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Zusammenfassung

Silizium-basierte Solarzellen haben den größten Marktanteil im Bereich der Photovoltaik.

Insbesondere Silizium Heteroübergang-Solarzellen (SHJ, engl. silicon heterojunction) wurden

aufgrund ihrer potentiell hohen Wirkungsgrade stark weiterentwickelt.

Um die Produktion von SHJ Solarzellen zu verbessern, müssen zahlreiche Faktoren wie

Effizienz, Materialkosten oder ökologische Auswirkungen der genutzten Materialien untersucht

werden.

Diese Doktorarbeit befasst sich mit der Entwicklung von Indium-freien Kontaktschichten

für SHJ Solarzellen. Schichten des transparenten leitfähigen Oxids (TCO, engl. transparent

conductive oxide) Aluminium dotiertes Zinkoxid (ZnO:Al) wurden als potentieller Ersatz für

Indium-Zinnoxid (ITO) als Vorderseitenkontakt in SHJ Solarzellen in Rückseiten-Emitter-

Konfiguration untersucht. Mit der Nutzung von ZnO:Al am Vorderseitenkontakt konnte eine

Effizienz der SHJ Solarzelle von 22,6% erreicht werden, welche nur geringfügig unter der, der

ITO Referenzzelle von 22,8% lag. Als Hauptgrund für diese etwas niedrigere Effizienz wurde ein

höherer Kontaktwiderstand zwischen TCO und dem Silbergitter an der Vorderseite gefunden.

Eine Indium-freie Solarzelle, bei der ITO auch auf der Rückseite durch ZnO:Al ersetzt wurde,

erreichte eine Effizienz von 22.5%

In einer zweiten Materialstudie wurden per Elekronenstrahl-Verdampfung aufgebrachte

Nickeloxid (NiOx) Schichten als mögliche TCO und selektive Kontakte für die photogenerierte

Löcher in SHJ Solarzellen untersucht. Nachdem die Funktionsfähigkeit des Prozesses untersucht

und bestätigt wurde, wurde der Sauerstoffdruck während der Deposition zwischen 2×10−7 mbar

und 1 × 10−4 mbar variiert, um die Materialeigenschaften in einer Bandbreite von metallischem

Nickel zu transparentem Nickeloxid zu variieren. Die resultierenden Probe wurden anschließend

hauptsächlich mit Röntgenphotoelektronenspektroskopie (XPS, engl. X-ray photolectron

spectroscopy) und Energiedispersiver Röntgenspektroskopie (EDX, engl. Energy dispersive

X-ray spectroscopy) untersucht.



Als Referenz für zukünftige Experimente wurde eine Materialstudie an den NiOx Schichten

durchgeführt. Hierzu wurden UV-VIS Spektroskopie, Röntgendiffraktometrie (XRD, engl.

X-ray diffraction) und Hall Mobilitätsmessungen angewandt.

Es stellte sich heraus, dass die Deposition von NiOx auf passivierte Siliziumwafer zu einer

starken Reduktion der Minoritätsladungsträgerlebensdauer in der resultierenden Probe führt,

weshalb diese nicht für die Anwendung in einer Solarzelle geeignet ist. Um den Grund für die

reduzierte Minoritätladungsträgerlebensdauer zu finden, wurde die NiOx Elektronenstrahl

Deposition näher untersucht.

Hierbei konnten sowohl ein schädlicher Effekt der während des Prozesses entstehenden

Röntgenstrahlung, als auch eine Oxidation der Passivierungsschichten durch die Sauerstoffat-

mosphäre während der Aufbringung anhand von Photolumineszenz Messungen als Ursachen

für die Degradation ausgeschlossen werden.

Weiterhin wurde die Diffusion von Ni-Atomen zur Grenzfläche zwischen amorphem und

kristallinem Silizium als Ursache ausgeschlossen. Im abschließenden Teil dieser Arbeit wurden

die XPS Spektren von NiO Schichten verschiedener Dicken analysiert. Diese Spektren deuten

auf die Präsenz eines Nickelsilizides hin, welches als Rekombinationszentrum für Ladungsträger

dienen kann und daher die wahrscheinliche Ursache für die negativen Auswirkungen der

Elektronenstrahl Deposition von NiOx auf passivierte Siliziumwafer ist. Einerseits wird das Si

von der a-Si Schicht konsumiert um das NiSi zu bilden, wodurch die passivierungseigenschaften

vom a-Si verloren gehen und andererseits ist das NiSi ein rekombinationsaktives Material.

Ähnliche Ergebnisse wurden in der Literatur gefunden für Nickel Abscheidungen auf a-Si,

jedoch nicht in einem reaktiven Prozess unter einer Sauerstoff Atmosphäre.
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Abstract

Silicon solar cells are the technology with the highest market share in the photovoltaic industry.

In particular, Silicon Heterojunction (SHJ) solar cells have been strongly developed in the last

years due to the high power conversion efficiency that can be achieved with them.

In order to improve the production of SHJ solar cells, many factors such as efficiency,

materials cost, ecological impact of the materials extraction should be researched. This thesis

contains experimental work related to the development of indium-free materials for the contact

layers of SHJ solar cells.

Transparent Conductive Oxide (TCO) layers of Aluminium doped Zinc Oxide (ZnO:Al)

were investigated as a potential replacement of Indium Tin Oxide (ITO) for the front contact in

SHJ solar cells in the rear emitter configuration. It was found that ZnO:Al can be tuned to yield

cell performance almost at the same level as ITO with a power conversion efficiency of 22.6%

and 22.8%, for ZnO:Al and ITO, respectively. The main reason for the slight underperformance

of ZnO:Al compared to ITO was found to be a higher contact resistivity between this material

and the silver grid on the front side. An entirely indium-free SHJ solar cell, replacing the ITO

on the rear side by ZnO:Al as well, reached a power conversion efficiency of 22.5%.

Nickel oxide (NiOx) was also investigated as an ITO replacement material. NiOx layers

deposited by e-beam evaporation in a reactive process with oxygen were investigated as a

possible charge selective contact for holes in SHJ solar cells. As a first step, the viability of

depositing NiOx using this process was confirmed. A variation of the oxygen flux during the

deposition was performed in order to obtain a variation of the material properties, ranging

from metallic nickel layers to transparent nickel oxide layers, when the oxygen deposition

pressure varies from 2 × 10−7 mbar to 1 × 10−4 mbar. These samples were characterized mainly

by X-ray Photoelectron Spectroscopy (XPS) and Energy Dispersive X-ray difraction (EDX)

measurements.



For future reference and other possible applications of the NiOx, a material study was

performed, in which the optical and electronical properties of the layers were characterized.

The characterization techniques include ultraviolet and visible (UV-VIS) spectroscopy, X-ray

Diffraction (XRD) and Hall mobility measurements.

It was found, that the deposition of NiOx on silicon wafers passivated with a-Si:H leads to a

strong decrease in the minority charge carrier lifetime in the samples, making them unsuitable

for fabricating photovoltaic devices. The NiOx e-beam deposition on silicon was analyzed in

detail in order to find the reason for the decrease in charge carrier lifetime. Although it was

not possible to find the root cause for the degradation with certainty, a number of factors

could be ruled out as possible causes for the lifetime decrease.

A detrimental effect of X-ray radiation (present in every e-beam process due to the deflection

of the electrons) on the wafer, as well as an oxidation of the passivation layers due to the oxygen

atmosphere during the deposition, were ruled out using photoluminescence measurements.

Diffusion of nickel atoms through the passivation layers and up to the interface between

a-Si and c-Si which would lead to increased recombination at these metal atoms was considered

as a possible reason, and also discarded after designing an experiment to measure the diffusion

coefficient of nickel atoms in silicon, which showed that no significant diffusion is taking place.

In the final part of this work, the XPS spectra of nickel oxide layers with different thicknesses

were compared. One of them is thin enough to allow the measurement of the a-Si/NiOx

interface, in which an XPS signal related to nickel silicide was detected. This nickel silicide

interlayer is identified as the probable reason for the detrimental effect of the e-beam deposition

of nickel oxide on passivated silicon wafers, due to the fact that it acts as a recombination site

for the charge carriers, and also that the formation of NiSi consumes a-Si which leads to a

thinner passivation layer. Similar results were found in the literature for nickel depositions on

a-Si, however not for depositions under an oxygen atmosphere.
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1
Introduction

Energy production and distribution is one of the main challenges that the humanity faces today

for the development of the world. Besides this challenge, but maybe even more important we

are also facing climate change. It has been calculated, that our actual global carbon emissions

have to be reduced in order to reach the global warming goal set by the Paris Agreement [1],

which means stopping the warming of our planet at 1.5 ◦C.

The only way of facing these two challenges in a consequent way, is increasing the amount

of renewable energies that we use, trying to locate the energy production sites near the groups

of people that need them as well as reducing our energy consumption.

Solar energy is readily available in the regions of the world located between the tropics,

and the specific case of photovoltaic power plants can be easy to implement in this regions.

A great amount of research is being done in the area of photovoltaics in order to improve

the properties of solar cells. Some of these properties can be, just to name a couple: durability,

efficiency, amount of energy invested in their production, production cost, ecological impact of

the extraction of raw materials used for their production, recyclability.

Photovoltaic cells are solid-state devices consisting of layers made out of different materials.

The different layers of these devices are optimized for performing a task. A simplified diagram

of a solar cell is shown in Figure 1.1.

After many years of research photovoltaic devices have been improved, and new layers

have been added to the simple structure shown below, a modern solar cell structure, known as

the silicon heterojunction (SHJ) solar cell can be seen in Figure 1.2.
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1. Introduction

Figure 1.1: A simplified diagram of a silicon solar cell, taken from Dittrich [2].

This dissertation focuses in the development of layers consisting of materials known as

TCOs which are normally located next to the metal contacts, and can perform mainly two

different tasks. Depending on the trade-off between electrical and optical properties of the

TCO material its thickness can be adjusted in order to be a charge selective contact and a

conductive layer with antireflective properties.

Charge selective contacts are normally achieved through thin layers (5 to 10 nm) that act

as a semipermeable membrane for charge carriers, allowing only one type of charge carriers to

move through them. This effect is caused by the difference in the position of the conduction

band, Fermi level and valence band of the two materials put in contact. The deposition of

a semiconductor material onto another leads to a specific line-up of these energies at the

interface of the materials in what is known as a semiconductor heterojunction [3].

If a TCO layer with better electronic conduction than that of the absorber is deposited

with a thickness between 80 to 100 nm (depending on the refraction index of the TCO and

the material below it, in specific n≈2 for a material deposited on silicon) it performs as a

charge-carrier conducting material while at the same time forming an antireflective coating,

with the downside of a higher optical absorption compared to a thin layer of the same material.

On the other side it is possible to deposit a TCO with a smaller thickness so that a modification

of the electronic bands at the interfaces of the layered system takes place while maintaining

the optical absorption at a minimum.

The most important physical properties of the TCO layers when used as contacts for

solar cells are, the amount of light transmitted by them and their electrical conductivity.

These physical properties of the layers are not independent of each other, since the physical
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1.1 SHJ solar cells

Figure 1.2: Cross section of a bifacial SHJ solar cell with the emitter on the rear side, charge
selective contacts, texturized surface and a TCO layer that works also as an antireflection coating,
taken from Meza et al. [4].

phenomena that improve one of the parameters can affect the other in a negative way. It is for

this reason that a trade-off between these properties has to be found.

1.1 SHJ solar cells

The history of photovoltaics has developed over the 20th century parallel to the development

of quantum mechanics and solid state physics.

In 1954, Chapin et al. [5] produced the first silicon junction capable of transforming light

into electricity at Bell labs. This was the first solar cell ever produced and it had a small

power conversion efficiency of only 6%.

Some of the main improvements made to this simple device in order to improve its efficiency

are the following:

• Covering the backside of the solar cell with a reflective material, to increase the optical

path travelled by light inside of the device, which in turn increases the absorption and

the charge carrier density of the device under illumination [6].

• Texturizing the front side of the device, which deviates the direction of the incoming

lightbeams, increasing their optical path inside of the device [7].

• Silver grid on the front side of the solar cell, which allows collection of the charge carriers

produced by the photovoltaic device with reduced Ohmic losses[8].

• Electrical passivation of the front surface. In a crystal, such as silicon, every atom is

electronically bonded to its neighbors, and for this reason the amount of electronically
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active recombination sites in form of a hole is very low. This property does not apply for

the surface electrons which are missing a neighboring atom in one direction, producing

what is known as dangling bonds. The electronical passivation of these dangling bonds,

normally achieved through the deposition of a thin hydrogenated amorphous silicon layer,

increases the lifetime of the free charge carriers by reducing the surface recombination

velocity of the silicon wafer [9], and therefore reducing the probability that a free charge

carrier recombines on the surface of the wafer.

• Charge selective contacts on the top and bottom surfaces, which act as a semipermeable

membrane for charge carriers and make it possible to collect only one type of charge

carriers on one side of the device while blocking the other type of charge carriers of

reaching it. These structures reduce the recombination of charge carriers in the region

near the contacts of the solar cell [10].

• Transparent Conductive Oxides, which help in the lateral transport of the free charge

carriers to the fingers of the silver grid while allowing a great amount of light to be

transmitted into the device [11].

One of the most efficient solar-cell concepts known to date is the so called SHJ solar cell,

which consists of a silicon wafer electronically passivated on both sides with intrinsic thin layers

of hydrogenated amorphous silicon )(i)a-Si:H). On top of these layers, n and p doped layers of

amorphous silicon are deposited to form charge selective contacts, as well as the emitter of

the photovoltaic device. In order to improve the transport of photogenerated charge carriers

in the lateral direction, TCO layers are deposited on top of the amorphous silicon layers. If

deposited with the right thickness, the TCO layer can also work as an antireflection coating.

A silver grid makes it possible to extract the photogenerated charge carriers while maintaining

the series resistance of the system at a minimum. This is normally deposited using screen

printing, since it is a process carried out at low temperature, and therefore compatible with

the SHJ technology.

When the p-n junction of the device is placed on the side opposed to the incoming light,

this is termed a rear emitter silicon heterojunction solar cell. In particular, SHJ solar cells can

achieve high power conversion efficiencies, such as, for example 26.7% [12].
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1.2 Advantages and disadvantages of indium containing contacts

Figure 1.3: Availability of the elements of the periodic table in the Earth as a function of atomic
number. Availability of Al, Zn and Ni is 5 to 6 orders of magnitude higher than that of In and Sn.
Taken from Lodders [13].

1.2 Advantages and disadvantages of indium containing con-

tacts

In this dissertation, two materials were analyzed as possible TCOs for replacing the industry

standard TCO, namely, tin doped indium oxide also known as ITO. The two materials analysed

in this dissertation are ZnO:Al and NiOx.

The material that we are trying to replace, ITO, is a well-known material. It has become the

standard material used as a transparent conductive layer in the semiconductor and photovoltaic

industry.

The main reason for its wide use in photovoltaics and optoelectronic devices is, that some

of its optoelectronic properties, such as optical transmittance, charge carrier mobility, charge

carrier concentration and sheet resistance, are better than those of the other known TCO

materials. Some other examples of TCO materials include for example, Hydrogen doped

Indium Oxide (IOH), Fluorine doped Tin Oxide (FTO) and ZnO:Al.

The specific case of NiOx as a TCO is interesting due to the intrinsic doping type of this

material. The materials previously named are n-type doped semiconductors and their doping

can be modified in order to engineer optoelectronic devices such as a charge selective contact
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Figure 1.4: Comparison in price per Kg of main materials used for producing TCOs: industry
standard tin doped indium oxide (red), aluminum doped zinc oxide (green) and nickel oxide
(purple). Data taken in June 2020 from [17] and [18].

for electrons on the n side of a p-n junction. NiOx on the other hand is a p-type doped

semiconductor [14], which could be used as a charge selective contact for holes on the p side of

a solar cell [15]. It has already been implemented by Islam et al. [16] for this purpose in a

proof of concept device, where the NiOx was deposited using sputtering.

The main disadvantage of TCO layers that contain the element Indium is, that the

availability of this element in the earth is many orders of magnitude smaller than the availability

of for example Aluminum or Zinc, as it can be shown in Figure 1.3 taken from Lodders [13].

This fact has the direct consequence, that the price of these metals as raw materials also

show a variation of many orders of magnitude. Figure 1.4 shows values for the prices [17, 18]

of the raw metals used to prepare the TCO layers that were investigated in these dissertation.

It should be noted, nevertheless, that the price of Indium is somewhat unstable and in the

last years it has shown high variations in its price.

1.3 Aluminium doped zinc oxide as a TCO

Transparent Conductive Oxides are materials widely used in photovoltaic devices in order to

maximize the amount of photons reaching the absorber of the device while minimizing the

resistance losses due to electronic transport of the charge carriers from the absorber to the

silver grid.
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The electronic transport carried out by the TCO layers is done in the lateral direction

along the surface of the device. Using a TCO layer represents an advantage in comparison to

a pure silicon solar cell due to the difference in resistivity values of these two materials [19].

For example, n-type crystalline silicon, c-Si, has a resistivity of approximately 0.5 Ω cm

for a doping of 1016 cm−3 donor atoms [20], which is almost the upper limit of doping for an

n-type Si wafer before Auger recombination starts to be a factor limiting the lifetime of free

charge carriers. On the other hand, common TCOs have resistivities of the order of 10−3 Ω cm

[19], which is approximately 2 to 3 orders of magnitude lower than that of silicon.

Charge carriers generated in the absorber of a photovoltaic device are required to reach

the silver contacts on the top of the solar cell, and the movement of these charge carriers can

be decomposed in a vertical movement to the surface of the cell and a lateral movement to the

silver finger. Since the thickness of a c-Si substrate is approximately 20 times smaller than the

distance between fingers (which is directly related to the proportion between the vertical and

the horizontal movement of the charge carriers), it can be easily understood why the use of

a TCO layer is advantageous, since it minimizes the resistance losses due to charge carrier

transport.

The work presented in this thesis is based on theoretical calculations made by Bivour et al.

[21] in which they propose, that placing the emitter of a SHJ solar cell on the rear side, reduces

the series resistance for the charge carriers collected on the front electrode. This would, in turn

reduce the optoelectronical exigencies of a TCO layer for the front side. In other words, an

indium-based TCO could be replaced by other material with worse optoelectronical properties

than those of ITO, without leading to a substantial loss in efficiency.

Anti-reflection property of TCOs

Another reason for the use of TCOs as a front contact on a photovoltaic device is the possibility

of forming an anti-reflection coating on the front side of it. If two parameters, namely the

thickness and the refraction index of the TCO layer are fine tuned to the properties of the layer

below, an optimal optical performance of this layer can be achieved and the overall reflection

of the incoming light can be minimized.
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Figure 1.5: Energetic band diagram of a charge selective contact formed by depositing nickel
oxide on top of a n-doped crystalline silicon wafer. The large bandgap and p-type nature of this
material makes it suitable as an electron blocking layer. Taken from Islam et al. [16].

1.4 NiOx as a charge selective contact for SHJ solar cells

As stated before, NiOx is an intrinsic p-type semiconductor [14], therefore it could be used

as a charge selective contact for holes in a photovoltaic device if deposited on top of n-type

crystalline silicon. Figure 1.5 shows conceptually the energetic structure of this heterojunction

[16].

NiOx has also been tested for the fabrication of a portable ultraviolet detector [22], as a

tunneling layer for dye sensitized solar cells [23], as an electron blocking contact for organic

solar cells [15] and together with n-type doped ZnO:Al for the formation of a photovoltaic

device [24].

In Chapter 2 of this dissertation the physics fundamentals of solar cells and TCOs are

presented, as well as a diffusion model for nickel in silicon which is one of the possible

mechanisms for the decrease in charge carrier lifetime discussed in the results chapter.

Chapter 3 presents and explains the used deposition and characterization techniques.

In Chapter 4 the details of the experimental methods are presented in two subsections,

separated for the ZnO:Al layers and NiOx layers.

The results and discussion about the ZnO:Al layers as a TCO for SHJ are presented in

Chapter 5. The information in this section is based on a published paper by the author

[4]. This chapter is divided into the characterization of ZnO:Al layers on glass, solar cell

results and TLM measurements of the system ZnO:Al/Ag. The goal of this study was to

test experimentally the hypothesis proposed by Bivour et al. [21], that using the rear-emitter
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1.4 NiOx as a charge selective contact for SHJ solar cells

configuration on an SHJ solar cell, places fewer restrictions to the optoelectronical properties

of the front TCO.

Chapter 6 contains the experimental results and discussion of NiOx layers as a charge

selective contact for SHJ solar cells. The chapter is divided into a material study for thin

layers of e-beam evaporated NiOx obtained with a reactive process, a discussion of the

problems encountered when depositing this material on wafers passivated with (i)a-Si:H and

an investigation about the reason why this problems are found, which is the formation of nickel

silicide at the interface between NiOx and a-Si.

In Chapter 7 the conclusions and an outlook of this work are presented.
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2
Theory

2.1 Photovoltaics basics

Photovoltaics is the branch of physics that studies the conversion of light into electrical energy.

Most photovoltaic devices are optimized by using the sun as a light source. The sun is a

star placed in the center of our planetary system that radiates electromagnetic energy. The

radiation spectrum of the sun can be approximated by the radiation spectrum of a black body

at approximately 5800 ◦C. The black body radiation spectrum expresses the amount of energy

with frequency ν irradiated by a non-reflecting, totally absorbing body at a temperature T ,

which is at thermal equilibrium with its surroundings.

The radiation spectrum of a black body at a temperature T can be derived from Planck’s

law,

Bν = 2hν3

c2
1

ehν/kT − 1
(2.1)

and it is clear that the black body radiation spectrum only depends on the temperature of

the black body, since c, h and k are all constant values (speed of light, Planck’s constant and

Boltzmann’s constant respectively).

