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Abstract

Abstract
The silicon heterojunction (SHJ) solar cell is a very promising concept nowadays as a record
efficiency of 26.6% has already been reached with this concept while the theoretical limit is
29%. The use of hydrogenated amorphous silicon (a-Si:H) in these cells limits the cell in
performance by parasitic absorption, the low thermal stability, and the use of doped regions
to induce selectivity. Furthermore, the record efficiency is achieved with a so-called interdigitated back contact SHJ cell which is a complex structure requiring a lot of processing steps.
Transparent metal oxides that could passivate the crystalline silicon (c-Si) surface and, at the
same time, induce selectivity for one type of charge carrier would be the ideal passivating
contact material. This is why passivating, selective, transparent and stable metal oxides,
that could also decrease the process complexity, are the topic of this research. Atomic layer
deposition (ALD) is an ideal deposition method to control thickness and uniformity of such
metal oxides. Moreover, it enables low temperature and ”soft“ deposition of these materials.
In this work, a new metal oxide material was introduced as a potential hole-selective contact: ruthenium oxide (RuOx ). The thermal and chemical stability, high conductivity, and
relatively high work function (≥ 5 eV ) were expected to make it a promising material for
c-Si solar cells. An extensive material study was performed to evaluate its potential as
hole-selective passivating contact. First, a thermal ALD process was developed to deposit
RuOx films with (ethylbenzene)(1,3-cyclohexadiene)Ru as (zero-valent) metal-organic precursor and O2 as reactant. Polycrystalline RuOx films with a rough surface and containing
a Ru metal fraction were obtained over a temperature range of 150◦ C to 300◦ C. By increasing the O2 exposure time the O/Ru ratio could be increased. No carbon incorporation
was detected and a H content between 4 at.% to 10 at.% was measured. Furthermore, the
films had a resistivity of ∼ 3 · 102 µΩ · cm, which is an order of magnitude higher than the
bulk literature value, and a high carrier density 1021 − 1023 cm−3 . This high carrier density
was also the reason why the RuOx had a high optical absorption coefficient. The deposited
RuOx films did not passivate the c-Si surface and the high absorption limited the potential
as passivating contact material.
Recently, titanium oxide (TiOx ) was shown to be able to passivate the c-Si surface and
it can potentially serve as hole-blocking when it is only a few nm in thickness. So TiOx
films, deposited with ALD, were investigated as electron-selective passivating contacts. It
was concluded that amorphous TiOx films deposited with a thermal ALD process gave the
best passivation on n-type Si wafers. Furthermore, the best passivation performance was
achieved with the metal-organic precursor titanium isopropoxide. It already passivated the
c-Si surface in the as-deposited state as opposed to the two other precursors used. After 15 minutes of forming gas anneal treatment at 300◦ C record minority carrier lifetime
τef f ≈ 2.0 ms and a surface recombination current density J0 = 12.3 f A/cm2 with ∼ 5 nm
thick TiOx films were achieved. The minimal contact resistivity of an Al/TiOx /c-Si stack
was ρc = 0.4 Ω · cm2 which could, together with the low J0 , lead to maximum solar cell
efficiencies of around η = 26 − 27% in an idealized case. However, when using the ALD TiOx
films on cell level, the open-circuit voltage (suns-Voc ) values dropped significantly opposed
to the excellent implied open-circuit voltage (iVoc ) values of these cells. This demonstrates
by a lack of selectivity in the cells and it needs further investigation to establish the source
of the problem.
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Chapter 1

General Introduction
1.1

Photovoltaics

Using a renewable energy source is becoming a must with the conventional fossil fuels being
limited. One way to create electricity is by using light from the sun, the virtually infinite
power source, to convert photons into charge carriers. A photon with an energy equal to
or higher than the band gap of a semiconductor material can be absorbed by exciting an
electron to the conduction band leaving at the same time a hole in the valence band. These
light-generated charge carriers induce a voltage in the device due to this photovoltaic effect
and when they are extracted they generate a DC current thus giving rise to power generation.
In practice, nearly all photovoltaic energy conversion uses semiconductor material in the
form of a p-n junction. A positively doped material, p-type, is in contact with a negatively
doped material, n-type. This structure induces a depletion region with an intrinsic electric
field which prohibits the majority carriers, being electrons for the n-type and holes for the
p-type semiconductor, to diffuse to the other side. A schematic structure of a p-n solar cell
is given in figure 1.1.1.
The process of light absorption creates an electron-hole pair, thus a majority and minority
carrier are introduced in the p- and n-type material. The light-generated current can be
extracted when the n and p side are connected by an external circuit and a current can flow.
The minority carrier will only exist for a certain time given by the minority carrier lifetime
before it recombines. This parameter will become important as it indicates the quality of
the cell.
If these charge carriers are prohibited of leaving the solar cell device in open-circuit condition
the collection of light-generated charge causes an increase in electrons in the n-type side and
holes in the p-type side as minority carriers will be swept to the other side by the intrinsic
electric field. This will decrease the effective electric field at the junction up to a point of
equilibrium where a voltage exists over the p-n junction which is called the photovoltaic
effect. The voltage across the cell required for this is called the open-circuit voltage Voc .
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Figure 1.1.1: Schematic of p-n junction solar cell. Sunlight creates light-generated charge carriers
(electrons and holes) in the semiconductor material. These carriers can be collected
to generate a current and the photovoltaic effect gives a voltage across the cell. The
power generated can dissipate into the load and other parasitic resistances.

1.2

Silicon Solar Cells

The cumulative installed photovoltaic (PV) capacity has been growing strongly in the last
years due to the increasing global demand for sustainable energy. The PV market is over
90% based on silicon solar cells [1]. Its success comes from the cost effectiveness of the
silicon based solar cells. These particular cells have a predicted fundamental limit of 29.4%
efficiency [2] which is not yet reached (up to 26.6% on a practical cell size [3]). Although
the market is dominated by crystalline silicon (c-Si) solar cells there are still several different
types of solar cells. Record efficiencies are being recorded with for example; GaAs (Gallium
Arsenide), InP (Indium Phosphide), CdTe (Cadmium Telluride) and CIGS (Copper Indium
Gallium Selenide) solar cells with efficiencies above 20% [4]. Multijunction solar cells, where
multiple p-n junctions in a stack of different semiconductors produce electrical current in
response to different wavelengths, have a theoretical limit of 86.8% for infinite number of
semiconductors [5]. Furthermore, perovskite solar cells are of high interest for research nowadays and efficiencies are increasing steadily, as can be seen in Figure 1.2.1.
With the industry being almost completely based around silicon solar cells the market will
also be dominated by it. When looking at figure 1.2.1 the relative lesser increase in c-Si
solar cell efficiency is noticeable but just a few tens of percentage increase can already improve the levelized cost of electricity (LCOE) a lot. The balance of system costs, which
include the wiring, optics, mounting, batteries, etc., are relatively increasing more in the
overall system price and thus reducing the needed surface area or the cost of the cell is of
utmost importance. This will come down to further increase the conversion efficiency of
silicon based solar cells which can be done by decreasing the recombination losses of the created electron-hole pairs resulting in an increase of open-circuit voltage. These recombination
processes can occur in the silicon bulk and at the surface and are further elaborated on in
PMP
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Figure 1.2.1: Solar cell efficiency chart from 1976 to 2016 with record efficiencies indicated. The
single crystalline silicon solar cells (without concentrator) are indicated with blue solid
squares and heterojunction structured silicon cells are indicated with blue solid circles.
(This plot is a courtesy of National Renewable Energy Laboratory, Golden, CO.)

chapter 2. Furthermore, cheap and less complex cell structures contribute to the realization
of highly efficient industrial solar cells. A brief overview of how the Si solar cell has developed throughout the last years with industrial cell structures as an example will be discussed.
Although p-type Czochralski (CZ) c-Si wafers have dominated the market, the most efficient
cells are acquired with n-type silicon as bulk material [6]. Some properties of the n-type crystalline silicon such as, most importantly, the absence of boron-oxygen related light-induced
degradation (LID) [6, 7] makes it more efficient as a base material. Furthermore, the n-type
material exhibits enough strength against common impurities [8]. Commonly impurities in
Si, like Fe, are positively charged and hence capture electrons more efficiently. Since the
minority carriers in n-type Si are holes (rather than electrons), the minority carrier diffusion
length is general larger in n-type, posing another benefit over p-type. With the benefits
offered by n-type substrates it has become attractive to use these substrates in solar cell
module technology. This being said about the bulk, the main contribution to the loss in
lifetime of charge carriers is due to surface defects. Dangling silicon bonds, especially at the
top surface, need to be reduced or else the surface recombination has a big detrimental effect
on the efficiency. This is called the passivation of the Si surface.
As one can see in Figure 1.2.1, the 25.0% efficiency line of monocrystalline Si solar cells was
already reached in 1999 by UNSW (University of New South Wales, AUS). These solar cells
are also called homojunction solar cells, meaning that the p-n junction is formed within one
type of base material with different doping. They consist of a c-Si base with an electron and
hole-selective side induced by phosphorous and aluminium doping respectively. To reduce
the back surface recombination an oppositely highly doped region at the back creates a p+ -p
junction with the lower doped region of the bulk which induces an electric field, the Back
TU/e
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Surface Field (BSF). For the standard p-type CZ Si solar cell this would be a highly p++
Al doping, hence the name Al-BSF. Such a Al-BSF homojunction cell is shown in figure
1.2.2(a). Eventually, with a so-called PERL (passivated emitter and rear locally diffused)
structure which shown in figure 1.2.2](b), the cell efficiency can increase up to 25.0% but the
processing complexity increases significantly. The front contacts penetrate the anti-reflection
coating (ARC) to extract charge carriers from the bulk, but these metal-silicon interfaces
lead to significant recombination losses and heavily limit the efficiency of such a cell. Furthermore, higher doping levels induce more Auger recombination (explained in Chapter 2).
This is currently the reason why the efficiency of a homojunction cell has not been strongly
improved since [9].

