessary, finding a single 

temperature for both materials is beneficial.  

Investigation 2: Thickness variation of SiO2 in SiO2/Al2O3 stacks 

Objective: Characterize the relationship between the passivation and variation of SiO2 

thickness.  

Negative fixed charges are formed close to the silicon interface after deposition of Al2O3 

which induces field effect passivation.  By varying the thickness of a SiO2 layer below 

Al2O3 it will be investigated how this affects the fixed charges and interfacial defect 

density. It is expected that thicker SiO2 films would reduce influence of Al2O3 as SiO2 

supplies positive charges and increases the distance between Al2O3 and the bulk Si. It 

will be explored what thickness is most suitable and how the electrical properties change 

with increasing thickness. 

Investigation 3: Passivation of SiO2/Al2O3 on phosphorous doped emitters  

Objective: Find a temperature range where stacks capped with an anti-reflection coating, 

consisting of SiNx, have good performance on a phosphorus doped silicon and investigate 

how different deposition techniques of SiO2 affects the properties of the cell.  

In practice, solar cells always have an anti-reflection coating of SiNx together with a 

textured surface in order to reduce reflection losses. The standard passivation used 

today is Al2O3 on which SiNx is deposited. Creating stacks of SiO2/Al2O3 could potentially 

give better performing cells as the interface properties between Si/SiO2 are modified. The 

implied open circuit voltage (𝑖𝑉𝑜𝑐), the implied fill factor (𝑖𝐹𝐹) and the recombination 

parameter (𝐽0) are the performance criteria which are used for comparison as these 
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parameters would more closely resemble the parameters which are used to characterize 

finalized solar cells. The goals of this investigation are to: 

1. Compare SiO2 growth using different processes (PEALD, and plasma oxidized). 

2. Explore how the ALD deposition temperature of SiO2 affects the solar cell 

performance.  

3. Compare SiO2 passivation films and SiO2/Al2O3 passivation stacks. 

Investigation 4: Development of ozone-based ALD processes  

Objective: Create layers of SiO2, Al2O3, and TiO2 using ozone as oxidizer. 

Ozone has some advantages over other more conventional oxidizing precursors such as 

water vapor. Ozone is highly reactive which leads to fast reaction times even at low 

temperatures. It is also a volatile molecule, so, in contrast to water vapor, it can easily be 

purged from the chamber, increasing the throughput. It is also noted that ozone does not 

contain any hydrogen molecules, reducing the risk of hydroxyl or hydrogen 

contamination (although hydrogen may still be present in the second precursor). The 

choice of oxidant in the ALD process also strongly affects the passivation properties. As 

an example, a very high 𝑄𝑓 has been found in Al2O3 films deposited using ozone. Hence, 

it may be beneficial in certain applications. 

Investigation 5: Optimization of annealing temperature of ALD ozone process 

Objective: Optimize the annealing temperature of passivation layers created using ozone 

to reduce the surface recombination velocity.  

It is well-known that passivation films need to be thermally activated in a post-

deposition anneal. The activation can be done in different ways. It is common to activate 

the passivation in a furnace in e.g a forming gas or inert atmosphere. The optimal 

annealing temperature has been shown to be different whether water vapor or plasma is 

utilized as oxidant [11]. As the annealing temperature is so important for the passivation 

it is necessary to find the optimum also for an ozone process. It will be explored whether 

the deposition temperature as any effect on the optimal annealing temperature. 

  



5 
 

3. Fundamental physics of photovoltaics 
In this chapter fundamental PV theory is presented. The basic mechanism of a solar cell 

is described together with some basic parameters which define their performance. 

Different recombination mechanisms are described with a focus on surface 

recombination. 

 Solar cell working principle 
Creating a solar cell begins with the choice of material. A semiconductor is needed for 

excitation of electrons via the photoelectric effect. Silicon has been found to be a suitable 

material as its bandgap energy is just large enough that it naturally allows for high 

conversion efficiencies. Silicon will be considered as the semiconductor material 

throughout this thesis although many other materials such as GaAs, CdTe, or even 

polymers may be used as semiconductors in a solar cell. Silicon by itself cannot convert 

solar energy to electric energy. First it needs to be doped to create a p-n junction. Doping 

means that a foreign atom is added to the lattice which has more or fewer valence 

electrons than silicon. Dopants with more electrons than silicon are called donors as they 

donate an electron to the lattice. This is called n-doping. If the dopant has fewer valence 

electrons than silicon it is called an acceptor as it accepts electrons from its neighbor 

silicon atoms and creates a hole where the electron is taken from. This is called p-doping.  

Phosphorus is a common donor in silicon and contains one more valence electron than 

silicon while boron is a common acceptor and contains one fewer valance electron than 

silicon. By bringing n-and p-type material in contact, electrons and holes will naturally 

diffuse from one side of the p-n junction to the other in order to establish equilibrium. At 

the junction, charge carriers recombine and form fixed charges since the dopant atom 

now has a different number of electrons. Positive charges are formed at the n-side while 

negative charges are formed at the p-side. This will create a space charge region around 

the junction which prevents further diffusion from taking place since an electric field is 

created in this region. The electric field separates any electron-hole pair that comes into 

contact with it and has been generally accepted to be a prerequisite to extract energy. 

However, quite recently it has been shown [12] that the selective transport of charge 

carriers to their respective contacts is due to a difference in electron and hole 

conductivities in two regions of the device. Even if no built-in electric field is present, the 

device may still operate as a solar cell. The conductivity may be tuned via doping and 

have led to the implementation of carrier selective contacts where the area below the 

contact is heavily doped to prevent minority carriers from reaching the metal contact 

where they can easily recombine. 
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Figure 1: IBC TOPCon solar cell working principle. A photon strikes the cell which generates an electron 
(blue)-hole (red) pair in the base c-Si (1.). The electron and hole moves through the base via diffusion (2.). If 

they reach their respective collection areas before recombining they may go through the SiOx tunneling layer 
to get in their respective p- or n-doped regions (3.). The charges have now been separ ated and thus create a 
voltage between the n-and p-type region. The metal contacts are connected from the n-region to the p-region 
via a cable which allows charge carriers to travel from region to the other, driven by the voltage. Before the 
charge carriers are allowed to recombine with each other, they must travel through a load (L) where their 

energy is extracted. ARC: Anti-reflection coating.  (Adapted image from Fraunhofer ISE). 

 

In n-type silicon electrons are the majority charge carrier while in p-type silicon the 

holes are the majority charge carrier. Charge carriers are generated from the absorption 

of light which creates an electron hole pair. This is schematically seen in Figure 2 where 

an electron-hole pair is generated and then undergoes a thermalization process, causing 

it to lose any excess energy as heat to the silicon lattice. A photon with energy 𝐸𝑝ℎ 

strikes the semiconductor, transferring its energy to a bonded electron in the valence 

band, causing it to detach from its bond and flow freely in the conduction band of the 

semiconductor. The minimal energy needed for this process is the bandgap energy, which 

corresponds to the difference in energy between the conduction band and the valence 

band (𝐸𝑔 = 𝐸𝑐 − 𝐸𝑣). Ideally, photons with lower energy than the bandgap will simply 

pass through the material without interaction. 
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Figure 2: a) Electron-hole pair generation after absorption of photon. b) Thermalization of electron-hole pair. 

A modern solar cell design called the IBC cell is shown in Figure 1 together with how the 

charge carriers are generated and collected. The IBC cell has several advantages 

compared to a more classical solar cell design in which the metal contacts are both on the 

back and front of the cell. Moving the contacts to the rear eliminates the shading from 

the front contacts and thus the same amount of photons can be captured from a smaller 

area. As the charge carriers need to diffuse longer distances in an IBC cell compared to a 

standard front contacted cell, more series resistance is present and the patterning of the 

rear contact must be carefully planned to reap the full benefits of this design [13]. The 

IBC cell is a rather complex design with different regions and materials which serves a 

specific purpose. At the top surface, the optical losses are minimized with pyramidal 

texturing in combination with an anti-reflection coating (ARC). SiNx is a standard 

material for ARC but double anti-reflection coatings may also be used which further 

reduces the reflection losses [14]. Below the ARC there is a passivation layer of e.g Al2O3 

which effectively reduces the surface recombination. A high quality base material is a 

prerequisite for this design as the charge carriers have to travel relativity far before they 

are collected. The base material of choice is therefore monocrystalline float zone n-type 

wafers which provide several benefits compared to p-type wafers as they do not suffer 

from light induced degradation and are less sensitive to impurities. On the backside, 

tunnel-oxide passivated contacts (TOPCon) are present which provides excellent contact 

and passivation properties [15]. TOPCon consists of an ultrathin tunnel oxide SiOx layer 

capped with a doped polycrystalline Si film. The SiOx layer reduces interface 

recombination and prevents epitaxial regrowth during anneal. By tailoring the diffusion 

profile at the contacts and at the oxide surface, a favorable band-bending may be 

achieved, creating carrier selective contacts which increase the efficiency.  

 

 Measuring solar cell performance 
There are a few key parameters to consider when comparing performance of solar cells. 

These are short circuit current (𝐼𝑆𝐶), open circuit voltage (𝑉𝑂𝐶), maximum power point 

(MPP), peak power (𝑃𝑚𝑎𝑥), fill factor (FF) and conversion efficiency (𝜂). A current-voltage 

(IV) curve may be used to explain these, Figure 3. A solar cell IV curve can be thought of 

as a superposition of an IV curve of a diode in dark and a photogenerated current. The 
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photogenerated current shifts the IV curve, making energy extraction possible. The short 

circuit current is the current that flows through an external circuit when the electrodes 

are short circuited. It depends on the incident solar spectrum flux so the AM1.5 

spectrum is used as standard. The open circuit voltage is the maximum voltage that the 

cell can deliver and corresponds to the forward bias voltage (the majority carriers are 

pushed towards the p-n junction) where the dark current compensates the photocurrent.  

The power output of the solar cells is 𝑃 = 𝐼 ∗ 𝑉. There thus exists a maximum power 

point, MPP, on the IV curve where the power output is at a maximum and is therefore 

corresponds to optimal operation. The fill factor is defined as 𝐹𝐹 =
𝐼𝑀𝑃𝑃𝑉𝑀𝑃𝑃

𝐼𝑆𝐶𝑉𝑂𝐶
 and can be 

thought of as the “squareness” of the IV curve. A higher FF shows that the solar cell 

utilizes more of its potential power output. For a solar cell that behaves ideally, FF can 

be expressed as a function of 𝑉𝑂𝐶 , where a higher 𝑉𝑂𝐶  leads to a higher FF. For a 

particular material (such as silicon), it is uncommon to see large variations of 𝑉𝑂𝐶 and 

FF. The conversion efficiency is defined as the ratio between maximum power output  

 

Figure 3: IV and power curve for a solar cell under illumination 

 

 

and the power input. A typical silicon solar cell has a 𝐼𝑆𝐶 of 35
𝑚𝐴

𝑐𝑚2, 𝑉𝑂𝐶 up to 0.65 V, fill 

factor between 0.75 and 0.8, and conversion efficiency around 18 % [16]. 

 Recombination mechanisms 

Recombination is the process where an electron lowers its energy from going from the 

conduction band to the valence band. This can happen in a number of ways, both as a 

one step process and a multi-step process. The theory in this chapter is largely based on 

chapter 7 in the book Solar energy: Fundamentals, Technology, Systems [16]. First, 

carrier generation is explored.  

It is important to distinguish between an indirect bandgap material and a direct 

bandgap material when considering how charge carriers are generated.  In a direct 

bandgap material, the highest point in the valence band and the lowest point in the 
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conduction band have the same crystal momentum. This means that a photon can easily, 

assuming that its energy is sufficient, excite an electron in the valence band to the 

conduction band as photons does not influence the electrons crystal momentum, only its 

energy.  For indirect bandgap materials however, an additional momentum transfer is 

needed as the valence and conduction band are not aligned with each other. The 

consequence of this is that indirect bandgap materials absorb light worse than direct 

bandgap materials as the energy from a photon must be combined with a phonon (lattice 

vibrations) to have the required energy and change of momentum. Silicon is an indirect 

bandgap material which is the reason why silicon solar cells typically are  relatively 

thick to absorb enough light compared to other solar cells technologies which utilize 

direct bandgap materials.   

Electron-hole pairs are generated from photons breaking a bond in the lattice and 

exciting the electron to a higher energy state. The spectral generation rate at a depth x 

in the absorber can be calculated per second unit volume and unit wavelength via Beer-

Lambert’s law 

 
𝑔𝑠𝑝(𝑥, 𝜆) = 𝜂𝑔Φ0(𝜆)𝛼(𝜆)e−𝛼(𝜆)𝑥 (3.1) 

 

where 𝜂𝑔 is the generation quantum efficiency, Φ0 is the photon flux density, and 𝛼 is the 

absorption coefficient. Silicon has a high absorption coefficient at short wavelengths and 

will thus absorb ultra-violet (UV) radiation very efficiently close to the surface. The 

reason for this is that UV light has enough energy for a direct excitation and does not 

need a phonon. The optical generation rate is found by integrating the spectral 

generation rate over a range of wavelengths and is equal to the electrons and holes 

generated from light 

 
𝐺𝐿(𝑥) =  ∫ 𝑔𝑠𝑝(𝑥, 𝜆)𝑑𝜆 =

𝛿𝑛

𝛿𝑡
|

𝜆2

𝜆1 𝑙𝑖𝑔ℎ𝑡

=
𝛿𝑝

𝛿𝑡
|

𝑙𝑖𝑔ℎ𝑡
  (3.2) 

 

where 𝑛  is the electron concentration and 𝑝  is the hole concentration. Thermal 

generation 𝐺𝑡ℎ also takes place if we consider temperatures above 0 K, giving a total 

generation rate of 𝐺 = 𝐺𝐿 + 𝐺𝑡ℎ. 

3.3.1. Radiative recombination 

Radiative recombination is a band-to-band recombination process and is thus most 

relevant in direct bandgap materials. It can be considered to be the reverse of the carrier 

generation process. As radiative recombination requires one hole in the valence band 

and one electron in the conduction band, it’s reasonable to assume that the 

recombination rate is proportional to the concentration of available holes and electrons, 

 
𝑅∗ = 𝛽𝑛𝑝, (3.3) 

 

where 𝛽 is a proportionality constant. The thermal recombination rate is 

 
𝑅𝑡ℎ = 𝛽𝑛0𝑝0 (3.4) 

 



10 
 

with 𝑛0, and 𝑝0 being the concentrations for electrons and holes in thermal equilibrium. 

At steady state, the net radiative recombination is given by  

 
𝑅𝑑 = 𝐺𝐿 = 𝑅∗ − 𝑅𝑡ℎ = 𝛽(𝑛𝑝 − 𝑛0𝑝0). (3.5) 

 

At low injection levels for an n-type material, Δ𝑛 ≪ 𝑛  and 𝑝 ≪ 𝑛 . The net radiative 

recombination rate becomes 

 
𝑅𝑑 ≈ 𝛽𝑛0(𝑝 − 𝑝0) =

𝑝 − 𝑝0

𝜏𝑝𝑑
, (3.6) 

 

where 
1

𝜏𝑝𝑑
= 𝛽𝑛0. Analogous expressions can be found for a p-doped material. Thus the 

net radiative recombination rate depends on the minority carrier concentration which 

means that the radiative recombination is reduced at weaker illumination.  

3.3.2. Auger recombination 

Auger recombination is an important mechanism for indirect bandgap materials and is a 

three particle process (see Figure 4). Here, an electron jumps from the conduction band 

to the valence band and release energy just as in radiative recombination. However, 

instead of emitting the energy as a photon, it instead directly gives its energy to a 

neighboring electron (or hole). The excited particle then loses its excess energy via 

thermalization. 

 

Figure 4: Auger recombination mechanism. The released energy from recombination is picked up by a second 
electron (or hole) which is further excited 

 This mechanism strongly depends on the charge carrier concentrations and the 

recombination rate for electron-electron-hole (eeh) and electron-hole-hole (ehh) pairs is 

written as 

 
𝑅𝑒𝑒ℎ = 𝐶𝑛𝑛2𝑝 (3.7) 

 

  

 
𝑅𝑒ℎℎ = 𝐶𝑝𝑛𝑝2 (3.8) 
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with eeh being the dominant process for an n-doped material and ehh process being 

dominant for p-doped material. 𝐶𝑛 and 𝐶𝑝 are temperature dependent constants. To get 

the total Auger recombination rate, the sum of both Auger process is taken.  For low 

injection levels and a strongly doped n-type material the recombination rate is 

 
𝑅𝑒𝑒ℎ = 𝐶𝑛𝑁𝐷

2𝑝 (3.9) 

 

and the lifetime is then approximated by 

 
𝜏𝑒𝑒ℎ =

1

𝐶𝑛𝑁𝐷
2. (3.10) 

 

As can be seen there is a strong dependence on the doping level so this recombination 

mechanism will be limiting for highly doped materials.  At high injection conditions, 

often found in concentrator solar cells, the Auger lifetime can be approximated by 

 
𝜏𝐴𝑢𝑔𝑒𝑟,ℎ𝑖 =

1

(𝐶𝑛 + 𝐶𝑝)Δ𝑛
  (3.11) 

 

 

3.3.3. Shockley-Read-Hall recombination 
The Shockley-Read-Hall (SRH) recombination mechanism requires an impurity or lattice 

defect to be present in the material. There are no such defects in an ideal crystal. In a in 

a real material however, defects will always be present in the form of trace impurities, 

dislocations, crystal boundaries, and surfaces. It is this recombination mechanism that 

requires a high performing solar cell to be monocrystalline, atomically pure, and well 

passivated. These defects, also called recombination centers, introduces trap energy 

levels (𝐸𝑇) in the material which are placed in the forbidden gap region. Electrons can 

become trapped in these energy levels and recombine with a hole as it is attracted by the 

trapped electron. This recombination mechanism is non-radiative and the excess energy 

is lost as heat to the lattice.  The mechanism is showed schematically in Figure 5. 