Even more, it is important to see, that the radiation spectrum of a black body is a

continuous function of the frequency ν, always positive, that tends to zero for very small and

very large values of ν. This fact, together with the photoelectric effect explained below, and

some basic mathematical knowledge will be enough for gaining some insight about the limits

of energy conversion efficiency of photovoltaic cells.
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2. Theory

Figure 2.1: Normalized blackbody radiation spectra and the Air Mass 1.5 Global irradiation
(AM1.5G) solar spectrum. The radiation maximum shifts to shorter wavelengths for higher
temperatures. It can be seen that the AM1.5G spectrum can be approximated by a blackbody
radiation spectrum. Taken from Dittrich [2].

Planck’s relation

In his paper from 1897, Max Planck stated that light consists of small energy packets called

quanta, which have an energy proportional to their frequency.

E ∝ ν (2.2)

A proportionality constant denoted by h (and later named Planck’s constant), allows us to

calculate the exact energy value of a photon with frequency ν

E = hν (2.3)

Having this relation between the frequency and the energy of a photon it is possible to

transform the units of the vertical axis of the black body radiation spectrum to photon flux

measured in photons/second.

The photoelectric effect

Using Plancks hypothesis, Albert Einstein proposed in 1905 in his paper "On a Heuristic

Viewpoint Concerning the Production and Transformation of Light", an explanation of the

photoelectric effect. He proposed it is a quantum process, where electrons can be set free
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2.2 Photogenerated current

from a metal only by photons with an energy value higher than a certain threshold value

called the work function of the material. In semiconductors, which have a different energy

band structure than metals, electrons can be excited from the valence band to the conduction

band by a photon in a similar process, if the photon possess enough energy. The smallest

energy such a photon should have is the difference between the upper edge of the valence band

and the lower edge of the conduction band. This energy difference is known as the bandgap

of a semiconductor material. The bandgap is an inherent characteristic of a semiconductor

material.

2.2 Photogenerated current

It should be clear from the previous Section, that semiconductor materials with different

bandgaps show different behaviours when placed under sun irradiation. The electrons of a

semiconductor material with a small bandgap have a higher probability of being excited to the

conduction band since the amount of photons per unit time reaching it with energy equal or

greater than the bandgap is bigger than that of a material with a large bandgap.

The amount of photons per second arriving at the semiconductor with an energy equal

or greater than the bandgap is then a continuous and decreasing function of the bandgap.

Assuming that every photon entering a photovoltaic device with an energy equal or greater

than the bandgap would set an electron free, and that all these electrons can be collected and

extracted, a new quantity can be defined: the maximum short circuit current density, Imax
SC , of

a photovoltaic device (see Figure 2.2).

In every photovoltaic device it is important to maximize the amount of photons reaching

the part of the device in which the photogeneration of electrons takes place which is called

absorber. For this reason, any layer of a different material placed between the absorber and

the sun should have larger electronic bandgap than the absorber so it absorbs as few photons

as possible, in order to achieve a high power conversion efficiency. As it has been mentioned

before, some layers that are used on the front side of photovoltaic devices are, for example,

passivation layers and TCOs.

2.3 Characteristics of a solar cell

The following section is based on Chapter 1, of Dittrich’s book on “Materials concepts for

solar cells" (2014).
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Figure 2.2: Maximum short circuit current density, Imax
SC , of a semiconductor material as a

function of its bandgap, Eg. Taken from Dittrich [2].

The energy output of a solar cell under constant illumination consists of a photovoltage

and a photogenerated current. If the contacts of such a solar cell would be connected to a

load resistance, a working point of the solar cell would be determined. If the value of this

resistance would be varied from zero (short circuit condition) to a very high value (so big, that

the system can be studied as an open circuit) all the possible working points of a solar cell

would be obtained. The set of working points is called the IV-curve of a solar cell.

It is clear, that the amount of current passing through the load resistance would decrease

from the maximum photogenerated current, called short circuit current (ISC), to zero in a

continuous decreasing function. The voltage, V , across the resistance, R, would increase with

the current, I, according to Ohm’s law, V = R ∗ I, from zero to a maximum value, called open

circuit voltage, VOC, in a continuous increasing function.

Since each value of the load resistance connected to a solar cell defines a working point

of the solar cell composed by a current and a voltage, another relation can be formulated as

follows: the output power, P , of such a photovoltaic device under illumination is defined as

P = V ∗ I, where V and I are the voltage across the load resistance and the current passing

through it respectively, an output power can be assigned to each value of the load resistance.

Besides that we know, that the product of two continuous functions is also a continuous

function, and in this case also the product of I and V is zero for both an infinitely big resistance

as well as for an infinitely small resistance, fulfilling the conditions of Rolle’s Theorem, which
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2.3 Characteristics of a solar cell

states that at least one of the points of the function is either a maximum or a minimum. In

our case, since both I and V are positive values, there should be at least a point which is a

maximum of the function, since all the working points can be found on the positive half of the

IV 2-dimensional space.

That point is called the maximum power point (mpp) and it is useful for characterizing

the photovoltaic device with the Power Conversion Efficiency (PCE), defined as:

PCE = power output in the mpp
power input (2.4)

The Fill Factor (FF ) gives us information about the quality of the solar cell can be also

established as the ratio between the power obtained by multiplying ISC and VOC and the

output power in the mpp:

FF = P (mpp)
ISC · VOC

(2.5)

If a monochromatic light with wavelength λ strikes on a photovoltaic device, the External

Quantum Efficiency (EQE) can be defined as the ratio between the current produced by the

photovoltaic device and the number of incident photons:

EQE(λ) = Ne(λ)
Nph(λ) (2.6)

If the internal performance of a photovoltaic device wants to be analyzed, the amount of

reflected photons can be taken into account, and the Internal Quantum Efficiency (IQE) can

also be defined as the ratio between the EQE and the of non-reflected fraction of incident

photons

IQE(λ) = EQE(λ)
1 − R(λ) (2.7)

where R is the fraction of incident light with a wavelength λ reflected by the device front

surface.

A typical EQE (Figure 2.3) spectrum gives information about physical processes happening

inside a solar cell. It can be seen for example that EQE is low for wavelengths larger than

1200 nm and shorter than 200 nm, which represent photons with energy lower than the bandgap

and high energetic photons which could be transmitted by the solar cell. Besides that there is

a central region in which the losses can be accounted as mainly reflection losses , and both an
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Figure 2.3: Typical EQE spectrum of a solar cell. Losses due to reflection recombination and
transmission can be identified from this kind of measurement (see details in text) Taken from
Dittrich [2].

Figure 2.4: Equivalent circuit of a solar cell.

ascending and a descending slope on the sides of the curve, this gradual change in the EQE is

due mainly to recombination of blue photons on the front surface and red photons on the rear

surface.

2.4 Diode equation

An ideal photovoltaic device can be represented by an equivalent circuit composed by a diode

and a photocurrent generator, as shown in Figure 2.4. These two elements are a representation

of the main physical phenomena taking place inside of a solar cell. The photocurrent generator

is a source of electric current when it is placed under illumination and the diode acts as a

charge separator. For this reason, the performance of a solar cell can be described with the

diode equation:

ID = I0 ·
[︃
exp

(︃
q U

kB T

)︃
− 1

]︃
(2.8)
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where I0 is the diode saturation current density, q the electronic charge, kB the Boltzmann

constant and T the temperature of the system. I0 is a characteristic of a solar cell which

depends in the type of material used and the geometry of the absorber, and can be estimated

if the VOC of a solar cell is measured as a function of ISC, while varying ISC over many orders

of magnitude and . For increasing positive values of the voltage applied to a diode (forward

bias), the current through it increases exponentially. If negative voltages are placed across the

diode (reverse bias), the current across the diode is very small and of the order of magnitude

of the diode saturation current density. If no potential difference is placed across the diode, no

electronic transport should take place, therefore a 1 is substracted from the exponential term,

resulting in

ID(0) = 0 A (2.9)

Under illumination, and with a load resistance connected to the photovoltaic device,

the photocurrent generated by the photocurrent generator flows through the load resistance

reducing the current across the diode in a quantity equal to the photogenerated current Iph,

resulting in the following equation for the IV-characteristics of a solar cell under illumination

I = I0 ·
[︃
exp

(︃
q U

kB T

)︃
− 1

]︃
− Iph (2.10)

From Eq. 2.10, the VOC of a solar cell can be calculated by setting Iph = ISC and ID = 0,

obtaining:

VOC = kB T

q
· ln

(︃
Isc
I0

+ 1
)︃

(2.11)

As it can be seen, the VOC of a solar cell increases with ISC, and the value I0 limits the

achievable value of VOC. Minimizing I0 is important for achieving high power conversion

efficiencies.

For a real solar cell the effect of internal series resistance of the device and internal shunt

resistance has to be taken into account. Examples of internal series resistance are, for example,

the resistance of the materials used for building the different components of a solar cell as

well as the contact resistance between them, and an example for shunt resistance could be

a region on the edges of a solar cell in which charge carriers can flow back to the region in

which they were before they were charge separation took place. The equivalent circuit of a
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Figure 2.5: Equivalent circuit of a solar cell with series and shunt resistance.

Figure 2.6: Equivalent circuit of a solar cell with two diodes

solar cell including series and parallel resistance is shown in Figure 2.5. The diode equation

that represents this equivalent circuit is:

I = I0

[︃
exp

(︃
q(U − I · Rs)

kBT

)︃
− 1

]︃
+ U − I · Rs

Rp
− ISC (2.12)

The two-diode model of a pn junction under illumination

The recombination of photogenerated charge carriers takes place in two regions inside a solar

cell. A fraction of the photogenerated charge carriers recombines in the n-type and p-type

neutral regions, while the other fraction recombines in the defect states in the pn-junction. If

both recombination processes are taken into account, the equivalent circuit of a solar cell has

to be modified to include two diodes connected in parallel which have different ideality factors.

The equation that describes the behaviour of this system is:

I = I0

[︃
exp

(︃
q(U − I · Rs)

kBT

)︃
− 1

]︃
+ I0,SRH

[︃
exp

(︃
q(U − I · Rs)

2kBT

)︃
− 1

]︃
+ U − I · Rs

Rp
− ISC

(2.13)
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2.5 Charge carrier recombination

2.5 Charge carrier recombination

Charge carrier recombination is a physical process in which a free electron and a free hole

annihilate each other and release the energy they possessed to the system in some way. Since

recombination is conceptually the reverse process of photogeneration, it limits the amount

of free charge carriers present in a semiconductor material and therefore the efficiency of a

photovoltaic device constructed with such material.

There are four main processes by which an electron and hole can recombine, radiative

recombination, Auger recombination, Shockley-Read-Hall (SRH) recombination and surface

recombination. Radiative and Auger recombination are processes related to the intrinsic

properties of the semiconductor and for this reason can’t be avoided or reduced. SRH and

surface recombination are related to the amount of defects in the bandgap or on the surface of

a semiconductor respectively. For this reason they can be minimized if the photovoltaic devices

are manufactured in the right way, reducing the impurities of the materials and reducing the

amount of defects in them.

Radiative recombination consists on the annihilation of a free electron and a free hole by

emitting a photon [25]. Radiative recombination can not be avoided in semiconductors and is

proportional to the densities of free electrons and holes. The characterization technique called

photoluminescence, which consists of injecting electrons to a solar cell and observing if light

comes out of it, shows if radiative recombination is taking place in such a solar cell.

Auger recombination is the annihilation of a free electron and a free hole by transferring

the energy to a third free charge carrier and exciting it deeper into the conduction or valence

band if the third carrier is an electron or a hole respectively [26]. This recombination process

can not be avoided in semiconductors and is proportional to the product of the square of the

density of free electrons and the density of free holes, or the square of the density of free holes

and the density of free electrons.

SRH recombination takes place when an energy state inside of the electronic bandgap acts

as a trap state for charge carriers. Trap states can be caused for example, by impurities inside

the semiconductor. In this process, a free charge carrier gets stucked in the trap state, and

after some time, another charge carrier with opposite sign annihilates the first one by falling

into the same trap state. There is a possibility, that a charge carrier trapped in a defect state

is set free again either by a photon or thanks to a thermal excitation. The probability of this

happening is related to the energetic distance between the trap state and the conduction band.
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Figure 2.7: Schematic representation of the recombination types, a)radiative recombination,
b)Auger recombination, c)Schockley-Read-Hall recombination and d)surface recombination. Taken
from Tous [27].

For this reason the trap defect states can be classified in shallow (near the conduction band)

and deep trap states (near to the middle of the forbidden bandgap).

Surface recombination is the annihilation of an electron and a hole by means of reaching

the surface of a semiconductor and falling into an energetic surface trap state. Surfaces of

crystalline semiconductors are normally regions with a large density of electronic states inside

the bandgap of the material due to the abrupt change in the continuity of the crystal structure.

The density of electronic states in the surface of a semiconductor is in the same order of

magnitude than the amount of atoms on it. Differently to the trap states which cause SRH

recombination, surface trap states have a broad energetic distribution due to large distribution

of physical properties of the free bonds (such as angle and length). Figure 2.7 shows an

schematic representation of the different recombination processes.

2.6 Charge carrier lifetime

Due to the phenomenon of recombination, the charge carrier density inside a semiconductor

under illumination reaches equilibrium when the photogeneration rate and the recombination

rate are equal. It is also true that the charge carrier density inside of a semiconductor decreases

over time, after a semiconductor stops being illuminated. The recombination rate is the

reciprocal of the free charge carrier lifetime.

Each recombination type is a different physical phenomenon and for this reason the total

lifetime of free charge carriers depends on which of the recombination mechanisms acts on

them, for example, Auger recombination is a process that requires three particles to happen.

For this reason, at high injection levels the Auger recombination lifetime is shorter than at low

injection levels since the probability of three particles interacting is higher, for a higher charge

carrier density.
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If the recombination lifetimes are denoted by τrad, τAuger, τSRH and τsurface, then the total

lifetime of free charge carriers in a semiconductor is

1
τtotal

= 1
τrad

+ 1
τAuger

+ 1
τSRH

+ 1
τsurface

(2.14)

From this equation it follows that the lowest lifetime will limit the overall charge carrier lifetime

of the material. Radiative recombination lifetime and Auger recombination lifetime have a

dependency on the doping of the wafer, since the doping determines the concentration of free

charge carriers, and this two processes require the physical proximity and interaction of two

and three charge carriers respectively.

The doping of the wafers is a quantity that wants to be maximized, since the VOC of a

solar cell will be limited by the diffusion potential of a pn junction which in turn is limited by

the energetic difference between the fermi levels of the p-type and the n-type regions of the pn

junction.

Since the SRH and surface recombination types do not depend on doping, but on the amount

of defects on the bulk and surface of the wafer respectively as well as on the on the capture

cross section of the defects and the thermal velocity of the charge carriers, the amount of doping

of the wafers can be adjusted up to a level in which the Auger and radiative recombination

lifetimes are of the same order of magnitude than the SRH and surface recombination lifetimes.

Figure 2.8 shows an overview of the recombination lifetimes as a function of doping for GaAs

and silicon, it can be seen that the doping of silicon wafers is limited by auger recombination,

since the dependance of the lifetime on the doping is stronger for this recombination process

than for radiative recombination. The opposite is true for GaAs

2.7 Transparent Conductive Oxides and Drude Model

2.7.1 Transparent Conductive Oxides

Transparent conductive materials are very useful for the extraction of charge carriers from

a photovoltaic device, and specifically for the lateral transport once these charge carriers

reached the surface of the device. High optical transmittance derived from a large bandgap

is a requirement if high power conversion efficiencies want to be achieved. The electrical

conductivity of TCOs is nevertheless a function of many parameters such as the charge carrier

concentration and the mobility of the charge carriers.
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Figure 2.8: Auger and radiative recombination lifetimes as a function of wafer doping for silicon
and GaAs. SRH and surface recombination lifetimes appear as a horizontal band due to the fact
that they don’t depend on doping but on the defect concentration. Taken from Dittrich [2].

In general, the resistivity of an electronic conducting material is given by:

P = 1
q n0 µn

(2.15)

where q is the elementary charge, n0 the charge carrier concentration and µn the charge carrier

mobility of the material.

In order to calculate the resistance of a TCO layer, the geometry of the layer has to be

taken into account. The resistance of a geometric conducting body is inversely proportional to

the width and height of it and proportional to its length.

Rsh = 1
q n0 µn

(︃
L

W · H

)︃
(2.16)

Where W and H are width and height respectively, and L the length of the conducting body.

Since TCOs are normally deposited as thin films on top of solar cells, another quantity,

called sheet resistance is used to characterize them. The sheet resistance of a TCO is defined
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as:

Rsh = 1
q n0 µn

(︃1
d

)︃
(2.17)

where d is the thickness of the TCO layer.

Now, if the conductivity of these type of materials is to be increased, either the concentration

of charge carriers, the mobility or the thickness of the layer has to be increased. Each of these

parameters can be adjusted in order to find an optimum value for the conductivity of the TCO

layer, as discussed next.

Charge carrier concentration

The electrical conductivity of transparent metal oxides can be increased by means of increasing

the amount of free charge carriers in the material. This can be achieved by intrinsic or extrinsic

doping, the first one can be achieved, for example, by changes in the stoichiometry of the layer

as shown by Kim et al. [28]. Extrinsic doping can be achieved by the replacement of a host

metal atom of the metal oxide lattice by an atom with a different amount of valence electrons,

i.e. in a different oxidation state. An example of this would be the introduction of aluminum

atoms into the zinc oxide lattice. Each aluminium atom contributes with an extra charge

carrier in the conduction band of zinc oxide.

The extra charge carriers in the conduction band of the TCO layer are considered free

charge carriers and therefore can absorb a photon with any energy. This process, called free

carrier absorption is different to the absorption process in which at the beginning, the charge

carrier is in the valence band, and has to absorb a photon with energy equal or greater than

the bandgap in order to be excited into the conduction band of the semiconductor material

(see Figure 2.9).

Due to free carrier absorption, the amount of light transmitted by the TCO layer

decreases with increasing charge carrier concentration. It can be said that a trade-off between

transmittance and conductivity exists for the charge carrier concentration of a TCO layer.

Charge carrier mobility

The term charge carrier mobility refers to the velocity of the charge carriers in a material

when they are under the influence of an electric field. In a polycrystalline material, as many

sputtered thin films are, the charge carrier mobility increases if the average grain size increases,
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Figure 2.9: Diagram of absorption processes, A free carrier absorption, B a forbidden process,
the excitation of a charge carrier to occupied states in the conduction band of a semiconductor
and C fundamental absorption. For a degenretaed semiconductor some energetic levels inside the
bandgap so the real bandgap Eg,abs is larger than that of the non-degenerated semiconductor.

since the grain boundaries of neighbouring grains can represent an electrostatic potential

barrier for the free charge carriers.

The charge carrier mobility of a highly doped semiconductor material is also a function of

the amount of ionized impurities in it. For a highly doped material under illumination, a great

number of impurities is ionized and each of them acts as a scattering point, which obstructs

the way of the free charge carriers.

Thickness

The thickness of a TCO layer also plays a role in its optoelectronical properties. Depending on

the refraction index of the material of which the TCO layer is made and the refraction index of

the material placed below, an antireflection coating can be made that minimizes the reflection

coefficient of the system by tuning the thickness of the TCO layer. On the other side, TCO

layers containing a large free charge carrier density, absorb an amount of light proportional to

their thickness, due to the fact, that this electrons can absorb a photon with any energy.

2.7.2 Reflection losses and anti-reflection coatings

This section follows from Chapter 2 in Dittrich [2].

The reflection coefficient of a material, which is a function of the wavelength, is defined as

the ratio between the reflected photons and the incoming photons with a certain wavelength.
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Figure 2.10: Reflection from air incoming into a material and antireflection coating placed on
that material.

It can be calculated if the refractive indices of the material, ns and the ambience (in the case

of solar cells, air has a refractive index of 1) are known.

For normal incidence of the incoming light, the reflection coefficient is:

R(λ) =
(︃

nair − ns(λ)
nair + ns(λ)

)︃2
(2.18)

An antireflection coating is a layer of a material with a certain refractive index and thickness,

that, when placed over another material, reduces the amount of reflected light incoming with

a certain wavelength to zero due to destructive interference(see Figure 2.10). If the refractive

index of the material is nAR and the thickness dAR, the reflection is suppressed for a wavelength

λ = 4 nAR dAR (2.19)

Using the last condition for destructive interference, a reflection minimum can be calculated

Rmin =
(︄

n2
AR − nairns

n2
AR + nairns

)︄2

(2.20)

which can be reduced to zero if nAR = (nair ns)1/2.

Highly doped TCOs, with a charge carrier concentration higher than 1019 cm−3, are said

to be degenerated semiconductors since some of the charge carriers occupy energy levels in the

conduction band. This kind of materials can be described with the Drude model of electrical

conduction.
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2.7.3 Drude Model

The Drude Model [29] is a semi-classical model for the movement of electrons in a conducting

solid that can be used very successfully for calculating macroscopic properties of the solid,

even though the assumptions taken to develop the model are very simple.

The Drude Model states that a solid conducting body, for example a metal, consists of a

regular array of atoms forming a lattice and each atom donates a certain amount of electrons

that can move freely into the lattice. This electrons are known as the valence electrons of the

metal and they form what is sometimes called a “sea” of electrons, leaving behind ionized

atoms in a regular array.

In the absence of an electric field the movement of these electrons is random and therefore

the net current flowing through the conductor is 0. Under an electric field (for example if a

voltage is applied to the sides of the conductor), the free electrons start to move and accelerate

in a direction opposed to the direction of the electric field.

The assumptions made by Drude in his model are:

1. The electrons have a probability of scattering against one of the ionized atoms higher

than 0, so collisions between a free electron and an ionized atom occur.

2. After a collision with one of the ionized atoms, the momentum of the electron is 0, and

the kinetic energy that the electron possessed until that moment is transferred to the

lattice in form of thermal energy.