(a)

(b)

Figure 1.2.2: Schematics of diffused homojunction cells [10]. In (a) an Al-BSF cell which is commonly mass-produced is shown, these have efficiencies of ∼ 19 − 20 %. In (b) a more
complex PERL cell is shown which render efficiencies approaching ∼ 25.0 %.

An alternative to the traditional homojunction c-Si solar cell is the silicon heterojunction
(SHJ) solar cell. This particular cell consists of a c-Si bulk which is passivated on both
sides with intrinsic (i) hydrogenated amorphous silicon (a-Si:H). The a-Si:H(i) is an excellent passivation layer for the c-Si which minimizes the surface recombination losses of the
electron-hole pairs generated in the bulk. The charge carrier selectivity on the front and rear
side is induced by p-type and n-type doped a-Si:H respectively. A transparent conductive
oxide (TCO) is added to conduct the charge carriers to the metal contacts while avoiding significant parasitic absorption losses. The TCO is necessary, as opposed to the homojunction
cells, because the mobility of charge carriers in the a-Si:H regions is very low compared to
p+ and the n+ regions in the homojunction cells. The structure can be seen in figure 1.2.3(a).
With a so-called interdigitated back contact (IBC) structure the record efficiency of 26.6%
has been reached by the Japanese Kaneka Company in 2016 [3] as can be seen in figure 1.2.1.
Here only the rear side has metal conductor structures to omit the shadowing losses of the
front metallization and thus the front layer only has to be an ARC. Interdigitated regions
at the back with p and n dopants make these certain regions selective for holes or electrons
respectively as is shown in figure 1.2.3(b). The interest in heterojunction cells keeps increasing in the PV community and with an efficiency of 26.6% reached the theoretical limit is
coming closer and closer [9].

PMP
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(a)

(b)

Figure 1.2.3: Schematic of silicon heterojunction (SHJ) solar cells [10]. The passivation of the
Si interface is done by the a-Si:H and the selectivity comes from the doping of this
material either n or p-type. In (a) a schematic of a SHJ is shown with a TCO on the
front and back carrying the current laterally to the contacts. In (b) an IBC-SHJ cell
is shown with the interdigitated doped a-Si:H back contacts without front contacts.

The a-Si:H in these SHJ cells can degrade by exposure to the atmosphere and high temperatures [9, 12]. Furthermore, it causes parasitic absorption as it has a rather low bandgap
energy and lateral transport of charge carriers is diminished due to the low charge carrier
mobility. Thus the research for more stable, process friendly and less absorbing passivating
contacts becomes of interest. To introduce a commercially viable innovation with an increase
in efficiency is becoming harder as the theoretical efficiency limit comes closer every time [2].
A full area passivating contact of a transparent material like metal oxides could potentially
be this wanted innovation.
The aforementioned passivating contacts, a powerful concept for the further improvement
of PV heterojunctions, are the topic of this thesis. These are thin layers (or stacks) which
passivate the silicon interface and are at the same time selective for one type of charge carrier,
being electrons or holes. The passivation is needed to decrease the surface defect density and
thus to reduce the recombination of charge carriers at the silicon surface. A selective contact
must induce a strong conductivity for one type of charge carrier. If both the passivating
and selective qualities could be induced by a single transparent semiconductor material, for
example a metal oxide, it could significantly reduce the number of processing steps and the
processing complexity. An ideal structure is given by a schematic representation in figure
1.2.4. This relatively simple model needs no complex structures, no metal firing steps and
just a few different materials. The long term goal is to create such an efficient metal oxide
passivating contact cell.

TU/e
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Figure 1.2.4: Schematic of a metal oxide based cell is given with a full area electron-selective back
contact, a transparent full area hole-selective front contact and a TCO. The passivating
tunnel oxides could be introduced if the metal oxide is not sufficiently passivating the
Si interface on its own [10].

1.3

ALD for PV

As elaborated before, thin films or stacks of thin films are of interest which is where Atomic
Layer Deposition (ALD) comes into play. ALD is a vapour based deposition technique for
thin films which is based on sequential, self limiting surface reactions of gas phase chemicals,
typically called precursors. Because of this self limiting aspect of the technique, atomic scale
thickness control is possible. One ALD cycle consists of two or more sub-cycles, commonly
referred to as half-cycles. Eventually, the surface is exposed to multiple ALD cycles to deposit a layer of desired thickness and composition. During the first half-cycle a vaporized
precursor material reacts with the groups on the surface of the substrate. The newly formed
surface groups need to be non-reactive with the precursor molecule which causes the self
limiting character. After purging the reaction products and left-over precursor, a different
reactant is introduced in the second half-cycle. This reactant reacts with the ligands of the
adsorbed precursor molecule, again in a self-limiting manner.
The growth rate of the deposited material during an ALD process is generally expressed
in growth per cycle (GPC). This way, by choosing the right amount of cycles, the desired
thickness can be precisely controlled. A well-known ALD process is the deposition of Al2 O3
with trimethylaluminum (TMA) as precursor and H2 O as reactant. A schematic of this ALD
cycle is shown in figure 1.3.1.
With ALD, precise thickness control, uniformity, conformality, high purity, low deposition
temperature and the soft deposition nature are some advantages in comparison with other
methods like CVD or sputtering. These aspects of ALD make it an excellent candidate for the
deposition of passivating contacts, and hence a powerful tool in the further improvement of
silicon solar cells. Due to its apparent potential for instance in PV industry, demonstrated
in typical small-scale research ALD reactors, there have been recent developments in the
ALD field to enable high volume deposition. Techniques such as batch ALD and spatial
ALD [14, 15], already being successfully demonstrated for Al2 O3 ALD [16], are finding its
way to the market and it is therefore expected to become a widespread application in the
industry.
PMP
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Figure 1.3.1: Schematic of an ALD cycle for Al2 O3 . In the first half-cycle TMA is used as precursor
which absorbs on the surface. In the second half-cycle H2 O is used as reactant to
remove the precursor ligands. (This picture is a courtesy of the PMP group from
TU/e.)

1.4

Project Goals

In novel heterojunction solar cells new materials are needed to replace (doped) a-Si:H which
suffers from parasitic absorption and instability. The goal of this project is to form selective
and passivating metal oxide films or stacks to increase the efficiency or to simplify the c-Si
solar cell production process and structure.
A material which has so far not been used in the c-Si PV is ruthenium oxide (RuOx ). Due
to its relatively high work function, good conductivity and thermal and chemical stability it
could be of interest as hole-selective material. However, an ALD process for RuOx needs to
be developed first and its potential as candidate hole-selective material has to be evaluated.
A brief literature study on the ALD process of ruthenium’s oxide and metal and properties
together with the developed deposition process with the film analysis are discussed in Chapter 3.
Furthermore, titanium oxide (TiOx ) can have hole-blocking and passivating properties which
is why this material is a potential electron-selective passivating contact. ALD is used to
deposit the TiOx films as film thickness and deposition method is shown to influence the
quality. Another benefit is that very thin TiOx layers already could exhibit these selective
and passivating qualities so that a nm thin full-area back contact does not require any lateral
transport of charge carriers. Research has been conducted on the material properties and
the annealing effects on the passivating and carrier-selective qualities of the titanium oxide
layers in silicon solar cells. This will be discussed in Chapter 4.

TU/e
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Chapter 2

Theory of Passivating Contacts
To increase the conversion efficiency of crystalline silicon solar cells it is important to reduce
recombination losses of the charge carriers between the photo-active part of the solar cell
and the metal contact. This is done ideally by decreasing surface defects at the interface
and by making the contact selective for one type of charge carrier. If a contact layer has
both these abilities it is called a passivating contact, as the selectivity is already part of the
contact definition. In the next sections the background for passivation of the surface is given
and the ways to make it selective for a certain charge carrier, i.e. electrons or holes, are
discussed. First, the working principle of the charge transport in a solar cell is discussed,
which serves as background for the selectivity.
Charge Carrier Transport in Solar Cells
A solar cell is commonly seen as a p-n junction with an intrinsic electric field. But this
is not the operating point of the solar cell device as this electric field, which is present in
the dark, is the consequence of thermal equilibrium and can effectively not do work on the
charge carriers [18]. The driving forces of charge carrier transport in a semiconductor are
the gradients of the quasi-Fermi levels which is shown next.
The two most important forces for solar cell operation, to which electrons and holes are
exposed, are the electric force and the other “generalized” force which is related to the
gradient of their concentration [17]. Following [18], if an electric field E is the only force
applied then the charge current of particle i with a charge zi e, e being the elementary charge,
is:

jf,i = zi eni µi E = σi E = −

σi
∇(zi e · U )
zi e

(2.0.1)

where ni is the concentration of carrier i, µi its mobility, σi = zi eni µi the electrical conductivity and U is the electric potential. The unit of [zi e · U ] is now in the unit of energy J.
When there is only a concentration gradient of particles i present and no electric field, the
charge current is the charge times drift given by Fick’s law of diffusion with diffusion coefficient Di :

jd,i = zi e(−Di ∇ni ) = −zi eni Di

∇ni
.
ni

(2.0.2)
8
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One can use Einstein’s relation Di = µi kT /e between the diffusion coefficient and the mobility, and thereafter the chemical potential φi − φi,0 = kT ln(ni /Ni ) of particle i due to
concentration non-uniformity with a standard value of the chemical potential φi,0 and the
effective density of states Ni to get:

jd,i = −

σi
∇φi
zi e

(2.0.3)

because one can substitute ∇(ni )/ni by ∇(ln(ni /Ni )).
The resulting electric and chemical forces are now −∇(zi e · U ) and −∇φi respectively, with
the latter causing diffusion. Adding these gives the resulting force −∇(φi + zi e · U ) = −∇ηi ,
ηi being the electrochemical potential of particles i. The identity of this electrochemical
potential is (assuming Maxwell-Boltzmann statistics) by definition that of the Fermi energy.
Under illumination a non-equilibrium situation arises in the semiconductor as excess charge
carriers are created. Now the distribution of electrons and holes are described by their
own quasi-Fermi levels, EF n and EF p , respectively. Leading to electrochemical potential for
electrons ηn = EFn and for holes ηp = −EFp . Combining this, the current in the case of
electrons i = n and zn = −1 is:

jn =

σn
∇EFn
e

(2.0.4)

and for holes i = p and zp = 1:

jp =

2.1

σp
∇EFp .
e

(2.0.5)