 

Figure 5: SRH recombination in a) donor style trap and b) acceptor style trap. r1-r4 represent the different 
rates of charge carriers moving in or out from the traps.  

The detrimental effect of a recombination mechanism can be seen from the Boltzmann 

factor 
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 𝑝𝑖

𝑝𝑗
= 𝑒(𝜖𝑗−𝜖𝑖) /𝑘𝑇  , (3.12) 

 

 

where 𝑝𝑖 and 𝑝𝑗 is the probability of an electron occupying the state 𝑖 or 𝑗, 𝜖𝑖 and 𝜖𝑗 is the 

energy of those states, 𝑇 is the absolute temperature, and 𝑘 is the Boltzmann constant. 

This equation shows that there is a higher probability for an electron to change its state 

in a two-step process moving from the conduction band to an intermediate energy level 

and then to the valence band than for it to directly lower it‘s state to the valence band.  

An electron (or hole) will therefore easily fall into the trapped state and is at a higher 

risk of recombining. One can recognize two types of traps: donor style traps which are 

neutral when they contain an electron and acceptor style traps which are negatively 

charged when they contain an electron. In SRH theory four processes are present which 

all have different rates: 

1. Capture of an electron from the conduction band. 

2. Emission of an electron to the conduction band. 

3. Capture of a hole from the valence band. 

4. Emission of a hole to the valence band. 

The capture rates are proportional to the free carrier concentration (𝑛 and 𝑝), thermal 

velocity 𝑣𝑡ℎ, capture cross sections 𝜎, the trap density 𝑁𝑇, and trap occupancy 𝑓 (or 1 −

𝑓). The emission rates are proportional to the trap density, occupancy and emission 

coefficients 𝑒𝑛 and 𝑒𝑝.  The SRH recombination rate is described as 

 
𝑅𝑆𝑅𝐻 = 𝑣𝑡ℎ

2 𝜎𝑝𝜎𝑛𝑁𝑇

𝑛𝑝 − 𝑛𝑖
2

𝑣𝑡ℎ𝜎𝑛𝑛 + 𝑣𝑡ℎ𝜎𝑝𝑝 + 𝑒𝑛 + 𝑒𝑝
. (3.13) 

 

It can be seen that SRH recombination strongly depends on temperature via the thermal 

velocity and that reducing the trap density is vital to reduce SRH recombination. 

At low injection levels, equation 3.13  may be rewritten as  

 
𝑅𝑆𝑅𝐻 = 𝑐𝑝𝑁𝑇(𝑝 − 𝑝0) =

𝑝 − 𝑝0

𝜏𝑝,𝑆𝑅𝐻
 (3.14) 

 

where 𝑐𝑝𝑁𝑇 =
1

𝜏𝑝,𝑆𝑅𝐻
. 𝑐𝑝 is called the hole capture coefficient. To illustrate the importance 

of this recombination mechanism it has been shown that by introducing impurities such 

as gold in the lattice, the lifetime in c-Si is reduced from milliseconds to nanoseconds 

[16].  

When several recombination mechanisms are present simultaneously, the total 

recombination rate in an n-type semiconductor is given by  

 
𝑅𝑡𝑜𝑡 = 𝑅1 + 𝑅2 + ⋯ =

𝑝 − 𝑝0 

𝜏𝑝1
+

𝑝 − 𝑝0

𝜏𝑝2
+ ⋯ =

𝑝 − 𝑝0

𝜏𝑝𝑡𝑜𝑡
, (3.15) 
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where 𝑝0 is the hole concentration at thermal equilibrium, and 𝜏𝑝𝑖 is the hole lifetime for 

a given recombination mechanism. From this it can easily be seen that the more 

recombination mechanisms are present, the shorter is total minority carrier lifetime. 

Assuming that the diffusion is a random walk one can define a minority carrier diffusion 

length. It says how far a minority carrier can travel, on average, before recombining. For 

an n-type material , it is defined as 

 
𝐿𝑝 = √𝐷𝑝𝜏𝑝, (3.16) 

 

with 𝐷𝑝 being the diffusion constant for holes  

 Losses in silicon solar cells 
In a real solar cell not all incoming energy may be converted into usable electric energy. 

This is because of losses that happen at various stages, from when a photon comes into 

contact with the solar cell to when an electron is transported through the contacts. The 

losses may be categorized as in Figure 6. Optical losses are reflection or transmission 

losses.   

 

Figure 6: Source of recombination losses in solar cells 

To reduce the reflection losses, an anti-reflective coating can be applied together with 

texturing of the surface. Silicon can form a random pyramidal texturing by etching [17] 

on which a SiNx layer can then be deposited using PECVD [18]. Next, there are losses 

from non-equal bandgap and photon energy. If the energy of the photon is larger than 

the bandgap the excess energy will be lost as heat while if the photon energy is lower 

than the gap energy it will not be absorbed. Electrical losses may be come from 

recombination of electron-hole pairs or be of ohmic nature.  
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3.4.1. Surface recombination losses 

Surface recombination is, as the name suggests, recombination which takes place on the 

surface. At the surface, silicon has free bonds which are highly reactive. These free bonds 

disrupt the continuation of the crystal structure and allows for rapid recombination 

through the SRH mechanism.  The total recombination at the surface is characterized by 

an effective surface recombination, which can be obtained from SRH theory. By 

approximating the recombination activity of the many energy states in the forbidden gap 

to a concentration of states in the middle of the band (𝐷𝑖𝑡 ), one can calculates the 

effective surface recombination as [9] 

 
𝑆𝑒𝑓𝑓 =

1

Δ𝑛𝑑

𝑛𝑝 − 𝑛𝑖
2

(𝑛 + 𝑛𝑖)/𝑆𝑝 + (𝑝 + 𝑛𝑖)/𝑆𝑛
 

(3.17) 

where Δ𝑛𝑑 is the excess minority carrier concentration at the space charge region, 𝑆𝑝 =

𝑣𝑡ℎ𝐷𝑖𝑡σp (hole capture velocity), and 𝑆𝑛 = 𝑣𝑡ℎ𝐷𝑖𝑡𝜎𝑛 (electron capture velocity). There are 

therefore two ways of reducing 𝑆𝑒𝑓𝑓, either by directly lowering the hole and electron 

recombination velocity by having fewer defect states, or by reducing the number of 

charge carriers close to the surface. Lower 𝑆𝑛 and 𝑆𝑝 can be achieved by saturating the 

dangling bonds by means of chemical passivation, while the carrier concentration can be 

modified by introducing an electric field at the surface. The electric field can be 

generated either by fixed charges, which are formed for certain dielectric passivation 

materials, or by heavy doping near the surface. 

Today, effective lifetimes are easily measured using photoconductance techniques and 

eq. 3.17 is rarely used. Instead, one can relate the surface lifetime to 𝑆𝑒𝑓𝑓 using  

 

𝑆𝑒𝑓𝑓 = √𝐷 (
1

𝜏𝑠
) tan (

𝑊

2
√

1

𝐷
(

1

𝜏𝑠
)) 

(3.18) 

where 𝐷 is the minority carrier diffusion coefficient, W is the thickness of the specimen 

and 𝜏𝑠 is the surface carrier lifetime [9]. For low 𝑆𝑒𝑓𝑓, tan (𝑥) ≈ 𝑥 and thus eq. 3.18 can be 

approximated to  

 
𝑆𝑒𝑓𝑓 = (

1

𝜏𝑒𝑓𝑓
−

1

𝜏𝑏
)

𝑊

2
.  

(3.19) 

 

The error from this approximation is less than 4% if symmetric passivation is employed 

and 𝑆𝑒𝑓𝑓𝑊/𝐷 < 1/4 .  

𝜏𝑠 can be approximated from 

 
𝜏𝑠 =

𝑊

2𝑆𝑒𝑓𝑓
+

1

𝐷
(

𝑊

𝜋
)

2

  
(3.20) 

if the wafers is symmetrically passivated  and has a maximum error of 5 % for any 𝑊, 𝑆, 

and 𝐷 [19]. 
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4. Surface passivation 
Over the years many dielectrics have been researched for surface passivation of silicon. 

SiO2 is one of the most common materials and have been extensively used in the 

integrated circuit industry for use in MOSFETs. SiNx is also widely used and is one of 

the standard materials used today for passivation and texturing purposes. Other 

dielectrics have also been researched and found to have different properties. In this 

section, the focus will lie on SiO2, Al2O3, and TiO2 passivation layers and stacks of these 

materials. In Table 1 some common 𝐷𝑖𝑡 and 𝑄𝑓 values are presented. 

Table 1: Common 𝐷𝑖𝑡 and 𝑄𝑓 for different materials 

Material 𝐷𝑖𝑡 (𝑒𝑉−1𝑐𝑚−2) 𝑄𝑓 (𝑐𝑚−2) 

SiO2 1010 – 1012  [20, 21] +6 × 1012  [20] 

Al2O3 3 ∗ 1010 − 1011 [22] −3 × 1012 →  −1013 [22] 

SiO2/Al2O3 4 ∗ 1010 − 1011 [20] −6 × 1012  →  +6 × 1011  [20] 

 

 Materials for passivation 

4.1.1. SiO2 
SiO2 have been found to provide excellent chemical passivation with some of the lowest 

𝐷𝑖𝑡 [9]. One of the most efficient methods to activate the passivation is using a so-called 

alneal process. In an alneal process, aluminum is evaporated on thermally grown SiO2 

which is then annealed in a forming gas environment. First theorized by Balk as cited in 

[24], during the annealing process, the aluminum reacts with water in hydroxyl form to 

create aluminum oxide. Hydrogen is released, and travels to the Si/SiO2 interface 

eliminating energy states in the forbidden region. The aluminum is then removed 

chemically. An enhanced alneal process has also been developed where charges are 

introduced in the film while hydrogenation takes place. This provides field-effect 

passivation together with excellent chemical passivation, achieving a SRV of 0.4 cm/s for 

this type of process on 1 Ωcm n-type silicon [24]. This increased passivation comes from 

Na and K cations which diffuse from the SiO2/Al interface to the Si/SiO2 interface via an 

electric field that is created from the difference in work function between the materials. 

Corona charging has been used to modify the field-effect passivation without adding a 

secondary dielectric [25]. The idea is to deposit charges on the surface by ionizing the air 

around the sample. This can be done by applying a strong electric field between a 

tungsten needle and the grounded sample so that the ionized molecules are attracted 

towards the sample surface.  

It should be noted that the SRV is strongly affected by surface texturing and can 

increase by up to 12 times [26]. The increase has been attributed to increased surface 

area, dangling bonds, and stress induced defects.  Heavily diffused surfaces are not 

affected to the same extent as non-diffused surfaces as Auger recombination becomes 

dominant and SRH recombination can more or less be neglected. 
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Even though thermally grown SiO2 have proven to give excellent passivation properties, 

the high temperature required makes it a rather expensive method for industry. 

Furthermore, stability issues and difficulties to effectively passivate p-type Si have 

resulted in research efforts being shifted towards low temperature passivation. Low 

temperature deposition processes such as PECVD or ALD have therefore gained more 

attention for passivating surfaces. In [27], a thermally grown passivation layer of SiO2 

has been combined with SiOx deposited with PECVD, giving a SRV of less than 10 cm/s.  

For a passivation layer of SiO2 deposited using an ALD process, only moderate 

passivation is achieved [28]. Furthermore the films have been found to be unstable with 

time and the lifetime was reduced by one order of magnitude after 25 days [20]. Another 

drawback with SiO2 passivation layers is that UV-light have been found to damage the 

Si/SiO2 interface and induce defects when positive charges are present in the film [29]. 

4.1.2. Al2O3 
Al2O3 have been found to provide excellent passivation (𝑆𝑒𝑓𝑓 < 5 𝑐𝑚/𝑠) after an annealing 

step at moderate temperature [30]. This is similar to the passivation achieved by 

thermally grown SiO2. Comparing plasma and thermal ALD processes, it has been 

shown that the thermally grown Al2O3 layers provides a moderate passivation even in an 

as-deposited state while Al2O3 layers grown from a plasma process have very poor 

passivation without any subsequent annealing step [7].  After annealing however, both 

methods provide good passivation (𝑆𝑒𝑓𝑓 < 5 𝑐𝑚/𝑠 for p-type Si and 𝑆𝑒𝑓𝑓 < 2 𝑐𝑚/𝑠 for n-

type Si) with the plasma process coming out slightly ahead of the thermal process. The 

injection-level-dependent effective lifetime curves for n- and p-type Si have different 

behavior. For p-type Si at low to moderate injection levels (1013 − 1015 𝑐𝑚−3), the lifetime 

is relatively constant. This is beneficial for real solar cells which operate under relatively 

low illumination conditions as stable and predictable performance is important. For n-

type Si there is a sharp decrease in lifetime at low injection levels. The lower lifetime 

comes from an increased bulk recombination as an inversion layer is created from the 

negative 𝑄𝑓.  The large negative 𝑄𝑓is an important characteristic of Al2O3 films which 

can have a positive or negative influence depending on doping polarity and levels. It is 

not completely clear how these charges are formed. Simulations have indicated that 

interstitial O and Al vacancy point defects are stable in negatively charged states and is 

thus responsible for the fixed charge [31]. However in a new study by Hiller et al. [32], 

the authors showed that the fixed charge is connected to acceptor states generated at the 

SiO2/Al2O3 interface. These acceptor states become charged via electron capture from the 

substrate in a tunneling process through the intermediate SiO2 layer. Using this 

newfound information about the formation of fixed charges, they managed to induce a 𝑄𝑓 

which was of similar to a 30 nm Al2O3 layer by embedding a few monolayers of Al-O in 

SiO2.   

The passivation properties have been found to be dependent on the thickness of the oxide 

layer [22]. For a thermal ALD process, the chemical passivation strongly deteriorates as 

the thickness is reduced from 10 nm to 5 nm while the fixed charge density was found to 

be unaffected between 5-30 nm. Similar results have also been found for a plasma ALD 

process however the thickness needs to drop below 5 nm before serious deterioration of 

the chemical passivation takes place [22, 33]. A possible explanation for this passivation 
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deterioration in ultra-thin layers is that there are incomplete reactions of TMA on the 

surface [33].  Furthermore, the plasma-ALD process creates more spatially homogeneous 

charge at the interface compared to a thermal process [33].  

The passivation greatly depends on the deposition conditions for ALD-deposited Al2O3 

films. Dingemans et al. have shown that the optimal substrate temperature is around 

200 °C for a plasma-ALD process [34]. Furthermore, it was found that the film becomes 

denser with increasing substrate temperature which may be explained by decreasing 

hydrogen density. There are also changes in the O/Al stoichiometry as well as the 

impurity content. The material properties do not however directly reflect the passivation 

properties. This is expected since it is the properties at the interface which are important 

and not the bulk material properties. Since post-deposition annealing is necessary to 

activate the passivation, it relaxes the requirements for perfect film properties after 

deposition as structural rearrangements takes place in the bulk and interface during 

annealing. 

4.1.3. TiO2 

TiO2 has since the 1980s been used in the photovoltaic industry as an antireflection 

coating. It provides a good chemical resistance, optimal refractive index, and low 

absorbance to wavelengths utilized by silicon solar cells [35]. It shows more effective 

passivation in boron-diffused surfaces compared to phosphorous which is believed to 

come from a build-up of negative charge [36]. TiO2 deposited on c-Si using thermal ALD 

have shown moderate passivation and a recombination velocity which is strongly 

dependent on its thickness (425 cm/s @ 66nm vs 44 cm/s @ 8nm) [35]. Interestingly, the 

passivation is also dependent on illumination. In one study the lifetime increased from 

0.15 ms to 0.375 ms under no-light and light conditions, respectively [36]. It is believed 

that this effect arises when an electron is excited to the conduction band, leaving a hole 

in the valence band. The valence band hole can then be filled by reacting with Si or 

ambient molecules, negatively charging TiO2 and increases the passivation[36] .   

4.1.4. SiO2/Al2O3 
SiO2 deposited in an ALD process can provide good passivation properties because of its 

excellent suppression of interfacial defects and Al2O3 has also been found to provide very 

good passivation performance stemming from field effect passivation. It is easy to 

imagine that combining these two materials in a stack may play to the strength of each 

individual material and provide even better passivation. In [37],  a capping layer of Al2O3 

was proven to drastically increase the passivation for SiO2 grown in PECVD. The 

interfacial defect density was greatly reduced for the stack compared to a single SiO2 

film while the fixed charge density was low compared to a single Al2O3 film. The stacks 

also show good firing and long-term stability. 

Low 𝐷𝑖𝑡 values are essential for passivation, but a high fixed charge density may in some 

cases be detrimental with a consequently high SRV. It is therefore important to be able 

to control the fixed charge density and its polarity to suit different doping polarities and 

densities. It is possible to do this by varying the thickness of the SiO2 layer [7]. A SiO2 

layer between 0-4 nm gives a negative 𝑄𝑓 while larger thicknesses gives a positive 𝑄𝑓. It 

has been proposed that there is a variable negative charge 𝑄𝑛𝑒𝑔 at the remote SiO2/Al2O3 
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interface and a small positive charge 𝑄𝑝𝑜𝑠 at the Si/SiO2 interface, or even in the bulk 

SiO2 layer. It is important to note that the results may not be described by a constant  

𝑄𝑛𝑒𝑔 moving away from the Si surface as this would give rise to a constant electric field. 