The time between collisions for an electron is different every time depending on which

path is followed by it after the collision, but an average time between scattering events can be

calculated. The average time between collisions is represented by τ .

The final velocity that an electron has immediately before a collision event can be different

for each collision, depending on how much time the electron was allowed to accelerate under

the electric field, nevertheless an average velocity can be calculated, this velocity is called drift

velocity and represented by vd.

From this model more information can be extracted, for example, if we consider that the

electrons in the metal are subject to an acceleration proportional to the electric field and to

their electric charge (Coulombs Force) but inversely proportional to their mass, a = qE/m,

then we can write:

vd = qE

m
τ (2.21)
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which represents a relation between the drift velocity, vd, and the average time between

colisions τ .

If we substitute this result into the microscopic current: I = n q vd A, where A is the

cross section area of the conductor, q the elementary electric charge and n the charge carrier

concentration, we have:

I = n
q2E

m
τ A (2.22)

Dividing by the cross section area on both sides of the equation we have the current density

on the left side, and on the right side the electric field multiplied by a factor that only depends

on constants and intrinsic properties of the material analysed:

J = n q2 τ

m
E (2.23)

The current density moving through a solid conductor is proportional to the electric field

applied to it, which is basically Ohm’s law, and the proportionality factor is the macroscopic

quantity known as conductivity.

So the Drude model gives us a microscopic expression for the conductivity of a material,

by using just a couple of very simple assumptions.

2.8 Optical properties of TCO layers

As it has been seen in Section 2.7, TCO layers can absorb and reflect light due to different

physical phenomena happening inside them. A measurement of the optical properties using

for example UV-VIS spectrometry can give us information about this processes.

Figure 2.11 can be analysed in 3 regions, for short wavelengths, it can be seen that the

absorption of the film is high and decreases rapidly to a low value, while the transmission does

the opposite, this is due to the fact, that photons inciding with this wavelength have enough

energy to excite a charge carrier from the valence into the conduction band. This is therefore

the region in which fundamental absorption can be seen. The edge of this region is a good

estimate of the optical bandgap of the semiconductor material.

At around 500 nm, a region can be seen in which the absorption of the film is very low, this

region is called the optical window of the TCO layer. Photons in this region have a smaller

energy than the bandgap of the semiconductor, and are therefore mainly transmitted.
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Figure 2.11: Reflection transmission absorption spectra of an ZnO:Al film. The absorption of
this film starts at a value close to 1 and decreases rapidly showing the range in which fundamental
absorption is taking place, for longer wavelengths increases again due to free carrier absorption.
(See details in text) Taken from Alberi and Gregoire [30].

At around 750 nm and up to 1500 nm an increase in the absorption of the film can be seen.

This phenomenon happens due to the absorption of a photon by an electron which is already

inside the conduction band, and it is called the free carrier absorption region. A point in the

absorption curve can be seen at around 1500 nm, called plasma frequency, λp. The free charge

carrier absorption is a process which gets promoted by groups of charge carriers oscillating

called plasmons. The plasma frequency is the frequency for which free carrier absorption is

maximum.

For degenerated semiconductors, an increase in the bandgap as a function of charge carrier

concentration, known as the Burstein-Moss shift can be observed due to the fact that energy

states inside of the bandgap are occupied and fundamental absorption can not take place from

a state in the valence band to an occupied state in the conduction band (Figure 2.12).

2.9 Formation of a semiconductor heterojunction

A semiconductor heterojunction is understood as the interface between two semiconductor

materials with different electronic bandgaps. There are mainly three types of semiconductor

heterojunctions, namely straddling gap, staggered gap and broken gap shown in Figure 2.13.

According to the Anderson model for the formation of heterojunctions [31] when different

materials are put in contact, a modification of the energy bands takes place in a small spatial

region around the interface. This modification, if correctly engineered and designed in a
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Figure 2.12: Representation of the Burstein Moss shift for a non-degenerated (a) and a degenerated
(b) semiconductor. In case (a) the bandgap of the material is equal to the distance between the
valence and conduction band edges. In case (b) the effective bandgap is increased due to the
presence of charge carriers in energy levels inside the conduction band

Figure 2.13: The three possible heterojunction types are shown for different combinations of
conduction and valence band position. Type I or straddling gap, type II or staggered gap and type
III or broken gap
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Figure 2.14: (Left) Energetic band diagrams of two semiconductor materials before setting
them in contact for forming a semiconductor heterojunction. (Right) Simple semiconductor
heterojunction showing the formation of an electronic structure that blocks electrons from moving
from material 2 into material 1, and holes from moving from material 1 into material 2.

specific way can produce different electronic structures which can be useful for the production

of better photovoltaic devices, such as the ones shown in the next section.

2.10 Charge selective contacts

One of the possible electronic structures that can be achieved by means of forming a

heterojunction is a structure known as a charge selective contact, which is one of the main

topics of this thesis and the main reason for the high efficiency reached by the SHJ silicon

solar cells.

In the more general case, in order to form a charge selective contact, two semiconductors

with different bandgaps are put in contact, and following the Anderson model the band offsets

between the conduction band and the valence band of both materials can be determined [31].

When these materials are set in contact, in order to reach an equilibrium of the Fermi energy

in the whole system, their electronic bands will bend up or downwards in a certain way that

depends on the relative position of the Fermi levels of these material .

It is possible, nevertheless, to analyze an oversimplified case of a heterojunction and still

get to understand the working principle of a charge selective contact. This simple case would

be represented by a system in which both materials have their Fermi level at the same energetic

level, which would not produce a bending of the energetic bands. If one assumes, that one of

the materials (for example material 1) has both its conduction and valence band nearer to the

vacuum level than those of the other material (material 2), the energetic levels, before setting

the materials in contact would look like those in Figure 2.14 left.
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After setting the materials in contact, since the Fermi energies are at the same level and

no band bending occurs, the electronic structure of the heterojunction would look like that

shown in Figure 2.14 right. It is evident, that if an electron-hole pair is produced inside of

material 1, the hole can only move inside of the material 1, because in order to move into

material 2 it would have to overcome a potential barrier, while the electron is able to move

inside of material 1 but also to move into material 2 since no potential barrier confines it

only to material 1. A similar reasoning can be made for an electron-hole pair produced inside

material 2, in order to find out that material one works as a semi-permeable membrane for

only one type of charge carriers, in this case, holes.

In a more general case, the Fermi levels of the two materials are not at the same level

before they are set in contact, and a band bending occurs. In order to visualize the band

bending of the heterojunction it is important to take into account, that the Fermi level of

both materials should be at the same level through the whole system. For this reason, the

electronic bands of one of the materials have to be shifted in such a way that the Fermi levels

are at the same energy.

First, the energy band offsets can be calculated using the Anderson model if the ionization

potentials (I1 and I2) and electron affinities (χ1 and χ2) of the semiconductors are known.

The ionization potential is defined as the energetic difference between the vacuum energy and

the upper edge of the valence band, and the electron affinity is the energetic difference between

lower edge of the conduction band and the vacuum energy level.

With this data, the offset of the conduction ∆EC and offset of the valence band ∆EV of

the heterojunction 2.13 can be calculated as

∆EC = −(χ2 − χ1)

∆EV = (Eg2 − Eg1) − ∆EC

After calculating the offsets, the Fermi levels are set in equilibrium and the conduction

and valence band of one material are connected to the conduction and valence band of the

other material taking into account the offsets at the contact point between materials.

Figure 2.15 shows three examples of heterojunctions that can be formed by joining two

semiconductors with different doping in each example [32]. In each of the cases the relative

position of the Fermi level of these materials makes it possible to form different structures

that can be useful for the production of a photovoltaic device. A difference in doping in the
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semiconductor materials leads to a different kind of band bending. In case b, this heterojunction

allows electrons to move from the p-type material to the n-type, while blocking the holes. In

case c, electrons are blocked to move from the n-type material to the p-type material while

holes would be able to move in that direction if they tunnel through the potential barrier. Note

that the band offsets for all three heterojunctions are the same independently of the doping of

the materials, because the two semiconductors used are the same for the three examples.

2.11 SHJ Solar cells

For the production of a silicon heterojunction solar cell a material with a bandgap larger than

silicon is placed on one of the surfaces of the wafer immediately before the metallic contact.

The material used in this case can be for example, silicon dioxide [33], with a very large

bandgap of 9.3 eV [34] or amorphous silicon, a-Si, with a bandgap of approx. 1.7 eV [35, 36],

the main difference between these two materials being, that the a-Si layers can be deposited

at low temperatures of approx. 200 ◦C, while SiO2 is produced by thermal oxidation of c-Si at

around 1000 ◦C.

In the case of amorphous silicon, this material performs two tasks in the photovoltaic

device. Due to the higher bandgap of this material, it can be used for forming charge selective

contacts on both sides of the device, and, if during the deposition of this material hydrogen

atoms are present in the reacting gas during deposition, for example, by using silane gas SiH4

as a precursor, the dangling bonds found on the surface of the c-Si can be passivated. The

passivation of the dangling bonds reduces the surface recombination velocity of the charge

carriers [37], leading to a potentially more efficient device. Other materials used for surface

passivation of c-Si wafers are for example, SiNx:H [38], Al2O3 [39, 40].

By using TCOs on the top of these solar cells specifically tuned to achieve both a high

lateral conductivity of the charge carriers and antireflection properties for the incoming light,

it has been possible to achieve high power conversion efficiencies with this kind of devices.

The electronic band structure of an SHJ solar cell can be seen in Figure 2.16. The electronic

band offset of the heterojunction for the conduction and valence bands between the n-type c-Si

and the a-Si:H(i) can be appreciated. The band structure leading to charge selective contacts

of electrons and holes can be seen on the left and right sides of the diagram respectively.

The energetic barrier that a free electron needs to overcome in order to move from the n-cSi

through the intrinsic and p-type a-Si:H is very large in comparison to the energy barrier that
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Figure 2.15: Different heterojunction structures formed by setting in contact two semiconductors
with different doping types. The structures shown in a) and b) show charge selective contacts for
electrons and the one shown in c) a charge selective contact for holes. Based on an image from
Chakrapani [32].
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Figure 2.16: Band diagram of a silicon heterojunction with intrinsic thin layer solar cell. The
effect of the intrinsic layer as a charge selective contact, due to its large bandgap in comparison to
that of the c-Si, on both the top and the bottom of the device can be seen. Taken from Dittrich [2].

it has to overcome in order to move through the intrinsic and n-type a-Si:H. The energetic

barrier that a free hole needs to overcome in order to move from the n-cSi to through the

intrinsic and n-type a-Si:H is very large in comparison to the energy barrier that it has to

overcome in order to move through the intrinsic and p-type a-Si:H.

A good overview of the characteristics of SHJ solar cells can be found in De Wolf et al. [41].

2.12 Nickel Oxide: An overview

Nickel oxide is a semiconductor material with a wide bandgap (approx. 3.8 eV) and an

intrinsically p-type behavior [14]. The p-type doping of nickel oxide is regulated by Ni

vacancies and oxygen interstitials [42]. NiOx crystallizes in the rock salt structure and it has

been prepared by many methods such as sol-gel [43], spray pyrolysis [44], sputtering [16] and

aerosol assisted chemical vapor deposition [45], among others.

In Jlassi et al. [44], nickel oxide thin films were deposited using spray pyrolysis from

a hydrated nickel chloride solution onto glass substrates. Their optical and electrical

characteristics were measured and it was found, that the optical bandgap decreases from 3.7 eV

to 3.55 eV due to the formation of non-stoichiometric films with an excess of oxygen. The

electrical resistivity of the films was in the range of 10 to 200 Ω cm.

Islam et al. [16] made a proof-of-concept device using nickel oxide as an electron blocking

layer in a silicon solar cell. They propose using the stoichiometry of nickel oxide as the

optimization parameter in NiOx silicon contacts due to tha fact that the p-type behavior of
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nickel oxide is defined by its stoichiometry. The p-doping nature of nickel oxide The NiOx was

deposited using magnetron sputtering from a NiOx target, i.e. in a non-reactive process.

The p-type doping nature of nickel oxide is produced mainly by the intrinsic point defect

nickel vacancy, which, as it has been shown by Karsthof et al. [46] can be introduced into

nickel oxide films by using high oxygen partial pressures during growth.

Visible-light transparent solar cells were prepared by Kawade et al. [24] by forming a

heterostructure composed of NiO and Zn. They could show that a small photovoltaic effect

can be seen.

Predanocy et al. [47] prepared nickel oxide thin films by means of DC reactive magnetron

sputtering on which they investigated the effect off annealing at 500 ◦C. They concluded

that the crystallite size increases with annealing, and that the transparency of the films

increases. Their films have an optical bandgap of 3.7 eV, resistivities between 3 × 10−4 Ω cm

and 8 × 10−4 Ω cm, and a carrier density of approximately 10−13 cm−3. Reddy et al. [48] found

an optical bandgap of 3.8 eV and a transmittance of 60% at a wavelength of 650nm using DC

reactive magnetron sputtering for the production of thin films.

Menchini et al. [49] produced a device based on a crystalline silicon wafer with an emitter

fabricated using RF sputtering in a reactive process. Due to the low conductivities of the films,

they were used only as electron blocking layers. A transparency of 63.9% at a wavelength of

550 nm is reported as well as a sheet resistance of 120 kΩ/sq which corresponds to 0.24 Ω cm

for a film with 20 nm thickness. The devices produced present an s-shaped IV curve, probably

due to a high concentration of defects at the interface between nickel oxide and silicon.

Another method used for the synthesis of nickel oxide thin films is sol-gel spin coating as

it can be found in a characterization study by Raut et al. [43]. It has been found that their

optical bandgap changes from 3.86 eV to 3.47 eV when the films are annealed at 700 ◦C.

Nickel oxide films prepared by ebeam evaporation from a sintered nickel oxide target have

been used for electrochromic devices [50].

In the field of organic solar cells, a 5 nm thin film of nickel oxide was used as an effective

electron blocking layer [15]. The film was produced using sputtering from a nickel oxide

target. A solar cell which uses nickel oxide as an electron blocking layer shows a slightly better

performance, and a slower degradation process than a cell that uses PEDOT:PSS.

Nickel oxide nanoparticles were used in combination with P3HT as a hole transport material

for a Sb2S3 solar cell showing a substantial improvement of the power conversion efficiency

compared to solar cells using pristine P3HT [51].
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In Helmholtz Zentrum Berlin, nickel oxide has been investigated for different projects

in the field of perovskite solar cells. A monolithic tandem cell composed of perovskite and

Cu(In,Ga)Se2 reached a stabilized PCE of 21.6%, by using a bilayer of PTAA and NiOx as a

hole transport layer [52].

Di Girolamo et al. [53] improved the nickel oxide layer with a thin NaCl layer, which

increases the work function of NiOx by 0.3 eV, making it possible to achieve 18% PCE and

an increased VOC due to the suppression of surface recombination. In a later work [54], they

showed that the hysteresis behaviour of a perovskite solar cell can be drastically reduced if a

hybrid magnesium organic interlayer is used between the nickel oxide hole transport layer and

the perovskite in comparison to the same system using a PMMA interlayer.

A nickel oxide layer used as a hole selective layer was also implemented in a perovskite

device in which the difference between flat and wrinkled morphology was studied. It was found

that for a flat morphology layer a higher charge carrier recombination at the NiOx/perovskite

interface takes place, which leads to a decrease in Voc for the flat samples in comparison to

the wrinkled ones. A PCE of 17% was achieved for the best cell. [55]

2.13 Nickel silicide as a contact for solar cells

Nickel silicide has been studied as a material for metallization of solar cells, specifically as a

replacement for the more expensive silver metallization.

In Chaudhari and Solanki [56], nickel was deposited on c-Si solar cells and annealed at

temperatures of 400 to 430 ◦C in order to form nickel silicide, which lowers the contact

resistivity between nickel and silicon. the nickel silicide layer is further covered with copper to

reduce metal grid line resistance. A reduction of 50% in the series resistance of these cells

compared to commercial silver screen printing is achieved.

In Tous et al. [57] a contact consisting of Ni/Cu/Ag layers is used to fabricate a p-type

CZ-Si PERC cell with 19.5% PCE. Tous et al. [58] analysed the bilayer system Ni/Cu as a

replacement for silver, but in a process in which the annealing of the sample to form NiSi is

avoided. Since the annealing of nickel can damage the industrially produced shallow emitter,

large area excimer laser annealing is used. This process makes it possible to form a NiSi layer

without inflicting greater damage to the wafer or to the anti-reflection coating.

Many other studies have shown that NiSi is a good contact material for solar cells [59, 60,

61, 62, 63]. Marshall et al. [64] is of particular interest to the present dissertation due to the
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similar approach as that shown in Section 6.7. In Marshall et al. [64] a NiSi/PolySi/SiO2/c-Si

system is investigated as a passivated contact for silicon solar cells. It was found, that if an

amorphous silicon layer is integrated between the NiSi and the PolySi layers, the passivation

is improved and the recombination decreased.

Olowolafe et al. [65] studied the formation of nickel silicides, depositing nickel thin films

on different silicon substrates (crystalline, polycrystalline and amorphous), and found that a

reaction between nickel and amorphous silicon takes place even at a low temperature (200◦ C)

forming nickel silicide.

2.14 Diffusion of nickel atoms in silicon

One of the possible reasons considered in this thesis for the free charge carrier lifetime decrease

of the passivated silicon wafers after a nickel oxide deposition is the diffusion of nickel atoms

through in the amorphous and crystalline silicon.

If this phenomenon does take place, the nickel atoms diffusing through the a-Si should at

some point reach the a-Si/c-Si interface. It is known that this interface passivates the dangling

bonds of the crystalline silicon wafer. The main task of the passivation layer is to increase the

lifetime of the charge carriers by lowering the probability of a free charge carrier to recombine

with an electronic active dangling bond and therefore decrease the surface recombination at

the a-Si/c-Si interface.

2.14.1 Calculations of nickel diffusion in silicon

The diffusion of one material in another can happen in different ways. It has been shown that

nickel diffuses in a crystalline silicon matrix mostly interstitially [66], and that, in amorphous

silicon, the diffusion of nickel happens through trap retarded interstitial migration, produced

by intrinsic traps in the amorphous phase with a binding enthalpy of 0.8 eV [67].

The physical quantities that define how a material diffuses into another are the temperature

of the system, the time of diffusion, and the ease with which the atoms of one material can

move between the atoms of the hosting material. This latter physical quantity is known as the

diffusion coefficient D, and is measured in cm2/s.

The phenomenon of diffusion also depends on the amount of diffusing material available

at t = 0. If the amount of diffusing material is large enough that the concentration at the

interface does not change during diffusion, it can be considered an inexhaustible source. In this
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case, and for a constant D the diffusion profile, as a function of the distance to the interface,

has the form of the error function. If the amount of diffusing material is small, so that the

movement of atoms inside of the host material changes the concentration of the layer at the

interface, the process is known as diffusion from an exhaustible source. The diffusion profile of

an exhaustible source for fixed D has the shape of an exponential decay.

Since in a diffusion process the diffusing particles move from the spatial region where their

concentration is higher to that where the concentration is lower, it can be said that the amount

of atoms diffused to a depth x inside of the host material is an increasing function of the

temperature of the system and the diffusion time, and a decreasing function of the distance x.

The equation obtained from Fick’s diffusion model [68] for an exhaustible source is:

N(x, t) = Ns(t) exp
(︄

−x2

4DNi t

)︄
(2.24)

Where x is the distance into the host matrix measured from the interface, DNi, the diffusion

coefficient of nickel in silicon and t the time since the diffusion process starts. Ns(t) represents

the concentration of nickel atoms at the interface between nickel and amorphous silicon, and

is a decreasing function of time, since, if nickel atoms diffuse into silicon, and no new atoms

are added to the original layer, the concentration at the interface has to decrease in order for

the law of conservation of matter to hold true.

Ns as a function of time is expressed by the following relationship:

Ns(t) = Q√
πDNit

(2.25)

Where Q is the surface density of nickel at the interface between nickel and amorphous

silicon, measured in cm−2. This value can be calculated if the molar volume of a material is

known. For nickel and other metals it is approximately 1022 to 1023 atoms per cm3, which

means that a nickel layer places approximately 1015 atoms on an interface with area equal to

1 cm2.

The mechanism that drives interstitial diffusion is activated by the thermal vibrations of

the materials in contact. If the temperature of the system is high enough, and the thermal

vibrations reach a certain threshold value, one of the materials starts to diffuse into the other

(or both of them diffuse into the other which is known as interdiffusion). Since temperature

has a direct effect on the velocity with which the diffusing atoms move inside the host matrix,
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the diffusion coefficient is also a function of the temperature. For nickel diffusing in crystalline

silicon, the long accepted diffusion coefficient [69] is:

DNi−cSi(T ) = 2.3 × 10−3 exp
(︃−0.47 eV

kBT

)︃
cm2/s (2.26)

Some more recent investigations by Lindroos et al. [66] have concluded that an even higher

coefficient could be more accurate. The value found by this investigations is:

DNi−cSi(T ) = 1.69 × 10−4 exp
(︃−0.15 eV

kBT

)︃
cm2/s (2.27)

According to Kuznetsov and Svensson [67] in a study using amorphous silicon layers, the

diffusion coefficient of nickel in this material is many orders of magnitude smaller, being:

DNi−aSi(T ) = 3 × 10−3 exp
(︃−1.3 eV

kBT

)︃
cm2/s (2.28)

A calculation of these three diffusion coefficients as a function of the temperature is shown

in Figure 2.17. It can be observed that the diffusion coefficient of nickel in silicon proposed

by Bakhadyrkhanov et al. [69] increases from 10−11 to 10−7 cm2/s when the temperature

increases from 0 to 350 ◦C. The coefficient proposed by Lindroos et al. [66] is several orders of

magnitude higher and the diffusion coefficient of nickel in amorphous silicon 7 to 15 orders of

magnitude lower for the same range.