Passivating layers

Excess charge carriers created by the absorption of light can recombine and lose their free
energy. This process is caused by different recombination pathways or channels. Some of
these processes are unavoidable as they are intrinsic to the material. More specifically, direct
recombination is the term used for energy transfer to a photon and/or electron, and there
is Auger recombination where energy is transferred to a third carrier. The latter is more
prone to happen when there is a higher carrier concentration as it depends on three different
elements to react. This is the case when the Si is highly doped thus making the Auger
recombination a dominant process.
Extrinsic lattice defects, which form available energy states in the band gap of Si, are also
pathways for recombination. This effect is named after Shockley, Read and Hall (SRH) who
formulated the theory [19]. In particular at the surface, as the silicon lattice terminates, a
high density of Si dangling bonds is natively present. These form defect levels and therefore
induce strong SRH recombination [10]. The goal is now to reduce the recombination rate at
the surface Us which can be done in several ways.
One way of doing this is via chemical passivation where a layer is deposited onto the silicon surface. This layer can be bonded to the dangling bonds of the Si and moreover can
TU/e
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release hydrogen which can passivate the remaining defects. This hydrogen can effuse to the
interface by a post-deposition annealing treatment, possibly in a hydrogen rich gas, when
the hydrogen is not already actively passivating after the deposition. The passivation layers
need to exhibit few defects themselves in the band gap of c-Si, therefore materials with low
impurity content and a wide band gap are the most successful. This is also why placing a
metal directly on the Si causes large recombination losses as it has no band gap and these
available energy states gives rise to significant amount of carrier recombination.
Typical materials used as a chemical passivation layer are thermally grown SiO2 [20], a-Si:H
and ALD Al2 O3 [21].
Another way to reduce Us is to reduce either the electron or hole concentrations at the
surface. Such reduction can be achieved by band bending in the Si energy band diagram
near the Si top surface. Fixed charge in a passivation layer can exhibit this band bending and
is known as field-effect passivation. For example, ALD Al2 O3 films have a strong negative
fixed charge density Qf [22] while SiNx has a strong positive Qf . The fixed charge induces
a space charge region at the interface which leads to band bending in the c-Si. In figure
2.1.1, as taken from [10], an example is given for a fixed negative charge inducing upwards
band bending thus reducing the electron concentration at the surface. The three stated
recombination processes and the surface defect states Dit are indicated.

Spacecharge
region

Passivation
layer

n-type Si
CB

EFn
hν

i-Voc

Dit

Surface
Recombination

EFp

VB

direct,
generation

Auger,
SRH,
recombination

Qf

Figure 2.1.1: Schematic band diagram of a passivated silicon surface, the band gap, valence band
(VB), conduction band (CB) and quasi Fermi levels EF n and EF p are given. The
recombination processes of the excess carriers which can take place (direct, SRH and
Auger) are indicated. Also, a high density of defect states Dit at the interface which
cause surface recombination are drawn. These can be passivated by a layer which
reduces the Dit (chemical passivation). A negatively fixed charge induces space charge
and upwards band bending so that the electron concentration reduces at the interface
and thus reducing chance of recombination [10].
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2.2

Carrier Selectivity

The possibility to make a passivating layer carrier selective as well is an upcoming field of
high interest in the PV industry. The layer has to act like a selective membrane for either
electrons or holes. In order to be carrier selective the film must induce a strong asymmetry
in the electron current jn and hole current jp . As is apparent from equations 2.0.4 and
2.0.5, selective transport can result from different conductivities of electrons and holes in
the contact. This is also the reason why a p-n junction works as a solar cell as the doping
provides good selective conductivity; the fact that it also induces a built-in electric field is
not the main factor in charge separation. To achieve this asymmetry in currents also other
methods could be applied, as doping causes more Auger recombination.
One way to get selectivity is by band alignment. A wide band gap material on the c-Si with
little or no offset to either the conduction or valence band has good conductivity for electrons
or holes respectively. It does need a large offset to the other band which is why the wide
band gap is needed, this greatly reduces the hole or electron current for a large valence or
conduction band offset, respectively.
A different way to create selectivity is by induced band bending. In the previous section
band bending by fixed charge is given as a passivation scheme but it also aids in selectivity.
This can also be induced by a high work function, or a high electron affinity, of the material
deposited on the c-Si. The electron affinity, used to determine the band offsets with Anderson’s rule of semiconductor-semiconductor junctions, gives the energy between the lowest
conduction band state and the vacuum level. When the two semiconductors align the vacuum level, the offsets between their conduction and valence bands can be determined by this
rule and Poisson’s equation calculates the shape of the bending. If the work function of a
material deposited on c-Si is high enough this would induce upward band bending rendering
hole-selectivity. The bandgap of c-Si is Eg = 1.12 eV and its work function is ≈ 4 eV which
would need a work function > 5.1 eV to induce upward band bending.
In figure 2.2.1 the two discussed paths to selectivity are schematically shown.
One can see the gradient in the quasi-Fermi levels for holes and electrons. Where they come
together, on the right side of the figure, a metal contact (or TCO) is typically used. If
this gradient is high then the conductivity for this type of carrier is low for a given current. The quasi-Fermi level for the carrier to be extracted should be as flat as possible
by this rule. In figure (a) one can see the band alignment to the conduction band which
renders the contact electron-selective. In figure (b) one can see the upward band bending
at the c-Si surface by a high work function leading to inversion, which causes hole-selectivity.
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(a)

(b)

Figure 2.2.1: Schematic representation of the introduced selectivity schemes taken from [10]. No
other layers, free charge or defect states are drawn for simplicity. In (a) band alignment of the conduction bands of the n-type Si and a metal oxide rendering it electron
selective is shown. In (b) upwards band bending induced by a high work function of a
metal oxide film rendering the contact hole selective is shown.

2.3

Evaluating Passivating Contacts

To evaluate the quality of a passivating contact some requirements need to be met. The
important figures of merit that can be obtained experimentally corresponding to passivation
and selectivity are [10]:




The contact resistivity ρc . This should be as low as possible for the charge carrier
the contact is made for, thus being an indicator for the conductivity of the majority
carriers.
The recombination current density J0 which should be as low as possible. This is an
indicator for the conductivity of the minority carriers. J0 is inversely proportional to
the effective lifetime of these minority charge carriers (τef f ) which is a measure for the
passivation quality.

The contact resistivity can influence the power one can get out the device. The ratio of
the maximum obtainable power, being P = I · V , to the Voc · Isc product is the fill factor
(FF). Here Voc is the open circuit voltage and Isc the short circuit current. The resistivity
ρc takes into account the internal losses due to series and shunt resistance and is thus in
relation to the FF. The recombination current limits this Voc which thus also limits the power
obtainable from the device. With these two parameters an upper bound for the efficiency
of a solar cell featuring a full area passivating contact can be calculated. The simulation
approach, given by Melskens et al. [11], to calculate the efficiency accounts for optical losses
and also for Auger recombination. An intrinsic Si wafer with a high resistivity of 106 Ω · cm
is used as bulk to simplify the results. The plot as function of J0 and ρc is given in figure 2.3.1.
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Figure 2.3.1: The upper bounds of the solar cell efficiency with a full area passivating contact are
indicated by the iso-efficiency lines which are a function of J0 and ρc [11]. This way
the contour plot can be constructed. Several data points of cells or cell precursors
are given for comparison in the plot along with the efficiency of the full cell. These
include the UNSW PERL cell [23], ECN n-Pasha cell, the classical SHJ concept [24],
the TOPCon concept [25] and a TiO2 contact from ANU [58].