On the contrary, it has been suggested that  there is a possible charge injection from Si 

to Al2O3 via a trap-assisted tunneling process through the SiO2 layer [7]. Increasing the 

thickness thus lower 𝑄𝑛𝑒𝑔 as the probability of tunneling decreases and the interface 

becomes overall positively charged. 

The passivation activation mechanism and kinetics have been studied in [38] for Al2O3 

films deposited with ALD on a thick (200 nm) SiO2 layer grown using a wet oxidation 

process. The large thickness of the SiO2 layer reduces any influence of field-effect 

passivation caused by Al2O3. The authors showed that the time to achieve passivation 

had an Arrhenius behavior and was reduced with increasing annealing temperature. 

Furthermore, the level of passivation was controlled by annealing temperature and 

became saturated after a certain time at each temperature. The optimal annealing 

temperature was found to be around 400 °C. Al2O3 deposited in a plasma-ALD process 

reached maximum passivation after a shorter time than if it was deposited in a thermal-

ALD process for the same annealing temperature. For annealing temperatures between 

375 °C and 450 °C, less than 10 minutes annealing time is needed until saturation 

behavior is reached after a plasma process. The effect of annealing is especially 

significant for deposition temperatures below 300 °C as in-situ annealing plays a large 

role at higher temperatures which reduces the need for a post-deposition anneal. It was 

also seen that higher deposition temperature led to a denser film with lower hydrogen 

concentration.  Dense films (𝑇𝑑𝑒𝑝 > 300 °𝐶) had lower thermal stability which could be 

related to the lower initial hydrogen concentration. Films deposited at low temperatures 

(<100 °C) also had low thermal stability and passivation properties due to a more open 

microstructure where hydrogen more easily leaves the film during annealing. The 

optimal deposition temperature was concluded to be around 200 °C as it provides a good 

compromise between film density and hydrogen content.  
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5. Atomic layer deposition 
ALD has become an important technique to create advanced surface coatings on solar 

cells. Especially in research, where low throughput is a big issue, it is often used to 

create passivation layers in order to reduce the SRV and increase performance. The 

motivation for developing ALD has been the miniaturization of components in the 

semiconductor industry to maximize the number of components on a surface without 

having them interact with each other. Some of the advantages  of ALD includes high 

stoichiometric control, uniform and conformal depositions, sub nm precision in coating 

thickness, as well as possibility to deposit materials at low temperature [39]. It uses 

sequential, self-limiting surface reactions to achieve this as all the precursor molecules 

are allowed to react with the available sites on the surface before the reaction cycle 

continues. After one cycle a monolayer should form on the surface however a full 

monolayer per cycle is rarely formed due to steric hindrance [40]. The process is divided 

in four steps and is described in Figure 7. 

 

 

Figure 7:  Schematic ALD cycle of Al2O3. The substrate is exposed to TMA. After all reactive sites have been 
saturated the excess precursor is purged. Water or plasma is introduced in the chamber and reacts with the 

TMA. The chamber is purged and the cycle is repeated until desired thickness is reached. 

The deposition temperature is important in an ALD process since molecular 

decomposition, reaction kinetics, adsorption, and desorption are all temperature 

dependent. The “ALD window” is illustrated in Figure 8 where it can be seen that 

Ideally, there exists a process window where the precursors have opportunity to react 

with all available sites and the growth per cycle (GPC) is stable. For many systems 

however, an ideal ALD process window does not exists and the GPC is dependent on 

temperature, see e.g [41–43].  Setting the deposition temperature too low may either give 

an incomplete reaction or condensation. Condensation in the process chamber is 

disadvantageous as it makes it harder to purge the precursors so that residues are 

formed in the chamber. A too low temperature may also give incomplete surface 
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reactions. Setting the temperature too high is also not beneficial to the process as the 

precursor may decompose, causing a sharp increase of the GPC, or there is desorption of 

surface species which reduces the GPC.  

 

Figure 8: ALD processing window. 

 Thermal ALD 

The thermal ALD process is similar to a chemical vapor deposition (CVD) process in the 

way that it´s based on a binary reaction 𝐴 + 𝐵 → 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 . In a CVD process, both 

reactants are present simultaneously in the reaction chamber and form a film on the 

substrate continuously. However, instead of having both precursors in the deposition 

chamber at the same time, they are sequentially added in an ABAB… pattern.  Many 

thermal ALD processes have been inspired by known CVD reactions. Normally, the 

process is called thermal ALD since the reaction between the precursors takes place 

spontaneously as thermal energy is supplied. With thermal ALD it is common to deposit 

e.g Al2O3, TiO2, ZnO, ZrO2, HfO2, and Ta2O5 [39]. An issue with thermal ALD is that it is 

difficult to create single-element metal or semiconductor films. Furthermore, since a 

relatively high temperature is required for the reaction to take place, it´s only possible to 

deposit on substrates which are temperature resistant. Some oxidants that are 

commonly used are H2O, O2, H2O2, and O3 (ozone). 

 Ozone as oxidant in a thermal ALD process 
When depositing thin films with a thermal ALD process, relatively high temperatures 

(~150-350 °C) are needed. This limits the choice of substrate material and the ability to 

tune the properties of the resulting film.  Ozone has been used for some time as an 

oxidant and has several advantages over e.g water vapor or oxygen. Since ozone is a very 

reactive molecule it lowers the required temperature for a reaction to take place. As an 

example, Pt has been successfully deposited at 100 °C using ozone while oxygen requires 

temperatures of 300 °C to reach the same GPC. This allows Pt to be deposited on e.g 

polymer substrates [44]. Furthermore, as ozone is volatile, it only needs a short purge 

time between cycles [45]. Water vapor in comparison needs quite long purge times as it 

tends to condensate on the reactor walls so the throughput is lower. It also has the 

advantage of not containing any hydrogen atoms. So, for applications where hydrogen 

contamination is critical, ozone could be a suitable oxidizing precursor. 
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5.2.1. SiO2 films using ozone 

Relatively little research has been made on ALD deposited SiO2 with ozone. A few 

different precursors have successfully been tried such as Si2O6 (hexachlordisilane), 

H2SiCl2 (dichlorosilane), BDEASi, and TDEASi, with the latter being the most popular 

[46]. 

5.2.2. Al2O3 films using ozone 
Deposition of Al2O3 using thermal ALD has been extensively studied in the past and is a 

well-known process using the precursors TMA and water. Compared to the “standard” 

thermal process, films deposited with ozone have been shown to have different 

properties. When depositing Al2O3 on Si substrates it has been shown that in an ozone 

process, an interfacial layer of SiOx forms, similarly to what is formed in a plasma O2 

process, while H2O produces no such interfacial layer [47].  The growth rate is similar to 

depositions using H2O. One exception that the growth rate increases at temperatures 

above 300 °C for the ozone process while the water process decreases at those 

temperatures [48]. Concerning the electrical properties, Al2O3 films deposited with an 

ozone process have lower leakage current than those deposited with water (although not 

as low as deposition done with an oxygen plasma process) [47, 49]. The lower leakage 

current is believed to stem from better quality of the films prepared via ozone as there 

are fewer  defect states such as Al-Al bonds or OH-bonds present in those films [49]. As 

better quality films have been observed with the ozone process, naturally they have been 

investigated as surface passivation of silicon. A higher carrier lifetime has been observed 

using ozone compared to water vapor and shows better firing stability [50]. A lifetime of 

around 1.25 ms has been reached after annealing and, interestingly, using a combination 

of water vapor and ozone, lifetimes of 2.75 ms are achievable [50]. This has been linked 

to lower interface defect density found in the ozone films. The concentration of ozone is 

also an important parameter to consider. A higher concentration of ozone reduces the 

interface charge density and is further reduced if water and ozone is combined and can 

be linked to an increase of the SiOx interlayer thickness [51].  

The growth mechanism and resulting film morphology have been studied by Elliot et al 

[52]. The GPC decreases with increasing temperature. This is because at low 

temperatures (~150 °C), the film is filled with voids. For comparison, films created at 

this temperature using H2O vapor as an oxidant were found to be dense at these 

temperatures. The void formation has been suggested to come from an inhomogeneous 

distribution of hydroxyl groups at the start of the TMA pulse.  

 Plasma Enhanced ALD (PEALD) 

The PEALD process has the same 4-step cyclic behaviour as the thermal ALD process: 

precursor A exposure, purging, precursor B exposure, purging. Here, precursor B is a 

plasma of e.g O2 or N2. The plasma generates radicals with high reactivity which react 

with precursor A and the by-products of the reaction are purged. This allows for lower 

reaction temperatures, improved film properties, and reactions which are not possible 

with thermal ALD [53].  Furthermore, PEALD may give higher growth rates compared 

to thermal ALD due to the plasma species creating a higher density of reactive sites [54]. 

Because of the high reactivity of radical species, they may also react with already 
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saturated sites and cause desorption [54]. Some plasma gases are H2, O2, and N2 but 

others such as NH3 are also occasionally used [54].  

Several types of PEALD setups exist and are described in detail in [54]. In a radical 

enhanced ALD setup, a plasma generator is generally fitted to a thermal ALD reactor. 

The plasma is formed relatively far from the substrate surface which forces the plasma 

species to travel a long distance before they arrive to the substrate. This means that 

there is a risk of the plasma being extinguished by the time it reaches the substrate. The 

flux of radicals is therefore low as they have time to recombine before reaching the 

substrate. In direct plasma ALD, the substrate is placed directly on one of the electrodes 

that create the plasma and therefore the plasma is generated very close to the substrate 

surface. This causes a large flux of ions and radicals to the substrate which enables a 

uniform deposition and short plasma exposure times. In a remote plasma configuration, 

the plasma is created in a separate chamber where the plasma gas flows through and 

continues towards the substrate. The plasma is still active when it reaches the substrate, 

which is not the case in radical enhanced ALD. One of the biggest advantages with 

remote plasma ALD is that substrate and plasma configurations can vary in an 

independent matter. This can be compared with direct plasma ALD where a change in 

substrate temperature affects the generation of plasma species (Lieberman and 

Lichtenberg 2005, as cited in [54]).  

Even though PEALD has many advantages compared to thermal ALD, there are some 

important drawbacks. Lower conformity than a thermal ALD process may be a problem 

if nonplanar substrates are coated. Plasma induced damage may also be an issue as 

reactions could take place which cause, in some cases, unwanted oxidation or nitridation. 

Of course, in some processes oxidation and nitridation are desirable and done on 

purpose. Damage may also manifest in form of increased defects inside the material or at 

the surface, as well as charge accumulation. The charge accumulation in the deposited 

dielectric layers has been linked to the ion fluence, where a higher fluence increases the 

electric potential of the layer, while a high UV photon fluence may reduce the defect 

density [55]. 
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6. Characterization 

 Determination of thickness and optical properties 
Film thickness and optical constants can be quickly be determined via spectroscopic 

ellipsometry (SE). In SE, a change of polarization is measured from a beam of light that 

is reflected on a surface. The sample surface is irradiated by linearly polarized light. The 

component of light that is parallel and perpendicular with the plane of incidence is called 

the p, and s-component, respectively. As the light strikes the sample, the light interacts 

with the material and may cause a change in the s- and p component, causing it to 

become elliptically polarized. The polarization change can be calculated from the 

amplitude ratio (Ψ) and phase difference (Δ), often represented as 

 
𝜌 = tan(Ψ) eiΔ (6.1) 

 

and enables quick assessment of optical properties and thickness of films from the sub-

nanometer range to several microns.  

The refractive index (𝑛), and extinction coefficient (𝑘) can be determined from SE and 

describe how light interacts with a material. These coefficients can be expressed as a 

complex number  

 
�̃� = 𝑛 + 𝑖𝑘. (6.2) 

 

The extinction coefficient is related to the absorption coefficient which describes the loss 

of wave energy to a material. A larger 𝑘 value means a higher absorption coefficient 

which leads to a quicker loss in light intensity as it moves through the material.  

The optical constants and film thickness are calculated after fitting a model to the 

experimental data. An exact equation cannot however be written and regression analysis 

is instead used. The unknown material properties are varied until a good match is found 

between the calculated and experimental data. It should be noted that the number of 

unknown material properties should not exceed the information in the experimental 

data and thus for a single-wavelength ellipsometer only two material properties can be 

determined since the data only contains two data points (Ψ, Δ).  

The film thickness is determined from interference between the light which has been 

reflected at the surface and light which has travelled through the film. Interference 

contains both amplitude and phase information, however the phase information is much 

more sensitive than the amplitude to changes in thickness. Thickness measurements 

require that the light can travel through the whole film and return to the surface. 

Therefore, the thickness can only be determined for thin semi-opaque and transparent 

films. The limitation of light loosing too much intensity travelling through the film can 

partially be circumvented in some materials by measuring at wavelengths where the 

absorption coefficient is lower. For correct measurements of the film thickness, the 

optical constants needs to determined simultaneously. As the optical constants are 

wavelength dependent, they must be described for all wavelengths measured with the 
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ellipsometer. A dispersion relation can be used to describe the shape of optical constants 

over wavelength. The Cauchy relation is one of the simpler models and is given as 

 

𝑛(𝜆) = 𝐴 +
𝐵

𝜆2
+

𝐶

𝜆4
 (6.3) 

 

with 𝐴, 𝐵, and 𝐶 being constants which are adjusted to match the experimental data. It 

should be noted that these constants have no physical meaning. A similar expression can 

be formulated for the extinction coefficient. This simple model is more suited towards 

transparent materials. For absorbing materials, dispersion relationships built on 

Lorentz, Harmonic or Gaussian oscillator should be used instead  

 Capacitance-voltage measurements  
Capacitance-Voltage (CV) techniques may be used in order to measure 𝑄𝑓, 𝐷𝑖𝑡, and other 

parameters related to semiconductors. To measure CV data, a metal-oxide- 

semiconductor capacitor (MOSCAP) needs to be built. A MOSCAP consists of a 

semiconductor called body or substrate, an insulator film, and a metal contact called 

gate. A bias voltage (gate bias, 𝑉𝐺𝐵) is applied to the gate while the semiconductor is 

connected to ground and it is observed how the capacitance changes with voltage. 

Different characteristics in the semiconductor can be observed during a voltage sweep. 

Three characteristic regimes may be observed during a CV measurement and are shown 

in Figure 9. 

 

Figure 9: Schematic of a CV measurement on an n-type wafer showing the tree characteristic regimes. 

These are: 

1. Accumulation regime: The majority carriers accumulate at the oxide interface. 

2. Depletion regime: The majority carriers are depleted from the oxide interface 

leaving it free of any carriers. In an n-type semiconductor, the electrons are 

pushed away from the interface, exposing the fixed positive charges of the donor 

atoms and will thus induce a positive charge near the interface.  

3. Inversion regime: The minority carriers accumulate at the interface and 

effectively invert the conductivity type when the concentration of minority 

carriers becomes larger than majority carriers. 
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A flat-band voltage (𝑉𝑓𝑏 ) separates the accumulation and depletion regimes while a 

threshold voltage 𝑉𝑡 separates the depletion and inversion regimes. The flat-band voltage 

corresponds to the voltage where the energy bands are flat, meaning that there are an 

equal concentration of electrons and holes over the whole sample. The flat-band voltage 

is affected by the doping concentration in the semiconductor as well as any fixed charges 

which may exist in the oxide. If there are no fixed charges in the oxide, the flat-band 

voltage is equal to the difference of work function between the gate and the 

semiconductor. 

𝑄𝑓 and 𝐷𝑖𝑡 are determined as follows. CV measurements are done with an AC frequency 

of 1, 10, and 100 kHz as well as 1 MHz. 1kHz and 1 MHz are used as low and high 

frequency, respectively. By using a high and a low frequency, two equivalent circuits can 

be constructed, Figure 10. In the low frequency limit, the band bending oscillation is 

slow enough for all traps to follow. As the traps become charged, they will contribute to 

an excess capacitance, 𝐶𝑖𝑡, and the measured total capacitance will be higher. In the 

high-frequency limit however, the measured capacitance originates only from the 

depletion capacitance and the oxide capacitance, 𝐶𝑜𝑥 . Castangé and Vapaille  [56] 

developed a method where a high and low frequency curve is measured and showed that 

the 𝐷𝑖𝑡 value may be determined from  

 
𝑞𝐴𝐷𝑖𝑡 =

𝐶𝑜𝑥𝐶𝐿𝐹

𝐶𝑜𝑥 − 𝐶𝐿𝐹
−

𝐶𝑜𝑥𝐶𝐻𝐹

𝐶𝑜𝑥 − 𝐶𝐻𝐹
  (6.4) 

 

where 𝐴 is the metallization area, 𝐶𝐿𝐹 is the measured low frequency capacitance and 

𝐶𝐻𝐹 is the high frequency capacitance.  The 𝐷𝑖𝑡 value is proportional to the capacitance 

gap 𝐶𝐿𝐹 − 𝐶𝐻𝐹 . The oxide capacitance is the maximum capacitance observed by the 

system, and can be taken as the capacitance of the low frequency curve in accumulation. 

 

Figure 10: Equivalent circuits in the low frequency limit (a), and high frequency limit (b) 

To find the flatband voltage the flatband capacitance is first calculated from 𝐶𝐹𝐵 =
1

1

𝐶𝑜𝑥
+

1

𝐶𝐷

. 