From this calculation it can be seen, that the diffusion of Ni in a-Si happens at a very slow

rate compared to diffusion in c-Si. For our investigations we need to analyse the probability of

nickel atoms reaching the a-Si/c-Si interface, after assuming, that the thin a-Si layer (5 nm)

could be damaged by the e-beam NiOx deposition.

In the case that nickel atoms reach the a-Si/c-Si interface, a calculation shows, that even

at room temperature the diffusion of nickel atoms in c-Si happens at a fast pace, reaching

high concentrations at large depths into the silicon matrix in a short time. This would be

detrimental to the electronic properties of the silicon wafer as it has been shown by Yoon et al.

[70] and Savin et al. [71].

Using the lower diffusion coefficient for Ni in c-Si from [69], the nickel surface concentration

Ns as a function of time for a 1 nm thick layer at room temperature can be calculated and is

shown in Figure 2.18.
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Figure 2.17: Diffusion coefficients of Ni in c-Si and a-Si as a function of temperature as reported
by Bakhadyrkhanov [69] (black), Lindroos [66] (red) and Kuznetzov [67](blue). The diffusion
coefficient proposed by Bakhadyrkhanov varies over 4 orders of magnitude for a temperature range
between 0 and 300 ◦C, while that proposed by Lindroos is a few orders of magnitude higher and
varies by only 1.5 orders of magnitude. The diffusion coefficient of Ni in a-Si layers is 15 orders
of magnitude lower for room temperature and 7 for T = 350 ◦C, as compared to the diffusion
coefficient of Ni in c-Si.
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2.14 Diffusion of nickel atoms in silicon

Figure 2.18: Nickel surface concentration as a function of time for room temperature using the
diffusion coefficient proposed by Bakhadyrkhanov [69]. A diffusion from an exhaustible source
into c-Si is considered. It can be seen that the surface concentration decreases over one order of
magnitude in the first 100 seconds.
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Figure 2.19: Ni concentration as a function of time for a depth of 10 nm and 100 nm, assuming
diffusion at room temperature from a 1 nm nickel layer on c-Si.

Using the diffusion coefficient of Ni in c-Si for room temperature and the surface

concentration as a function of time for a 1nm layer of nickel on c-Si the nickel concentration at

a depth of 10 nm and 100 nm can be calculated and is shown in Figure 2.19. This calculation

confirms the idea that if nickel atoms reach the c-Si surface a fast diffusion process would

take place. The diffusion of Ni in c-Si would introduce recombination sites at the interface

(energetic levels inside of the bandgap). This would lead to wafers with low charge carrier

lifetimes due to recombination, and solar cells with a low VOC and ISC.
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3
Deposition and Characterization

Techniques

3.1 Deposition techniques

3.1.1 Sputtering

Sputtering is a physical vapor depositon method based on the erosion of a material and

the subsequent deposition of the eroded atoms on a substrate. The experimental setup of a

sputtering system consists of two plates between which a voltage is placed. On the positively

charged plate, called the anode, the substrate to be covered is placed. On the other plate,

negatively charged and called anode, the material which will be eroded is placed. This material

is called the physical target (Figure 3.1).

In order to deposit films with high purity, the chamber in which the plates are placed is

evacuated before the deposition process. After the chamber has reached a certain vacuum

level, an inert gas, called process gas, is inserted into the chamber to start the sputtering

process. An inert gas is used to ensure that the composition of the deposited film is equal, or

at least very similar to the original target, since the process gas will not chemically react with

the target.

In order to separate atoms from the physical target, some energy is needed. In the case of

the sputtering technique, this energy is supplied by the impact of ionized process gas atoms,

in a series of steps explained as follows:
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Figure 3.1: Sputtering process diagram. Taken from Dittrich [2].

After the process gas is inserted in the chamber and a voltage is set between the cathode

and the anode, a high voltage is introduced into the chamber between the anode and the

cathode, as shown in Figure 3.1. Since electrons have a very small mass compared to the

atoms nuclei, the high voltage is able to separate the electrons from the atoms, ionizing them.

The ionized atoms, which are positively charged, are attracted and accelerated to the cathode

and by impacting it, transfer their kinetic energy to it, resulting in the separation of atoms

from the target, some of which land later in the substrate.

For the work made in this thesis DC magnetron sputtering was used. In this technique, a

magnet is placed behind the target, so that a magnetic field exists in the vicinity of it. This

field forces the free electrons present in the plasma to move in the region near the target,

increasing the probability of a collision between them and an argon atom. This leads to a

higher rate of ionized atom argons which then hit the target and produce a higher deposition

rate.

During sputtering a mixture of gases can be used if a reaction between the target material

and the gas is desired in a process known as reactive sputtering. For the layers of this thesis

the amount of oxygen inside the chamber was varied in order to obtain a variation of the film

properties.
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3.1 Deposition techniques

Figure 3.2: Cathodic ray tube Taken from Mahmoudzadeh [72].

3.1.2 Electron beam evaporation

Electron beam evaporation is a physical vapour deposition technique that makes it possible

to heat the source locally, avoiding the problem of the source material reacting with the

evaporation recipient.

It’s working principle is based in a cathodic ray tube, also known as Crooks tube, a glass

tube evaporated with electrodes inside in which electrons can be accelerated between a metallic

cathode and an anode by using a potential difference that extracts the electrons of the cathode

(Figure 3.2).

The anode of the ebeam system has a small hole in it, so a fraction of the electrons can go

through it with a certain speed in what is called an electron beam (see Figure 3.3). On the

second part of this setup an electromagnetic field is used to deviate the electron beam into the

evaporation crucible directly into the source material.

This deviation of the electron beam is produced by the Lorentz force that the magnetic

field causes on the charged particles, which is expressed by the last term of the following

equation:

F⃗ = q(E⃗ + v⃗ × B⃗) (3.1)

The kinetic energy of the electrons hitting the material in the crucible is transformed into

heat which leads to the evaporation of the source and subsequent deposition of the material

on the substrate placed over it.
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Figure 3.3: Electron beam evaporator diagram. Taken from Mazzi [73].

3.2 Characterization techniques

3.2.1 Sun simulator

A sun simulator is an artificial source of light that simulates the sun spectrum at standard test

conditions (AM1.5G spectrum, 1000 W/m2 and a cell temperature of 25 ◦C). Since the solar

spectrum is approximated as the black body radiation spectrum of a black body at 5 800 K,

the light source in the sun simulator has to be a combination of lamps which are combined

and tuned with the help of filters.

Normally a combination of a halogen lamp and an arc xenon lamp are used to simulate

the sun spectrum. The halogen and xenon arc lamps can be described as a blackbody with a

temperature of 3 000 K and 10 000 K respectively. The halogen lamp has a very low intensity

in the blue and ultraviolet range while the xenon arc lamp has a low intensity in the near

infrared region of the electromagnetic spectrum, except for some specific emission lines of high

intensity in this region which normally have to be filtered out before the light reaches the solar

cell (Figure 3.4).

It can be seen that the halogen and the xenon arc lamp are combined using a half-mirror

from where the light gets reflected, filtered to match the AM1.5G spectrum and directed into

a collimator which illuminates the solar cell homogeneously. The solar cell is tempered at

25 ◦C so the standard test conditions are met. In order to illuminate solar cells with an area

46



3.2 Characterization techniques

Figure 3.4: Experimental setup of a sun simulator. Taken from Dittrich [2].

of 10 × 10 cm2, powerful light sources have to be used, so an air cooling system for the lamps

is needed. A sun simulator has to be calibrated regularly, since the emission spectrum of the

lamps can change over time. A halogen lamp has a lifetime of approx. 50 hours after which it

has to be changed. The xenon arc lamp has to be monitored with a feedback circuit to ensure

that its current is constant so the intensity of the lamp is stabilized.

3.2.2 Ultraviolet-Visible-Near Infrared Spectroscopy

The optical properties of a material, and specifically those of semiconductor thin films, can

be determined using spectroscopy in wavelength range comprehending the ultraviolet (UV),

visible (VIS) and near infrared (NIR) regions of the electromagnetic spectrum. For this thesis,

this kind of measurements were performed using a Perkin Elmer spectrophotometer model

Lambda 1050.

The reflection (R) and transmission (T ) spectra of the films were measured from 250 nm

to 1500 nm and the absorption of the films was calculated from those values by using the

equation:

The experimental setup of the spectrometer (Figure 3.5) consists of a light source and a

monochromator which makes it possible to radiate with a specific wavelength the incident

light onto the sample. In order to be able to cover the whole spectrum from 250 to 2500 nm

two different lamps are used, a deuterium lamp covers the frequencies in the UV region of

the electromagnetic spectrum and up to 319 nm after which a halogen Wolfram lamp is used

to measure the optical properties in the VIS-NIR range of the spectrum. In order to ensure
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Figure 3.5: Experimental setup of the UV-VIS-NIR spectrometer lambda1050. Taken from
Ghosh et al. [74].

reliable measurements, the lamps of this system have to be turned on for 20 minutes, so they

achieve a stable state and the illumination does not vary during the measurement. Before

performing a measurement of the sample, a 0% and 100% baselines are measured in order

to calibrate the system. During the measurement of the films, the lightbeam is divided in a

reference beam and a measurement beam which strikes in the sample. The transmitted or

reflected light, depending on the measurement being made is collected by a photodetector

which measures the intensity of the light. An Ulbricht sphere helps to redirect the reflected or

scattered photons to the photodetector.

After measuring reflection and transmission of the samples the absorption can be calculated

with the formula

A(λ) = 1 − R(λ) − T (λ) (3.2)

and the absorption coefficient of the material as a function of the wavelength of the incident

light can also be calculated using the Beer-Lambert law if the thickness of the film is known.

The optical band gap of nickel oxide was estimated from the absorption spectrum using a

Tauc plot with r = 1/2 for direct allowed transitions [75].

3.2.3 Glow Discharge Optical Emission Spectrometry

Glow Discharge Optical Emission Spectrometry (GDOES) is a characterization technique that

combines a sputtering unit with an optical spectrometer. This technique allows the user to

obtain a depth profile of the contents of the sample since the working principle of sputtering

requires that the sample is gradually ablated. For performing a measurement, the sample is
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used as the cathode of a sputtering machine in which a plasma is established. The extracted

atoms of the sample enter the plasma and emit electromagnetic radiation with characteristic

wavelengths when electrons move between their energy levels.

This measurement technique has many advantages in comparison to other spectrometry

techniques such as glow-discharge mass spectrometry or secondary ion mass spectrometry. The

GDOES measurements made for this thesis were performed in a GDA650-system of the brand

Spectruma Analytik in pulsed radio frequency mode. The system uses an Argon plasma for

sputtering and a Charged Coupled Device (CCD) for photodetection of the light coming from

the sample atoms during relaxation [76].

3.2.4 Photoluminiscence

Photoluminiscence is a characterization technique that allows us to analyze which type of

recombination is taking place in a solar cell. Since one of the recombination types includes the

emission of a photon with energy equal to the bandgap of the semiconductor material, while

the other 3 recombination methods don’t, it can be distinguished between them. For silicon

solar cells, if the wafers used have high quality so that the SRH recombination is low, this

characterization method is very useful since the passivation of surface can be analyzed in a

quick and simple way.

There are two kinds of photoluminiscence measurements, in one of them, the solar cell is

subjected to a reverse bias so that electrons enter the wafer and recombine. The other method

consists in illuminating the wafer with photons with an energy greater than the bandgap of

the material, so that charge carriers are generated. For the measurements made in this thesis

the second method was used.

If radiative recombination takes place, it can be detected by means of taking a photograph

with a CCD sensitive to photons coming with energy in the range of the bandgap of the

semiconductor material. It is important for this purpose, that the CCD uses a filter to block

out the photons with which the solar cell is being illuminated.

For high quality c-Si samples, like the ones used in this thesis it can be assumed that the

concentration of bulk defects is very low and SRH recombination does not play a critical role

in the recombination of charge carriers.

For this reason, if no photons are detected when subjecting the solar cell to illumination

(or in the other case, to a reverse bias), the predominant recombination mechanism is surface
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recombination, which is a sign of a bad or non-existent electronical passivation of the dangling

bonds.

For this work, passivated silicon wafers were analysed after the nickel oxide deposition

in order to find out if the deposition of nickel oxide by means of e-beam evaporation has a

detrimental effect on the passivation properties of the a-Si:H layers deposited on the surface.

Details and applications about this technique for silicon solar cells can be found in Trupke

et al. [77].

3.2.5 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy is a characterization technique that makes it possible to

analyze the surface (approximately the first 3–5 nm) of a material [78], in our case of the

thin films prepared by e-beam evaporation. The working principle of XPS is the photoelectric

effect, which states, that the electrons of an atom can be set free by a photon interacting with

them, if the photon possess an energy equal or greater than the binding energy between the

electron and the atom.

If a photon with an energy X interacts with a surface electron of a material, and sets it

free, it is possible to measure the kinetic energy K that the electron has after leaving the

energy potential it was bound to, and the difference between this two values will be equal

to the binding energy of the electron to the atom. It must be noted, that in order to detect

enough electrons extracted from a material, a large amount of photons with energy X is

needed, making it necessary to have a source of monochromatic photons at one’s disposal.

Expressed in another way, if a sample of a certain material is illuminated with a

monochromatic source of high energetic photons, the kinetic energy of the extracted electrons

gives us information about the electronic core level in which they were before the electron-

photon interaction.

Obtaining a monochromatic source of high energetic photons (in the range of X-ray) is not

a difficult task, since it was found by Röntgen in 1895, that, if a high voltage of the order of

30 keV is placed between the electrodes of a cathodic ray tube, and the emission spectrum of

it is measured, some emission lines unique for each element, appear over the Brehmsstrahlung

spectrum, which can be seen only at lower voltages.

A radiation spectrum of a molybdenum target set under a potential difference of 35 kV

is shown in Figure 3.6. Both the Bremsstrahlung spectrum and the characteristic X-rays of

molybdenum can be seen as well.
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Figure 3.6: Characteristic spectrum of an X-ray tube. The high intensity signals Kα and Kβ
coming from the electronic transitions between energetic levels can be seen over a continuous
spectrum caused by Bremsstrahlung. Taken from Ladd et al. [79].

Transition Levels Emission
from to Line

2 1 Kα
3 1 Kβ
4 1 Kγ
3 2 Lα
4 2 Lβ
4 3 Mα
5 3 Mβ

Table 3.1: Transitions of characteristic X-ray emission.

This characteristic emission lines are photons emitted by electrons moving between electronic

levels of the mentioned element, more specifically moving from outer to inner electronic levels,

and emitting a photon with an energy equal to the difference in energy between levels (see

Figure 3.7). These lines are only seen at such high voltages between electrodes, because a high

energy is needed in order to eject the electrons placed in the electronic levels nearer to the

nucleus.

The names of the emission lines give the information about the levels between which the

transition is taking place, and can be seen in Table 3.1.

As it have been experimentally measured, the transition from electrons from the second

to the first electronic core level has a higher probability to occur than the other ones and,
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Figure 3.7: Emission of characteristic X-rays as a working principle for XPS. An X-ray (1) knocks
out an electron from its energetic position (2), and an electron in a higher energetic state (3) moves
to the unoccupied state emitting a photon with energy equal to the energetic difference between
states

therefore, the first line of the spectrum (so to say, the Kα) has the highest intensity of these

spectral lines and can therefore be used as a beam of monochromatic electromagnetic radiation.

In our setup, we are able to use two different materials for the X-ray producing anode,

aluminum and magnesium, which gives us the possibility of investigating the surface of materials

with X-rays of wavelength AlKα = 1486.6 eV and MgKα = 1253.6 eV.

Once having this source of monochromatic X-rays it is possible to direct it to a material

sample and analyze the electrons that are set free due to the photoelectric effect and measure

their kinetic energy. The kinetic energy with which these electrons exit the material is equal

to the energy of the incident X-rays minus the binding energy of the electrons. The raw

results of the measurements are then analyzed using a software called XPSPEAK 4.11. The

signals are fitted using Voigt profiles which consist of the convolution of a Gaussian and a

Lorentzian distribution (15% and 85% respectively). Different functions were used for fitting

the background: in the case of the nickel, a Shirley background function was used and in the

case of the oxygen XPS signal a linear background.
1Open software for the analysis of XPS spectra written by Raymund Kwok.

https://xpspeak.software.informer.com/4.1/

52



3.2 Characterization techniques

Figure 3.8: EDX working principle 1) a primary electron interacts with an electron in one of the
inner energy levels of an atom, and ejects it from its orbital. 2) the ejected electron, called the
secondary electron leaves its energy level empty. 3) an electron in a higher energy state moves to
the lower energy level, emitting an x-ray photon in the process with energy equal to the difference
of energy between the electronic levels. Taken from Morita [80].

3.2.6 Energy Dispersive X-ray diffraction

Energy Dispersive X-ray difraction is an analytical technique used to characterize the chemical

composition of a sample. Its working principle is based in the analysis of characteristic X-rays

emitted by electrons moving between the energy levels of the atoms of the sample, when

excited by a beam of high energetic electrons.

The incident electrons, coming from an electron gun, in which the electrons are accelerated

between a cathode and an anode, are called the primary electrons. If they interact with

electrons inside the sample, they will transfer their energy to them and set them free from

their atomic orbital. The electrons which were set free are called the secondary electrons.

Neighbouring electrons positioned in a higher energy level can move to the lower, and now free

electronic level, emitting during this process a photon with an energy equal to the difference

in energy levels (normally in the x-ray region of the electromagnetic spectrum).

Since the difference between energy levels is unique for each element, the composition

of the sample can be identified if the outcoming radiation of the sample is analysed with a

diffractometer.

In comparison to XPS, EDX is able to analyze the bulk of the material, due to a larger

penetration depth of the incident electrons, and the ability of the produced characteristic

X-rays of the sample to leave the probe without interacting again with atoms in the sample.
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Figure 3.9: X-ray diffraction experimental setup. Taken from Kuhlmann [81].

For this thesis, the composition of 500 nm thick nickel oxide layers deposited under different

oxygen pressures was analysed using electrons at an acceleration potential of 5 kV in a Hitachi

4100 with EDAX-System ApolloXV, Genesis. The primary electrons were accelerated with a

potential of 5 kV, and no signal from the substrate was recorded, so the excitation volume was

completely composed of the nickel oxide layer.

3.2.7 X-ray Diffraction

X-ray Diffraction is one of the most used techniques for characterization of crystalline materials.

A monochromatic, collimated X-ray beam is directed to a crystalline probe with an incident

angle that varies from normal incidence (0◦) to almost parallel incidence (90◦). A photodetector

measures the intensity of the reflected light at an angle equal to the incident angle on the

other side of the perpendicular line to the material, as shown in Figure 3.9.

Due to the fact that X-rays are electromagnetic waves and follow the superposition principle,

the detected wave at a certain angle theta will be the superposition of the waves reflected by

the parallel planes of the crystalline sample. The difference in optical path between a wave

reflected by the first plane and the second plane is a function of the distance between planes

and the incidence angle of the X-ray beam.

If the optical path difference is an integer multiple of the X-ray wavelength, there is no

phase difference between the detected waves and they interfere constructively, so a larger signal

is detected than for other incident angles. In particular, according to Braggs’ law, there will

be constructive interference when the following condition is met:

2d sin θ = nλ (3.3)
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Figure 3.10: XRD pattern of electrodeposited nickel showing the main crystal plane orientations
of this material. Taken from Ul-Hamid et al. [82].

where d is the interplanar distance, lambda the wavelength of the incident X-rays, θ the incident

angle and n, an integer number. It is possible then, if the wavelength of the X-rays is known,

to determine the interplanar distance of a crystal by finding those angles where the interference

is constructive. An XRD pattern of electrodeposited Nickel is shown in Figure 3.10.

3.2.8 Photoconductance decay measurements

In order to measure the lifetime of the minority charge carriers of a passivated wafer, a

WCT-100 equipment from Sinton Consulting was used. The measuring system uses a short

illumination pulse in order to generate free charge carriers in the wafer and measures the

conductance of the wafer and therefore the amount of free charge carriers in it, as a function of

time after the pulse. The amount of free charge carriers in the sample decreases over time due

to recombination and if the decreasing pattern is analyzed the lifetime of the charge carriers as

a function of their concentration can be calculated. The working principle of the measurement

system is explained in detail in Sinton and Cuevas [83].

A typical measurement of this system looks like Figure 3.11 and contains information about

the injection levels at which the different types of recombination takes place.

The minority charge carrier lifetime is limited by Auger recombination at high injection

levels and by SRH recombination at low injection levels.
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Figure 3.11: Minority carrier lifetime as a function of minority carrier density (injection level) of
wafers taken out of different parts of a silicon ingot. It can be seen that the wafers taken from the
extremes of the ingot show a lower charge carrier lifetime. Taken from Einhaus et al. [84].

3.2.9 Suns VOC

This characterization technique, makes it possible to analyze the performance cell as if no

series resistance were present in it. Its working principle is based in the illumination of a solar

cell by a flash, which intensity decays over time, so a variation of the VOC of the solar cell is

measured, Using the short circuit current density jsc obtained from the measurements in the

sun simulator, a pseudo IV curve can be produced, which represents what the performance of

the solar cell would be if no series resistance were present.

By comparing the real IV curve of a solar cell with its pseudo IV curve, the series resistance

of it can be determined. For example by dividing the voltage difference between the pseudo

IV curve and the real IV curve of the solar cell in the maximum power point, and dividing it

by the current that is flowing through the solar cell in that point [85].

3.2.10 Transmission Line Measurements

In order to measure the sheet resistance and the contact resistivity of the ZnO:Al and ITO

with the silver grid, Transmission Line Measurements (TLM) structures were prepared on

the silicon wafers. TLM is a simple characterization method which can be used to obtain

information about the electronical transport of layered materials.