The maximum open circuit voltage one could obtain is the energy difference of the quasiFermi levels in illuminated state, this is called the implied open circuit voltage (iVoc ), which
is also indicated in figure 2.1.1. This value can be obtained by measuring the average excess
carrier concentration which is in relation to the photoconductance. The iVoc is given by [26]:

iVoc =

kT
∆n(NA + ∆n)
ln (
).
q
n2i

(2.3.1)

Here, kT /q is the thermal voltage, ni the equilibrium intrinsic carrier density, NA is the base
doping and ∆n the minority carrier concentration in non-equilibrium.
However, the Voc one measures from the device could be lowered by recombination current
as the contact is not selective enough or Ohmic losses in the contact occur. The selectivity
can then be qualified by the difference ∆V = iVoc − Voc .
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Chapter 3

Ruthenium Oxide
Abstract: Ruthenium oxide (RuOx ) is expected to have a high work function which could
possibly render the RuOx films as a hole-selective contact in silicon solar cells. This property could be used in novel SHJ solar cells in which the RuOx layers need to be deposited
on the Si wafer. ALD is a promising technique for RuOx deposition as it is a soft deposition with excellent thickness and composition control which can be important in terms of
desired film properties. RuOx films were deposited with ALD using the zero-valent metalorganic (ethylbenzene)(1,3-cyclohexadiene)Ru (EBCHDRu) precursor and O2 gas, within a
temperature range of 150◦ C to 300◦ C. Polycrystalline RuOx films with a rough surface and
containing a Ru metal fraction were initially deposited in the Volmer-Weber growth mode
(island growth) over the whole temperature range. By increasing the O2 exposure time the
O/Ru ratio can be increased. No carbon contaminations are detected with RBS or XPS and
a H content between 4% to 10% was measured with elastic recoil detection. Furthermore,
the optical and electrical properties were determined with spectroscopic ellipsometry, four
point probe and Hall measurements. These show that the film has a high conductivity,
∼ 338 µΩ · cm, and high carrier density. This high carrier density as well as the Ru metal
fraction in the film is also the reason why the RuOx has a high absorption coefficient. The
deposited RuOx films do not passivate the c-Si surface and the large absorption limits the
potential of this material as passivating contact.
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3.1
3.1.1

Introduction
Applications of Ruthenium Oxide

Ruthenium (Ru) is a transition metal, meaning it has a partially filled d sub-shell [28], belonging to the platinum group. Ruthenium is a versatile metal used as hardener in alloys
and has many electronic or catalytic applications. Some applications include wear-resistant
electrical contacts, electrodes in DRAM/FRAM or gate electrodes in MOSFETs [30].
Oxides of ruthenium are RuO2 and RuO4 ; RuO2 is a solid at room temperature but RuO4
becomes a volatile liquid. The latter is a strong oxidizer and could react with organic material which is potentially dangerous as it is gaseous at an elevated temperature of 40◦ C.
Ruthenium is not totally unknown in the solar energy sector, some ruthenium-complexes are
being used for energy conversion. For example an anionic ruthenium-terperydine complex
called ”Black Dye”, which is used in dye-sensitized solar cells (DSSCs) [33], was introduced
in 1999. This dye has a probability of around 80% to convert a photon into an electron.
Its most stable oxide RuO2 is widely used in electronic applications and as catalyst. Its
low resistivity, superior thermal and chemical stability, and catalytic activity make it an
excellent electrode [29, 30]. It also has a very high capacitance and is therefore studied in
the high-performance supercapacitor field [34]. In integrated circuits (IC), Ru and RuO2 are
used as efficient diffusion barriers [31, 32].
The reported (direct) band gap energy of the RuO2 is around 2.2 − 2.4 eV [34, 35] and it is
believed to have a relatively high work function of ≥ 5 eV [36] which would make it suitable
for making a hole selective contact. Although the band gap is not that wide, the potentially
high work function makes it a worthy candidate to investigate as passivating contact.
The goal of this project is to make a hole-selective passivating contact RuOx film. From
literature this material seems like a good candidate but has never been applied as contact in
c-Si PV and, first of all, a method has to be found to deposit the metal oxide layer with ALD.
The precursor used for the ALD process is the zero-valent (ethylbenzene)(1,3-cyclohexadiene)Ru(0)
(EBCHDRu, C14 H18 Ru) as seen in figure 3.1.1.

Figure 3.1.1: The zero-valent Ru precursor (Et-Be)Ru(CHD) used in the ALD process reproduced
from Hämäläinen et al. [37]

3.1.2

ALD of Ruthenium and Ruthenium Oxide

There are several published Ru and RuO2 ALD processes involving a large range of precursors [37]. There is less literature on zero-valent precursors and only one group from Korea,
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where the used precursor is synthesised, has yet published on the ALD process with EBCHDRu [42, 43].
The most important problem one encounters with the Ru-precursors is a long nucleation
delay. This is attributed to the reactant step where O2 needs to dissociate into reactive
O atoms and chemisorb onto the substrate, eventually reacting with the precursor ligands.
Initially, the substrate material is not able to catalyse the dissociation of O2 which can lead
to long nucleation delays. When using a O2 plasma step, O atoms are already present in
the plasma which could prevent the delay. But experimentally it is experienced that Ru and
RuO2 films can be etched relatively easily by an oxygen plasma.
It is argued that zero-valent Ru-precursors do not suffer from long nucleation delays. This
was first demonstrated for the ToRUS (RuO4 ) precursor [39] where Ru metal films where
deposited with thermal ALD using H2 O in a small temperature window around 100◦ C.
The zero-valent IMBCHRu shows negligible nucleation delay of Ru metal films on SiO2 and
TiN surfaces [41] which form continuous films at approximately 3 nm. In [42] the zero-valent
EBCHDRu is shown to have near no nucleation delay for Ru and RuOx ALD films. Although
the reason for this behaviour has not been found yet, it was the reason the zero-valent EBCHDRu precursor was chosen for this project.
The common way to deposit metal oxide films with ALD is an A-B process, like in figure
1.3.1, with a metal organic precursor and an oxidation step with H2 O or O2 gas or plasma.
Molecular oxygen has been widely used as the reactant step for Ru and RuO2 ALD, and no
other reactants have been used in a RuO2 A-B process to our knowledge. With the proposed
ALD process it comes down to the oxidation of the metallic film. It is stated in [40] that
O2 can be incorporated at Ru defects like: vacancies, adatoms, surface roughness or domain
boundaries. It is shown in [44] that the O coverage of the film is in relation with the exposure
of O2 , being the time pressure product of the reactant step. It is expected that this needs
to be increased to a certain level to get a metal oxide film. This is also demonstrated by
Methaapanon et al. [45] where the effect of the oxygen exposure in Ru metal ALD was investigated with the Ru(DMPD)2 precursor. For the purpose to work as a passivating contact a
fully oxidized film without a metal fraction is required as metal is an efficient recombination
reaction site. From prior work on MoOx [46] and WOx [47] it is known that stoichiometry is
important as it can influence the work function. In aforementioned examples a higher oxygen
content results in a higher work function which would preferably be as high as possible for
the application as hole-selective contact.
In the next section the experimental approach is described. Subsequently, the results of
the zero-valent EBCHDRu precursor in an A-B ALD process with O2 gas as a reactant is
presented.

3.2

Experimental Details

The process development of the RuOx films was conducted in a home-built ALD reactor
(ALDii). This reactor consists of a vacuum chamber connected to a gas inlet from the top;
the gas inlet passes through an ICP plasma source. The pumping system consists of a rotary
pump and a turbomolecular pump inducing base pressures in the order of 10−6 mbar. The
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valve to the pressure gauge to the chamber was closed at the precursor step to save it from
parasitic deposition, at the reactant and purge steps it was used to measure the pressure
in the chamber. The reactant step that was used operated at relatively high pressure (note
that high exposure is expected to be essential for the forming of metal oxide) at around
pO2 = 1 mbar which was at the limit of the turbopump. Ar gas is used as a carrier gas
during the precursor step flowing the EBCHDRu into the reactor chamber. A line with N2
can be used to purge the chamber of reaction products and other species.
The precursor bubbler temperature is set to 90◦ C to get a sufficiently high vapour pressure [43], and the line temperature to 110◦ C to prevent condensation. The chamber wall
can only be heated up to 100◦ C.
Two inclined ports at the side of the chamber are used to mount the source and detector of
a spectroscopic ellipsometry (SE) measurement device. This way in-situ measurements can
be performed making use of a J.A. Woollam, Inc. M2000U ellipsometer to monitor the ALD
growth.
n-type Czochralski (CZ) Si is used as substrate which has a native oxide layer (SiO2 ) of
1.2 − 1.7 nm. At every run also a CZ Si wafer piece with a thermal oxide SiO2 of around
450nm thick, which functions as a dielectric barrier for electrical measurements on the RuOx
films, is also placed in the reactor.
The chosen table temperature is Th = 200◦ C as the only reported ALD process with this
precursor [43] was performed at a substrate temperatures of 185◦ C to 270◦ C. Moreover,
200◦ C is a reasonable working temperature in the PV industry as some functional layers
of a solar cell, especially a-Si:H, can be affected by high temperatures [12]. Note that the
substrate table setting is not the effective substrate temperature which is by definition lower
due to the temperature measurement in vacuum. This depends on multiple aspects of the
reactor like pressure, size and the time a sample is placed on the table before deposition is
started. The substrate temperature can be estimated with an in-situ SE model. The table
temperature is varied over a wide range to determine the possible ALD window and the
properties of these RuOx films are studied which is elaborated in section 3.3.3.

3.3
3.3.1

Process development
ALD process

In previous studies on Ru and RuOx ALD the nucleation delays and long dosing time form
the main issues of this process. The zero-valent precursor should help overcome the nucleation delay as mentioned in 4.1.2. Long dosing times, taking from seconds to tens of seconds,
contribute to the high exposure that is probably needed for metal oxide like films.
The first results obtained are with a thermal ALD recipe with an O2 reactant step at a
table temperature of Th = 200◦ C. The pressure at the reactant step is kept constant in the
upcoming results at the instrumental maximum of pO2 = 1 mbar. The precursor dosing time
and reactant dosing time are 5 s and 30 s, respectively. The purge times are taken longer
than mentioned in literature to be sure that purging saturation is reached. The precursor
purge is 5 s and the reactant purge is 7 s long.
The growth of the RuOx films is monitored in-situ by SE every 10 cycles. The modelling
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of the films is very complicated, as will be explained in section 4.3.2, so a mathematical
B-Spline model is used to parametrize the dielectric function. This gives an estimation of
the film thickness and optical constants. The growth curve of the first successful deposition
is shown in figure 3.3.1.
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Figure 3.3.1: Growth curve of 500 cycles of 5 s precursor dosing and 30 s oxygen dosing time as
RuOx ALD recipe at Th = 200◦ C. The thickness is modelled with the mathematical
B-Spline model.