This is a series capacitance of the oxide and the semiconductor in depletion at the flat 

band voltage. The depletion capacitance at flat band conditions is calculated from  

𝐶𝐷(𝑉𝐹𝐵) =
𝜖𝑆𝑖

𝐿𝐷
, where 𝐿𝐷 is the extrinsic Debye length [57]. After 𝐶𝐹𝐵 has been found, 𝑉𝐹𝐵 

is then the voltage, where 𝐶𝐹𝐵 = 𝐶𝐻𝐹. It may be useful to convert the applied voltage to a 
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band bending, 𝜓𝑠, so that 𝐷𝑖𝑡 can be plotted as a function of band bending. To calculate 

𝜓𝑠 one can numerically evaluate the Berglund integral as 

 

𝜓𝑠(𝑉2) − 𝜓𝑠(𝑉1) = ∫
𝐶𝑜𝑥 − 𝐶𝐿𝐹

𝐶𝑜𝑥
𝑑𝑉 ≈ ∑

Δ𝑉

2
(

𝐶𝑜𝑥 − 𝐶𝐿𝐹𝑛−1

𝐶𝑜𝑥
+

𝐶𝑜𝑥 − 𝐶𝐿𝐹 𝑛

𝐶𝑜𝑥
)

𝑘

𝑛=2

𝑉2

𝑉1

 (6.5) 

 

where Δ𝑉 is the voltage step size.  

Fixed oxide charge, mobile ionic charge, and ionic trapped charge all contribute to a shift 

in the CV curve along the 𝑉𝐺 axis. The total charge density can be calculated from [57] 

 
𝑉𝐹𝐵 = 𝜙𝑚𝑠 −

𝑄𝑡𝑜𝑡

𝐶𝑜𝑥
 (6.6) 

 

where 𝜙𝑚𝑠 is the work-function difference between the metal and semiconductor.  

 

 Photoconductance measurements 
A contactless technique to measure the photoconductance decay (PCD) was published in 

1983 to obtain information about carrier lifetime in semiconductors  [58]. It is possible to 

use PCD as quality control of e.g silicon wafers at different stages in a solar cell 

production line, or to evaluate the lifetime in a new material. PCD is a method that can 

quickly determine the carrier lifetime and, with the tools developed by e.g Sinton 

Instruments, is easy to use by the operator. Contactless photoconductance 

measurements may be divided in three operating regimes. 

• Transient mode: This is the traditional PCD technique which is especially suited 

for high carrier lifetimes. In this mode, the sample is illuminated by a quick flash 

of light which is rapidly turned off. This allows for determination of excess carrier 

density in absence of illumination. 

• Steady state mode: In this mode, the sample is continuously illuminated and the 

lifetime is measured. In practice, this mode is not used if a large illumination 

range is to be explored, as heating the sample will affect the carrier lifetime. 

• Quasi steady state mode (QSSPC): Here, the illumination slowly decays to zero 

over several milliseconds. The decay time is greater than the carrier lifetime 

which ensures that as the light decays, information can be obtained about the 

lifetime over a range of intensities as the carriers are considered in steady state 

at all times. This technique circumvents the problem with sample heating in the 

steady state mode.  

A simplified PCD setup consist of a sample holder on which the sample is placed, a coil 

that is placed under the sample holder, an illumination source (xenon), a reference solar 

cell, and supporting electronics. Before reaching the sample, the light pass through a 

long pass filter and a scatter filter to reduce absorption at the surface of the sample and 

ensure a homogeneous distribution of the light. The concentration of minority carriers 

can be measured from the inductively coupled coil which then is related to the effective 

lifetime from the decay in photoconductivity.  
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Nagel et al. developed a generalized model to analyze quasi-steady-state and quasi-

transient carrier measurements [59]. The starting point for the recombination analysis is 

based on the continuity equation (eq. 6.7) for all modes [60] 

 𝛿Δ𝑛

𝛿𝑡
= 𝐺𝑏𝑢𝑙𝑘(𝑡, 𝑥) − 𝑈𝑏𝑢𝑙𝑘(𝑡, 𝑥) +

1

𝑞

𝑑𝐽𝑛

𝑑𝑥
 (6.7) 

 

where 𝐺𝑏𝑢𝑙𝑘 is the charge carrier generation rate, 𝑈𝑏𝑢𝑙𝑘 is the bulk recombination rate, 

Δ𝑛 is the excess minority charge carrier density, 𝑞 is the elementary charge, and 𝐽𝑛 is the 

electron current density. Assuming that the photogeneration is spatially uniform and no 

surface recombination takes place, the last term in eq. 6.7 vanishes as no electric field 

exists within the sample. The recombination rate can be expressed as 𝑈𝑏𝑢𝑙𝑘 ≡
Δ𝑛

𝜏𝑏
=

Δ𝑛

𝜏𝑒𝑓𝑓
, 

where τ𝑏 is the bulk carrier lifetime, and 𝜏𝑒𝑓𝑓 is the effective carrier lifetime. 𝜏𝑏 = 𝜏𝑒𝑓𝑓 if 

only bulk recombination is considered. Equation 6.7 can thus be rewritten as [59] 

 
𝜏𝑒𝑓𝑓(Δ𝑛) =

Δ𝑛

𝐺𝑏𝑢𝑙𝑘 −
𝛿𝑛
𝛿𝑡

 (6.8) 

 

which is the so-called generalized model. From eq. 6.8 it is possible to obtain the 

transient and steady state solution by considering 𝐺𝑏𝑢𝑙𝑘 = 0 for the transient case and 
𝛿𝑛

 𝛿𝑡
= 0 for the steady state case. This gives  

 
𝜏𝑒𝑓𝑓.𝑠𝑡𝑒𝑎𝑑𝑦(Δ𝑛) =

Δ𝑛

𝐺𝑏𝑢𝑙𝑘
 (6.9) 

 

 

and 

 
𝜏𝑒𝑓𝑓.𝑡𝑟𝑎𝑛𝑠(Δ𝑛) = −

Δ𝑛

𝛿𝑛
𝛿𝑡

. (6.10) 

 

 

In QSSPC the sample is illuminated with a decaying flash and thus the photogeneration 

can be described using an exponential expression 

 
𝐺𝑏𝑢𝑙𝑘 =  {

0                  𝑓𝑜𝑟 𝑡 ≤ 0

𝐺0𝑒
−

𝑡
𝜏𝑓𝑙𝑎𝑠ℎ  𝑓𝑜𝑟 𝑡 > 0

 (6.11) 

 

which may be inserted in eq. 6.8 to solve for Δ𝑛(𝑡) (assuming 𝜏𝑒𝑓𝑓 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 and Δ𝑛(0) =

0) as [59] 

 
Δ𝑛(𝑡) =

𝜏𝑓𝑙𝑎𝑠ℎ𝜏𝑒𝑓𝑓

𝜏𝑓𝑙𝑎𝑠ℎ − 𝜏𝑒𝑓𝑓
𝐺0 [𝑒

−
𝑡

𝜏𝑓𝑙𝑎𝑠ℎ − 𝑒
−

𝑡
𝜏𝑒𝑓𝑓]. (6.12) 

 

 

Using eq. 6.11 and 6.12 in eq. 6.9 and 6.10 then allows the calculation of 𝜏𝑒𝑓𝑓.𝑠𝑡𝑒𝑎𝑑𝑦 and 

𝜏𝑒𝑓𝑓.𝑡𝑟𝑎𝑛𝑠  [59]. It should be noted that the carrier generation rate is not needed to 

calculate the carrier lifetime in the transient case but is necessary for the quasi-steady-
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state calculation. The generalized model (eq. 6.8) is valid irrespective of carrier lifetime 

and illumination decay. In practice, the excess minority carrier density is measured via 

the inductive coil and generation rate is measured via the reference solar cell so the 

generalized model can be directly used to compute 𝜏𝑒𝑓𝑓.  So far, only an idealized case of 

carrier lifetime measurements have been considered. In reality, surface recombination 

will take place and the photogeneration will not be homogeneous throughout the 

thickness of the sample. Taking this into consideration, assuming a low carrier injection 

level (negligible electric field) and solving the continuity equation interestingly yields eq. 

6.8 again [59], only changing Δ𝑛  and 𝐺𝑏𝑢𝑙𝑘  with their spatially averaged quantities. 

Therefore eq. 6.8 can also be considered valid in cases where surface recombination takes 

place and the generation rate is not homogeneous.  

An example of injection dependent lifetime curves obtained from QSSPC measurements 

is seen in Figure 22. It can be seen that 𝜏𝑒𝑓𝑓  strongly depends on the injection 

(illumination) level. At high injection densities the lifetime is limited by Auger 

recombination while at lower injection densities SRH recombination becomes dominant. 

From QSSPC measurements it is possible to obtain information about IV characteristics 

from an implied open circuit voltage 𝑖𝑉𝑂𝐶 and 𝐼𝑠𝑐. The short-circuit current is implied 

from the irradiance while the 𝑖𝑉𝑂𝐶 can be determined via [61] 

 
𝑖𝑉𝑂𝐶 =

𝑘𝑇

𝑞
ln [

𝛥𝑛(𝑁𝐴 + 𝛥𝑝)

𝑛𝑖 
2 + 1] (6.13) 

 

where 𝑘 is the Boltzmann constant, 𝑇 is the temperature, 𝑁𝐴 is the doping concentration 

Δ𝑝 is the excess hole density, and 𝑛𝑖 is the intrinsic carrier concentration.   This equation 

is valid for all doping or minority carrier injection levels.  

Using a calibrated reference solar cell, the photogenerated current (short circuit current) 

can be implicitly determined from the light intensity over the whole measurement range. 

Thus, a 𝐼𝑠𝑐𝑉𝑂𝐶 curve can be plotted in the same way as a normal contacted IV curve and 

provides preliminary information about the cell characteristics. These implied cell 

characteristics will always be larger than the contacted IV characteristics as they are 

only limited by recombination.  A pseudo power (𝑝𝑃) can be defined as   

 
𝑝𝑃 = 𝑖𝑉𝑂𝐶 ∗ 𝐼𝑠𝑐 (6.14) 

 

and the maximum psuedo power point is then the injection density at which this product 

is maximized. The implied fill factor is defined as  

 
𝑖𝐹𝐹 =

𝑝𝑃𝑚𝑎𝑥

𝐼𝑠𝑐|0𝑠𝑢𝑛 ∗ 𝑖𝑉𝑂𝐶|1𝑠𝑢𝑛
 (6.15) 

 

where 𝐼𝑠𝑐|0𝑠𝑢𝑛  is the maximum implied photogenerated current (analogous to 𝐼𝑠𝑐  in 

contacted measurements) and 𝑖𝑉𝑂𝐶|1𝑠𝑢𝑛 is the implied open circuit voltage at 1 sun 

illumination (analogous to 𝑉𝑂𝐶 in contacted measurements). 

The recombination parameter 𝐽0 is an alternative but quite commonly used 

conceptualization of recombination of charge carriers. It encompasses the cumulative 
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recombination from all sources in a single global value and depends not only on the 

material properties, but also geometrical dimensions. To increase the consistency of 

reported 𝐽0  values reported by researchers, Kimmerle et al. [62] developed a routine 

where 𝐽0 is calculated and corrected for bandgap narrowing as well as charge carrier 

diffusion. In the diffusion corrected model, 𝐽0 is calculated according to eq. 6.16 in an 

iterative procedure so that injection dependent 𝜏𝑆𝑅𝐻  is accounted for. The derivative 

factor is found by evaluating the slope of the inverse Auger corrected lifetime curve at an 

injection density of  ~10 times the doping concentration. 

 

 

𝐽0 =
𝑞𝑊

2

𝑑

𝑑Δ𝑛𝑎𝑣
(

𝑛𝑖,𝑒𝑓𝑓
2

τs −
𝑊2

𝐷𝜋2

)  (6.16) 

 

 

 Chemical bonds 

Fourier Transform Infrared (FTIR) spectroscopy is used to probe the chemical bonds in 

the material. As the name suggest, IR radiation is passed through a sample and is then 

measured. As the light travels through the sample, some of it is absorbed and some of it 

is transmitted. The absorbed wavelength depends on the material, as molecules will 

absorb energy to eigenvalues (or characteristic energies) of their vibrational modes.  

It is a powerful characterization technique which has applications in many industrial 

processes. Depending on the setup, gasses, liquids, and solids may be analyzed as long as 

they are transparent enough in the wavelength region of interest. It can be used for 

identification purposes and to indicate the concentration of a certain molecule. FTIR is 

an improved technology of older spectroscopy methods. Dispersive spectroscopy has been 

used for a long time and works by separating the wavelengths emitted from an infrared 

source via a grating or prism. As these separated wavelengths irradiate a sample, the 

transmitted wavelengths are recorded using a detector and a plot can be constructed 

from these data. FTIR provides some important improvements over the older technology 

such as increased speed and higher sensitivity. To overcome the limitation of slow 

scanning speeds of dispersive spectroscopy, all IR wavelengths are measured 

simultaneously in FTIR instead of individually. It does this by employing an 

interferometer which produces a signal where all the frequencies of interest are encoded 

in a short signal (interferogram). This encoded signal is passed through the sample 

which means that the measurement is very fast. To analyze the data however, a 

frequency spectrum is needed. The encoded signal therefore has to be decoded to 

individual frequencies. This is done by Fourier transformation which is quickly 

performed by a computer.  

A baseline measurement is necessary as it is the relative absorption which is later used 

in the analysis. It is typically done by through a baseline scanning without any sample 

in the beam’s path. The baseline measurement also removes any instrument 

characteristics which means that all features in future measurements are only from the 

sample.  
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7. Experimental details 
Passivation layers were deposited on p- or n-type float zone (FZ) crystalline silicon 

substrates using a FlexAl ALD system (Oxford Instruments). The precursors for ALD 

deposition were trimethylaluminum (TMA), bis(diethylamino)silane (BDEASi), and 

titanium (IV) isopropoxide (TTIP) for Al2O3, SiO2, and TiO2 layers, respectively. The fixed 

process parameters are seen in Table 2.  The wafer thickness was 200 𝜇𝑚 and 250 𝜇𝑚 for 

n- and p-type respectively. Before deposition, the wafers were cleaned using a standard 

Radio Corporation of America (RCA) cleaning process and then oxidized at 1050 °C in a 

trans-1,2-dichloroethyl (DCE) and Ar atmosphere to eliminate FZ defects. Prior to 

deposition, the wafers were etched in a dilute HF-solution to remove the native oxide 

and create an H-terminated surface and cut in quarters with a diamond cutter. 

Table 2: Fixed process parameters for FlexAl tool 

Parameter Value 

TMA bottle temperature 29.1 °C 

BDEASi bottle temperature 39.1 °C 

TTIP bottle temperature 43.9 °C 

Plasma power 150 W 

Carrier gas flow (Ar) 150 sccm 

Base pressure 5.9×10-7 torr 

 

Thickness and optical constants were determined using spectroscopic ellipsometry 

(Woollam M2000F) at 632.8 nm with a Cauchy model for films thicker than 5 nm and a 

model for interfacial layers for films thinner than that. 𝜏𝑒𝑓𝑓 was determined with PCD 

(Sinton WCT-120). using a generalized analysis model [59] at an injection level of 1015 

cm-3. For samples where this injection level could not be reached due to insufficient 

passivation, an injection level of 1014 cm-3 was used instead. These injection levels were 

used since at higher injection levels 𝜏𝑒𝑓𝑓 is limited by Auger recombination. At injection 

levels <~1015 cm-3 the lifetime is characterized by SRH recombination which is the 

recombination mechanism that surface passivation would suppress. 𝑖𝑉𝑂𝐶 was calculated 

at 1 sun illumination and 𝑖𝐹𝐹 was calculated as in section 6.3. It should be noted that 

PCD is a contactless technique and 𝑖𝑉𝑂𝐶 and 𝑖𝐹𝐹 are only recombination limited. They 

will thus be higher than contacted IV measurements since there is no series resistance 

or contact effects. The optical constant which determines the photocurrent in relation to 

a reference solar cell was adjusted so that the lifetimes for transient and QSSPC 

measurements were in agreement. Chemical bonds in the samples were characterized 

with FTIR (Bruker Vertex 80v) cooled with liquid nitrogen. The spectra of recently 

etched Si wafers were subtracted from the spectra obtained from passivated Si, isolating 

the signal originating from the passivation layer. The signal for each sample was then 

normalized with respect to the thickness of the passivation layer. Fixed charge density 

and interfacial defect density (midgap) was probed using CV measurements (Agilent 

Technologies B1500A) at frequencies between 1kHz and 1MHz. Surface photovoltage 

(SPV) measurements was done to detect any built in electric field. For CV and SPV 

measurements, the passivating film was only deposited on one side. Aluminum contacts 

were deposited using a thermal evaporation method for CV measurements. 
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 SiO2/Al2O3 stack temperature optimization 

A design of experiment approach with response surface methodology (RSM) was taken 

for deposition and annealing temperature optimization of PEALD passivation layers. 

RSM is quicker and more suited to optimization problems where several factors are 

present. Furthermore, it has the advantage of detecting any interacting effects between 

the factors which cannot easily be detected by changing the factors one at a time. This 

approach is robust and has been successful for similar optimization problems [63].  The 

goal is to minimize 𝑆𝑒𝑓𝑓  by varying the deposition and annealing temperature. Some 

details about the precursor timings and plasma settings are seen in Table 3. 

Table 3: Details about the precursor steps 

Material Precursor 

dose time 

(ms) 

Precursor 

purge 

time (s) 

Plasma 

exposure 

time (s) 

Plasma 

purge 

time(s) 

Plasma 

power 

(W) 

Plasma 

gas 

SiO2 200 2 2 2 150 O2 

Al2O3 20 2 2 2 150 O2 

 

A face-centered-central-composite design (FCCCD, see Figure 11) was adopted as it 

allows for detection of non-linear behavior and fewer depositions are needed compared to 

a full (3x3x3) design or central composite design. For each level, two identical samples 

were made for each point (not repeated experiments) while the baseline process (point 15 

in Figure 11) was repeated three times, thus giving a total of 6 samples at that point. 

The design contains a high and a low setting along the edges of the design space and a 

medium setting on the faces. Baseline samples are used to confirm the repeatability of 

the process and to assess the error.  