The working principle is relatively easy to understand, TLM structures give us information

about a system composed of two materials, normally used for thin films. In order to perform
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Figure 3.12: TLM structures and typical TLM measured data. a) representation of a TLM
structure for a TCO/grid system, and b) graph of the measured data. Taken from Marinkovic [86].

the measurement, a sample of one material with a homogeneous thickness is prepared and

thin stripes (at least three) of the other material are placed on top of it, such that no physical

discontinuities of the first material exist as it is shown in Figure 3.12a.

The distance between the stripes and the resistance between every couple of stripes is

also measured, resulting in a set of points with coordinates (distance, resistance) as shown in

Figure 3.12b. If these points are plotted, and a straight line is fitted to them, the slope of the

line will give us information about the sheet resistance of the material placed below, while

the point where the line crosses the vertical axis gives us information about twice the contact

resistance of the system.

In this thesis the systems ITO/silver and ZnO:Al/silver where analyzed in order to compare

the contact resistivity of those materials with the silver grid.

The working principle can also be found in detail in Marinkovic [86] and Pysch et al. [85].
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Figure 3.13: a) current flowing through a conductor with no magnetic field acting on it. b)current
flowing through a conductor with a magnetic field perpendicular to the current flow. A voltage
between the sides, called the Hall Voltage appears due to the lateral deviation of the electrons.
Taken from Ramsden [87].

3.2.11 Hall effect measurements

A widely-used technique for measuring electronical properties of materials is the Hall effect.

Some of the properties that can be accurately measured are for example mobility of the charge

carriers and the conductivity of the material. For performing this measurement, a voltage is

placed between two sides of the conducting material, so that a current is established. The

setup is immersed in a magnetic field in which the moving electrons feel a force (Lorentz Force)

that deviates them from their direction in a direction perpendicular both to the magnetic field

and the current, so that they group on one of the extremes of the sample and a voltage, called

the Hall voltage, can be detected (Figure 3.13).

For the layers presented in this work a measurement of the Hall effect in the van der

Pauw geometry was performed. The van der Pauw geometry consists of a system with four

electrodes,which are placed on the edges of a small square sample (approx 1 cm2) and through

which a measurement of the voltage and the current on separate pair of electrodes takes

place to determine the resistivity of the sample, and also when the sample is immersed in the

magnetic field, to measure the Hall voltage.

In order for this measurement to be reliable some conditions have to be met by the film.

The film has to have a homogeneous film thickness and present no holes on its surface. The

thin film samples should be contacted at the edges, and the size of the contacts should be

smaller than the edges of the samples.

The details about this measuring technique can be found in many references such as Sze

and Ng [3] and specific information about the van der Pauw configuration can be found in

Pauw [89].
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Figure 3.14: Hall effect measurement in the van der Pauw geometry. Voltage and current are
measured with two pairs of needles on different corners of the sample. Taken from Narang [88].

Hall measurements for the ZnO:Al, ITO and NiOx single layers on glass were made using

the van der Pauw geometry with the HMS-3000 Ecopia system. The magnetic field used in

this system is a permanent magnet with a magnetic field of 0.56 T.

3.2.12 Mercury probe

The mercury probe is a non destructive and fast measurement technique for determining the

electrical properties of conducting materials [90]. During the measurement, the sample is

contacted using mercury electrodes with a well defined area and separation between them.

In order to achieve that the mercury gets into contact with the sample a vacuum pump is

used to move the mercury upwards to the sample. After the sample has been contacted, an IV

relation is measured in order to determine the resistance of the sample. If the thickness of the

sample is known the resistivity can also be calculated.
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4.1 Aluminium doped zinc oxide layers

For optical and electrical characterization ZnO:Al and ITO layers were deposited on low-iron

soda-lime glass (Saint-Gobain planiclear, 30 × 30 cm) using a pulsed DC magnetron sputtering

system from Leybold Optics (A600V7). For ZnO:Al deposition a rotatable target (99:1 wt. %

ZnO:Al2O3) was used, and for the ITO layers, a planar target (97:3 wt % In2O3:SnO2). The

rotatable target is 600 mm long and has a diameter of between 130 mm used and 166 mm

new. The planar target is 600 mm long and 125 mm wide.

Both materials were deposited at a nominal substrate temperature of 200 ◦C. During

sputtering, the mixture of oxygen to the argon sputtering atmosphere was used to tune the

stoichiometry and conductivity of the layers. The O2 flow ratio r(O2)=(O2)/(Ar+O2) was

varied between 0% and 0.74% for the ZnO:Al and 0% and 5% for the ITO deposition.

Charge carrier concentrations and Hall mobility of the layers on glass were determined

by Hall measurements in the van der Pauw geometry. Sheet resistance was measured using a

four point probe. Layer thicknesses were obtained fitting a Drude-Lorentz-oscillator model to

optical spectrometry measurements. All layers deposited on glass had a thickness of 98 ± 6 nm

which, when deposited on textured silicon wafers with random pyramids, results in an effective

thickness of 70–80 nm.

An initially 145 µm thick n-type Cz-Si wafer was used as the base. After saw-damage-

etching, texturing and RCA cleaning, the amorphous intrinsic and doped silicon layers were

deposited in an AKT1600 Plasma-Enhanced Chemical Vapor Deposition (PECVD) cluster
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tool from Applied Materials. As the front-surface field and contact material to the front TCO

a nanocrystalline silicon n-type layer was used [91]. For the back emitter an amorphous silicon

p-type layer was used. TCO sputtering was done through shadow masks to define 4 cm2 size

cells.

For all cells the front metal-grid contacts were carried out by screen printing of silver

contact grids which covered 2.7% of the cell area and was cured at 170 ◦C for 7 minutes. For

bifacial cells the back contacts also consisted of screen printed silver grids, whereas full-area

sputtered silver layers were used instead for monofacial cells. The rear contact of the monofacial

solar cells was created using 80 nm ZnO:Al + 200 nm silver over the active area.

Five groups of samples, with two wafers each, were prepared. Each wafer holds 14 bifacial

SHJ solar cells, three TLM structures and three grid-less solar cells for EQE measurements.

Four groups feature a ZnO:Al front TCO sputtered with different O2 concentrations (oxygen

content variation), and are named according to the oxygen partial pressure during deposition,

ZnO:Al 0%, ZnO:Al 0.3%, ZnO:Al 0.48% and ZnO:Al 0.74% respectively. One group, with

ITO as front TCO is used as a reference and is named ITO 2.8% according to the oxygen

partial pressure under which it was deposited. All of these samples have a 80 nm thick ITO

layer in the back and were processed in bifacial configuration. To test the performance of

ITO-free cells, one extra group of two wafers with 14 monofacial solar cells with ZnO:Al as

the front and a ZnO:Al/Ag rear contact, was prepared and named MF ZnO:Al 0.3%. Special

cells without grid were prepared for the EQE measurements.

The solar cells were characterized using illuminated IV measurements under AM1.5G

illumination and standard test conditions in a dual source class AAA+ sun simulator.

Intensity dependent open circuit voltage (SunsVoc) was measured using a Sinton Instruments

WCT120. UV-VIS spectrometry was measured on a Perkin-Elmer LAMBDA 1050 UV/Vis/NIR

Spectrophotometer. EQE and electrical measurements on the TLM structures were also made.

A calculation of the series resistance (Rs) of the cells is done adding the series resistance

due to the transport through the TCO (RTCO
s ) and the contact resistance between the TCO

and the metal grid (Rc
s). This is a simplified calculation of the series resistance of the cell, since

the contact resistivity between the TCO and the nanocrystalline silicon n-layer is neglected for

these calculations, as well as the transport through the silicon wafer. Nevertheless, it represents

qualitatively the electronic transport through the front stack of the solar cell in a way that

allows us to understand the trends observed in the FF and jsc results of the section 5.1.3.

RTCO
s and Rc

s were calculated using the sheet resistance (Rsh) and contact resistivity (ρc) data
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extracted from the TLM measurements and the mean distance travelled by the charge carriers

through the TCO and the area of the contact, respectively. The area of the contact is taken as

the area of the silver grid (2.7% of the total area).

4.2 Nickel Oxide layers

For characterization of single layers, NiOx was deposited on glass substrates using a UNIVEX450

e-beam equipment from Leybold systems. The precursors for these depositions were nickel

pellets (Merck 99.9%) and gaseous oxygen (air liquide, O2 N48). A graphite crucible was used

to contain the nickel pellets. A variation of the oxygen content in the deposition atmosphere

was undertaken, in order to investigate the possibility of producing layers with a variation

in their electronical and optical properties. The UNIVEX450 ebeam equipment is able to

reach a base pressure of approximately 1 × 10−7 mbar, which sets the lower pressure limit

for the depositions. On the other side, the upper limit of the available pressure conditions is

determined by the highest possible pressure under which an electron beam between anode and

cathode can be maintained. In our experimental configuration this value is reached at about

5 × 10−3 mbar. The high voltage established between electrodes in the UNIVEX450 is 20 kV,

and the operation current of the system is limited at 30 mA. This upper limit is set for health

safety reasons related to the amount of radiation emitted by the e-beam system. Specifically

that in the X-ray part of the electromagnetic spectrum.

The layer thickness determination was made using an Omni 3 quartz oscillator from Sloan,

working at a frequency of 6 MHz, which is placed inside of the UNIVEX450 in spatial proximity

of the substrate holder. The parameters used for determining the thickness of a pure nickel

layer were found in the documentation of this equipment (density = 8.91 g/cm3, Z factor = 0.33

and tooling factor = 115). For oxygen containing layers this value was adjusted by calibrating

the quartz detector with thickness measurements made with a DektakXT profilometer from

the manufacturer Bruker.

The characterization of the samples was made in two groups. One of them is mostly

qualitative and mainly tries to answer the question about the possibility of producing oxygen-

containing nickel layers using reactive e-beam evaporation. The other group of measurements

is of quantitative nature and is focused on analyzing the electric and optical performance that

this layers would have on a SHJ solar cell when implemented as a TCO or a charge selective

contact.
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XPS and EDX measurements were used to determine the existence of oxygen inside the

deposited layers. According to the information depth distance of these two techniques (approx.

5 nm for XPS and 300–500 nm for EDX), using both of them gives us sufficient information

about the chemical composition of the samples. XPS was made on 110 nm thick layers on

glass substrates, using the AlKα spectral line as excitation energy (1.486 keV). The XPS

measurements were made on the Ni2p and O1s electronic core levels.

The XPS measurements were fitted using the software XPS peak fit, and according to the

NiOx reference measurement presented in Mansour [92]. The presence of oxygen in the layers

was correlated with the appearance and area-increase of the O1s XPS peak, as well as the form

change of the Ni2p XPS peak. The similarity between the Ni2p XPS peak of samples deposited

under an oxygen atmosphere and the NiOx reference [92] also suggests that a bonding between

nickel and oxygen atoms in the layer is taking place.

For the EDX measurements, 500 nm thick layers were deposited on glass at three different

oxygen pressures in order to investigate the presence of oxygen in the bulk of the material.

The primary electron beam was accelerated with a 5 kV potential in a Hitachi 4100 with

EDAX-System ApolloXV. No signal of the substrate was detected, so it can be assured that

the excitation volume lies inside the NiOx layer.

The group of quantitative measurements includes optical characterization using UV-

VIS spectrometry, and electrical characterization by means of Hall-effect measurements and

measurement of the conductivity using the Hg Probe.

The UV-VIS measurements were performed in a Perkin-Elmer LAMBDA 1050 UV/Vis/NIR

Spectrophotometer and further analyzed using Tauc plots for determining the bandgap of the

deposited material, using the exponent r = 1/2 for an indirect allowed transition.

In order to analyze the effect of annealing temperature on the NiOx layers, annealing of

the samples on a hot plate at temperatures of 120, 240, 360, 480 and 600 ◦C, for 10 minutes

were performed, after which UV-VIS and Hall measurements were repeated.

Another set of samples, consisiting of 200 nm layers of NiOx were deposited on glass while

varying the substrate temperature and then analyzed using X-ray diffraction in a Bruker D8

Advance XRD equipment, in order to find which crystalline structure the deposited material

is deposited with, and if the substrate temperature during the deposition has an effect on its

crystallinity.

Photoluminiscence measurements were made on electronically passivated silicon wafers

covered. The passivation was achieved by depositing a-Si:H during a PECVD process using
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hydrogen and silane gases with a H2 to SiH4 ratio of 3 (15 sccm H2 to 5 sccm SiH4) and a

plasma power of 18W. The wafers were then covered with thin (5–10 nm) Ni and NiOx layers

in order to analyze the effect of the e-beam deposition process on the passivated interface of

the layered system. The e-beam deposition of NiOx on Si wafers was made using different

mask configurations to achieve a better understanding of the detrimental effect produced on

the passivation of the silicon. The masks used were glass, metal and glass+metal. A second

experiment involving masks was done using glass directly in contact with the silicon wafer, or

separated from it using glass spacers to allow the direct exposure of the wafer to the oxygen

molecules present in the deposition atmosphere.

GDOES measurements were performed on c-Si wafers covered with thick a-Si layers (100–

300 nm) and NiOx layers, which were subsequently annealed at 200 ◦C for different times in

order to investigate the phenomenon of diffusion of nickel atoms through a-Si. The GDOES

measurements made for this thesis were performed in a GDA650-system manufactured by

Spectruma Analytik and were carried out in pulsed radio frequency mode. The system uses

an Argon plasma for sputtering and a CCD for photodetection of the GDOES signal. Details

of the setup can be found in Kodalle et al. [76].
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Results: Aluminium Doped Zinc Oxide

5.1 Comparison between ZnO:Al and ITO as a TCO for SHJ

solar cells

This chapter presents results of SHJ solar cells with ZnO:Al replacing the commonly used

ITO as the front TCO. This is done in order to replace indium by the much more abundant

and lower-cost zinc. Generally, ITO features better opto-electronical properties, namely lower

resitivity at comparable transparency, when deposited as approx. 100 nm thin layer at a

rather low temperature of typically 200 ◦C, as is used for SHJ cell fabrication. It was, however,

proposed by Bivour et al. [21] that for an adopted device design, namely with the p-type

contact (junction or "emitter") at the rear side instead at the front side, which is generally done,

the constrain on the conductivity of the TCO can be relaxed. This is because in rear-emitter

configuration a more significant part of the lateral current transport is carried by the Si wafer,

as compared to the front-emitter configuration.

The layers analysed in this section were prepared using DC magnetron sputtering under

an atmosphere containing oxygen to be able to make a variation of the thin films properties.

Sputtering is one of the most used techniques for depositing thin films of materials thanks to

the control over the process and reproducibility, details about this deposition method can be

found in Section 3.1.1.

The following section consists of the results published in Meza et al. [4].
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5.1.1 ZnO:Al single layers on glass

Figure 5.1 a) and b) show sheet resistances (Rsh) of about 100 nm thick ZnO:Al and ITO layers

on glass, as well as the absorbed light expressed as an equivalent photo-current density (jloss).

The jloss value is calculated by multiplying the spectrally resolved absorption of the samples

with the AM1.5G spectrum, integrating over the wavelength range from 300 to 1200 nm, and

subtracting the absorption of the planiclear glass. This method for estimating the absorption

of the TCO layer is used due to the similarity of the samples prepared, since all of them are

deposited on the same substrate, with the same layer thickness and their refraction indexes

and reflection are very similar. Both Rsh and jloss are plotted against the oxygen partial flow

during film deposition. Figure 5.1c) shows Hall mobility (µ) vs charge carrier concentration

(Ne) for the same layers.

The Rsh value of ZnO:Al layers deposited with increasing oxygen ratio in the process

gas increases from 120 Ω/sq to 226 Ω/sq (sputtered under r(O2) = 0% and r(O2) = 0.74 %,

respectively).

Ne decreases from 2.2 × 1020 cm−3 to 1.3 × 1020 cm−3 for the same variation of O2 partial

flows, which is consistent with observations by Ellmer [93] and is often tentatively explained

by a reduced density of oxygen vacancies in the TCO material, since oxygen vacancies provide

intrinsic doping on ZnO. The Hall mobility stays almost constant around 20 cm2/Vs for higher

Ne and decreases to 18 cm2/Vs for the sample with the lowest Ne.

The Rsh, µ and Ne values of the ITO layers follow a similar trend. Rsh increases from

55 Ω/sq to 405 Ω/sq for an O2 concentration increasing from r(O2) = 0% to r(O2) = 5 %. Hall

mobility maximum values of 30–35 cm2/Vs are reached for layers with carrier concentrations

of 1–2 ×1020 cm−3, decreasing for both increasing and decreasing carrier concentrations.

The Hall mobilities and charge carrier densities measured on our layers are in the same

range as those reported in literature for comparable sputtered ZnO:Al and ITO layers [93,

94]. The decreasing µ with decreasing Ne (for Ne ≤ 1 × 1020 cm−3) can be explained using

the grain boundary scattering model [95]. In this model it is assumed, that the boundaries

between adjacent grains or crystallites have a relatively high amount of trap states which

are able to reduce the effective amount of charge carriers by trapping them. The trap states

become electrically charged by this process and represent then an electrical potential barrier

to the free charge carriers, reducing their Hall mobility.
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Figure 5.1: Optoelectronical properties of ZnO:Al and ITO layers. a) Sheet resistance and b)
jloss due to absorption in the 300–1200 nm range of the ZnO:Al (open triangles) and ITO (filled
squares) single layers on glass deposited under different O2 concentrations. c) Hall mobility as a
function of charge carrier concentration. Note the axis breaks in panel (b).
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Figure 5.2: Sheet resistance vs. jloss due to absorption of the ZnO:Al (open triangles) and ITO
(filled squares) single layers on glass. The sheet resistance values of this figure were measured with
a four point probe. The optical absorption is similar for samples with a sheet resistance between
100 and 200 W/sq. Note the axis break in the vertical axis.

The increasing light absorption correlates with the increase of Ne extracted from the Hall

mobility measurements [96].

From these measurements and calculations we found, that ZnO:Al and ITO layers deposited

under r(O2) = 0.3% and r(O2) = 2.8%, respectively, exhibit similar Rsh (approx. 150 Ω/sq)

and optical absorption values (photocurrent-equivalent absorption loss 0.7 mA/cm2 for the

ZnO:Al and 0.5 mA/cm2 for the ITO).

Figure 5.2 shows the jloss vs. sheet resistance due to absorption of the ≈ 100 nm thick

ZnO:Al and ITO layers deposited on glass under the different oxygen concentrations described

previously. As expected, both materials present a decrease in the jloss value when the sheet

resistance is increased. It can be observed, that the prepared ITO layers feature better

optoelectronical properties than the ZnO:Al samples: for two layers with a similar Rsh, the

ZnO:Al layer absorbs a larger amount of light than the ITO layers. In particular, in the region

near the desired optoelectronical working point of these materials (100–150 Ω/sq) the ZnO:Al

layer absorbs an amount of photons equivalent to a current density between 0.6 and 2 mA/cm2,

while the ITO absorption stays relatively stable at a value between 0.5 and 0.8 mA/cm2.

5.1.2 Transmission Line Measurements

Transmission Line Measurements are useful for obtaining information about the carrier

transport properties of a material as well as the quality of the contacts between materials in a
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Figure 5.3: Contact resistance between TCO und metal grid, ρc, and sheet resistance, Rsh,
obtained from TLM measurements on the front side of rear emitter SHJ structures with ITO 2.8%
as a reference and ZnO:Al as the front TCO deposited under different oxygen partial flows. Each
item on the horizontal axis represents a group of samples, with the material for the front TCO
and the oxygen partial pressure under which it was deposited.

layered system. An explanation of the TLM method can be found in Section 3.2.10 and with

more details in Luan and Neudeck [97].

The electrical properties of TCO layers implemented in solar cells were investigated using

dedicated TLM structures co-processed together with the SHJ solar cells, on the same wafer.

Figure 5.3 shows Rsh and the contact resistance ρc between the TCO layer and the silver

grid. This data was extracted from TLM measurements for the front TCOs used in the SHJ

structures with ZnO:Al and ITO, varying the O2 concentration during the sputter-deposition.

The TLM measurements show an increase in Rsh with O2 partial flow for the ZnO:Al front

TCOs which correlates with the increasing Rsh values measured on the layers on glass with

the 4-point-probe (Fig. 5.1a). It can be observed from Figure 5.3, that Rsh and ρc of the

ZnO:Al TLM structures are higher than those of the ITO reference. While Rsh of the ZnO:Al

is only 5–20% higher than Rsh of the ITO, the contact resistance ρc is approximately three

times higher. Furthermore, comparing the TCO layers on glass vs. those on the solar cells,

the Rsh value of the TLM structures increases from 94 Ω/sq to 142 Ω/sq for ZnO:Al with an
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O2 partial flow ratio variation from r(O2) = 0% to r(O2) = 0.74%, for the ZnO:Al layers on

glass it increases from 120 Ω/sq to 226 Ω/sq. This difference can be explained by the lateral

current transport through the Si wafer.

The contact resistance, ρc, of all the ZnO:Al samples with the silver grid is higher than that

of the ITO reference sample, increasing from 16 mΩ cm2 to 40 mΩ cm2 for a partial O2 oxygen

flow of r(O2) = 0% to r(O2) = 0.74%. For the ZnO:Al samples deposited under r(O2) = 0.3%

to r(O2) = 0.48% the value is similar (around 23 mΩ cm2), while the sample deposited under

r(O2) = 0.74% presents a value almost twice as large, and approximately 4 times larger than

the ρc of the ITO reference.