According to these data there is still a growth delay of ∼50 cycles. From the starting point at
. Deviations in the measured
50 cycles up to 300 cycles a GPC can be derived which is 0.96A
GPC can be due to different processes run in between depositions, although conditioning of
the chamber (1000 cycles of Al2 O3 ALD and 500 cycles RuOx ALD) was executed prior to
each deposition series. Also, a certain error in the GPC determination should be taken into
account for which the reason will be explained in section 4.3.2.
After acquiring the first growth one can eliminate the possibility of CVD effects by studying
the effect of increasing purge times and precursor dosing without a reactant step. In this
way, a self-limiting ALD process can be validated.
First, a recipe with a long precursor step of 15 s with a purge step of 5 s without a reactant
step was done for 150 cycles on a bare substrate, no growth was observed. Afterwards a
layer of RuOx was deposited of 19.30 nm, then a precursor pulsing of 15 s with a purge step
of 5 s was done for 100 cycles. Again, no growth was observed of the already present layer,
thus the precursor without a reactant does not induce growth. The length of the purge steps
are checked to be in saturation and the results are shown in the appendix figure 5.0.1.
After validating that it is indeed an ALD process, the saturation curves for precursor dosing
and reactant dosing are experimentally determined. The precursor dosing was chosen to be
alternated at a reactant dosing time of 30 s which would suffice according to literature [43],
although the process is developed on a different home made reactor as is done by Yeo et
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al. For the ALDii reactor, at a table temperature of Th = 200◦ C and at a oxygen dosing
pressure of pO2 = 1 mbar, the saturation curves are shown in figure 3.3.2. From the in-situ
SE measurements one can estimate the substrate temperature which was typically around
180◦ C, which is still different to the set temperature of 200◦ C even with the good thermal
conductivity in the high pressure O2 step.
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Figure 3.3.2: Saturation curves for precursor and reactant dose in the ALDii reactor where the
substrate table is set to Th = 200◦ C and the oxygen pressure is kept constant at
pO2 = 1 mbar. In (a) the saturation curve of the precursor dosing time at an oxygen
reactant step of 30 s is shown in black and for 40 s oxygen in purple. In (b) the
saturation curve of the oxygen dosing time at a precursor dosing step of 15 s is shown.
The data points have been taken from several different deposition runs while other
activities have been undertaken in the reactor in between. A difference in absolute
GPC can be observed.

After the saturation curve of the precursor dosing time had been constructed for 30 s oxygen
dosing shown in figure 3.3.2(a) in black, 15 s dosing time was chosen to be in saturation
regime although no longer precursor dosing times have been measured. The O2 dosing
time shows a reproducible deviating trend from a standard saturation curve at around the
[15 − 30]s interval. The GPC increases significantly before reaching saturation after the 30 s
point. Therefore, 40 s oxygen dosing time is chosen to make sure saturation is achieved.
The saturation curve for the precursor dosing time was constructed again for a O2 dosing
time of 40 s. The result is shown in figure 3.3.2(a) in purple. One can conclude that 15 s
precursor dosing time is still well in the saturation regime as for 18 s dosing the GPC does
not significantly differentiate.
The ALD recipe for the RuOx films is schematically shown in figure 3.3.3.
Now the ALD recipe is well defined, the question arises what kind of material is deposited.
An extensive material analysis has been conducted on the influence of precursor dose and
especially on the oxygen dose time. The behaviour of the O2 saturation curve is particularly
unusual, which calls for a systematic investigation of the deposited material. Therefore,
several techniques like X-Ray Diffraction (XRD), Rutherford Backscattering Spectroscopy
(RBS) together with Elastic Recoil Detection (ERD) and Scanning/Transmission Electron
Microscopy (SEM/TEM), have been used to study the RuOx ALD films.
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Figure 3.3.3: A schematic representation of the ALD recipe used to deposit RuOx films

3.3.2

Structural properties of RuOx

First, cross-sectional TEM images, figure 3.3.4, of the standard saturated recipe (figure
3.3.3) films were taken. A film of about 20 nm (19.43 nm according to B-Spline model fit)
is deposited on a CZ Si wafer with native oxide. On the RuOx film an Al capping layer is
evaporated to acquire a clear contrast in the TEM images.

(a)

(b)

(c)

Figure 3.3.4: Different magnifications of High-Angle Angular Dark Field (HAADF) TEM images,
showing (a) the RuOx layer sandwiched between the Si wafer and the Al capping layer,
(b) the RuOx film which has a rough surface and the atomic arrangement in the c-Si
wafer, and (c) the top layer of the RuOx film, illustrating the crystallinity and the
rough surface morphology.

Additionally, a high resolution TEM image is taken from this cross-section which is shown
in figure 3.3.5.
In figure 3.3.4 (a) the RuOx film in white is sandwiched between the CZ Si wafer and the
Al capping layer. In (b) the rough surface of the film is noticeable which is in the order
of a couple nm. Zooming in even further, shown in (c), a polycrystalline structure can be
seen in the RuOx film and the rough surface morphology. From figure 3.3.5 one can again
see the polycrystalline structure and also measure the native oxide which has a thickness of
(1.93 ± 0.08) nm.
From these TEM images it is clear that the SE model fitting becomes problematic due to the
surface roughness. The roughness is on the same order of magnitude of the total film thickness which could explain the deviating results per deposition on the same parameter settings.
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Figure 3.3.5: High Resolution TEM (HRTEM) image clearly showing the polycrystallinity of the
RuOx layer and the native oxide of the Si wafer.

If the thickness is measured on multiple points in the picture it is in agreement with that of
the B-Spline model, concluding it can be used as a satisfying estimation of the layer thickness.
XRD can be used to determine which crystal orientations occur in the film. A PANalytical
 was used to perform
X’Pert Pro MRD system with an X-ray source of Cu Kα1 = 1.54A
ω − 2Θ scans where the ω offset is 3 degrees to significantly reduce the crystalline silicon substrate’s signal. A thickness series of 150/300/750/1500 cycles is deposited with the standard
recipe (figure 3.3.3) as the film seems to change with thickness during the growth process.
XRD measurements were performed systematically and the results are shown in figure 3.3.6.
The measured peaks correspond to certain crystalline orientations of RuO2 which are indicated in green in figure 3.3.6. Increasing peak intensities are observed with increasing
thickness for all the orientations of RuO2 . The results also show different peaks which do
not belong to crystalline RuO2 , but originate from crystalline Ru metal indicated in purple.
Hence, the films contain some fragments of Ru metal phases according to the XRD results.
This metal phase is not the desired result of the ALD process as is discussed in section 3.1.2,
since the goal is to deposit metal oxide RuOx , as metal has very poor passivation qualities
on a c-Si surface. From literature [38,44] the oxygen exposure (time ∗ pressure) is credited a
large role in the film composition. With increasing the oxygen exposure, which is increasing
the O2 dosing time as the pressure cannot be increased while using the turbopump, the
formation of a more metal oxide-like film is expected. The oxygen exposure already seems to
have a significant influence if one looks at the saturation curve in figure 3.3.2 (b). A RuOx
film deposited with a 25 s exposure, which is in the “bump” of the saturation curve, is also
investigated, together with the 40 s standard recipe and an extended 60 s O2 exposure.
XRD measurements are performed for these 3 films, which were deposited with 150 ALD
cycles, to determine structural differences and see if the (crystalline) metal fraction decreases
with a longer oxygen exposure. The film thicknesses are 25.90 nm, 19.43 nm and 18.63 nm
respectively for 25 s, 40 s and 60 s O2 dosing times, and the results are shown in figure 3.3.7
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Figure 3.3.6: XRD measurements on RuOx films deposited with the standard recipe. The films were
created with 150/300/750/1500 cycles on Si substrates with a native oxide. A match
for the crystalline orientations and the 2Θ peak positions are found in literature [48].
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Figure 3.3.7: XRD measurements on RuOx films deposited with varying oxygen dosing times. The
films were created with 150 cycles on a Si substrates with a native oxide. A match for
the crystalline orientations and the 2Θ are found in the database [48].
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Just like one could observe in figure 3.3.6, the signals of the crystalline orientations are weak
for a film created with 150 cycles. The difference between the standard recipe sample and
the 60 s dosing sample with almost the same thickness is however significant. The Ru(101)
metal peak disappears and the RuO2 peaks seem to increase which would indicate a more
metal oxide-like layer. There is still a possibility that the metal fraction is amorphous and
not noticeable with XRD.
Furthermore, there are almost no crystalline peak signals noticeable for the 25 s O2 dosing
sample. This sample has a larger layer thickness, 25.9 nm as opposed to the others ±20 nm,
so the signal loss is not due to the fact that the film is too thin. Hence, this could indicate
a more amorphous film.
To complement the XRD results, RBS and ERD measurements were performed on these
samples to precisely determine the stoichiometric and elemental composition, hydrogen content and eventually the film density. A native oxide from the wafer causes an overestimation
of the oxygen content in the film. A correction is performed with the assumption of an
amorphous SiO2 density ρSiO2 = 2.2 g/cm3 [49] and molar mass MSiO2 = 60.1 g/mol. The
amount of native oxide SiO2 is given by:

NSiO2 =

ρSiO2 · NA
= 2.2 · 1022 SiO2 molecules/cm3 .
MSiO2

(3.3.1)

In the previous equation NA = 6.02 · 1023 is Avogadro’s number. For SiO2 (consisting of a
Si atom and 2 O atoms) one can derive a correction factor for the oxygen content which is
2 · NSiO2 = 4.4 · 1015 at/cm2 per nm native oxide. The correction factor is multiplied by the
thickness of the native oxide, determined by SE.
The results are shown in the table 3.3.1 for the samples deposited with varying oxygen dosing
times. Note that the films were exposed to the ambient after taken out of the reactor, stored
and transported for the RBS measurement, so the influence of this on the stoichiometry
cannot be neglected.
Table 3.3.1: Properties of the RuOx films deposited with varying oxygen dosing times of 25 s, 40 s
and 60 s. The layer thickness and GPC are determined by SE. The amount of deposited
Ru [at. nm−2 cycle−1 ] and chemical composition were determined by RBS; the hydrogen
content was determined by ERD. Carbon contamination in the bulk was below the RBS
detection limit of 5 at% for all films. The accuracies for H, O and Ru are respectively
7%, 5% and 2%. Typical errors are indicated.