In a first batch, a wide range annealing and deposition conditions were explored. After 

finding a rough optimum, a second batch of samples were deposited and annealed close 

to these optimal conditions. The investigated temperature range  for the factors is seen 

in Table 4 and was determined from previous work [10]. The number of ALD cycles was 

modified at each temperature so that every layer would have a thickness of ~10 nm.  It 

should be noted that depositions were done in ascending order with respect to 

temperature for the first batch and was thus not randomized as it would take too long to 

cool the reactor between the runs. By not randomizing there is a risk that trends could 

be confused with hidden effects. In the second batch the deposition and annealing order 

was randomized as the temperature range was much narrower. The FCCCD design in 

the first batch was complemented with an FGA temperature variation with a step size of 

50 °C for design points 1-4 and 9-13.  
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Figure 11: Sketch of the design space for optimizing the deposition and annealing temperature. A, B, and C 
are three dummy variables which corresponds to the deposition temperature of SiO2, Al2O3 ,and annealing 

temperature. 

The lifetime were measured and converted into 𝑆𝑒𝑓𝑓 by utilizing the approximation in 

3.20 with 
1

𝜏𝑒𝑓𝑓
=

1

𝜏𝑏
+

1

𝜏𝑠
. The bulk lifetime is assumed to be 7 ms for 1 Ω𝑐𝑚 n-type FZ Si. It 

is acknowledged that the approximation is not as accurate for very high SRV (largest 

observed error of ~6 %) but does not affect the overall conclusions. The exact 𝑆𝑒𝑓𝑓 values 

for the poorly passivated samples are not that important as it is the well-passivated 

samples which are of greatest interest. The data was analyzed in R and an empirical 

model was created in order to predict where the optimum would be and explain how the 

factors affected the SRV. Terms up to quadratic power as well as interactions between 

the factors were included so that 𝑆𝑒𝑓𝑓 or lg 𝑆𝑒𝑓𝑓 is predicted by 

 𝑏0 + 𝑏1𝑇𝑆𝑖𝑂2
+ 𝑏2𝑇𝐴𝑙2𝑂3

+ 𝑏3𝑇𝑎𝑛𝑛𝑒𝑎𝑙 + 𝑏4𝑇𝑆𝑖𝑂2

2 + 𝑏5𝑇𝐴𝑙2𝑂3

2 + 𝑏6𝑇𝑎𝑛𝑛𝑒𝑎𝑙
2 + 𝑏7𝑇𝑆𝑖𝑂2

𝑇𝐴𝑙2𝑂3

+ 𝑏8𝑇𝑆𝑖𝑂2
𝑇𝑎𝑛𝑛𝑒𝑎𝑙 + 𝑏9𝑇𝐴𝑙2𝑂3

𝑇𝑎𝑛𝑛𝑒𝑎𝑙 + 𝑏10𝑇𝑆𝑖𝑂2
𝑇𝐴𝑙2𝑂3

𝑇𝑎𝑛𝑛𝑒𝑎𝑙   

 

(7. 1) 

 

The coefficients 𝑏𝑛 were determined using a least square method in R. 

FTIR was conducted on the samples with 20 nm thick SiO2 or Al2O3 layers (not stacks) in 

their as-deposited state and annealed state to examine how the chemical bonds were 

changed on the processing conditions.  

  



33 
 

 

Table 4: Factors with their corresponding levels 

Factors Levels Unit 
Low level 

(-) 

Centerpoint 

(o) 

High level 

 (+) 

First batch      

𝑇𝑆𝑖𝑂2
 3 °C 100 175 250 

𝑇𝐴𝑙2𝑂3
 3 °C 100 175 250 

𝑇𝑎𝑛𝑛𝑒𝑎𝑙 3 °C  250 375 500 

Second batch      

𝑇𝑆𝑖𝑂2
 3 °C 150 175 200 

𝑇𝐴𝑙2𝑂3
 3 °C 150 175 200 

𝑇𝑎𝑛𝑛𝑒𝑎𝑙 3 °C  370 390 410 

      

 Thickness variation of SiO2 in SiO2/Al2O3 stacks 
SiO2 films were deposited on 1 Ω𝑐𝑚 n- and p-type wafer and then capped with a 10 nm 

Al2O3 film using PEALD. Between 0 and 165 deposition cycles of SiO2 were completed 

which corresponds to an expected thickness between 0 and 20 nm. 140 °C was used as 

deposition temperature for both SiO2 and Al2O3. After deposition, the samples were 

annealed to 395 °C in a forming gas atmosphere. The thickness was measured using SE 

and lifetimes with QSSPC. CV and SPV measurements were done to get insight in how 

the SiO2 thickness is connected to the electrical properties of the interface. 

 Passivation of SiO2/Al2O3 on phosphorous doped-emitters 
Both textured and planar samples were prepared using 10 Ω𝑐𝑚 p-type wafers with n+ 

emitters (~200 Ω/sq.).The surface was passivated with either Al2O3, or SiO2/Al2O3 stacks 

on which a SiNx anti-reflection coating was deposited. Single layer SiNx was also 

deposited directly on c-Si. 

The experimental details for each sample can be seen in Table 5 with one set of planar 

and one set of textured samples. The SiO2 deposition temperature was varied between 

130-330 °C and Al2O3 was normally deposited at 230 °C using a PEALD process. Al2O3 in 

the reference sample (Al2O3/SiNx) was deposited at 180 °C. 10 nm thick layers were 

deposited for both SiO2 and Al2O3 with the exception of one sample which had a 20 nm 

SiO2 layer. The plasma oxidized (PO) SiO2 layer was grown in the FlexAl system using 

oxygen as plasma gas. SiNx was deposited with PECVD at 300 °C (MAiA, Roth&Rau). 

All samples were annealed in furnace with FGA atmosphere between 350-500 °C with a 

step size of 50 °C. 𝑖𝑉𝑂𝐶 , 𝑖𝐹𝐹 , and 𝐽0  were used to characterize their performance 

measured with PCD. 
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Table 5: Details for each sample 

SiO2 Al2O3 capping SiNx 

- - X 

ALD @ 230°C 

(20nm) 

1 Half (10nm @ 

230°C) 

X 

ALD @ 130°C 

(10nm) 

- X 

ALD @ 230°C 

(10nm) 

- X 

ALD @ 330°C 

(10nm) 

- X 

ALD @ 130°C 

(10nm) 

10nm @ 230°C X 

ALD @ 230°C 

(10nm) 

10nm @ 230°C X 

ALD @ 330°C 

(10nm) 

10nm @ 230°C X 

- 10 nm @ 180°C X 

O-Plasma-Oxidation -- X 

 Development of ozone-based ALD processes 
Standard thermal ALD processes (with H2O vapor) previously developed at Fraunhofer 

ISE were generally used in combination with already published processes (see section 

5.2) as a starting point for the development of the ozone processes. Ozone was generated 

on-site with an ozone generator. The metal precursor and ozone dose times were varied 

together with the purge times to cross check that no CVD took place. The purge times 

were then adjusted so that the overall cycle time was reduced. In addition to varying the 

precursor dose and purge times, a wide temperature range was explored, as well as more 

unusual process steps such as wait times and pulsed precursor exposure. The focus was 

on SiO2 and Al2O3, while only preliminary tests were done with TiO2. SE was used to 

measure the refractive index as well as the thickness of the layers from which the GPC 

was calculated. The refractive index was used as an indicator of film quality, where a 

higher refractive index is indicative to a denser film with lower e.g O/Al ratio. 

 Optimization of annealing temperature of ALD ozone   

process 
Using recipes developed in section 8.4, the passivation properties of SiO2 and Al2O3 films 

as well as stacks of SiO2/Al2O3 were characterized with QSSPC and CV measurements. 

The passivation layers were deposited on 1Ω𝑐𝑚 n-type wafers and each layer had a 

thickness of ~10 nm. SiO2 was deposited at 250 °C while Al2O3 was deposited between 

100-250 °C.  Al2O3 capping films deposited using water vapor and plasma processes were 

also compared to capping films deposited with ozone (SiO2 deposited with ozone).  
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Table 6: Samples with passivation layers deposited with ozone as oxidizer 

Layer Temperature (°C) Layer Temperature (°C) Anneal(°C) Comment 

- - Al2O3 100 350-450 O3 

- - Al2O3 175 350-450 O3 

- - Al2O3 250 350-450 O3 

SiO2 250 Al2O3 100 350-450 O3 

SiO2 250 Al2O3 175 350-450 O3 

SiO2 250 Al2O3 250 350-450 O3 

SiO2 250 Al2O3 175 350-450 Plasma capping 

SiO2 250 Al2O3 230 350-450 H2O capping 

SiO2 250 - - 350-450 O3 
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8. Results and discussion 

 SiO2/Al2O3 stack temperature optimization 
In this section the goal is to find the optimal deposition and annealing temperature 

where the SRV is minimized.   

The deposited SiO2 layer thickness was found to be quite constant at 10.06-11.01 nm at 

all temperatures. The Al2O3 layers turned out slightly thinner than wanted for the 

deposition done at 100 °C (mean value of 7.73 nm) while the higher temperatures had a 

thickness range between 9.03 and 9.93 nm. The accuracy of the thickness measurements 

is believed to be within 5 % of the true thickness from comparisons between 

transmission electron microscopy and SE data previously carried out at Fraunhofer ISE. 

The lower thickness is not expected to have a big impact on the passivating qualities 

since a thickness below 5 nm is necessary for the passivation to be seriously affected 

[11]. 

Lifetime measurements showed a large variety between the samples processed at 

different conditions, see Figure 12. 𝑆𝑒𝑓𝑓 varied over four orders of magnitude (7.4 cm/s to 

2300 cm/s) for the first batch. By calculating the mean value for each of the repeated 

center point process and then comparing it to the grand mean, it was seen that average 

deviation was only 3 %. This indicates that the passivation does not vary as the process 

is repeated. Because of the large span of the results in the first batch, the model used 

lg 𝑆𝑒𝑓𝑓 as the predicted variable. 

 

Figure 12: Variability of samples for different process conditions. The marked area shows the repeated 
centerpoint process. 

To better understand how the deposition conditions and annealing temperature are 

connected, an annealing temperature variation was carried out. The results are seen in 

Figure 13. Generally, the SRV has a quadratic behaviour with respect to annealing 

temperature. This is especially true when the deposition has taken place at lower 

temperatures (SiO2 or Al2O3). As the deposition temperature increases, the curve flattens 

out for higher annealing temperature and becomes almost constant (see Figure 13 a-c 
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and d-f). Higher deposition temperatures may therefore be said to protect the 

passivation from deterioration at higher annealing temperatures. The effect is present 

both for SiO2 and Al2O3, however, the effect seems to be stronger at higher Al2O3 

deposition temperatures than for SiO2 (see Figure 13 c vs f). This may have implications 

for solar cell designs where a firing step is used to form metal contacts as it is known [37, 

64] that the passivation degrades somewhat after this step. In the firing process, 

temperatures up to around 800 °C are utilized so therefore a higher (175-250 °C) 

deposition temperature may be beneficial even though it does not give the best 

passivation qualities after anneal at ~375 °C (compare results after anneal at 375 °C and 

500 °C in a-c. It has been reported by Dingemans et al. that increasing the Al2O3  

deposition temperature leads to a denser film with less hydrogen content [38]. They 

suggested that as hydrogen is necessary for passivation of the Si/SiO2 interface there is a 

balancing act between having a sufficiently high concentration of H in the Al2O3 film for 

diffusion towards the interface while densifying the structure so that out-diffusion is 

reduced as the annealing temperature increases. It was shown [38] that a deposition 

temperature of ~200 °C provides a good compromise between these two properties. This 

is also seen here as the thermal stability of films deposited at 175-250 °C is better than 

for films deposited at 100 °C. Furthermore, it can be seen that lower SiO2 deposition 

temperature will always lead to better passivation, provided that the annealing 

temperature is somewhat in the optimal range (a-c). The opposite is true for the Al2O3 

deposition temperature, where a higher temperature is preferred over a lower.  

   

   

Figure 13: FGA temperature variation for SiO2/Al2O3 stacks deposited in a PEALD process. The annealing 
time was 15 min for each step. Only one sample per deposition condition was used for the whole annealing 

variation. The lowest observed 𝑆𝑒𝑓𝑓 is marked in each graph.  
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Because of the large step size in annealing temperature for the samples measured in 

Figure 12, the data from the annealing variation was also added to the model (as 

otherwise any changes in optimal annealing temperature for films deposited at different 

temperature would not be detected). The correlation between the experimental and 

predicted data is seen in Figure 14a. The model is able to reasonably well predict the 

resulting passivation (adj. 𝑅2 = 0.83) considering the wide range of deposition conditions, 

and that only three different levels were used to cover that range. From the residuals in 

Figure 14b no obvious trend can be observed, however it can be seen that for predictions 

of well passivated surfaces ( lg 𝑆𝑒𝑓𝑓 ≈ 1)  that the model overestimates the SRV. 

Furthermore, there are some quite large residuals corresponding to more than half a 

magnitude in size but most data falls within a quarter of a magnitude from the model. 

This is acceptable as samples processed in the same run could vary with a quarter of a 

magnitude. 

 

  
Figure 14: Correlation between experimental and predicted data (a), residuals (b). 

A great accuracy from the first model of the design space is not needed as it is intended 

to give a feel for the influence of the parameters and their interactions as well as to give 

information on where to perform the next experiment, not to use the values directly. A 

Pareto plot is helpful tool to visualize the importance of variables used in the model and 

is shown in Figure 15. The annealing temperature is the most important factor to 

consider and has a strong quadratic behaviour which is already known from previous 

studies [38]. It is quite expected that the annealing temperature corresponds to the 

largest effect since the range is so wide. On average, by moving away from an adequate 

annealing temperature (~375°C) by 125 °C will increase the SRV by almost an order of 

magnitude with a stronger effect if the temperature is decreased rather than increased 

(negative linear term). Other strong terms are the interaction terms between the 

SiO2/Al2O3 deposition temperature and the annealing temperature. This means that one 

has to consider changing the annealing temperature if the deposition temperature is 

changed in order to reach optimal passivation. Shifting of optimal annealing 

temperature depending on the Al2O3 deposition temperature has previously been 

reported in literature [38]. Concerning the SiO2 deposition temperature, one can see that 

the behaviour is strictly linear in the studied range and increases the SRV as the 

temperature increases. The Al2O3 deposition temperature has a combined quadratic and 

linear behaviour; similar to how annealing affects the passivation properties. Other 
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terms are not statistically significant as can be seen from the red lines in the Pareto plot 

(confidence intervals calculated using the confint function in R) .  

 

Figure 15:  Influence of the variables used in the model. The factors with a larger coefficient should be 
chosen more carefully compared to those which are smaller.  SiO2 and Al2O3  deposition temperatures are 

abbreviated Si and Al, respectively. Red lines correspond to the minimum value a variable needs to have for 
the confidence interval to not include zero with a confidence level of 95 %. 

Contour plots are shown in Figure 16 where the model has predicted the lg 𝑆𝑒𝑓𝑓 over the 

whole design space. In Figure 16(a), (b), and (d) one can see the large influence of 

annealing temperature. Choosing the wrong annealing temperature, especially one that 

is too low, is detrimental to the passivation properties. From Figure 16(a) it is shown 

that 𝑆𝑒𝑓𝑓  decreases slightly with lower SiO2 deposition temperature. This raises an 

interesting question whether the performance would further increase at sub-100 °C 

deposition temperatures. Depositing Al2O3 between 175 and 230 °C should yield the best 

results (Figure 16b), but moderate passivation can also be achieved at low temperatures 

of 100 °C. From Figure 16c one can see what the best combination of deposition 

temperatures are 𝑇𝑆𝑖𝑂2
= 100 °𝐶  and 𝑇𝐴𝑙2𝑂3

= ~175 − 230°𝐶 . This is consistent with a 

previously developed standard processes where deposition temperatures of 100 and 230 

°C are used for SiO2 and Al2O3 respectively.  Even though, as previously mentioned, that 

the model overpredicts the SRV for well passivated surfaces, the minimum of the model 

coincides with the minimum of the experimentally observed value (4 cm/s @ 𝑇𝑆𝑖𝑂2 =

100 °𝐶, 𝑇𝐴𝑙2𝑂3
= 175 °𝐶, 𝑇𝑎𝑛𝑛𝑒𝑎𝑙 =  400°𝐶). Finally, in Figure 16(d) the effect of having the 

same deposition temperature for both materials can be seen. The model shows a rough 

optimum around 175 °C and an annealing temperature of 390 °C. 
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Figure 16: Contour plots from empirical model showing how lg(Seff) evolves over the design space. The third 

factor is kept at its centerpoint. 

Further experiments carried out around the optimum yielded Figure 17. From this 

figure it‘s clear that optimum conditions has been reached. In Table 7 selected deposition 

conditions are compared. It can be seen that the difference of using optimal conditions 

for the same temperature and the optimal conditions for using different conditions are 

about 25 %. Therefore, if the goal is to obtain the absolute best passivation possible it is 

necessary to deposit different temperatures. By using the same temperature for both 

materials a good passivation may also be reached and it could be a better choice in some 

circumstances. For industrial application especially, the increased time and cost needed 

to either cycle the reactor temperature between high and low values or have two 

separate reactors is not likely worth the slightly better performance.  
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Figure 17: Optimization of deposition and annealing temperature. Values on contour lines represents 𝑆𝑒𝑓𝑓 

(cm/s). 

. 