Taking into account the measured Rsh values of the ZnO:Al layers on glass, and the wafer

having a resistivity of approx. 5 Ω cm at 125µm thickness (Rsh,cSi = 400 Ω/sq), the equivalent

sheet resistance of the system can be calculated assuming a simple model of two resistors (the

TCO and the c-Si) connected in parallel: Rsh,tot = [(Rsh,cSi)−1 + (Rsh,TCO)−1]−1. According to

this model, the overall resistance of the system then ranges from 92 Ω for a sample deposited

under r(O2) = 0% to 144 Ω for a sample deposited under r(O2) = 0.74%. Note, that this

model neglects TCO/Si contact resistivity and changes in charge carrier density in the c-Si,

which occur both upon contact formation and under illumination, i.e. excess charge carrier

generation. Interestingly, the calculated values are in good accordance with the Rsh values

determined from the TLM measurements. This indicates that the assumption of a negligible

TCO/Si contact resistivity is low enough to justify the parallel resistor model as done here. In

a solar cell, under operation (e.g. under illumination) the contact resistivity does contribute

and has to be investigated in more detail, as was done by Wang et al. [98].

Using the data obtained from the TLM measurements, an estimation of the different

contributions of the Rs of the solar cells was made. A direct comparison to the series resistance

of the solar cells obtained by contrasting the IV curve with the SunsVoc curve is shown in

Table 5.1. This series resistance is calculated following the method by Pysch et al. [85].

TCO Rc
s RTCO

s Rc
s + RTCO

s RSunsVoc−IV
s

Variation [Ω] [Ω] [Ω] [Ω]
0% 0.5 0.3 0.8 1.1

0.3% 0.8 0.4 1.2 1.1
0.48% 0.8 0.4 1.2 1.1
0.74% 1.3 0.5 1.8 1.2
ITO 0.3 0.4 0.7 1.0

Table 5.1: Calculated contact resistance (Rc
s), TCO resistance (RTCO

s ) and its addition. Series
resistance of the cell extracted from SunsVoc and IV measurements (RSunsVoc−IV

s ).
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The simple model used for estimating the Rs contributions of the wafer/TCO/silver grid

system uses the data extracted from the TLM measurements, and takes into account two main

contributions, one due to lateral transport through the TCO to the silver grid, and other due

to the contact between TCO and the silver grid (calculated using the ρc extracted from the

TLM measurements and dividing it through the contact area between the TCO and the silver

grid).

Table 5.1 shows the calculated contact resistance (Rc
s), TCO resistance (RTCO

s ), and the

sum of those two quantities. The last column shows the Rs measured from the comparison of

the SunsVoc and the sun simulator IV curve (RSunsVoc−IV
s ).

The estimated Rs using a simple model is close to that found when comparing the IV

and the SunsVoc measured curves. However, the changes in RSunsVoc−IV
s are less pronounced

than Rc
s + RTCO

s expected from the model. It can be observed, that the measured values and

the calculated values are very similar for those samples deposited under r(O2) = 0.3% and

r(O2) = 0.48%, and deviates more significantly for the samples deposited under r(O2) = 0%

and r(O2) = 0.74%, which are the extremes of the oxygen variation. The layer deposited under

r(O2) = 0% possess both the lowest Rsh and the highest absorption (and therefore, smaller

jsc), while for the layer deposited under r(O2) = 0.74% the opposite is true. It is possible, that

the combination of these factors (low Rsh and low jsc for one of the samples, high Rsh and

high jsc for the other) accounts for the deviation between the measured and the calculated

values for these samples. This is also confirmed by the TLM measurements where it can be

seen that the contact resistivity of the layer deposited under r(O2) = 0.74% to the silver grid

is almost twice the value of those deposited under r(O2) = 0.3% and r(O2) = 0.48%.

Furthermore, it is important to note that the Rs contribution from the lateral transport in

the TCO behaves differently than Rs contribution from the TCO/Ag contact resistance: The

Rs due to the transport stays almost constant for all the ZnO:Al samples and is similar to

that of the ITO reference, while the Rs due to the contact is higher for all the ZnO:Al samples

than that of the ITO reference. This result was expected already from the TLM analysis.

For a more accurate analysis of the Rs difference between the measured values and the

calculated ones it would be useful to repeat the TLM measurements under illumination, since

the conductivity of the system could be different when photocurrent generation is taking place.

Under illumination, the photogenerated charge carriers would lower the effective resistivity of

the TCO/c-Si stack [96], producing a smaller deviation between the calculated and measured

values.
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5.1.3 Solar cell results

The produced solar cells were characterized with a sun simulator and a EQE system from

which the results shown in this section were obtained. This characterization methods, shown

in sections 3.2.1 and 2.3 respectively, give us information about the internal working of a solar

cell and the loss mechanisms that take place in them.

Figure 5.4 shows the IV parameters for the Bifacial (BF) SHJ solar cells with ZnO:Al and

ITO as front TCOs. The TCO on the rear side of all the cells was kept constant, the reference

ITO (r(O2) = 2.8%) was used. With the exception of the ZnO:Al sample deposited under

0% oxygen partial pressure, the solar cells with ZnO:Al front TCO show a slightly higher

jsc compared to those of the ITO reference cells. The jsc of these solar cells increases with

increasing O2 partial flow. The fill factors of all ZnO:Al samples are lower than that of the ITO

sample, and they show a decreasing trend with increasing O2 partial flow (r(O2) = 0...0.74%).

This result agrees qualitatively with the increase of the Rsh value of ZnO:Al layers deposited

under an increasing oxygen ratio in the process gas. The average FF of the ITO BF samples

(78.4%), is higher than those of the ZnO:Al solar cells. This is the main reason for the better

performance of the ITO solar cells, since their jsc and Voc are in the same range as those of

the ZnO:Al solar cells, excluding the ZnO:Al solar cell deposited under 0% oxygen flow, which

presents both a lower jsc and Voc than all other samples. The Voc of all these cells is very

similar and in the range of approx. 728 mV.

The smaller FF of the ZnO:Al solar cells is explained in the section 3.3 in terms of a higher

value of the series resistance of the solar cells, measured using the TLM structures.

Figure 5.5 shows the EQE measurements of the solar cells with the highest power conversion

efficiency of three groups: a BF ITO cell, and a BF and a MF ZnO:Al solar cell both deposited

under r(O2) = 0.3%, as well as 1 − Rtot, the fraction of non-reflected light from the UV-VIS

measurements.

The Monofacial (MF) ZnO:Al solar cell has a higher EQE for long wavelengths, mainly

due to the silver back contact, which reflects a fraction of the light back into the solar cell. In

case of the BF solar cells a fraction of light is transmitted, lowering the jsc.

The EQE response of both BF cells could suggest, that the ITO cell performs worse than

the ZnO:Al cell in the short wavelength region. Nevertheless, when analyzed in detail, it

can be seen, that the reflection minimum is different for ITO and ZnO:Al, which could be
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Figure 5.4: Solar cell results of SHJ cells with ZnO:Al and ITO as a front TCO. a)jsc, b)Voc,
c)FF and d)power conversion efficiency, η, for the Bifacial (BF) ZnO:Al solar cells and the ITO
reference. The box plots represent the statistics of the measurements made on the 2 wafers with
14 cells each. The horizontal axis of each graph shows the material used in that group as a front
TCO and the partial oxygen flow under which this material was deposited.
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5. Results: Aluminium Doped Zinc Oxide

Figure 5.5: External quantum efficiency (EQE) and 1 − Rtot vs. wavelength of the solar cells
with the highest power conversion efficiency of three groups. Monofacial (MF) and Bifacial (BF)
ZnO:Al solar cells (red and green lines, respectively) compared to a BF ITO reference solar cell
(black line). For the 1 − Rtot spectra, only one of the ZnO:Al curves is shown, since there is no
difference between the MF and the BF cell on the UV-VIS reflection measurement of the front side.

caused by a thickness deviation of the ITO layer. The jsc of the EQE measurements agrees

qualitatively with the IV measurements.

5.1.4 Chapter Summary

It was proposed by Bivour et al. [21] that, when using the rear emitter configuration, a TCO

layer with slightly worse optical and electronical properties than those of indium doped tin

oxide could be used achieving a similar performance, and for this reason, aluminium doped

zinc oxide was investigated as an indium-free TCO for SHJ solar cells in the rear emitter

configuration.

Using magnetron sputtering, ITO and ZnO:Al layers were prepared and characterized,

undertaking a variation of the oxygen content present during the sputtering deposition in order

to achieve a variation of the optoelectronical properties of the ZnO:Al layers. Rear emitter

SHJ solar cells were prepared and characterized achieving a high power conversion efficiency

well above 22% for both solar cells using ITO and ZnO:Al as a TCO layer, nevertheless, the

ZnO:Al layers showed a 0.2% lower efficiency than the ITO ones, which was due to a lower FF.
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Using the standard characterization techniques (IV curve, EQE, TLM measurements) these

two types of cells were compared in order to find the reason of the underperformance of the

ZnO:Al solar cells. As the sheet resitance of all ZnO:Al layers is in a relatively narrow range

of 100–140 Ω for all oxygen flow ratios (compare Figure 5.3), with ITO being in the same

range, we concluded that the contact resistance between the ZnO:Al and the silver grid is

more relevant. It was found to be approximately twice as high as that of the ITO/silver grid

system, and with TLM mesurements it was possible to identify this factor as being one of

the responsibles for the slight underperformance of the ZnO:Al cells. Looking to improve the

contact resistance between these two materials could lead to the fabrication of indium-free

SHJ solar cells with a higher PCE. An additional contribution to the series resistance leading

to the lower FF of the ZnO:Al based cells could be a higher (n)Si/ZnO:Al contact resistance

as compared to the (n)Si/ITO contact. This, however, is beyond the scope of this thesis and

needs to be investigated in future work.
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6
Optoelectronic properties of

electron-beam evaporated NiOx

Nickel Oxide is an interesting material for application in photovoltaic materials and in general

in the semiconductor industry since it has been shown, that it is intrinsically p-doped, which

is an important difference to most of the semiconductors often used for producing contact

layers, such as ZnO:Al and ITO which are n-doped. This property of the NiOx layers together

with its large optical bandgap of around 3.6–3.8 eV would make it suitable for a contact layer

on the p-side of a pn junction which could act either as a TCO or as a charge selective contact

for holes, while blocking electrons.

Until now, NiOx has been used in many applications such as UV photodetectors,

electrochromic devices [50, 99] or solar cell electrodes [100], and thin layers have been

produced using different methods such as sputtering [101], non-reactive e-beam deposition

[102], and thermal evaporation of NiOx powder [103]. This has been discussed in more detail

in section 2.12.

The results shown in the following section consist of a material characterization and the

effects found when depositing this material by means of reactive e-beam evaporation on top of

passivated silicon wafers. The passivation was done using a-Si:H thin films fabricated in one of

the PECVD chambers of the Energy Materials In-situ Laboratory (EMIL) cluster using SiH4

and H2 as precursor gases.
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6. Optoelectronic properties of electron-beam evaporated NiOx

The e-beam evaporation technique is explained in Section 3.1.2 and all depositions were

performed in a UNIVEX450 system from Leybold vacuum products.

6.1 Layers on glass / oxygen content variation

The physical characteristics of the e-beam-evaporated nickel layers, deposited on glass substrates

under different oxygen pressures are shown in this section. It is important to note, that it is

assumed that the oxygen pressure is identical to the chamber pressure during the deposition,

i.e. it is assumed that oxygen is the main gas in the chamber. This is reached after achieving a

vacuum of approx. 4 × 10−7 mbar and then introducing oxygen by means of a valve into the

chamber until the pressure value under which the e-beam deposition takes place, is achieved.

The measured data from the Hg probe and the Hall resistivity measurements possess a very

small uncertainty value due to the high accuracy of the measurement technique. The error

bars of these measurements can not be seen, because they lie inside the dot presented in the

graph. The graphs show, nevertheless, the general behaviour of the optoelectronic properties

of the thin layers on glass for the oxygen variation.

6.1.1 Resistivity measured with a mercury probe

Figure 6.1 shows the variation of the resistivity of 110 nm thick NiOx layers as measured with

the Hg probe (cf section 3.2.12), deposited under different oxygen pressures. These values are

found when the deposition is undertaken in an atmosphere with an oxygen partial pressure

between 4 × 10−7 mbar and 1 × 10−4 mbar. These values represent the maximum range in

which a NiOx deposition is possible in the e-beam evaporation system UNIVEX 450. The

lowest pressure value (4 × 10−7 mbar) corresponds to the lowest pressure achieved by the

vacuum pump of the system, and the highest achievable pressure value (10−4 mbar) that can

be used for depositing a sample for which the electronic properties can be measured. At

deposition pressures higher than 10−4 mbar, the samples possess such a high resistivity that

this and other electronic properties such as Hall mobility and charge carrier concentration

cannot be successfully measured with the Hg probe. It is also important to note that at

pressure values higher than 10−3 mbar, the high voltage between anode and cathode of the

system is not always stable, and for this reason it is not always possible to produce a stable

electron beam.
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6.1 Layers on glass / oxygen content variation

Figure 6.1: Resistivity of 110 nm thick NiOx layers, deposited under different oxygen pressures,
as measured with the Hg probe. The error bars are of the same order of magnitude as the size of
the dots.

For a 110 nm thick nickel sample measured with the profilometer, deposited at the lowest

achievable system pressure (4 × 10−7 mbar), a resistivity of 0.3 mΩ cm was measured. The

resistivities of the nickel layers increase as the oxygen pressure under which they were deposited

increases. The resistivity increases until a value of approx. 2.3 mΩ cm is found for a layer

deposited under an oxygen pressure of 10−4 mbar.

The measured data from the Hg probe and the Hall resistivity measurements possess a very

small uncertainty value due to the high accuracy of the measurement technique. The error

bars of these measurements can not be seen, because they lie inside the dot presented in the

graph. The graphs show, nevertheless, the general behaviour of the optoelectronic properties

of the thin layers on glass for the oxygen variation.

The first 3 points, deposited under oxygen pressures of 4 × 10−7 mbar, 1 × 10−6 mbar and

4 × 10−6 mbar, show almost no change in their resistivity, staying at a value of 6–8×10−5 Ω cm.

For values higher than 1 × 10−5 mbar, the resistivity shows an increase until reaching the

highest measurable resistivity value of 4 × 10−4 Ω cm. A fit on the data (see figure 6.1) shows

that the change in resistivity follows a power law dependence with the oxygen partial pressure

during the deposition.
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6. Optoelectronic properties of electron-beam evaporated NiOx

Figure 6.2: Optical transmission of 110 nm thick NiOx samples deposited on glass at different
oxygen deposition pressures. A Corning glass reference is also shown with a higher transmission
for all wavelengths; notably for lower wavelenghts, its transmission is still about ten percent. A
trend can be seen in which the transmittance of the layers increases for higher oxygen deposition
pressures. The most transparent sample shows a transmission of only 80% at its highest value.
Layers deposited at 9.5 × 10−5 mbar and lower pressures show no transmission. Layers deposited
at higher pressures than 1.95 × 10−4 mbar show the same amount of transmission as this layer.

6.1.2 UV-VIS measurements

The optical transmission of the layers on glass as measured with UV-VIS spectrometry (see

Section 3.2.2) is shown in Figures 6.2 and 6.4.

In Figure 6.2, the transmission spectra of 110 nm NiOx layers on glass can be observed.

The five samples represented in this graph are the layers deposited under 9.5 × 10−5 mbar,

1 × 10−4 mbar, 1.5 × 10−4 mbar, 1.8 × 10−4 mbar and 1.95 × 10−4 mbar oxygen pressures.

These pressure values were chosen after finding that layers deposited under an oxygen

pressure of 9.5 × 10−5 mbar showed practically no transmission, and layers deposited above

1.95 × 10−4 mbar achieved the highest transmission for NiOx layers. As stated before, trying

to deposit NiOx layers at oxygen pressure values above 1 × 10−3 mbar cannot always be done

in a stable evaporation process due to the instability of the electron beam.

The transmission spectra of the layers in Figure 6.2 show, in other words, the pressure range

in which the optical properties of the NiOx layers show a variation, going from completely
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6.1 Layers on glass / oxygen content variation

opaque to partially transparent. This is the range in which we are interested for using the

NiOx layers as a TCO.

It can be seen that the optical transmission of these layers increases when the amount

of oxygen present during the deposition also increases. This behaviour is also observed in

the previous section, where ZnO:Al and ITO layers were studied. Nevertheless, the only

sample that shows transmission values over 50% is that deposited under the highest oxygen

pressure value of 1.95 × 10−4 mbar, discarding the other layers as possible materials for the

elaboration of a transparent conductive film with antireflection properties. Taking into account

the optoelectronical properties of the as deposited samples (i.e. before any kind of treatment

to improve them is undertaken), their exclusion as a possible TCO can be decided without

further analysis, since a layer absorbing more than 50% of the available photons placed in

front of a solar cell made out of a silicon wafer would result in a photovoltaic device with

a very low ISC, of approximately 20 mA/cm2. This value is less than half of the maximum

potential value that a silicon solar cell could achieve, and such a solar cell would not even be

close to the power conversion efficiency values achieved by conventional solar cells.

This leaves only one of the layers as a possible candidate to be used as a TCO: the layer

deposited under an oxygen pressure of 1.95 × 10−4 mbar, which is the only one to show a

transmission spectrum in the normal level of a TCO, at around 60% to 80% transmission.

This value is higher than some values found in the literature for thermal evaporation of nickel

oxide [104], but also lower than the transmission of standard ITO and ZnO:Al, which lies

between 80% and 95% [11].

The reflection, absorption and transmission spectra of that sample are shown in Figure 6.3.

From the transmission spectrum it can be seen, that the transmission of the sample decreases

from 250 to 500 nm and stays low for wavelengths larger than 500 nm, this might indicate,

that the NiOx prepared by ebeam evaporation in a reactive process is not a degenerated TCO

since no free charge carrier absorption can be seen for long wavelengths.

The optical bandgap of the layer deposited under an oxygen pressure of 1.95 × 10−4 mbar

was analysed by means of a Tauc plot (see Section 3.2.2) with r = 1/2 for direct allowed

transitions (Figure 6.4) and it was found to be ≈ 3.34 eV, which is similar although slightly

smaller than the value found in other studies (see for example Jlassi et al. [44] and Raut et al.

[43]).

If the UV-VIS spectrum of the sample deposited under an oxygen pressure of

1.95 × 10−4 mbar is multiplied by the AM 1.5 solar spectrum, it is found that the amount of
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6. Optoelectronic properties of electron-beam evaporated NiOx

Figure 6.3: Reflection, absorption, and transmission spectra of the 110 nm NiOx layer deposited
under 1.95×10−4 mbar and of a glass reference. This is the layer with the highest transmittance.No
free carrier absorption can be seen at longer wavelengths, so this material is likely a non-degenerate
semiconductor.

Figure 6.4: Tauc plot of the layer deposited under an oxygen pressure of 1.95 × 10−4 mbar. A
bandgap of 3.34 eV was determined.
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6.1 Layers on glass / oxygen content variation

photons absorbed by this layer in the photon wavelength range that can be absorbed by a

silicon solar cell with bandgap of 1.1 eV, is approximately 4 times higher than that of the ITO

and ZnO:Al samples presented earlier in this thesis. The number of transmitted photons by

this layer is thus relatively low, accounting for only (when converted to an electrical current,

and assuming an IQE of 100% and no recombination losses) a maximum possible ISC of

33.4 mA/cm2, which is a low value when compared to usual solar cells like the ones produced

in the last section.

These facts make it possible for us to discard the 110 nm thick NiOx layer deposited under

an oxygen pressure of 1.95 × 10−4 mbar as a possible TCO for solar cells.

6.1.3 Hall mobility measurements

Hall measurements were made in van der Pauw geometry, which uses four contacts, one pair

for measuring voltage and the other pair for measuring current (see Section 3.2.11).

Their Hall resistivity, charge carrier concentration and Hall mobility were measured in

order to have a more complete material study. These properties are shown in Figures 6.5 and

6.6.

Figure 6.5 shows resistivity values of the NiOx samples as measured with the Hall

measurement system HMS Ecopia 3000 (squares and triangles) and compared to the resistivity

values measured with the Hg probe (circles). The resistivity values show a variation from

1×10−5 Ω cm to 1×10−3 Ω cm when the deposition pressure changes from 4 × 10−7 mbar to

1 × 10−4 mbar. It can be seen that the critical value for which the change in resistivity starts

to appear is approx. at 1 × 10−5 mbar.

A difference between the data measured with the mercury probe and the Hall measurement

system can be seen. Since the Hall measurement system is calibrated with an ITO reference

before every measurement it could be considered that this technique is more reliable than

the mercury probe, which was not calibrated. Another reason for the higher resistivity

values measured with the mercury probe could be the sample size. For the mercury probe

measurement a 1 sq in glass is used, while the Hall measurement is done on a smaller, 0, 25 cm2

glass taken from the center of the 1 sq in glass. This might lead to a greater homogeneity of

the film on which the Hall measurement is made.

Figure 6.6 shows the variation of the charge carrier concentration (squares) and the Hall

mobility (triangles) of the layers on glass as measured with the Hall measurement system

(HMS 3000 Ecopia) of samples deposited under an oxygen pressure ranging from 4×10−7 mbar
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6. Optoelectronic properties of electron-beam evaporated NiOx

Figure 6.5: Hall resistivity of the NiOx samples as measured with the Hall measurement system
HMS 3000 Ecopia (squares and triangles) and compared to the resistivities measured with the Hg
Probe (circles). For layers deposited at higher oxygen deposition pressures the values could not be
measured due to a very high resistivity.

Figure 6.6: Charge carrier concentration (squares) and Hall mobility (triangles) of the NiOx
samples as measured with the Hall measurement system HMS 3000 Ecopia. The highest value is
found for the most metallic sample and decreases for more oxidic samples. For layers deposited at
higher oxygen deposition pressures the values could not be measured due to a very high resistivity.

86



6.1 Layers on glass / oxygen content variation

Figure 6.7: Resistivity of the NiOx samples after annealing steps as measured with the Hall effect
system HMS 3000 Ecopia. Layers deposited at higher oxygen pressures could not be measured due
to a very high resistivity

to 1 × 10−4 mbar. The highest value is found for the sample deposited without an oxygen

atmosphere and decreases for samples deposited under higher oxygen pressures. The charge

carrier concentration of these samples decreases from 5.5 × 1021 to 5 × 1020 cm−3 when the

deposition pressure increases along the aforementioned range. This result agrees with the idea

that layers deposited under a higher oxygen pressure have a less metallic behaviour due to the

fact, that atoms of the metal are forming a bond with oxygen atoms and are not free to react

to an electric field anymore.