O2
dosing time
(s)

Film
thickness
(nm)

GPC
)
(A

25

25.9

2.16 ± 0.33

40

19.4

60

18.6
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O/Ru
(-)

[H]
(at.%)

Mass
density

( nm2at
)
·cycle

Deposition
rate Ru
(g/cm3 )

1.89 ± 0.10

9.4 ± 0.7

4.55 ± 0.08

5.8 ± 0.3

1.62 ± 0.33

1.98 ± 0.10

7.5 ± 0.5

3.53 ± 0.07

6.0 ± 0.3

1.55 ± 0.31

2.16 ± 0.10

6.1 ± 0.4

3.64 ± 0.07

6.6 ± 0.3
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The density of the RuOx films is lower than the RuO2 bulk density of 6.97 g/cm3 [49]. The
25 s sample is less dense and it has the lowest O/Ru ratio as well. With increasing oxygen
exposure one can detect an increase in O/Ru ratio, which corresponds to a more oxide likefilm as was expected. Furthermore, with the increase of oxygen dosing time one notices an
increase in density and decrease in hydrogen content. This can be explained by the fact that
a less dense film can incorporate more H atoms.
From this point on the choice is made to further investigate the 60 s recipe because the more
oxide-like characteristic is preferable for the application as passivating contact. The XRD
measurement does not show a Ru metal peak and the RBS measurement gives the highest
O/Ru ratio of 2.16 which could be beneficial for a higher work function as stated in section
3.1.2.
Top view TEM images were made of the growth process of the 60 s O2 dosing recipe to
visualize the growth and better understand the process. Small windows were used to image
the layer after varying the number of cycles where a 5 nm layer of SiO2 was deposited beforehand with ALD to imitate the native oxide. In figure 3.3.8 the pictures are shown for
50/100/150/300/500 cycles of the RuOx ALD process with a 60 s oxygen dosing step and a
schematic of the TEM windows to clarify its structure.

Figure 3.3.8: HAADF-TEM images of varying number of cycles, indicated in the frame, with the
60 s O2 dosing step RuOx ALD. In the bottom left corner a schematic of the used
TEM windows is shown.

When looking at the image of 50 ALD cycles there is already a substantial amount of material
deposited, but the SE measurements suggest that this would be the start of deposition at the
end of some sort of delay. In the first frame of figure 3.3.8 it is obvious that these islands are
polycrystalline and is also visible in the different polycrystalline grains in the thicker layers.
From the start of the growth a nucleation site grows multiple crystalline phases. As the
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growth continues, the islands grow in size to eventually merge and form a closed layer. This
growth mode is called the Volmer-Weber mode [50] where adsorbate-adsorbate interaction
is stronger than the adsorbate-surface interactions, hence the island growth.
Zooming out of this 50 cycles image, as shown in the left top corner of figure 3.3.9, one can
again spot a substantial amount of deposition. The layer is far from closed and the growth
seems to prefer sites where nucleation has occurred as it takes at least 100 cycles to close as
the voids in the top view TEM, figure 3.3.9, seem to close. This leads to the rough surface
as seen in figure 3.3.4. Furthermore, it explains why the SE data shows no growth in the
first tens of cycles as seen in figure 3.3.1. The SE measurement spot, which is in the order
of 1 cm2 , mostly measures the bare substrate at the start although there is already island
growth. This is again a reason why the GPC is hard to determine as the growth is not
uniform on the substrate.

Figure 3.3.9: Bright Field TEM of 60 s O2 dosing step RuOx ALD. For the 50 ALD cycles sample
the substrate is still visible in the lighter shade of grey, and numerous islands of RuOx
appear across the sample in the darker shade of grey.

With every TEM image an electron diffraction pattern has been measured resting on the
quantum mechanical principle that an electron can also be represented as a wave. In TEM
one can also detect the diffracted electron beams from an atom present in the film instead
of the transmitted electrons used for the TEM image. Spatially, the electron beams can
have interference if diffraction occurs by regular spacing between atoms, thus creating an
interference pattern. Polycrystalline structures have a ring pattern as is the case in these
RuOx films. The rings can be linked to different orientations [48] which are also indicated
in figure 3.3.10.
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Figure 3.3.10: Electron diffraction patterns of 150 cycles compared to 500 cycles of RuOx ALD
with a 60 s O2 reactant step. The interference rings become brighter as the layer
thickens. RuO2 rings are the most apparent originating from crystalline RuO2 (110),
RuO2 (101), RuO2 (200) and RuO2 (211). But also a weaker ruthenium metal ring
is present from the Ru(101) orientation which could not be detected with the XRD
measurement.

The rings increase in intensity as the layer grows thicker which indicates there is more
crystalline material to diffract from. The same orientations can be found as in the XRD
diffractograms but also the metal Ru(101) is noticeable although it is very weak. Thus,
even with a 60 s O2 reactant step the film still contains a metal phase. It is believed that
the growth starts with a Ru nucleation eventually growing a more oxide-like layer. In the
appendix figure 5.0.3, XPS results show that the binding energy of the Ru-O bond goes
more to a Ru-Ru bond as the layer is sputtered, which agrees with this expectation. Here,
preferential sputtering of oxygen needs to be taken into account as a possible side effect thus
this result does not provide concluding evidence. This initial metallic nuclei is reported by
R. Methaapanon et al. [53] with in-situ XRD of ALD RuOx growth on amorphous SiO2 .
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3.3.3

Temperature influence

Up to this point only the set table temperature of 200◦ C has been used. Different deposition
temperatures generally lead to different film properties so this has also been investigated.
First, the standard recipe (figure 3.3.3) was used on different temperatures. Steps of 50◦ C
were taken in the set temperature of the table so that the ALD process was performed on a
[100 − 400]◦ C interval. A temperature window in which deposition occurs was found from
150◦ C to 300◦ C and the GPC according to table temperature is shown in figure 3.3.11.
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Figure 3.3.11: Temperature window where the GPC is plotted against the table temperature. The
standard RuOx ALD recipe with 15 s precursor dosing and 40 s oxygen dosing was
used.

Below 150◦ C no deposition was found on the substrate after 150 cycles. This could be
explained by the fact that the precursor is not reacting with the substrate because of the
low thermal budget. However, it could also be that for lower temperatures there is a long
nucleation delay which takes longer than 150 cycles. On a table set temperature of 150◦ C
it has to be noted that the ALD process is hardly repeatable. For temperatures higher than
300◦ C there is likewise no deposition present on the substrates. This could be explained by
the fact that the precursor decomposes entirely or is unstably bonded to the substrate.
These samples were further investigated with the use of XRD and RBS to characterize the
temperature influence on the structural material properties. In figure 3.3.12 the XRD diffractograms are shown for the different set temperatures and in table 3.3.2 the RBS results are
displayed.
RuO2 related peaks and the Ru(101) metal peak can be observed in all the films. As the
films have varying thickness it is clear that, with the standard recipe, the formation of the
metal phase cannot be obstructed or prevented by changing the temperature.
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Figure 3.3.12: XRD measurements on RuOx films deposited with different set temperatures. The
films were created with 150 cycles on Si substrates with a native oxide. The different
film thicknesses can be found in table 3.3.2. A match for the crystalline orientations
and the 2Θ positions are found in literature [48].

Table 3.3.2: Properties of the RuOx films deposited with varying table temperatures. The layer
thickness and GPC are determined by SE. The amount of deposited Ru [at. nm−2
cycle−1 ] and the chemical composition were determined by RBS; the hydrogen content
was determined by ERD. Carbon contamination in the bulk was below the RBS detection
limit of 5 at% for all films. The accuracies for H, O and Ru are respectively 7%, 5%
and 2%. Typical errors are indicated.

Deposition
temperature
(◦ C)

Film
thickness
(nm)

GPC
)
(A

O/Ru
(-)

[H]
(at.%)

Deposition
rate Ru
( nm2at
)
·cycle

Mass
density
(g/cm3 )

150

8.2

0.68 ± 0.13

2.18 ± 0.10

29.2 ± 2.0

0.74 ± 0.01

3.1 ± 0.1

200

19.4

1.62 ± 0.32

1.98 ± 0.10

7.5 ± 0.5

3.53 ± 0.07

6.0 ± 0.3

250

20.4

1.70 ± 0.34

1.66 ± 0.07

4.6 ± 0.3

4.46 ± 0.08

6.9 ± 0.4

300

29.3

2.22 ± 0.44

1.04 ± 0.05

7.0 ± 0.5

5.44 ± 0.10

5.4 ± 0.3

Clearly, there are large differences between the 150◦ C sample and the other samples. The
150◦ C film is still an unclosed layer which explains why the deposition rate is so low and the
hydrogen concentration is so high as hydroxyl groups (O-H) are present at the substrate’s
native oxide surface.
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When looking at the other three films one notices a sharp decrease in O/Ru ratio as the temperature increases. The 250◦ C sample has a noticeably higher density, which is almost the
same as the bulk density of 6.97 g/cm3 [49], and a lower hydrogen concentration [H] which is
expected with higher density. Furthermore, the deposition rate of Ru atoms increases with
temperature as is in agreement with the increasing GPC. The 200◦ C setting, which was used
in the previous section for the film characterization, is the best option to create the RuOx
with the desired properties.
Undeniable still is the island formation which causes the growth process to be less controllable
as an ALD process needs to be highly uniform and conformal. Also, the metal phase is
problematic for the application of this material as a possible passivating contact and it seems
this cannot easily be avoided. Preliminary attempts have been made with a plasma-enhanced
ALD recipe with the EBCHDRu precursor with O2 plasma. This resulted in no film growth
but products of the precursor, like Ru and carbon-hydrogen chains, were measured in the
reaction chamber by a Quadrupole Mass Spectrometer (QMS). The hypothesis is that the
deposited material is etched away faster by the plasma than it is deposited.