Table 7: Comparison of Seff for some selected conditions. Predicted value comes from local model generated 
from the second batch 

 SiO2 

temperature 

(°C) 

Al2O3 

temperature 

(°C) 

Annealing 

temperature 

(°C) 

Experimental 

Seff (cm/s) 

Predicted 

Seff (cm/s) 

Overall best 

conditions 

100 175 400 4  - 

Best 

predicted 

conditions 

for same 

temperature 

140 140 395 5.3 5.2 

  

8.1.1. Chemical analysis 
The nature of chemical bonds in the films were analysed with FTIR. The experimentally 

found peaks were compared to those found in literature, Table 8.  Figure 18a shows the 

spectra for SiO2 films deposited at 100-250 °C. The characteristic strong SiO2 peak can 

be seen at 1160 cm-1. From the O-H band at 3800-3000 cm-1 it can be seen that the film 

deposited at 250 °C have more O-H groups than the films deposited at lower 

temperatures. Residual water is believed to be generated as reaction product in the 

plasma exposure step [28] and it appears therefore that a higher substrate temperature 

may trap this water vapor more easily. However, considering that a higher deposition 

temperature should also make desorption of surface H2O easier during purge, this seems 

unlikely. A larger O-H peak would also suggest that that the films have higher hydrogen 

concentration. This is however in contrast to findings in a different study [28] where the 
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hydrogen concentration was seen to slightly reduce as the deposition temperature 

increased. The validity of increasing O-H concentration with deposition temperature is 

therefore put into question and cannot easily be explained. More experiments are needed 

to confirm this trend.  Comparing the peak for hydrogen bonded O-H (O-H--) at 3200-

3400 cm-1 with the water peak it is noticed that the relative intensities change before 

and after annealing. The peak for hydrogen bonded OH becomes less pronounced which 

means that some chemical restructuring happens during the annealing step. 

Interestingly, some Si-H bonds are generated already in the as-deposited state and 

increases with deposition temperature. After annealing however no significant difference 

could be found. From the peak at ~1640 cm-1 C=C bonds were identified and present at 

all temperatures, both before and after annealing. 

 

 
 

Figure 18: FTIR spectra for SiO2 (a), Al2O3 (b) films deposited at different temperatures in a PEALD process. 

For Al2O3 films deposited at different temperatures, Figure 18b, it can be seen that at 

the amount of O-H groups is reduced as the temperature increases. It has been reported 

that there is a decrease in hydrogen concentration as the deposition temperature 

increase [38]. Assuming that most of the hydrogen in the film is bonded to oxygen this 
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correlates well with what is found in this study. Similar FTIR studies has shown the 

same trend [65, 66] with decreasing O-H groups as the deposition temperature increase. 

At ~2900 cm-1, a peak for CH3 is present at all deposition temperatures and likely comes 

from TMA which has not undergone complete reaction. No signal (or very weak) of 

hydrogenated Si is found between 2280-2080 cm-1 either before or after annealing. At 

1600-1400 cm-1 a rather wide absorption band is observed which has been attributed to 

impurities containing C=O, C=C, or COO bonds [60]. At increasing temperatures there 

seems to be fewer impurities which suggests that higher temperatures lead to more 

complete reactions and higher quality films. At ~1050 cm-1 the SiO2 peak is shown. This 

peak could either come from the interfacial SiOx layer or the native oxide as only one 

side of the wafer was deposited with Al2O3. 

Table 8: IR peak positions 

Bond Wavenumber (cm-1) Comment Source 

Si-O-Si 1130-1000  [67] 

Si-O-Si 1080 Stretching [68] 

Si-O-Si 800 Bending [68] 

Si-O-Si 460 Rocking [68] 

Si-H 2280-2080 (strong), 950-800  [67] 

Si-CH3 1260 Precursor residue [67] 

SiO-H 3640 O-H stretching [68] 

SiO-H— 3400-3200 Hydrogen bonded [67] 

SiO-H* 3750 Isolated SiO-H on silica surface [67] 

AlO-H 2600-3800 O-H stretching [69] 

H2O 3400 O-H stretching [68] 

C=C 1600-1680  [70] 

CH3 2900 Precursor residue [69] 

C-O 1150-1185 Aliphatic ether [71] 

C-O 1210-1163 Ester [71] 

 

 

8.1.2. Electrical properties 
Two typical CV curves can be seen in Figure 19 showing the difference between a well-

passivated sample (panel a) and a poorly passivated sample (panel b). Some qualitative 

information can directly be observed. The curves are shifted along the 𝑉𝐺 axis because of 

fixed charges present in the oxide. A shift in the positive 𝑉𝐺 direction corresponds to a 

more negative fixed charge density. Furthermore, by doing voltage sweeps at both high 

and low frequencies, information about energy traps can be obtained as they will add 

excess capacitance. At a high frequency, the trap response time is not fast enough to be 

activated which means that the only observed capacitance is the series capacitance of the 

oxide and semiconductor. For low frequencies, the traps become charged and an extra 

capacitance is observed. Thus, it can easily be seen that there are fewer defects for the 

sample in Figure 19b than a, as there is a larger difference in capacitance between high 



44 
 

and low frequency. It can also be noticed that the MOSCAP goes into deep depletion 

instead of forming an inversion layer in the silicon. This was observed for almost all 

samples. Similar behavior was observed in a study by Dingemans et al. [20]. The 

evolution of 𝐷𝑖𝑡 as a function of annealing temperature can be seen in Figure 20a.  As 

expected, the chemical passivation is only moderate after annealing at 250 °C. After 

annealing at 375 °C, the defect density reaches a minimum and all samples showed good 

chemical passivation with a 𝐷𝑖𝑡 < 1011𝑒𝑉−1𝑐𝑚−2 and are comparable to those previously 

found for similar stacks [20, 37].   Further increasing the annealing temperature to 500 

°C causes a slight increase in 𝐷𝑖𝑡 , indicating that the interface is beginning to 

deteriorate. Although there is a rather large difference between some samples after 

annealing at 250 °C (see error bar), no clear trend, either from an increase in SiO2 or 

Al2O3 temperature, could be elucidated. At higher annealing temperatures, the 

interfacial defect density was reduced and all samples had roughly similar 𝐷𝑖𝑡 . Any 

difference from the deposition is thus erased after annealing because of restructuring of 

the interface. The increase in 𝐷𝑖𝑡 for a high annealing temperature explains, at least 

partially, why 𝑆𝑒𝑓𝑓 is increased at 500 °C (see Figure 13).   

  
Figure 19: Typical CV curves for SiO2/Al2O3 stacks with bad passivation (a), good passivation (b). 

Annealing not only suppress defects but also affects the fixed charge density as seen in 

Figure 20b. Increasing the annealing temperature decreases 𝑄𝑓  and may induce a 

change in polarity from fixed positive charged to fixed negative charges. At 375 °C a 

rather low 𝑄𝑓 in the order of 1011 𝑐𝑚−2 can be observed. At an annealing temperature of 

500 °C, a negative 𝑄𝑓 was observed irrespective of deposition temperature. The same 

figure also shows that there is a large influence of the SiO2 deposition temperature on 

𝑄𝑓 . By increasing the temperature, 𝑄𝑓  may substantially be altered to the point of 

changing polarity. This effect is strongest when the samples are closer to their as-

deposited state. At an annealing temperature of 500  °C no clear correlation was found 

between the deposition temperatures and 𝑄𝑓.  

The difference in 𝑆𝑒𝑓𝑓 found between the samples deposited at different temperatures 

may be explained by a change in 𝑄𝑓 and thus the field-effect passivation. This effect is 

especially strong as the SiO2 deposition temperature is changed while the influence of 

the Al2O3 deposition temperature on the electrical properties of the interface is unclear, 

although a temperature of ~175-250 °C seems to provide the best surface passivation. A 
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low SiO2 deposition temperature provides a stronger positive 𝑄𝑓  which increases the 

field-effect passivation.  It is reasonable that the effect of Al2O3 deposition temperature is 

not so great considering that, ultimately, it is the interface between c-Si and the 

dielectric just above which determines level of surface passivation.   

  
Figure 20: 𝐷𝑖𝑡 as a function of annealing temperature (a), 𝑄𝑓 as a function of annealing temperature (b). The 

processing conditions are from the first batch in Table 4. Note that the Al2O3 temperature was free to vary in 
(b). The error bars shows the range between all deposition conditions. If no error bar is present in (b) then 

only one sample was measured. 

 

 Thickness variation of SiO2 in SiO2/Al2O3 stacks  
The thickness of the SiO2 greatly influences the passivation properties of SiO2/Al2O3 

stacks. In Figure 21a, the effective lifetime is plotted against number of ALD cycles and 

nominal thickness for both n- and p-type wafers. The lifetime is highest for Si passivated 

with only Al2O3 (3.4 ms and 0.9 ms for n- and p-type respectively), confirming the 

excellent passivation qualities of this material. The lifetime decreases with increasing 

SiO2 thickness increase to a thickness of about 1-2 nm (nominal) which corresponds to 

the lowest observed lifetime. As the thickness increase further, the lifetime increases 

again and saturates to a value ~30 % lower than Si passivated with only Al2O3. Some 

reasons for the overall lower 𝜏𝑒𝑓𝑓 for p-type wafers could be iron contamination (capture 

cross section for electrons is higher than for holes [72]), higher doping concentration 

needed to reach a resistivity of 1 Ωcm, or weaker field-effect passivation (described 

below).  𝐷𝑖𝑡 was found to be independent or somewhat decreasing with increasing SiO2 

thickness (for n-type), confirming that the change in lifetime is unrelated to the chemical 

passivation (Figure 21d). Almost all samples showed a 𝐷𝑖𝑡  <5×1010 eV-1cm-2. It is 

interesting to note that the lifetime for p-type wafers saturates already after 25 cycles 

while for n-type wafers the lifetime increases well after that.  
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From SPV measurements, Figure 

21b, it can be seen how the band 

bending ( Φ0 ) change with the 

number of SiO2 deposition cycles. It 

should first be noted that SPV 

measurements are most sensitive 

when the semiconductor is in 

inversion mode. This means that 

when only a small band bending is 

detected the semiconductor could be 

in depletion or accumulation mode.   

In the n-type wafers, a strong band 

bending is observed up to 12 ALD 

cycles (~1.5 nm nominal) which 

indicates that an inversion layer is 

present up to this thickness. For the 

p-type wafers, a strong band bending 

is observed after 25 cycles (~3 nm), 

indicating that an inversion layer 

has formed.  

Interestingly, the lowest measured 

lifetimes correlate rather well with 

the point where the change in band 

bending is detected. The reduced 

level of surface passivation after 

deposition of only a few SiO2 ALD 

cycles has been previously observed 

in a different study [7] where a 

maximum in the surface 

recombination velocity was found at 

a thickness of ~4 nm. The difference 

in thickness between this study and 

[7] is likely due to a lower deposition 

temperature as it gives higher 

positive fixed charge density from 

SiO2 (see section 8.1.2) and thus the 

fixed negative charges from Al2O3 

are therefore more quickly 

compensated. It should also be said 

that more investigations are needed 

to fully understand the SPV data as 

a change in sign of 𝜙0 is expected as 

accumulation is reached. One would 

also expect a more gradual change in 

Figure 21: Effective lifetime (a), band bending (b), 
fixed charges (c), and 𝐷𝑖𝑡 (d) as a function of SiO2 
deposition cycles. Values in parenthesis shows the 
measured thickness from SE. Lines are guides for the 
eye. 
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band bending as the SiO2 thickness increases.  

 𝑄𝑓 as a function of number of deposition cycles is plotted in Figure 21c. Immediately one 

can observe a difference between n- and p-type wafers where the p-type has more 

positive fixed charge density than n-type. Assuming that Al2O3 becomes negatively 

charged from injection of electrons via tunneling through the SiO2 layer as previously 

suggested in [7, 32], this is consistent with the results presented here. When Al2O3 is 

deposited directly on Si it could be that there are not enough electrons in a p-type wafer 

to fully saturate all defect states in the film which may contribute to negative fixed 

charge density and thus a lower negative fixed charge density is observed. One may 

argue that during anneal the number of available electrons increase dramatically which 

should be enough to saturate the defects state. However, it could be that during 

cooldown detrapping occurs which again lowers the negative 𝑄𝑓. Whether this occurs 

would depend if it is energetically favorable for the electrons to return to the Si. For p-

type wafers,  𝑄𝑓 quickly saturates to ~+3×1012 cm-2 after only ~2 nm which is similar to 

what is found for Si passivated with a (thick) single layer SiO2 in an n-type material [20]. 

This suggests that any influence of Al2O3 on the field-effect passivation quickly 

disappears as SiO2 thickness increases. This is consistent with the lifetime, which also 

saturates with thicker SiO2 films. The quick saturation of 𝑄𝑓 is thus hypothesized to be a 

consequence of tunneling together with the lack of available electrons which strongly 

reduces the chance of carrier injection to Al2O3. In contrast, in an n-type material, 

electrons are readily available and a much higher negative 𝑄𝑓  of ~-8×1012 cm-2 is 

observed. 𝑄𝑓 is not leveling out after a new nanometers since more electrons can tunnel 

through the SiO2 layer and charge Al2O3. This is consistent with the lifetime, which 

levels out more slowly with thicker SiO2 films. 

In Figure 21d 𝐷𝑖𝑡 is plotted as a function of number of cycles. It can be seen that p-type 

wafers show in general a slightly higher 𝐷𝑖𝑡 than the n-type wafers. P-type wafers are 

also not affected by an increasing SiO2 thickness while n-type wafers demonstrate a 

decrease for thicker films. A very low 𝐷𝑖𝑡 value of 5×109 eV-1cm-2 was found for a SiO2 

thickness of 20 nm. The chemical passivation in SiO2/Al2O3 stacks can therefore be said 

to be at least as good as single layer Al2O3 and adding a SiO2 layer (up to 20 nm) does not 

hinder hydrogen from diffusing towards the Si/SiO2 interface. 

 Passivation of SiO2/Al2O3 on phosphorous doped emitters 
So far, the passivation properties of SiO2/Al2O3 on Si have been investigated from the 

point of view of fundamental research. In a real solar cell, the silicon is heavily doped 

close to the surface where most of the light is absorbed. Furthermore, the surface is 

textured and has an antireflection coating of SiNx. As SiO2 contains fixed positive 

charges, SiO2/Al2O3 stacks could be more suited to p-type solar cells with an n+ emitter 

than Al2O3 on its own.  𝑖𝑉𝑜𝑐 and 𝑖𝐹𝐹 are compared together with lifetime curves for SiNx, 

SiO2/SiNx and SiO2/Al2O3/SiNx at different process conditions, in order to evaluate their 

differences. These passivation layers are compared to a reference Al2O3 passivated 

sample on which an antireflection coating of SiNx is deposited.  

The injection dependent lifetimes for some stacks are seen in Figure 22. From this graph 

it is shown that the reference Al2O3/SiNx stack has a reduced lifetime in the 1013-1015 cm-
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3 range compared to the stacks which has SiO2 closest to Si. Other studies have 

previously observed decreased lifetime at low injection densities for n-type wafers 

passivated with Al2O3 [7, 30]. This has been related [73] to an inversion layer forming 

close to the Si surface which provides good transport of minority carriers towards any 

poorly passivated surface region. The injection level dependence will have an influence 

on 𝑖𝐹𝐹 as is later shown. 

 

Figure 22: Injection dependent lifetime curves after FGA at 450 °C. 

In Figure 23, 𝑖𝑉𝑂𝐶 and 𝑖𝐹𝐹 are plotted as a function of annealing temperature. In Figure 

23a, 𝑖𝑉𝑜𝑐 are compared for stacks with and without Al2O3. First it can be noted that SiNx 

cannot replace beneficial effect of Al2O3 as incorporating this layer led to a significant 

increase in 𝑖𝑉𝑂𝐶. The temperature at which SiO2 is deposited in SiO2/Al2O3/SiNx stacks 

can be seen to strongly influence 𝑖𝑉𝑂𝐶, increasing it by 25 mV in as-depsosited conditions 

and 16 mV after anneal at 500 °C. This is consistent with what was previously found in 

section 8.1 where lower SiO2 deposition temperatures yielded higher lifetime. Heavy 

doping at the surface does therefore not alter this trend. Interestingly, the stacks 

without Al2O3 were found to be independent of the SiO2 deposition temperature. The 

reference sample is comparable to the SiO2/Al2O3/SiNx stack where SiO2 has been 

deposited at 230 °C. It is noted that the reference sample has a high 𝑖𝑉𝑜𝑐 even at as-

deposited conditions. This is likely due the passivation already being activated from the 

SiNx deposition, as the temperature can be spatially inhomogeneous in the deposition 

chamber (set temperature 350 °C). For most samples, the optimum annealing 

temperature is between 450-500 °C, and some may have slightly better performance at 

temperatures above 500 °C. Although 𝑖𝑉𝑂𝐶 is rather high for the reference sample, it had 

a substantially lower 𝑖𝐹𝐹 compared to all other samples (Figure 23c) which demonstrates 

the necessity of the SiO2 layer. The reason for the low 𝑖𝐹𝐹 is that it is evaluated at MPP 

conditions which is found at low injection levels (~1014-1015 cm-3) and thus is greatly 

affected by the decrease in lifetime found here for the Al2O3/SiNx stack. The decrease in 

lifetime likely arises from the high negative fixed charge density of Al2O3. This charge 

will push the electrons in the phosphorous doped region towards the p-n junction, 

creating an inversion layer just below the surface, thus increasing recombination. Since 

SiNx generates fixed positive charges [74], similarly to SiO2, all other samples will have 

an accumulation layer which benefits the lifetime at low illumination injection levels and 
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thus 𝑖𝐹𝐹. For these, the fill factor stayed rather unaffected by annealing at a rather high 

level around 83.5%. 