The Hall mobility of the layers shows a variation when the deposition pressure increases

from 4×10−7 mbar to 1×10−4 mbar, as seen in Figure 6.6. Starting at a mobility of 93 cm2/Vs

for an oxygen deposition pressure of 4 × 10−7 mbar and increasing to a value of 156 cm2/Vs for

an oxygen deposition pressure of 4 × 10−6 mbar, increasing the deposition pressure above this

value lowers the Hall mobility of the samples to a value of 147 cm2/Vs for a layer deposited

under 1 × 10−4 mbar.

In order to analyse if an annealing treatment produces a reduction in the resistivity of the

NiOx layers, a sequential set of annealing processes (in air) was undertaken for 110 nm thick

samples deposited under oxygen pressures of 4 × 10−5, 6 × 10−5, 8 × 10−5 and 1 × 10−4 mbar.
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6. Optoelectronic properties of electron-beam evaporated NiOx

Figure 6.8: Survey XPS spectrum of a NiOx layer deposited under showing only nickel and
oxygen core level signals. The O1s and Ni2p core levels were analysed in detail to investigate the
composition of the films.

These measurements can be seen in Figure 6.7. In general, it can be said that the resistivity of

these samples decreases by about one order of magnitude if they are annealed at successively

temperatures of 120 ◦C, 240 ◦C and 360 ◦C for 5 minutes. The annealing treatments can not

be considered as the only factor having an effect in the resistivity of the layers since additional

oxidation of the samples during the process could have an influence in their physical properties.

Samples deposited under higher oxygen pressures, could not be measured, since their resistivity

lies outside the measurement range of the Hall measurement system and the annealing steps

have a detrimental effect on the structural properties of the layers, which start turning into a

powder-like material which falls off the glass substrates in flakes.

6.2 XPS measurements

In order to investigate the chemical composition of the thin films, XPS measurements were

performed (see details in Section 3.2.5).

Figure 6.8 shows an example of an XPS survey spectrum of the layer deposited under the

highest oxygen pressure, 4 × 10−3 mbar . The core levels of nickel and oxygen as well as the
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6.2 XPS measurements

Figure 6.9: XPS spectra of the NiOx layers on glass. The signals of the orbitals O1s (left) and
Ni2p (right) are shown for a variation of the oxygen deposition pressure. Spectra are offset along
the ordinate for better visibility.

respective Auger signals are indicated. As can be seen from the survey spectrum, no XPS

signal (above the detection limit of XPS) belonging to other species than nickel and oxygen is

present.

For further analysis, the O1s and Ni2p XPS detail spectra of the NiOx layers, deposited

under increasing oxygen pressures are recorded. The raw data is shown in Figure 6.9. It

can be seen that both core levels, O1s and Ni2p shift along the binding energy up to 6.8 eV

towards higher binding energy, for an increasing oxygen pressure. Such a shift is possible

due to different reasons: a change in the chemical state of the materials, a change in the

Fermi level position relative to the band edges or electrostatic charging of the sample during

the measurement. Since the layers were deposited directly on a glass substrate without any

additional conductive layer, it is likely that a charging effect is present. As we have seen above,

the resistivity of the samples increases with increasing oxygen deposition pressure, which

can be correlated to the more pronounced shift for those layers. The exact shift of the XPS

measurements, relative to literature reference positions is quantified in Figures 6.11 and 6.12.

Note, that this does not affect the peak area or the peak position of the core levels relative to

each other.

A change in the peak composition of the XPS signals can be clearly observed, especially

for O1s, which changes gradually from a single to a double peak. For the sample deposited at

oxygen pressures of up to 6 × 10−5 mbar, the O-Ni signal, located at lower binding energies,

shows a lower intensity than the O-C signal, which is located at higher binding energies. This

is analysed in detail by doing a fitting of the XPS signal, later in this section.
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6. Optoelectronic properties of electron-beam evaporated NiOx

For samples deposited at higher oxygen pressures than 6 × 10−5 mbar, the relation between

the O-Ni signal shows a higher intensity than the O-C signal. This already indicates a higher

content of NiOx in the samples deposited at higher oxygen pressures, as expected.

For the Ni2p the XPS spectra range from a spectrum similar to that of pure nickel as

reported by Grunthaner et al. [105] to that of NiOx reported by Mansour [92]. The three

layers deposited at the three lowest deposition pressures show a mixture of metallic nickel

and nickel oxide, as it can be seen by the appearance of an additional shoulder on the lower

binding energy side of the spectrum, which corresponds to the XPS signal of metallic nickel

[105]. For higher deposition pressures this shoulder vanishes, which indicates more oxidic layer

compositions. This will also be analyzed quantitatively in the following figures.

These results show, that NiOx was successfully deposited on glass substrates using e-beam

evaporation in a reactive process evaporating nickel from pure nickel pellets in an atmosphere

containing different amounts of oxygen.

In order to analyse the data in more detail the core level spectra were fitted using the

following models adapted from the fitting models of Grunthaner et al. [105] and Mansour [92].

The oxygen signal O1s shown in Figure 6.11 was fitted with a model consisting of two single

peaks corresponding to the oxygen bound to either carbon (O-C) or nickel (O-Ni) as already

mentioned above. A linear background was assumed since the peak structure of the O1s is

much more simple to model in this special case. The expected positions of those peaks are

531.1 eV and 529.1 eV, respectively [92]. Therefore, the distance between the peaks relative

to each other was fixed at 2 eV. The FWHMs of the peaks were free fitting parameters. The

O-Ni peak showed a similar FWHM after fitting for all samples of 1.7 ± 0.2 eV . The variation

of the FWHM of the O-C peak is larger, most probably due to the fact that different surface

contaminations might be present.

The model consists of five peaks (Figure 6.10) which correspond to metallic Nickel (Ni),

Nickel Oxide (NiOx), Nickel Hydroxide (Ni(OH)2) and two shakeup features resulting from

ionized nickel atoms. A Shirley background was applied [92]. The distances between the peaks

were fixed for each spectrum. The binding energy difference between the peaks was determined

from their expected peak positions found in the aforementioned literature (see Table 6.1).

The FWHM for the metallic nickel peak was a free fit parameter for all samples and

resulted in a value of 1.6 ± 0.1 eV. For the NiO and the Ni(OH)2 peaks, the ratio between

their respective FWHMs was set to 1.25, as suggested by Mansour [92]. The FWHM ratios for

those peaks stayed similar across all samples. This indicates that the applied model contains
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6.2 XPS measurements

Figure 6.10: Example of an XPS fit of the Ni2p core level (red) showing the experimental
data (open circles) and the components used, metallic nickel (green), nickel oxide (purple), nickel
hydroxide (yellow) and also 2 shake up structures, SU1 (blue) and SU2 (maroon). A Shirley
background was used as was found in [92]. The expected position of these peaks can be found in
table 6.1
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6. Optoelectronic properties of electron-beam evaporated NiOx

Table 6.1: Components of the XPS fit model for the Ni2p core level

Peak Expected Position [reference] ∆E relative to Ni(OH)2

Ni 852.6 eV [105] 3.6 eV
NiO 854.1 eV [92] 2.1 eV
Ni(OH)2 856.2 eV [92] 0 eV
Shake-up 1 861.2 eV [92] 5 eV
Shake-up 2 863.8 eV [92] 7.6 eV

all components and no additional signal needs to be added to the fitting model. The FWHM

of the shakeup peaks was a free fit parameter.

In the following, the relative peak areas, extracted from the fitting of the whole oxygen

variation series are discussed in more detail, first the O1s and then the Ni2p core level. In order

to focus on the relative peak area, the spectra of the different samples were shifted horizontally

such that the same peak component appears always at the same binding energy position. The

O-Ni and the Ni(OH)2 position were used as arbitrary references for the alignment of the

signals, and fixed to their expected values at 530.1 eV and 856.2 eV, respectively. The area

of the single peaks is the information needed in order to determine the presence and relative

amount of nickel oxide and metallic nickel in the layers.

As a representation of the evolution of the peak structure, the fitted spectra of the four

samples, deposited at the lowest oxygen pressures are shown for O1s and Ni2p in Figures 6.11

and 6.12, respectively. For higher deposition pressures, the spectra do not differ significantly

from the sample deposited at 10−4 mbar, which is why they are not shown in detail here.

As it can be seen in Figure 6.11 the O1s detail spectrum for the sample, deposited at

2 × 10−7 mbar, was unfortunately not measured far enough to observe the possibly existing

signal of O-Ni at around 531 eV. The fact that the background slope has a different sign than

that of the other samples indicates that indeed O-Ni bonds might exist. Nevertheless, since

this sample is deposited without oxygen during the deposition it can be supposed that the

O-Ni signal comes only from surface oxidation. For this sample a relative area fraction of O-C

to O-Ni between 0% and 17%, which is the O-Ni fraction of the sample with the next higher

deposition pressure, could be expected.

The relative peak areas, resulting from the fitted O1s spectra are shown in Figure 6.13 (left).

It can be observed, that the relative peak area of the O-Ni increases from 17% at 4×10−5 mbar

to 75% at 1 × 10−4 mbar and stays almost constant for higher deposition pressure. If a roughly

constant amount of surface contamination is assumed, this implies that the total amount of
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6.2 XPS measurements

Figure 6.11: O1s spectra of NiOx samples deposited at different oxygen pressures. The spectra
were shifted so that the XPS peak from the O C bond appears always at 530.1 eV as measured
by Mansour [92].
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6. Optoelectronic properties of electron-beam evaporated NiOx

Figure 6.12: Ni2p XPS spectra of NiOx samples deposited at different oxygen pressures. The
spectra were shifted accordingly so that the XPS peak from the Ni(OH)2 bond appears always at
its position measured by Mansour [92] (856.2 eV)
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6.2 XPS measurements

Figure 6.13: XPS signal fraction of the peak components used for fitting the XPS spectra as
a function of the deposition pressure under which the layers were deposited. On the left, the
information about the oxygen 1s peak can be seen and on the right that of the Ni2p core level. It
can be seen, that the deposition range in which the change from metallic nickel to nickel oxide
happens is between 1 × 10−5 mbar and 1 × 10−4 mbar.

oxygen bound to nickel (O-Ni) increases with increasing deposition pressure, with a sharp

increase at 4 × 10−5 mbar.

As it is shown in Figure 6.13 (right) for the Ni2p core level, the relative peak area of metallic

nickel (Ni) decreases from 35% at 2 × 10−7 mbar to 0% at 1 × 10−4 mbar. As mentioned above

for the O1s core level, the layer, deposited without any additional oxygen flow also shows NiOx

in the Ni2p core level with a relative peak area of 19%. Again, this can be attributed to the fact

that the samples were transported between the e-beam evaporator and the XPS measurement

system by breaking the vacuum. It can be expected that the surface of the samples oxidizes to

a certain degree during this time, which is then clearly visible by the very surface sensitive

measurement. The relative peak area of the NiO increases from 22% to 48%, when increasing

the deposition pressure from 4 × 10−5 mbar to 1 × 10−4 mbar. This sudden increase coincides

with the disappearance of the metallic nickel signal. For higher oxygen deposition pressures,

the fraction of NiO stays constant at around 46%. Over the whole deposition pressure range,

the relative peak area of Ni(OH)2 remains constant at around 50%. This results most probably,

similar to the O-C bonds, from surface contamination and hydroxidation and is in agreement

with relative peak areas also seen by Mansour [92].

From the analysis presented in this section, it can be concluded that in general the amount

of NiOx in the layers increases for depositions with increasing oxygen deposition pressure,

while the metallic fraction disappears. A significant change in composition occurs between

4 × 10−5 mbar and 1 × 10−4 mbar.
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Figure 6.14: EDX measurements of 500 nm thick NiOx samples on glass. A primary electron
acceleration voltage of 5 kV was used. The increasing amount of oxygen in the layer deposited at
the higher oxygen pressure can be clearly seen.

6.3 EDX measurements

EDX measurements of 500 nm thick layers are shown in Figure 6.14. The data are normalized

to the intensity of the Ni peak, in order to be able to appreciate the relative size of the

oxygen peak relative to the Ni peak for layers deposited under different pressures. The samples

analysed were deposited at oxygen pressures of 1 × 10−7, 8 × 10−6 and 1 × 10−4 mbar. The

EDX signal corresponding to oxygen can be seen to increase in intensity accordingly with the

amount of oxygen present in the deposition atmosphere. The relative peak areas of nickel,

oxygen and carbon of these samples is obtained from the peak areas and shown in Table 6.2.

The EDX signal of carbon measured in the samples can be a consequence of the graphite

crucible which is used as a nickel reservoir during the e-beam evaporation.

Pressure Nickel Oxygen Carbon
[mbar] [at.%] [at.%] [at.%]

1 × 10−7 88 6 6
8 × 10−6 83 11 6
1 × 10−4 44 50 6

Table 6.2: Relative peak areas of nickel, oxygen and carbon in samples from EDX. These results
also indicate that the oxygen present in the atmosphere during the deposition is being built-in into
the layers.
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Figure 6.15: XRD spectra of 200 nm thick NiOx layers deposited on substrates heated at different
temperatures are shown. A small increase in the intensity of the peak at 2θ = 43.2◦ can be observed.
This peak is related to the (200) crystalline plane orientation of nickel oxide, indicating an increase
in the crystallinity of the material for higher substrate temperatures. The small peak at 2θ = 37.2◦,
is related to the (111) crystalline plane orientation of NiOx.

These results also indicate that the oxygen present in the atmosphere during the deposition

is being built-in into the layers. This results are in agreement with the previous XPS spectra,

which also suggested that oxygen atoms are present inside the thin films. It should be noted,

nevertheless, that the difference between the information depth of the EDX and XPS measuring

techniques could lead to discrepancies in the measured signals of the films, and also, that these

techniques give us only a signal fraction and not a quantitative amount of nickel and oxygen

in the samples. The fact that XPS is a more surface sensitive technique and that there is a

vacuum break between NiOx deposition and XPS measurement, which could lead to impurities

and oxygen adhering to the surface of the sample, could produce a measurement in which the

XPS signal of these impurities plays a bigger role in the spectrum.

6.4 XRD measurements

Figure 6.15 shows XRD spectra (see Section 3.2.7) of NiOx layers with a thickness of 200 nm,

deposited with e-beam evaporation on substrates at different temperatures. The substrate

temperatures were room temperature, 100 ◦C, 150 ◦C and 200 ◦C. This was made in order to

investigate if the substrate temperature during growth has an influence on the crystallinity of

the layers. A small increase in the intensity of the peak at 2θ = 43.2◦ when increasing the

substrate temperature can be appreciated. This peak is related to the (200) crystalline plane

orientation of nickel oxide, and it has a higher intensity than the peak appearing at 2θ = 37.2◦,
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so it can be concluded that the NiOx layers produced with e-beam evaporation in a reactive

process are crystalline samples.

Analysing these peaks and using Scherrer’s equation, it can be said that the average size

of the crystallites forming the film increase in size from 16 nm to 18 nm when increasing the

substrate temperature from room temperature to 200 ◦C.

6.5 Electronic properties of NiOx/a-Si:H/c-Si heterojunctions

After the material characterisation was completed and the NiOx layers were discarded as a

suitable material for the elaboration of TCO layers, they were tested for their performance as

charge selective contacts by depositing thin layers with a thickness from 3 to 5 nm on top of

silicon wafers passivated on both sides with 5 nm (i)a-Si:H (see Section 4.2). The minority

charge carrier lifetime can be measured indirectly by measuring the photoconductance of a

silicon wafer as a function of time after it is illuminated with a flash light that photogenerates

electron-hole pairs (see Section 3.2.8).

The NiOx depositions showed a strong detrimental effect on the passivation properties

of the approx. 5 nm thick a-Si layer previously deposited on the silicon wafer, lowering the

minority charge carrier lifetime of these samples from several milliseconds by a couple orders

of magnitude to the microseconds range, as it can be seen in Figure 6.16.

Annealing treatments at temperatures up to 200 ◦C had no beneficial effect for the charge

carrier lifetime of the passivated silicon wafers on which NiOx was deposited.

In order to analyse this phenomenon a detailed analysis of the depositions was made, in

order to rule out a range of possible factors that could be causing the strong decrease in charge

carrier lifetimes.

6.5.1 Investigation of the interaction between X-rays and the a-Si layer

The first hypothesis consisted of the possibility that the X-rays produced during the e-beam

deposition, which are emitted tangentially to the trajectory of the electrons, irradiate the

passivated wafer, and their energy is responsible for destroying the bonds between the atoms

within the a-Si layer and in the c-Si wafer. This therefore destroys the surface passivation

properties of the a-Si layer, and lowers the charge carrier lifetime of the wafers.

In order to discard this hypothesis, a wafer passivated with 5 nm (i)a-Si was placed in the

substrate holder between two glass pieces, so that the X-rays produced during the e-beam
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Figure 6.16: Minority charge carrier lifetime of an electronically pasivated wafer as a function of
the minority charge carrier density. A decrease in the lifetime over 2 orders of magnitude can be
seen after the e-beam deposition. An annealing treatment improves the lifetime slightly, but not
to the original value.

evaporation process at an oxygen partial pressure of 4 × 10−3 mbar could reach the wafer but

the NiOx was deposited on the glass piece. This experiment made it possible to analyse the

detrimental effect of the deposition environment separated from any chemical reaction that

could be taking place between the nickel, the oxygen and the silicon.

The charge carrier lifetime of these samples showed no significant decrease, which allowed

us to discard the X-ray radiation of the e-beam process as being responsible for the destruction

of the passivation. The measured minority charge carrier lifetimes can be seen in Figure 6.18

(black, red). Both wafers show a small decrease in lifetime, nevertheless it is not critical for

the production of a solar cell since the value after the deposition is still an indicator of good

surface passivation.

6.5.2 Investigation of a possible oxidation of the a-Si surface aided by the

energy of the X-rays

A new hypothesis was formulated as follows: the X-ray radiation of the e-beam process,

together with the oxygen present in the atmosphere, are responsible for the decrease in charge

carrier lifetimes of the samples.
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6. Optoelectronic properties of electron-beam evaporated NiOx

Figure 6.17: Experimental setup for testing the effect of X-ray and oxygen atmosphere on the
passivation properties of the a-Si layer. The passivated silicon wafer is placed between two glasses
during the deposition to investigate the effect of X-rays separated from the nickel deposition (left)
and covered by glass and separated from them by 4 small glass spacers that allow the contact of
oxygen with the a-Si layer (right), to investigate a possible oxidation aided by X-rays.

Figure 6.18: Charge carrier lifetimes of passivated wafers as a function of the minority charge
carrier density. The data of samples covered by glass and by glass and spacers are shown before
and after the NiOx e-beam depositions. A decrease in lifetime for lower charge carrier densities
can be seen, probably due to handling of the samples.
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In order to test this hypothesis, a wafer passivated with 5nm a-Si:H was placed in between

two glass pieces, but small glass spacers were placed on the corners of the wafer, so that

the oxygen present in the atmosphere is allowed to be in contact with the wafer while the

deposition of NiOx under an oxygen partial pressure of 4 × 10−3 mbar was performed. The

experimental setup can be seen in Figure 6.17.

Once again, the charge carrier lifetime of these passivated wafers showed no significant

decrease after deposition as it can be seen in Figure 6.18 (blue, green). A small decrease in

the charge carrier lifetime can be seen, which can be attributed to the handling of the wafers.

Due to the fact that the samples covered by glass showed no significant decrease in charge

carrier lifetime after the e-beam process, a new experiment was planned, in order to analyse

the effect of the NiOx deposition and the possible X-ray effect separated from each other. In

the new experimental setup, a passivated wafer was placed on the substrate after a fraction of

its surface was masked with a glass piece. A small part of the wafer surface was left unmasked.

This made it possible for the evaporated nickel to reach this part of the wafer and deposit itself

on it, which might have lead to an interaction between the a-Si layer and the nickel. Using

photoluminiscence measurements it is possible to analyse a silicon wafer and differentiate

between regions in the wafer in which radiative recombination is taking place from regions in

which other recombination types are limiting the charge carrier lifetime (see Section 3.2.4).

The photoluminescence measurement of the wafer on which a partial deposition of NiOx

was done is shown in Figure 6.19. This photoluminescence image lets us conclude that the

reason for the drastic decrease in the charge carrier lifetime of the samples is not related to

the interaction of the passivated wafer and the X-ray radiation produced during the e-beam

process, while the wafer is in an oxygen atmosphere. It is now clear that the main detrimental

factor to the passivated properties of the a-Si layer is the actual deposition of nickel atoms or

NiOx molecules (in case they are formed in the gas phase during deposition) on the surface of

the wafer, maybe due to a chemical reaction between nickel and silicon and the introduction

of electronic trap states in the interface between these two materials.

6.6 Hypothesis about NiOx deposition on a-Si/c-Si

Since it was found that a NiOx deposition on passivated wafers had a detrimental effect on

the charge carrier lifetime of the samples, a new hypothesis was formulated consisting of the

possibility of nickel atoms reaching the a-Si/c-Si interface. This could happen due to a damage
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Figure 6.19: Photoluminescence measurements of a partially covered silicon wafer after NiOx
deposition. The glass mask used only covered a region of the wafer in order to analyse if the
deposition of NiOx has a detrimental effect on the surface passivation. The image shows that the
covered part of the wafer still has good surface passivation after the e-beam deposition.

of the thin a-Si layer caused by a reaction with nickel atoms or due to a diffusion of nickel

atoms through the layer. Taking into account the low diffusion coefficient of Ni in a-Si this is

improbable, but it was nevertheless investigated using GDOES.