TU/e

29

Optical and Electrical Properties of ALD RuOx

3.4

Optical and Electrical Properties of ALD RuOx

There are still some other properties which are important if this material would be used
in a solar cell device. The optical properties, more precisely the absorption coefficient and
refractive index, are important to determine where it could be used in a solar cell. Furthermore, the conductivity of the material could limit the thickness if it were too low and the
cell structure possibilities.
These properties are also investigated for the RuOx films and the results are discussed next.
Optical Properties
The refractive index n and extinction coefficient k can be determined with the SE model.
The problem with the data on the RuOx films is that there seems to be no obvious physical model that can accurately describe the raw data except for the mathematical B-Spline
model. This model specifies the optical constants versus wavelength using a series of control
points which are equally spaced in photon energy [eV ] [51]. A downside is that this model
is dependent on the settings one uses as starting values for n, k and the amount of control
points one uses for the B-Spline to fit. This could significantly influence the outcome for
the same kind of RuOx films. The amount of fit points were chosen such that a low enough
MSE (Mean Square Error) value was achieved, thus a proper fit was constructed, but not
too many as it otherwise over-parametrizes the data. With the B-Spline model the optical
constants have been determined for the deposited films and a typical result is shown in figure
3.4.1.
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Figure 3.4.1: Refractive index n and extinction coefficient k of a RuOx film deposited on a Si wafer
with native oxide with 150 cycles of the standard ALD recipe on 200◦ C. The data was
obtained with in-situ SE. Only a B-Spline model could be used to obtain the optical
constants.
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The result is in good agreement with the experimentally determined n and k values of single
crystalline rutile RuO2 [52] which are shown in the appendix figure 5.0.2. From the extinction
coefficient k one can see that the film is very absorbing. Normally a semiconductor has a
bandgap such that basically no light is absorbed up until a certain band gap energy Eg . This
would be around 2.2 eV for RuO2 as is known from literature, see section 4.1.1.. The band
tail is noticeable around this energy but a large Drude absorption, which is caused by free
charge carriers, prevents total transmission. In the Drude model for metals most electrons
are free and not bound to nuclei which eventually leads to a high absorption coefficient in
the lower frequency region. This large Drude contribution could be expected from the free
charge carriers present in the 3d shell of RuO2 but is probably also caused by the metal
phase in the material deposited as seen in the film analysis in section 3.3.2.
One can calculate the absorption coefficient α from the extinction coefficient k by using:

α=

4πf k
4πk
=
c
λ

(3.4.1)

as the velocity of light in a vacuum is c = λf where λ is the wavelength of the light. Now
the absorption coefficient can be plotted for different photon energies. In figure 3.4.2 one
can see the α of the deposited RuOx layers and other interesting hole-selective contacts for
comparison; the solar spectrum irradiance in the AM1.5G is plotted as a reference.
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Figure 3.4.2: Absorption coefficient α of RuOx and other hole selective contacts M oOx and p-type
a-Si:H. The solar spectrum, AM 1.5G, is shown for reference.

These results show that the RuOx films are not suitable for use on the front of a solar cell.
The optical losses are much larger for RuOx when compared to other hole-selective contact
materials, such as p-type a-Si:H and MoOx , which is due to the large free carrier density manifesting itself as a large absorption of the lower energy photons. However, RuOx could still be
used on the backside of a solar cell, as it does not contribute much to the optical losses there.
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Electrical Properties
To characterize the electrical properties Four Point Probe (FPP) measurements and Hall
measurements were performed. From the FPP one can determine the sheet resistance, and
thus the resistivity when the thickness is known, and from the Hall measurements one could
determine the carrier mobility and the majority carrier density. The films that were deposited with 150 cycles, as was noted from the TEM images in figures 3.3.8 and 3.3.9, had
a long delay before the RuOx films were closed which is also dependent on the deposition
conditions. This can interfere with the electrical measurements as one is not always sure
if the layer is fully closed or not which can explain all the outliers which are measured.
The values for the sheet resistance Rs are used to determine the bulk resistivity ρ by the
definition of ρ = Rs · d with d the layer thickness. All the measured sheet resistances are
plotted in figure 3.4.3 against layer thickness and a Rs = 10ρ
d fit is used to determine the
bulk resistivity which gives a result of ρ = (417 ± 31) µΩ · cm. The residual of the fit is
plotted in the inset of the graph, from this can be concluded that there is a big uncertainty
in the measurements, especially for the thinner layers which is attributed to unclosed films.
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Figure 3.4.3: The measured sheet resistance in Ω/sq is plotted against the RuOx layer thickness. A
fit through the results gives the bulk resistivity ρ. The residual of the fit is plotted in
the inset of the graph which shows a large spread for the thinner layers.

The results of the calculated bulk resistivity are shown in figure 3.4.4 and figure 3.4.5 in
terms of precursor and O2 dosing time.
The resistivity measurements have a wide spread and no big influence of the precursor dosing
time is noticeable. The O2 dosing time should increase the O/Ru ratio with longer dosing
time. This would expect to lead to an increase in resistivity as the bulk resistivity of Ru,
7.4 µΩ · cm [38], is lower than that of bulk RuO2 , 35.2 µΩ · cm [38] and reported to be 60 to
300 µΩ · cm with EBCHDRu ALD RuOx by Park et al. [42].
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Figure 3.4.4: Resistivity, given in µΩ·cm, determined from sheet resistance measurements for varying precursor dosing time. The O2 dosing time is 30 s visualized in blue and 40 s
visualized in red.
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Figure 3.4.5: Resistivity, given in µΩ·cm, determined from sheet resistance measurements for varying O2 dosing time. The precursor dosing time is 15 s.
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However, this can not be concluded from the measurements.
The error is too big to define any influence and the outlier for lower dosing times is probably
due to unclosed films. The averaged resistivity is (338 ± 43) µΩ · cm without including the
biggest outliers which is higher than literature values. The bulk resistivity of the ALD RuOx
is expected to be lower as the thicker closed layers have a negative residual but can not be
confirmed with the deposited samples.
Hall measurements were also performed but encountered the same issues. Very high bulk
carrier concentrations in the order of 1021 -1023 cm−3 are measured, which is more typical
for metallic films than it is for semiconductors. The measured values for bulk charge carrier
concentration were mostly negative which would indicate a n-type conductor, but sometimes
positive values were measured as well. Furthermore, the carrier mobility in the films was
too low to determine with the used set-up and is the probable cause for the measurements
which gave faulty results like a positive carrier concentration.
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3.5

Passivation Qualities

As discussed in chapter 2.1 one needs to reduce the recombination rate Us but this quantity
is experimentally not directly accessible. A different, and more directly accessible, quantity is the effective lifetime of the minority charge carriers τef f which is determined by the
photoconductance decay curve of a sample. The lifetime is calculated from the carrier concentration decay over time [27]. A Silicon Wafer Lifetime Tester from Sinton Instruments is
used to perform these measurements. With this technique lifetimes down to a couple of µs
can be measured.
The Si wafers used for this are high quality n-type Float Zone (FZ) (100) wafers (ρ =
1.0 − 5.0 Ω · cm) so that the bulk defect effects on the effective lifetime are minimized. The
interface is now the cause for the biggest losses and this interface needs to be passivated.
Different RuOx layers are deposited on both sides of the FZ wafers to measure the influence
of the RuOx films on the minority carrier lifetime. FZ Si wafers are cleaned in a 1% HF
solution to remove the native oxide. The cleaned Si wafers can undergo a Nitric Acid Oxidation Step (NAOS, HNO3 ) treatment after the 1% HF cleaning to form a new, well defined,
SiO2 interlayer or an a-Si:H interlayer can be deposited by CVD. Consequently, samples
with a Si/RuOx , Si/SiO2 /RuOx and a Si/a-Si:H/RuOx interface, respectively, are created.
Moreover, different ALD recipes are tested where thickness and oxidation time (40 s and
60 s) are varied. The samples are shown schematically in figure 3.5.1.

Figure 3.5.1: Schematic representation of the lifetime samples used to qualify the passivation of the
RuOx films. The RuOx films are deposited with 50 to 100 ALD cycles also varying
oxidation time to 40 s or 60 s. The FZ Si wafers undergo a 1% HF dip to remove
the native oxide. Afterwards, different interlayers can be created; SiO2 with a NAOS
treatment or a-Si:H with CVD.