In Figure 23b it is shown how SiNx combined with either SiO2 or Al2O3 affect 𝑖𝑉𝑜𝑐 for both 

planar and textured surface. Depositing a SiO2 layer with ALD below SiNx showed a 

rather similar similar 𝑖𝑉𝑜𝑐   after annealing at 450 °C. Depositing a SiO2 layer first 

perhaps lessen the impact of texturing the surface. The plasma oxidized (PO) sample has 

a substantially higher 𝑖𝑉𝑂𝐶, in the same range as the reference. This result is not too 

surprising considering that plasma oxidizing probably yield a similar (although possibly 

thicker) interfacial SiOx as Al2O3 deposited in a plasma process. The 𝑖𝐹𝐹 is again lower 

for the reference sample compared to the others (Figure 23d). One can also notice the 

rather unusual behaviour comparing planar and textured samples. In some cases the 

textured samples shows slightly higher 𝑖𝑉𝑂𝐶 than the planar samples, which is opposite 

of what one would expect. This is most likely due to some kind of contamination of the 

wafers during one of the processing steps. This contamination could be seen before 

passivation activation by photoluminescence imaging (not shown) as dark areas of the 

wafers and was especially visible around the wafer edge but also towards the centre. The 

textured samples showed less contamination around in the centre region than the planar 

samples, making the planar samples in some cases appear worse than what they should 

be. Therefore, it is difficult to directly compare if the SiO2 deposition process has an 

impact on the passivation degradation when the surface is textured. 

Increasing the thickness of the SiO2 layer to 20 nm showed a decrease in 𝑖𝑉𝑂𝐶 of ~17 mV 

in SiO2/Al2O3/SiNx stacks after annealing at 500 °C. This decrease is probably related to 

a slightly weaker field-effect passivation. 

  

  



50 
 

  
Figure 23: iVoc and 𝑖𝐹𝐹 as a function of annealing temperature for stacks with and without Al2O3 for 

different SiO2 deposition temperatures (a). 𝑖𝑉𝑂𝐶 comparison for SiN combined with SiO2 or Al2O3 for textured 
and planar samples (b), 𝑖𝐹𝐹 as a function of annealing temperature for stacks with and without Al2O3 for 

different SiO2 deposition temperatures (c), 𝑖𝐹𝐹 comparison for SiN combined with SiO2 or Al2O3 for textured 
and planar samples (d). 

In Figure 24a, 1/𝜏𝑒𝑓𝑓 is plotted as a function of the minority carrier density. Using these 

curves it is possible to determine the recombination parameter 𝐽0 from the slope. The 

spreadsheet from Kimmerle et al. [62] was used for data analysis which accounts for 

band gap narrowing and charge carrier diffusion effects. In Figure 24b, 𝐽0 is plotted as a 

function of annealing temperature. All samples show a decrease in 𝐽0 as the annealing 

temperature increases and the passivation can be said to be fully activated after 

annealing at 500 °C.   The Al2O3/SiNx stack has the lowest 𝐽0 which is slightly reduced 

with annealing temperature, reaching as low as 10 fA/cm2 after annealing at 500 °C. 

These results correspond well with the lifetimes at high injection densities where 

Al2O3/SiNx and SiO2/Al2O3/SiNx performed the best. Comparing the SiO2/SiNx and 

SiO2/Al2O3/SiNx stack, it shows again that the latter is superior and had a lower 𝐽0 both 

in the as-deposited and annealed state. PO SiO2/SiNx showed a rather high 𝐽0 in the as-

deposited state but was comparable to SiO2/Al2O3/SiNx after anneal. Details for some 

selected samples are seen in Table 9. 

  
Figure 24: Determination of 𝐽0 from slope at an injection level of 1×1016-2x1016 for samples annealed at 500 
°C (a), 𝐽0 as a function of annealing temperature (b). Dashed lines shows linear fit. Al2O3 is deposited at 230 

°C (180 °C for reference sample). Planar samples. 

It has thus been shown that the temperature dependence of SiO2 in a SiO2/Al2O3/SiNx 

stack shows similar behaviour as in SiO2/Al2O3 stacks: lower deposition temperature 
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yields better passivation.  Although passivating with Al2O3 directly on Si shows high 

lifetimes at high injection densities, if the illumination is <1 sun the lifetime and thus 

𝑖𝐹𝐹  is greatly reduced in favour for the stacks which contains an intermediate SiO2 

layer. The SiO2/Al2O3/SiNx stacks are therefore recommended to use for p-type wafers 

with phosphorous doped emitters. Also noteworthy is plasma oxidized SiO2, which 

showed comparable passivation qualities to the SiO2/Al2O3/SiNx stack and may be an 

attractive alternative in some cases. 

Table 9: Properties of some selected samples after annealing at 450 °C. PO – plasma oxidized. Planar 
samples. 

 𝜏𝑒𝑓𝑓 (ms) 𝑆𝑒𝑓𝑓 (cm/s) 𝑖𝑉𝑂𝐶 (mV) 𝑖𝐹𝐹 𝐽0 (fA/cm2) 

SiO2 @130°C/ 

Al2O3 / SiNx 
2.3 3.7 710 84.1 19.2 

 
SiO2 @130°C/ 

SiNx 
0.7 16.1 669 

 

84.1 78.5 

 
SiO2 (PO) / 

SiNx 
1.8 5.1 700 84.4 32.4 

Al2O3 / SiNx 0.9 12.6 

 

701 

 

78.5 

 

12.8 

 

 

8.3.1. High-efficiency p-type solar cell 
At Fraunhofer ISE, p-type Si solar cells with front side n+ emitter and rear side p-

TOPCon BSF were produced with the goal of creating a high efficiency solar cell with the 

SiO2/Al2O3 passivation stack and the SINx antireflection coating developed in this thesis. 

The production process for these cells is rather complex and is based on a lab process 

including photolithography for all structuring and lift-off processes. The cell size is 2x2 

cm2 and seven cells were produced on a 4 inch wafer. The final cell structure can be seen 

in Figure 25c. The base material is 1 Ωcm p-type FZ Si (thickness 250 µm) which has 

been textured on the front side. The front side has a phosphorous doped emitter region 

(180 Ω/sq) and is passivated with a SiO2/Al2O3 stack (deposited with PEALD at 130/230 

°C, see previous section) on which an ARC of SiNx is deposited. The contacts are stacks of 

Ti/Pd/Ag. Ti and Pd have each a thickness of 50 nm and are used for low contact 

resistance, hinder metal intermixing (as a diffusion barrier is created [75]), and to 

improve adhesion to Ag (thickness 8.5 µm) which is the principal material used for the 

contacts. The front side contacts are passivated by heavily doping beneath the contact 

surface (ion implantation <50 Ω/sq). On the backside, a p-TOPCon layer can be found 

consisting of a SiOx tunnel oxide (~1.6 nm) capped with boron-doped poly-S layer (~20 

nm) similarly to what was done in by Feldmann et al. in [76]. The backside Ag contact 

covers the entire surface. In Figure 25a, the symmetrical cell structure used for 

preliminary lifetime tests is seen where the surface has been doped, passivated, and 

then coated with an ARC. Figure 25b shows the cell before metallization.  
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Figure 25: Symmetric cell structure for testing surface passivation (a), cell structure after contact opening 
(b), final cell structure with metallization (c). 

Figure 26 shows quantum efficiency (QE) measurements of a finished cell. The quantum 

efficiency is the ratio of the number of charge carriers collected by the solar cell to the 

number of photons incident to the solar cell at a given wavelength. If all photons are 

absorbed at a certain wavelength and the resulting charge carriers are collected then 

QE=100% at that particular wavelength. From the graph two quantum efficiencies are 

seen: the external quantum efficiency (EQE) and the internal quantum efficiency (IQE). 

The EQE counts all photons incident to the solar cell and thus includes optical losses 

from reflection (R). The IQE counts only the photons which are actually absorbed by the 

material and is thus the EQE curve corrected for reflection. Ideally the QE has a square 

shape but in practice it is not due to recombination effects. In Si, shorter wavelengths 

have a higher absorption coefficient than longer wavelengths and thus the wavelength 

may also tell where in the solar cell the light is absorbed and where the charge carriers 

are recombining. The characteristic absorption depth for a wavelength of 500 and 600 

nm is ~1 µm and ~3 µm respectivily. Thus, wavelengths <500 to 600 nm are sensitive to 

the front side properties as they are absorbed in or close to the emitter. Wavelengths of 

~1000 nm have an absorption depth of ~200 µm and are thus absorbed close to the back 

surface (or transmitted if there is no full area metal contact). The absorption depth 

increases rapidly at wavelengths >1000 nm and are thus very sensitive to light trapping 

effects. The intermediate wavelengths are usually absorbed somewhere in the base 

material. From the IQE curve it can be seen that the IQE starts at around 83 % for light 

that is absorbed close to the surface (300 nm). Ideally, the IQE would be close to 100% 

provided that a very low surface recombination exists. For the solar cells, the front 

surface recombination reduces the IQE but can still be considered to be rather high due 

to the effectiveness of the SiO2/Al2O3 passivation stack. Parasitic absorption in the SiNx 

and passivation layers also contributes to lowering the IQE. The difference between EQE 

and IQE originates from a large portion of photons being reflected. For light that is 

absorbed in the base, almost all photogenerated charge carriers are collected as the IQE 

is close to 100 %. The IQE as well as EQE is strongly reduced above ~1000 nm due to 

reflection losses as well as recombination at the back surface.  

The QE data may be further analysed to determine the maximum photogenerated 

current and the source for current losses. From the AM1.5G spectrum the number of 

incoming photons per wavelength can be calculated. Multiplying this value with the 

EQE for each wavelength gives the number of electrons generated at that wavelength. 

The maximal photocurrent generated is then given by simply summing the number of 

electrons generated over the whole spectrum and multiplying with the elementary 

charge. From the reflection curve it is possible to estimate the origin of current losses 

since 𝑅(𝜆) = 𝑅𝑔𝑟𝑖𝑑 + 𝑅𝑒𝑠𝑐𝑎𝑝𝑒(𝜆) + 𝑅𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛(𝜆) . The current loss from contact 
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shading can be estimated by assuming that the minimum observed reflectivity value is 

the reflectivity of the contacts 𝑅𝑔𝑟𝑖𝑑 (constant over whole range). The current loss from 

front side escape can be estimated by linearly fitting R between 850-950 nm and 

assuming that transmission starts from wavelengths of 950 nm. The reflection from 

surface reflection is then 𝑅𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛(𝜆) = 𝑅(𝜆) − 𝑅𝑔𝑟𝑖𝑑 − 𝑅𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛(𝜆). Finally the 

probability of parasitic absorption (recombination throughout the cell and absorption in 

the surface layers) is obtained from  𝑃𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛(𝜆) = 1 − 𝑃𝑛𝑜𝑡 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 − 𝑃𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 =

1 − 𝑅 − 𝐸𝑄𝐸 which is used to estimate the current loss. The results from this analysis are 

seen on right hand side of Figure 25. From this analysis the maximum photogenerated 

current is estimated to 40.6 mA/cm2. The losses account for 5.7 mA/cm2 which 

corresponds to 12 % of the photons being wasted within the studied range. If these losses 

could somehow be avoided the photogenerated current could increase to 46.3 mA/cm-2. 

Parasitic absorption at the back surface seems to be responsible for the largest loss 

together with front side escape losses. The parasitic absorption at the surfaces could 

come from absorption in the passivation layers and ARC, free carrier absorption, and 

recombination. The front surface shows a current loss of about half that of the rear side. 

This illustrates the importance of further research concerning rear surface passivation 

and also that incorporating light trapping technologies could potentially lead to higher 

efficiencies.  

 

Source 
𝑱 

(𝑚𝐴/𝑐𝑚2) 

Grid shading 0.579 

Front side 

reflection (no grid) 
1.149 

Frotn side escape 1.500 

Parasitic 

absorption front 
0.854 

Parasitic 

absorption rear 
1.616 

  

EQE 40.622 

Sum 46.3 
 

Figure 26: External quantum effieicny (ECE), internal quantum efficiency (ICE) and reflection (R) 
measurements of a finished cell (left) with current loss analysis (right). 

The IV characteristics for the finished solar cell are seen in Table 10 together with data 

from lifetime measurements of the symmetrical sample and the cell after contact 

opening. The conversion efficiency for the finished cells is 19.9±0.4 % (best cell 20.59 %). 

For the non-symmetrical samples, the recombination parameter 𝐽0 is  calculated from the 

well-known equation 𝑉𝑂𝐶 =
𝑛𝑘𝑇

𝑞
ln (

𝐽𝑠𝑐

𝐽0
+ 1), where 𝑛 is the ideality factor (assumed to be 

equal to 1), 𝑘  is the Boltzmann constant, 𝑇  is the temperature (298.15 K), 𝑞  is the 

elementary charge and 𝐽𝑆𝐶  is the short circuit current (estimated from the 𝐽𝑆𝐶  of the 

reference solar cell of the QSSPC tool multiplied with the optical factor). The 𝐽0 for the 

symmetric sample was, as previously, calculated using the spreadsheet from Kimmerle. 

Comparing the symmetrical sample with the cell after contact opening, it can be seen 
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that the 𝐽0 increases from 29.8 fAcm-2 (93.8 fAcm-2 from diode equation) to 156 fAcm-2. A 

similar 𝐽0 was observed before and after contact opening. This means that it is not 

actually the contact opening itself which is responsible for the increase in recombination 

current but rather degradation of the front surface passivation or increased 

recombination from the rear due to the TOPCon layer. Nevertheless, from the 

symmetrical samples it is shown that the SiO2/Al2O3/SiN stacks on the front side 

passivate rather well and is a good choice for phosphorous doped emitters. After 

metallization, 𝐽0 has further increased to a relatively large value of 469±70 fAcm-2 which 

is a direct result of the rather low 𝑉𝑂𝐶  measured for the completed cells. The 

recombination at the front surface (including the metallized contacts) can be estimated 

as 𝐽0𝑓𝑟𝑜𝑛𝑡
= 𝐽0 − 𝐽0𝑏𝑢𝑙𝑘

− 𝐽0𝑟𝑒𝑎𝑟
= 469(±70) − 6.50 − 11.0 = 451 ± 70  fAcm-2. 𝐽0𝑟𝑒𝑎𝑟

 is 

obtained from QSSPC measurements on a symmetrical sample passivated with the p-

TOPCon film. 𝐽0𝑏𝑢𝑙𝑘
 is obtained from GridSim IVSolver (developed by A. Richter at 

Fraunhofer ISE). From this calculation, it can be seen that the front side passivation 

appears to have severely degraded during the e-beam metal evaporation process and 

could be related to x-ray induced damage from Bremsstrahlung. Further research to 

determine the exact cause of this degradation and how to avoid it is needed to 

consistently reach 20% efficiencies and beyond for these cells. 

Table 10: Cell characteristics (mean ± std). 𝐽0 for the symmetrical sample was calculated with the 
spreadsheet from Kimmerle while 𝐽0 for the other samples were calculated using the diode equation. 

Cell 
𝑽𝒎𝒑 

(𝑚𝑉) 

𝑱𝒎𝒑 

(𝑚𝐴𝑐𝑚−2) 

𝑷𝒎𝒑 

(𝑚𝑊𝑐𝑚−2) 

𝒊𝑽𝑶𝑪 

(𝑚𝑉) 

𝑽𝑶𝑪 

(𝑚𝑉) 

𝑱𝒔𝒄 

(𝑚𝐴𝑐𝑚−2) 

𝑱𝟎 

(𝑓𝐴𝑐𝑚−2) 

𝒊𝑭𝑭 

(%) 

𝑭𝑭 

(%) 

𝜼 

(%) 

Symmetrical 

(10 Ωcm) 
   692   

29.8 

 
83.2   

After contact 

opening 
   679   156 80.5   

Complete cell 
542.6 

±5.5 

36.7 

 ±0.4 

19.9 

 ±0.4 
 

646.7 

±4.5 

38.7 

 ±0.5 

469  

±70 
 

79.7 

±0.4 

19.9 

±0.4 

 

 

 Development of ozone-based ALD processes 
Processes for deposition of SiO2 and Al2O3 using ozone are presented below. These 

processes are not completely optimal, especially for SiO2 where the long deposition time 

reduced the number of experiments which could take place. The suggested recipes are 

believed to give a controlled GPC and refractive index, but do not necessarily reflect the 

best passivating properties. As an example, SiO2 was mostly deposited at rather high 

temperatures (230 °C) but it is possible that lower temperatures give better passivating 

films.    

8.4.1. SiO2 
Figure 27a shows the GPC of SiO2 in function of ozone dose time. It can be seen that 

already after 1 s exposure the GPC saturates to about 0.09 Å/cycle and does not increase 

for higher dose times. At 5 s dose time the GPC was cross checked for higher O3 purge 

times as well as longer BDEAS dose times to rule out that a CVD reaction is taking place 

or that the growth is limited by insufficient number of precursor molecules. It’s noted 

that the growth per cycle is very low compared to a plasma process (less than 10%) and 



55 
 

need to be increased in order to be practically viable. A wait step was introduced after 

the O3 exposure by closing the automatic pressure control (APC) valve to elucidate 

whether the reaction time was a limiting factor for the growth rate. From Figure 27b it 

can be concluded that by increasing the reaction time, the GPC could be substantially 

increased. After a 10 s waiting step the GPC had increased to 0.18 Å/cycle. 

  
Figure 27: GPC in function of ozone dose time. (a).GPC  as a function of wait time (APC valve closed) after 5 

s ozone exposure (b). 200 ms BDEASi dose, 2 s BDEASi purge, 20 s O3 purge (unless otherwise stated), 
substrate temperature 230 °C. 

In Figure 28 the GPC is plotted over deposition temperature. From this data, an ALD 

window where the GPC is independent of temperature is observed between 130-230 °C. 