GDOES is a method for analysing the composition of a material, especially useful for

layered systems because its working principle is based on the analysis of the surface atoms

while ablating the sample, so that deeper layers of the system can be successively analysed.

Further details in Section 3.2.3.

The first structures that we tested were planned to be solar cells, and for this reason the

a-Si layer had a thickness of only 5 nm. This thickness ensures that a passivation of the c-Si

dangling bonds takes place, but the parasitic absorption of the a-Si layer is maintained at a

reasonably low value.

In order to test qualitatively if nickel is diffusing in the a-Si layer, the sample shown in

Figure 6.20 was analysed using GDOES. This sample consists of a c-Si wafer with a 160 nm

thick layer of a-Si and 10 nm of pure nickel on top.

The GDOES measurement of the layered system shown in Figure 6.20 can be seen in

Figure 6.21. In the GDOES measurement the signal of nickel and of silicon can be seen as

a function of measurement time. At the beginning of the measurement, both the signals of

silicon and nickel show a sudden increase, which can be caused by the fact, that the plasma

used for measuring GDOES takes a few seconds to stabilize. The signal intensity of nickel

is larger than that of silicon at the beginning of the measurement but both materials can
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Figure 6.20: SEM image of a c-Si wafer with a 160 nm thick a-Si layer and a 10 nm nickel layer
on top.

be detected, pointing to a possible coexistence of nickel and silicon in this region, either as

separated phases or as nickel silicide. After some seconds, the intensity of the nickel signal

decreases exponentially while the signal of silicon stabilizes.

The exponential decrease in the Ni signal could indicate that a diffusion process is taking

place, but it has been shown by Olowolafe et al. [65] that nickel and silicon react and form nickel

silicide during an e-beam deposition of nickel on a-Si. Similar studies for e-beam depositions of

nickel on a-Si in a reactive process under an oxygen atmosphere were not found by the author.

If a diffusion process is taking place, this system can be considered a diffusion of nickel into

silicon from an exhaustible source, since the initial concentration of nickel atoms at the surface

should decrease over at least one order of magnitude if the 10 nm nickel layer is distributed

homogeneously over an a-Si layer that is more than one order of magnitude thicker.

For testing if nickel can be further diffused into a-Si, a layered system consisting of a c-Si

wafer, 160 nm a-Si and 200 nm NiOx was prepared and cut into 4 pieces. Each piece received

a different annealing treatment. Three of those pieces were annealed at 200 ◦C for 10, 60 and

180 minutes, while one of them was not annealed, representing the “as deposited” state. After

this, GDOES was measured on the samples and the results are shown in Figure 6.22. The

signal represents the amount of nickel inside of the sample as a function of GDOES measuring

time and therefore as a function of the depth inside the sample.

The expected result of this experiment in the case that a diffusion process takes place,

was a variation in the nickel GDOES signal as a function of time. The Ni GDOES signal is

related to the Ni concentration in the a-Si:H layers. Such a result would show that for longer
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6. Optoelectronic properties of electron-beam evaporated NiOx

Figure 6.21: GDOES measurement of the sample shown in Figure 6.20. An exponential decay
of the nickel signal can be seen for an increasing measurement time as well as an increase and
stabilization in the silicon signal. The measurement time is proportional to the measurement depth
inside of the sample. A region in which Ni and Si coexist can be seen.
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Figure 6.22: GDOES signal of nickel relative to the total GDOES signal for samples consisting
of silicon wafers with 160 a-Si and 200 nm NiOx deposited on top and annealed at 200 ◦C for
different amounts of time. A similar exponential decay can be observed for all samples. A small
horizontal offset can also be seen, probably due to variations in the mounting of the samples in the
GDOES measuring device.

annealing times the nickel atoms can be found at a greater depth inside of the a-Si. The results

of the experiment contradict this hypothesis.

As it can be seen from Figure 6.22 the decreasing behaviour of the curves is very similar

for all the samples, even for that which was not annealed. For a short region in the middle of

the graph GDOES signals of Ni and Si can be detected simultaneously. From this observation

it was concluded that a diffusion process is not taking place, but more probably a reaction

between nickel and silicon atoms at the beginning of the NiOx deposition. Annealing steps

made after the deposition to the layered system do not have a great effect on the nickel

diffusion inside of the amorphous silicon layer. The small difference between the position of

the curves (horizontal offset) could be explained by a small inhomogeneity in the thickness

layer due to the deposition technique and a variation of the spot on the wafer on which the

GDOES measurement was made. For the samples annealed for 10 minutes and 3 hours, some

data at the beginning of the measurement was not recorded by the GDOES system, it was

assumed, nevertheless, that the nickel GDOES signal is similar to that of the "as dep" case
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Figure 6.23: Variation of the charge carrier lifetime for a sample consisting of a c-Si wafer with
80 nm a-Si and 5 nm nickel oxide. The black dot on the upper left of the graph shows the charge
carrier lifetime before deposition and the one on the lower left the charge carrier lifetime exactly
after the nickel deposition. An increase in charge carrier lifetime can be seen for this sample after
annealing treatments were performed at temperatures varying from 50 to 200 ◦C.

and the sample annealed for 1 hour, since this region represents the GDOES measurement on

the NiOx layer.

The annealing tests for thick a-Si layers revealed also some new information. It was found

that, for thick a-Si layers (approx. 100 nm for example), the charge carrier lifetime of the

sample does not decrease as drastically after the NiOx deposition as it was the case of the

same experiments with thin a-Si layers.

Furthermore, the minority charge carrier lifetime at a density of 1 × 1015 cm−3 of the

samples increased after successive annealing steps at different temperatures up to 200 ◦C, as is

shown in Figure 6.23. The two black dots on the left represent the lifetime before and after the

deposition, and the coloured dots represent the increase in lifetime for annealing at different

temperatures, indicated in the graph by the same colour as the respective dots.

As it can be seen in Figure 6.23, the charge carrier lifetime before the NiOx deposition

at 4 ms indicates good surface passivation. After NiOx deposition, this lifetime decreases to

approximately 500 µs, but successive annealing steps make it possible to restore the lifetime

back to a value over 1 ms.

At this point, a distinction between thin (5 to 10 nm) and thick (100 nm and thicker) a-Si

layers has to be made. The results mentioned in the previous section show that for thin a-Si
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layers, the decrease in charge carrier lifetime can not be recovered by annealing the samples.

Since this is not the case for thick a-Si layers, the following hypothesis appears reasonable:

the interaction (most probably a chemical reaction) between nickel and silicon atoms at the

interface between these two materials is a process that happens shortly at the beginning of

the deposition. Once this process has taken place the subsequent nickel atoms arriving to the

substrate get deposited and combine with the oxygen present in the atmosphere, so no more

nickel atoms react with the surface silicon atoms of the a-Si layer.

The hypothesis would suggest that the beginning of the deposition is enough to affect the

first 10 nm of a-Si, maybe through a chemical reaction, forming nickel silicide for example, but

at some distance between the first 10 nm and the following 90 nm, the interaction between

nickel and silicon atoms stops, allowing the a-Si/c-Si interface to maintain its passivating

properties.

In particular, as it has been found in the literature about NiSi formation [65], the author

thinks that the formation of nickel silicide in the first nanometers of the Ni/a-Si interface

acts as a barrier that stops subsequent nickel atoms from reacting with silicon atoms located

deeper into the silicon layer. This makes it possible for the NiOx molecules to deposit onto

the previously formed NiSi layer.

6.7 Formation of nickel silicide at the interface between nickel

oxide and silicon

After discarding the hypothesis that a diffusion of nickel atoms through the a-Si layers was

responsible for the strong decrease of its passivation properties, the XPS measurements of the

NiOx/a-Si/c-Si system were analysed.

For this purpose, some of the previously prepared samples with NiOx layers of 2 and

110 nm deposited at an oxygen partial pressure of 4 × 10−3 mbar were analysed and compared.

Specifically the XPS spectra of these samples were taken into account in order to check if an

XPS signal of nickel silicide can be appreciated.

Peaks related to nickel silicide were found by Tam and Nyborg [106] with different nickel-

to-silicon ratios and at a binding energy slightly lower than the position of the Ni2p 3/2 related

to NiOx. In that paper, nickel silicides with different nickel to silicon ratios are analyzed and

their position is found approx. between that of metallic nickel (≈ 853 eV) and the peak related

to NiOx (≈ 854.3 eV).
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Figure 6.24: XPS detail spectra of c-Si/a-Si/NiOx layered systems. The sample with 2 nm NiOx
is shown in a (O1s) and b (Ni2p). The sample with 110 nm NiOx is shown in c (O1s) and d (Ni2p).
A clear difference can be seen for the O1s peaks. The signal component situated at a lower binding
energy, which is related to the NiOx peak has a higher intensity for the 110 nm NiOx layer in
comparison with the 2 nm NiOx layer, this might be caused by the fact that such a thin NiOx
layer does not have enough material to produce a reasonable XPS signal. For the Ni2p peak of the
2 nm layer a small difference between the XPS signal and the fit can be seen on the left side of the
NiO peak, around 853 eV. The residual signal for each case is shown in the lower part of the graph.

In the XPS spectra of these samples, shown in Figure 6.24, the Ni2p and the O1s peak can

be seen. The parameters used for fitting these XPS spectra are the same as the ones used for

the NiOx layers in Section 6.2.

If the XPS spectra of the samples with 2 nm NiOx and 110 nm NiOx are compared, a

small difference between the XPS signal and the fit can be seen at approximately 0.5 eV to the

left of the NiOx peak (i.e. at a lower binding energy) in Figure 6.24 b). It has been reported

by Tam and Nyborg [106] that the XPS signals of nickel silicides can be found at such binding

energy values.

Figure 6.25 shows a fitting of the XPS signal of the 2 nm thick sample using the fitting

parameters of Section 6.2, in which the data were shifted so that the Ni2p 3/2 peak appears
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Figure 6.25: Ni2p 3/2 XPS signal of the 2 nm thick NiOx on silicon sample, showing the presence
of nickel silicide at approx. 853.6 eV. The spectrum was shifted accordingly so that the XPS peak
from the Ni(OH)2 bond appears at its position measured by Mansour [92] (856.2 eV)

at 854.1 eV, as reported also by Mansour [92], and a new peak was added to account for a

possible NiSi signal at 853.6 eV with a FWHM of 2.7 eV which is similar to the FWHM of the

other XPS peaks. It has been shown by Tam and Nyborg [106] that the position of the NiSi

depends on the amount of nickel and silicon in the sample going from 853.2 eV for a sample

containing 66% Ni to 854.1 eV to a sample containing only 20% Ni. Since in our system the

specific composition of the material was not determined, and even different ratios of Ni to Si

could be present, the presence of this new peak is only meant to confirm the presence of NiSi

in the sample, at the interface between silicon and nickel oxide. If the same peak is added to

the 110 nm sample, the fitting software reduces the area of this peak to zero when optimizing

the areas and positions of the peaks, indicating an absence of a NiSi signal for that sample.

These results could point to a confirmation of the hypothesis that the first monolayers of

nickel deposited on the a-Si surface react with the silicon atoms, binding to them and forming

nickel silicide. After this reaction takes place and a nickel silicide layer is formed, the following

nickel atoms that are deposited onto the nickel silicide surface do not diffuse through the

nickel silicide, and subsequently form a bond with the oxygen atoms present in the deposition

atmosphere forming nickel oxide.
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In order to confirm this unequivocally, a more detailed analysis of the XPS signal of the

system should be performed. Either preparing many samples with different thicknesses ranging

from fractions of a nanometer to approx. 10 or 20 nm (this thickness value would ensure that

the XPS measurement is made far from the a-Si/Ni interface), or, even better, depositing a

20 nm thick layer of NiOx on a c-Si wafer passivated with a-Si and sputtering away small

quantities of NiOx in between XPS measurements and without exposing the samples to contact

with the atmosphere. The second approach would ensure that the XPS measurements are done

on a less contaminated system since the vacuum would not be broken between measurements.

An analysis of the silicon XPS signal in such an experiment would give useful information

about the nickel silicide formation at the interface. For the experiments made in this thesis

the Si2p XPS signal was not analysed, since the focus of the measurements was on a possible

change in the Ni2p 3/2 XPS signal.

The presence of a nickel silicide at the interface would also indicate that the oxidation of

the evaporated nickel atoms does not take place while the nickel is in a gaseous phase and

moving towards the substrate, but only after it reaches the substrate. This would be a general

conclusion about the e-beam deposition process, since it can be assumed this is the same

for all the samples, not only for the nickel deposited onto silicon. This lets us establish a

chronological order of the processes taking place when this deposition technique is used for

producing NiOx layers.

According to these measurements, the electronic system that we obtain after the reactive

e-beam deposition of nickel under an oxygen atmosphere is not NiOx/a-Si/c-Si but NiOx/NiSi/a-

Si/c-Si, which is not the system in which NiOx can be used as a charge selective contact, since

an interlayer is formed which seemingly cannot be avoided.

New approaches to this problem could be to analyse if it is possible to tune the properties

of the NiSi layer in order to form an electronic contact or trying to deposit the NiOx using

another deposition technique, specifically a non-reactive process for which the Ni-O bonds are

already formed at the beginning of the deposition and therefore a formation of NiSi can be

avoided.

In particular, according to the existing literature about NiSi as a contact material for Si

solar cells (see Section 2.13) and specially the work of Olowolafe et al. [65], the author of this

thesis thinks that a more detailed study of the formation of NiSi from a-Si layers and e-beam

evaporated nickel should be investigated. If a systematic study on this topic is performed it

might be possible to find an optimum a-Si:H layer thickness from which a fraction of the a-Si:H
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material combines with nickel to form a conductive layer while the remaining amount of a-Si:H

performs as a passivation layer. This topic is unfortunately out of the scope of this thesis.

6.8 Chapter Summary

Nickel Oxide was investigated as a potential material to be used as a charge selective contact

for holes in SHJ structures. Layers were prepared using a reactive e-beam evaporation process

using nickel pellets as a source and carrying out the evaporation in an oxygen atmosphere on

glass substrates. It was shown using XPS and EDX measurements, that it is possible to obtain

a range of layer stoichiometries from metallic nickel to NiOx when increasing the amount of

oxygen present in the deposition atmosphere. The layers were characterized using UV-VIS and

electrical measurements, and it was found that the resistivity of the most metallic layers can

be lowered over one order of magnitude if annealing steps at temperatures up to 600 ◦C were

performed. Using XRD measurements it was found that the NiOx layers crystallize mainly in

the (200) orientation, and that the average size of the crystallites conforming the layers can be

increased from about 16 to 18 nm if the evaporation is performed on a substrate heated at

200 ◦C instead of room temperature.

It was found, that a deposition of NiOx on silicon wafers passivated with a few nm a-Si:H

(SHJ structures) decreases the minority charge carrier lifetime in the samples over many

orders of magnitude to the microseconds range and a detailed analysis of the cause of this

phenomenon was undertaken. It was possible to rule out the X-ray radiation produced by the

e-beam process as the reason of the lifetime decrease as well as a possible oxidation of the a-Si

layers due to the oxygen atmosphere. The possibility of diffusion of nickel atoms through the

a-Si layers up to the a-Si/c-Si interface was considered as the reason for the lifetime decrease

and NiOx/a-Si/c-Si structures were prepared and annealed at 200 ◦C for different amounts

of time in order to measure the diffusion coefficient of nickel in silicon. However, GDOES

measurements of the samples suggest that a process of diffusion is not taking place in this

structures.

XPS measurements of a-Si:H passivated wafers with 2 nm NiOx and 110 nm NiOx were

compared and a small XPS signal was found in the 2 nm NiOx layer which is not present in

the 110 nm layer. This XPS signal is placed at a binding energy that corresponds to nickel

silicide according to studies made by Tam and Nyborg [106], which suggests that a thin layer

of nickel silicide is being formed between the a-Si and the NiOx. The author considers this
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interlayer to be the reason for the detrimental effects of the NiOx deposition on the a-Si layers,

nevertheless this should be investigated in more detail, as it is a new system consisting of

NiOx/NiSi/a-Si/c-Si and not the intended system consisting of only NiOx/a-Si/c-Si.
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7
Conclusions and Outlook

In this thesis ZnO:Al and nickel oxide were tested as possible replacements for ITO as a contact

for SHJ solar cells.

It has been shown, that when using pulsed-DC sputtered ZnO:Al as a front TCO on a rear

emitter SHJ solar cell the power conversion efficiency of the device is only 0.2% lower than

that of the cell with an ITO front TCO reaching an efficiency well above 22%.

This was an unexpected good result, since it is known that ZnO:Al sputtered as a 75 nm

thin layer at a rather low temperature, below 200°C, usually results in poor crystallographic

quality, and, hence, low electrical performance. Because ZnO:Al grows as crystalline film

with a relatively thick and low quality incubation layer on the substrate, it requires a certain

minimum film thickness, typically several hundred nanometers, and a temperature ideally

well above 200°C, to form a dense structure with large grains, which is required for a high

charge carrier mobility and hence high conductivity at low charge-carrier density. ITO, in

contrast, forms relatively large grains even as a thin layer and at temperatures around or even

below 200°C. For that reason no SHJ cell with ZnO:Al as the front TCO had been reported

with a performance being comparable to that of a cell with ITO. We found that two specific

facts, however, can explain the good cell results with ZnO:Al. Firstly, the ZnO:Al exhibits

excellent optical transparency leading to high short circuit current. Secondly, to cope with

the limited lateral conductivity, we chose the rear emitter (also: rear junction) cell design.

Traditionally, Si solar cells are in front emitter design in order to allow the minority carriers to

have the shorter path to the junction. With high quality, i.e. high lifetime Si wafers, as used

for SHJ cells, this is not limiting any more. Therefore, the rear emitter design was suggested
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by Bivour et al. [21]. It relaxes the demand on a highly conductive front TCO as the Si wafer

supports lateral current transport significantly. The reason for the slight underperformance

can be identified mainly as a higher contact resistivity between the ZnO:Al and the silver grid

in comparison to the contact resistivity of the system composed of ITO and silver.

A way to improve the performance of SHJ devices using ZnO:Al as a front TCO would be

therefore to find a method for improving the contact between these two materials. One option

would be to investigate a different silver paste, which forms a better contact with the ZnO:Al

surface. Also a thin ITO capping layer might improve the contact to the metal.

During the investigation of the nickel oxide films, it has been concluded, first of all, that it

is possible to produce nickel oxide thin films from a nickel target in a reactive process under

an oxygen atmosphere using an e-beam evaporator.

The properties of these thin films can be varied from well-conducting pure nickel layers to

nickel oxide thin films with an optical bandgap of ≈ 3.34 eV if the oxygen partial pressure of

the system is varied. The conductivity of the more metallic films can be lowered by more than

order of magnitude if the layers are subjected to a thermal treatment in ambient air of up to

360 ◦C.

By observing the optical and electronical properties of these layers they can be ruled

out as possible TCO materials, since the combination of their transmittance and electrical

conductivity is not in the same range as those of other TCOs such as ZnO:Al or ITO. For

this reason the nickel oxide layers were investigated as a possible material for forming charge

selective contacts for the collection of holes.

The deposition of nickel oxide thin films on test SHJ structures leads to a pronounced

degradation of the passivation properties of the a-Si layers, which is measured as low minority

charge carrier lifetimes in the wafers using photoluminescence and photoconductance decay

measurements. The X-rays produced during the e-beam evaporation as well as a possible

oxidation of the a-Si layers due to the oxygen atmosphere were ruled out as a possible reason

for the decrease in charge carrier lifetime. A diffusion of nickel atoms through the a-Si layers

was also ruled out by preparing Ni/a-Si/c-Si samples, annealing them for different times and

measuring GDOES on them. A variation in the distribution of nickel inside of the silicon

wafers as a function of annealing time was not found.

While it was found that the deposition of nickel on thin (3 to 5 nm) a-Si:H layers has a

detrimental effect on the passivation of the wafer, this effect is not present when the a-Si:H

layer is 10 to 20 times thicker.
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By using XPS measurements of NiOx/a-Si/c-Si systems it has been found that there is a

difference between the XPS signal of thin NiOx layer and a thick one. In the thin layers, the

XPS signal of nickel silicide at the interface between silicon and nickel can be seen. This is

due to the fact that this interface is inside the XPS measurement depth.

This fact would hint to a formation of nickel silicide in the interface between NiOx and

a-Si, which makes sense if it is taken into account that the NiOx was deposited using a reactive

process, in which there is a probability, that the nickel atoms are deposited onto the a-Si layer

and react with it forming nickel silicide before the nickel atoms bond to oxygen atoms and

form nickel oxide.

This phenomenon could be analysed in detail in a future project, but for the purposes

of this thesis it can be concluded, that, even if it is possible to deposit nickel oxide layers

using e-beam in a reactive process, it is not possible to use them as a TCO due to their

optoelectronical properties, and also that the e-beam evaporation of nickel oxide in a reactive

process under an oxygen atmosphere is not suitable for forming a charge selective contact for

holes on an SHJ solar cell. The most probable reason for this is a formation of a nickel silicide

interlayer between the NiOx and the a-Si, forming the system NiOx/NiSi/a-Si/c-Si which in

general should behave different from the system NiOx/a-Si/c-Si.

In the opinion of the author the system NiSi/a-Si:H is worth to be investigated as a contact

by repeating the experiments made at the end of this work in a systematic way to form a

NiSi layer on top of the a-Si:H layer without consuming the complete a-Si:H material so the

passivation of the a-Si/c-Si interface is not degraded.

In particular, the author proposes the investigation of NiSi as a replacement for silver in

the metallization of SHJ solar cells, either as a seed layer for the subsequent metallization

with copper as it has been implemented for other photovoltaic technologies or as a contact

layer itself. If the amount of nickel deposited on top of the a-Si:H layers and their thickness is

engineered correctly it should be possible to form a structure that works as a passivation layer,

charge selective contact and conductive layer (i-aSi:H/n-aSi/NiSi).
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