At lower temperature, the GPC is reduced which suggests that there are incomplete 

reactions. At 330 °C, the GPC is almost doubled which suggests that the precursors are 

decomposing from the excessive heat and uncontrolled growth is taking place. The 

refractive index was shown to increase with temperature from 1.136 at 130 °C to 1.396 

at 330 °C although an intermediate refractive index of 1.318 was seen at 100 °C. This 

suggests that even though the growth at 330 °C might be uncontrolled, the film is 

possibly denser and with a lower O/Si ratio. It should be noted that the values of the 

refractive indices reported here is likely underestimated. The films are rather thin (6-7 

nm) which makes the measurements sensitive to the assumed thickness of the 

interfacial Si/SiO2 layer (which is unknown). Varying the interfacial Si/SiO2 thickness 

from 0 to 1 nm (1 nm assumed here) could lower the refractive index up to 0.2 (although 

for the most part the change was ~0.1). The GPC found here is significantly smaller than 

those in literature. Schwille et al. found that the GPC increased from 0.6 to 1 Ǻ/cycle as 

the temperature increased from 200 to 300 °C [78]. Although the absolute values differ, 

in terms of percent the increase is roughly similar, 84% (this study) vs 67%. Kamiyama 

et al. [79] gives an important clue to the overall low growth rate found in the data 

presented here. They saw that by increasing the reactor pressure from 1 to 5 torr 

induced an almost 4 fold increase in the GPC. Assuming that the relationship holds to 

~200 mtorr (the pressure held during ozone exposure) this fully accounts for the slow 

growth rate. Unfortunately, the FlexAl system is limited to a maximal operating 

pressure of 760 mtorr. Therefore, an increase in pressure was only tested up to 470 

mtorr. Although this showed an increase in the GPC, it was not as big as expected. As it 

takes some time (~2 seconds, 5 second total exposure time) for the chamber to reach this 
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pressure, the “effective” pressure is lower than thus the growth rate will be somewhat 

slower than expected.  

 

Figure 28: Temperature dependence of SiO2 ozone process. 200 ms BDEAS dose, 2 s BDEAS purge, 5s O3 
dose, 20-30s O3 purge. The line is a guide for the eye. 

Because of the slow growth rate, depositing SiO2 with ozone is not practical with the 

FlexAl system. An attempt to shorten the number of depositions needed for symmetric 

passivation was made by lifting a 4’’ wafer about 0.5 mm above the substrate holder, 

allowing gas to enter under the wafer and thus depositing on both sides simultaneously. 

This proved to be unsuccessful as only a ~2 nm thick layer was formed on the back side 

compared to ~7 nm on the front side.  

A suggested recipe for deposition of SiO2 with ozone is seen in Table 11. 

Table 11: Suggested recipe for SiO2 ozone process 

Substrate 

temperature 

(°C) 

BDEASi 

dose time (s) 

BDEASi 

purge time 

(s) 

O3 dose time 

(s) 

O3 wait time 

(s) 

O3 purge 

time (s) 

130-230 0.2 2 2 10 20 

 

8.4.2. Al2O3 

In Figure 29a the GPC is plotted as a function of TMA dose time. The GPC is almost 

independent of the TMA dose time and like a plasma process, an ultra-short TMA pulse 

of only 20 ms is sufficient to obtain an almost saturated GPC. There is a weak increase 

of the GPC as the TMA dose time becomes longer which could indicate that there are 

still some reactive sites which are still active. It should be noted that the TMA purge 

time was increased together with the dose time which should reduce the risk that the 

increase originates from a parasitic CVD reaction. An attempt to confirm that the 

increase in GPC stems from insufficient reaction time was done by closing the APC valve 

after TMA exposure and waiting for 1 s before purging. No increase of the GPC could 

however be observed which may be explained by the relatively slow closing time of the 

APC valve (~0.5 s), allowing most of the TMA to escape. The GPC could on the other 

hand be substantially increased (0.11 nm/cycle @40 ms(x3) vs 0.09 nm/cycle @1000 ms) 
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by operating the ALD in a multipulse mode by exposing the substrate to TMA three 

times (0.5 s purge between each pulse) in each cycle. An explanation for this could be 

that the multipulse mode removes any by-products that may hinder TMA to get close to 

the surface. By purging the chamber and then again introducing TMA, the leftover 

reactive sites may easily be reached and react with the precursor. In Figure 29b the 

influence of ozone dose time on the GPC is explored. There is a strong increase in the 

GPC up to ~125 ms after which the GPC slowly increases much more slowly. To control 

that no CVD took place, an ozone purge time variation was done for a dose time of 60 ms 

and it was observed that a purge time of at least 7 s was needed for a stable GPC. In 

Figure 29c it can be seen that the GPC is very stable with temperature which suggests 

that the process is operating in the “ALD window”. In literature [52, 80–84], the GPC 

has been reported to be in the range of ~0.07-0.2 nm/cycle between 30 and 400 °C. Elliot 

et al. [52] studied depositions between 150 and 300 °C and saw that depositing at lower 

temperatures yield thicker but less dense films. Kim et al. [83] on the other hand saw a 

rather unaffected GPC between 100 and 300 °C and a large increase below 100 °C. They 

suggested that the increase in GPC at low temperatures was because of an 

oversaturated film surface and a longer purge time is needed to remove these species. 

Seeing that, in this study, a comparatively long ozone purge time (20 s) was used for the 

temperature variation; it is consistent that the GPC does not increase significantly as 

the temperature is decreased.   

   

   
Figure 29: GPC/refractive index as a function of TMA dose time (a/d), O3 dose time (b/e, purge time 15 s 

unless otherwise stated), temperature (c/f, 40 ms TMA dose time / 4 ms TMA dose time /  1s O3 dose time / 20 
s O3 purge time).  

How the index of refraction is affected by the previously mentioned parameters is seen in 

Figure 29c-f. In general, a higher refractive index is often interpreted as an indication of 

a higher quality film. It can be seen that a TMA dose time of 500 ms and above yields a 

considerable increase which would suggest that this creates a superior film. From a 

practical standpoint however, ultra-short pulses are preferred as too much precursor 

would be used otherwise. No clear trend was seen as the ozone dose time increased and 

was stayed around 1.577±0.015 (std). The temperature had a rather large impact on the 
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refractive index, increasing from 1.55 to 1.63. It is interesting to note that even though 𝑛 

was increased considerably, there was no effect on the GPC. Thermal (H2O) ALD has 

also been shown to have a relatively stable GPC over a wide range of temperatures and 

an increase in refractive index with temperature [43]. A higher refractive index is 

directly linked with a higher mass density and it has been shown that the O/Al ratio and 

H concentration is reduced in Al2O3 as the deposition temperature increase [43]. Low 

temperature (150 °C) deposition with ozone has been linked to void formation which in 

turn gives a higher GPC [52]. It is argued that this originates from an inhomogeneous 

surface coverage hydroxyl groups. Here, a lower refractive index is observed while the 

GPC is constant when the temperature decreases. This suggests that voids are not being 

formed and that the hydroxyl coverage is homogeneous. The reason for this could again 

be the much longer purge time which gives surface species time to redistribute 

themselves and removes any excess. The difference in 𝑛  is therefore suggested to 

originate from a change of the O/Al ratio. 

A suggested recipe for deposition of Al2O3 is seen in Table 12. 

Table 12: Suggested recipe for Al2O3 ozone process 

Substrate 

temperature 

(°C) 

TMA dose time 

(ms) 

TMA purge 

time (s) 

O3 dose time 

(ms) 

O3 purge time 

(s) 

100-330 20 2 125 15 

 

8.4.3. TiO2 
Although TiO2 has been successfully deposited in the past [85], no growth could be seen 

in the preliminary tests conducted for this report using similar settings. The expected 

GPC was around 0.5 Ǻ/cycle but even after 200 cycles the film thickness was only around 

1.5 nm (expected 10 nm) which is likely from the oxidized silicon. It can be noted that in 

literature a very high O3 concentration was used which could be the reason that no 

growth was observed. It is not possible to change the ozone concentration with the 

current system configuration so therefore this could not be further investigated. More 

experiments needs to be done in order to elucidate why no growth was observed. 

 Optimization of annealing temperature of ALD ozone 

process 

After developing ALD recipes with ozone in section 8.4 the passivation properties of 

these layers were tested. In Figure 30a it can be seen that depositing Al2O3 directly on Si 

at 250 °C gives excellent passivation qualities with an 𝑆𝑒𝑓𝑓 of 1.2 cm/s after annealing at 

450 °C. At lower deposition temperatures the passivation levels off already at 400 °C and 

higher annealing temperatures does not further improve 𝑆𝑒𝑓𝑓 . From the injection 

dependent lifetime curves, Figure 30b, higher lifetimes are observed at all injection 

levels as the deposition temperature is increased. Furthermore, the lifetimes stay 

constant at low to medium injection densities which is especially important in practice 

where the illumination is <1 sun. This is rather interesting as Al2O3 on n-type c-Si 

normally shows a decrease of 𝜏𝑒𝑓𝑓 below an injection density of ~1015 cm-3 for a plasma 

process [11, 30, 86] but a stable 𝜏𝑒𝑓𝑓 for a H2O process [11].  
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Figure 30: Annealing variation for Al2O3 ozone films deposited at different temperatures (a), injection 

dependant effective lifetime for samples annealed at 450 °C. 

From CV measurements it was determined that the Al2O3 layers deposited with ozone 

had a very high negative fixed charge density which was present already in as-deposited 

conditions, see Table 13 .  After annealing the fixed charge density was kept at a high 

level and 𝐷𝑖𝑡  was reduced below 1011 eV-1cm-2. Increasing the deposition temperature 

seemed to more than double the magnitude of 𝑄𝑓  which led to the very low 𝑆𝑒𝑓𝑓 . 

Unfortunately, CV characteristics could not be extracted for the sample deposited at 250 

°C, but seeing that the lifetime further increases with deposition temperature it is 

believed that this causes even larger increase in 𝑄𝑓. The decrease of 𝜏𝑒𝑓𝑓 at low injection 

densities is usually attributed to the formation of an inversion layer [11] and an increase 

of SRH recombination [30]. It is therefore noteworthy that no such decrease is observed 

here. The reason for this could be the very effective chemical passivation (2×1010 eV-1cm-

2) which makes surface recombination from trap states unlikely. As mentioned above, it 

has been found that an H2O process has a stable 𝜏𝑒𝑓𝑓 as well. As an H2O process will 

induce a similar 𝐷𝑖𝑡 value [87] it is reasonable to assume that the chemical passivation is 

critical to whether a decrease in 𝜏𝑒𝑓𝑓 is seen at lower injection densities.  

For the 1MHz curve (deposited at 175 °C), a hysteresis of 270 mV was measured at the 

flat band voltage before annealing. After annealing, the hysteresis was reduced to 170 

mV. Two possible explanations for this are either mobile charges from impurities or fast 

trapping and detrapping of electrons in the oxide. Seeing that the hysteresis was reduced 

after annealing, which leads to a lower trap density, at least some of the hysteresis can 

be attributed to trap charging. The CV curves showed no change after several identical 

cycles which indicates that no new traps states are being generated.   

Stacks of SiO2/Al2O3 are compared in Figure 31a, where different oxidant where used for 

the Al2O3 capping film. From this it can be seen that the oxidant does not influence the 

general shape of how 𝑆𝑒𝑓𝑓  evolves with annealing temperature and that the optimal 

annealing temperature is around 350-375 °C. For an all plasma process, we can also see 

that the optimal annealing temperature should be in the same range. SiO2 without any 

capping layer provided practically no passivation after annealing (𝜏𝑒𝑓𝑓 ≈ 20 𝜇𝑠) which is 

similar to what one can expect from a plasma process. In Figure 31b, 𝑆𝑒𝑓𝑓 is plotted 

against annealing temperature for stacks in which Al2O3 had been deposited at different 
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temperatures. Similarly to the single layer case, the deposition temperature has a large 

impact on the surface passivation and again the best passivation is reached when Al2O3 

is deposited at 250 °C. 𝑄𝑓 for the stacks is an order of magnitude lower than for the 

single layers and is believed to be responsible for the higher 𝑆𝑒𝑓𝑓. This is rather expected 

as SiO2 should reduce the influence of Al2O3 by increasing the distance to the substrate. 

Comparing the SiO2/Al2O3 stack and the single layer Al2O3 it is observed that the 

chemical passivation after anneal is the same while there is a large difference in 𝑄𝑓. 

Therefore, the lower 𝑆𝑒𝑓𝑓 observed for single layer Al2O3 is a result of strong field-effect 

passivation.  

  
Figure 31: Annealing temperature variation for SiO2/Al2O3 stacks with different oxidants for the Al2O3 film 
(a). Deposition conditions: 𝑇𝑆𝑖𝑂2 = 250 °𝐶 (ozone unless otherwise states), 𝑇𝐴𝑙2𝑂3

= 250 (ozone), 175 (plasma), 

230 (water), FGA. Annealing temperature variation for SiO2/Al2O3 ozone stacks with different temperatures 
for Al2O3 films (b).   

 

 

 

Table 13: Details for some selected samples. 𝜏𝑒𝑓𝑓was not measured for the as-deposited samples.  

Layer 𝜏𝑒𝑓𝑓 (ms) 𝑆𝑒𝑓𝑓 (𝑐𝑚/𝑠) 𝑄𝑓 (cm-2) 𝐷𝑖𝑡 (eV-1cm-2) 

Al2O3 @100 °C 

(as deposited) 

- - - 5×1012 - 

Al2O3 @100 °C 

(FGA 450 °C) 

0.16 64 -4×1012 - 

Al2O3 @175 °C 

(as deposited) 

- - -1.2×1013 7.2×1011 

Al2O3 @175 °C 

(FGA 450 °C) 

1.16 7.2 -9×1012 2×1010 

SiO2 / Al2O3 @ 175 

°C (as deposited) 

- - - 5×1010 2.8×1011 

SiO2 / Al2O3 @ 175 

°C (FGA 375 °C) 

0.34 28 -5×1011 2×1010 
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Finally, comparing an ozone, plasma, and H2O process for Al2O3 it was observed that the 

ozone process offers significantly better surface passivation than the others (𝑆𝑒𝑓𝑓,𝑜𝑧𝑜𝑛𝑒 = 

1.2 cm/s, 𝑆𝑒𝑓𝑓,𝑝𝑙𝑎𝑠𝑚𝑎 = 4.4 cm/s, 𝑆𝑒𝑓𝑓,𝑤𝑎𝑡𝑒𝑟  = 20.2 cm/s). The H2O process is acknowledged 

to show a rather high 𝑆𝑒𝑓𝑓 compared to what is found in literature [43] where water and 

plasma have shown rather similar passivation after anneal. Nevertheless, it is clear that 

depositing Al2O3 with ozone has excellent passivation properties which is attributed to a 

low 𝐷𝑖𝑡 and very high negative 𝑄𝑓. 
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9. Conclusion and future work 
In this thesis surface passivation for Si-based solar cells with SiO2 and Al2O3 has been 

explored, both as a stack and single layer configuration. Focus has been put on 

temperature optimization both during deposition and also in the post-annealing step. It 

has been shown that these parameters are of utmost importance for the final passivating 

qualities of the film. In general one must consider the interaction between the 

temperatures for optimal performance as these all have an effect on passivation 

properties. 

For a SiO2/Al2O3 stack system, the influence of deposition and anneal temperature of 

𝑆𝑒𝑓𝑓 was explored in a systematic approach using RSM which allowed the exploration of 

a wide range of process conditions with a limited number of samples. From this 

investigation it was seen that it is possible to create well-passivated surface by utilizing 

the same deposition temperature for both materials. The deposition temperature of SiO2 

was linked to the fixed charge density which provides field-effect passivation. Generally, 

a lower deposition temperature of SiO2 is preferable. The deposition temperature of 

Al2O3 was also important for the carrier lifetime, however no direct relation could be seen 

between the fixed charge density or 𝐷𝑖𝑡 and the temperature when deposited in a stack 

configuration. By annealing, the interface restructures and affected both 𝑄𝑓  and 𝐷𝑖𝑡 . 

Varying the thickness of the intermediate SiO2 layer allowed tuning of the fixed charge 

density and weather an inversion or accumulation layer was present. Engineering the 

passivating films can thus done by choosing both the proper temperatures and thickness. 

This may be used to tailor passivation layers for different solar cell configurations so 

that optimal performance may be achieved. 

SiO2/Al2O3 stacks proved to be better than a single layer Al2O3 when an anti-reflection 

coating was used. Using a stack system, the fill factor could be improved while 

maintaining a high 𝑖𝑉𝑂𝐶 and low 𝐽0. An inversion layer forming when depositing Al2O3 

directly on Si is believed to be responsible for the low fill factor. 

ALD ozone processes were successfully developed. A low GPC was observed for SiO2 

which makes this process rather unpractical. For Al2O3 however, the GPC was acceptable 

and it was shown to have very good passivating properties with a high fixed charge 

density and low 𝐷𝑖𝑡 . In a plasma process, generally there is a strong field-effect 

passivation as a high fixed charge density is present. In a thermal process, the chemical 

passivation is usually stronger while the field-effect passivation is weaker. The ozone 

process therefore seems to combine the most attractive qualities of both a plasma and a 

thermal process. 

For further studies it is suggested that the passivation qualities of SiO2 deposited <100 

°C is explored to see whether further improvements in regards to the lifetime can be 

made. Stack systems containing TiO2 could also be interesting to investigate as no such 

tests were made in this study. Similar studies of the temperature dependence could be 

done to find optimal deposition conditions. Al2O3 deposited in an ozone process provided 

excellent surface passivation so further optimizing this process and implementing it in 

industrial applications may lead to increased efficiencies.  
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