The results of the Si/RuOx and Si/SiO2 /RuOx wafers show no passivation as the lifetime is
around 3 µs which corresponds to a bare unpassivated wafer. This can be due to multiple
reasons like an unclosed film or recombination in a defective RuOx layer itself. Moreover,
the Ru metal phase in the film can potentially be formed at the interface. A metal is an
efficient recombination site at the surface as it has no bandgap and there is no selectivity
for either charge carrier. In this way, as explained in chapter 2.1, significant recombination
losses will occur.
The only way a reasonable minority carrier lifetime of τef f = 1.8 ms was obtained was with
a 5 nm thick a-Si:H interlayer and a 250◦ C forming gas anneal (FGA) which causes chemical
passivation of the interface. The result is shown in figure 3.5.2. Now the function of the
RuOx is its selectivity which is also the case for the hole-selective MoOx [46].
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Figure 3.5.2: Minority carrier lifetime measured with a lifetime tester determined at a minority
carrier density of 1015 cm−3 . Only decent passivation is measured with a 5 nm thick
a-Si:H interlayer after a 250◦ C FGA. The deposited RuOx layers are ±10 nm thick
for the results shown in this graph.
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Conclusion
A thermal ALD process with O2 reactant step is developed to deposit RuOx films on Si/SiO2
substrates using (ethylbenzene)(1,3-cyclohexadiene)Ru(0). Polycrystalline RuOx films with
a rough surface and metal fraction are deposited in a temperature window of [150 − 300]◦ C.
The deposited materials are systematically studied in terms of structural, optical as well as
electrical properties.
It is hard to control and reproduce the growth with a thermal recipe. The growth process
is very complex since the material properties change throughout the thickness and the influence of changing the reactant step is still noticeable even in the saturation regime. The
growth mode is Volmer-Weber mode where adsorbate-adsorbate interaction is stronger than
the adsorbate-surface interactions, hence the island growth. This indicates that the EBCHDRu precursor reacts more with the RuOx islands than with the Si/SiO2 substrate. It may
be that a surface pre-treatment would enhance a more conformal growth where the surface is
functionalized for the Ru-precursor adsorption. Furthermore, the ALD process could be altered to get a more controlled growth with a plasma reactant step. This was briefly tried but
no growth with the EBCHDRu precursor was observed, although it is known that PEALD
of RuOx is possible [38]. The hypothesis is that the deposited material during a cycle has a
higher etch rate than deposition rate, especially in the nucleation regime.
The passivation quality does not need to come from the RuOx itself but could be induced
by interlayers like SiO2 or a-Si:H. The results show that a 5 nm thick a-Si:H interlayer can
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provide enough passivation (τef f = 1.8 ms) for a RuOx /a-Si:H/c-Si stack. Now the function
of the RuOx is its selectivity which is also the case for the hole-selective MoOx [46]. But
then the question remains if the RuOx is even hole-selective and is its contact resistivity low
enough.
Overall, the goal to prove that we can deposit RuOx layers as a functioning hole-selective
passivating contact has not been completed yet. The deposited films have a metallic fraction
believed to be at the interface which probably makes it not passivating, non-selective and
conductive for both types of charge carriers. Furthermore, the WF still needs to be determined of the deposited material so that it can be demonstrated as being hole-selective and
the contact resistivity needs to be determined.
There are also different applications for Ru and RuOx for which maybe a mixed phase material could be used. In the IC gate structures it could for example still be used as a diffusion
barrier and electrode as the metal and oxide are both conductive and thermally and chemically stable.
Outlook
The deposited RuOx films still show a metal phase which is preferentially absent for the
application as passivating contact. The ALD process can potentially be altered to prevent
the formation or remove this metal fraction from the film. Further investigation is needed
to improve this process.
To get an idea of the hole-selectivity, the Work Function (WF) of the deposited material needs
to be determined as this needs to be high enough to induce upwards band bending. A way
to do this is with X-Ray Photoelectron Spectroscopy (XPS) where X-rays (hν > 1000 eV )
are used to emit electrons from the material. The kinetic energy of these electrons escaping
the surface are measured, the lower energy bound where the electron emission spectrum has
cut-off is the minimal energy required for this emission which corresponds to the WF. With
lower energy photons (hν < 50 eV ) using ultraviolet (UPS) [54] only the valence levels can
be ionized with such low energies, thus creating a thin excitation line. The experimental
determination of the work function using XPS or UPS is not a straightforward task as the
photons can influence the sample in different ways [55]. Moreover, the WF could be dependent on stoichiometry and, for thin films, the thickness which could be enhanced so that the
WF is high enough.
Contact resistance samples are already in preparation. The RuOx layers have a high conductivity so to define a better contact surface and prohibit lateral transport, the film needs
to be etched away in between the Al contact dots. It is proposed to do this with an O2 /H2
plasma treatment which is already experimented to etch away the deposited RuOx films.
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Titanium Oxide
Abstract: Titanium oxide (TiOx ) potentially exhibits hole-blocking properties which can
be used to make an electron-selective contact in silicon solar cells. It has been reported that
it can also passivate the Si surface which is why this material could possibly be used as a
passivating contact. As TiOx is transparent due to its high bandgap and well known as ALD
material, it might be a good candidate as a passivating contact in efficient SHJ solar cells to
potentially simplify the production process of industrial SHJ cells.
It is concluded that amorphous TiOx films deposited with a thermal ALD process give the
best passivation on n-type Si wafers while plasma-enhanced ALD recipes possibly induce
damage due to high energy UV-radiation which can only be repaired by annealing to some
extent. Furthermore, the best passivation performance is achieved with the metal-organic
precursor titanium isopropoxide (TTIP), which already passivates the c-Si surface in asdeposited state as opposed to the two other precursors used. After 15 minutes of FGA treatment on 300◦ C record carrier lifetime τef f ≈ 2.0 ms, iVoc = 698 mV and J0 = 12.3 f A/cm2
with ∼ 5 nm thick TiOx films are achieved.
The minimal contact resistivity of an Al/TiOx /c-Si stack is ρc = 0.4 Ω · cm2 which can,
together with the low recombination current density, lead to maximum solar cell efficiencies
of around η = 26 − 27% under the assumption that the front side of the cell does not induce
any optical or electrical losses. This enables the formation of TiOx as full area passivating
contact which shows its industrial potential.
However, when using the ALD TiOx films on cell level, the open-circuit voltage (suns-Voc )
values drop significantly opposed to the excellent implied open-circuit voltage (iVoc ) values of these cells. This was caused by a lack of selectivity in the cells which needs further
investigation to establish the source of the problem.
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4.1
4.1.1

Introduction
Background on Titanium Oxide in Solar Cell Applications

In the early days of photovoltaics TiO2 was used as an anti-reflection coating (ARC) [56].
An ARC reduces the reflective losses due to different refractive indices between two layers.
This implies that the ARC needs to have a selected refractive index between the values of the
coupled mediums, while using a single coating so the reflectance at a specific wavelength can
be diminished to a value near zero. The refractive index of TiO2 is typically n = 1.9 − 2.45
which is near the geometric mean of the adjacent materials (Si and glass/air) diminishing
reflective losses. Together with its low extinction coefficient k < 0.1 for λ > 350 nm made it
an excellent candidate for an ARC on silicon solar cells.
Over time, it got replaced by SiNx due to the superior passivation quality of SiNx of the bulk
and on the n+ emitter [57]. However, with the growing interest in n-type wafers, which typically have a lower bulk defect density when compared to p-type wafers, passivation is needed
on the p+ emitter and this is where TiO2 comes back into play. Cui et al. [58] show that TiO2
exhibits passivation qualities both on p and p+ and on n and n+ Si surfaces, but it is superior on the p+ over n+ diffused regions, which makes the potential on n-type Si clearly bigger.
Also, on a side note, TiO2 is used in perovskite solar cells as a mesoporous charge conductor
on which the active absorber layer, the perovskite, is coated. TiO2 is the most commonly
used electron transport layer in this device which should yield a suitable work function, low
surface recombination rate, and high conductivity and has achieved the best perovskite solar
cell device performance up to date [59].

4.1.2

Titanium Oxide as Passivating Contact

TiO2 as a passivating contact has drawn a lot of attention since it has been introduced as a
passivating ARC as mentioned in the previous section.
TiO2 is transparent with a bandgap of Eg ≈ 3.35 eV [68] and is able to form an electronselective contact with c-Si due to its band alignment to the conduction band of the c-Si (a
small offset of typically ∆EC ≈ 0.05 − 0.1 eV ) and a large valence band offset with respect
to the c-Si valence band [60]; this is shown in Figure 4.1.1.
Recently, several reports have appeared on the passivating and carrier-selective qualities of
TiO2 on solar cell level. In 2013, Avasthi et al. [60] showed the hole-blocking properties
of TiO2 . Here the current was measured through p-type Si with an Al contact with and
without an interlayer of 3 nm of TiO2 . For p-type Si and Al normally a linear IV curve can
be extracted, i.e. not blocking for holes. However, with the TiO2 interlayer no current could
be measured for small positive bias values (< 0.5V ). The contacts were made in the mm
scale so the TiO2 films also seem pin-hole free to at least this macroscopical scale.
More recently, different publications showed an increasing trend in passivating qualities of
TiO2 layers and cell designs were tested. In 2014, Yu et al. [61] made their best performing
passivating 8 nm thick TiO2 layer, which yielded ∼ 300 µs. Their layers were relatively thick
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Figure 4.1.1: Schematic band diagram of TiO2 as electron selective contact (Jn >> Jp ) on c-Si. The
selectivity is realized through band alignment of the conduction bands, the hole current
Jp is greatly reduced by the large valence band offset. The band diagram is illustrated
under the situation of illumination which induces the quasi-Fermi levels. [10]

as they went up to 66 nm. By Liao et al. [62] excellent passivation qualities have been obtained on p and n-type Si with the TiCl4 precursor. Post-deposition treatments were used to
increase the passivation quality: after annealing the lifetime went up to ∼ 1.5 ms and after
a light-soaking treatment even up to ∼ 4 ms. They also showed that the quality drastically
decreased when crystalline (anatase) TiOx was deposited at 300◦ C.
In 2016, Cui et al., Gad et al. and Yang et al. [58,63–65] showed improved passivation results
and concept cells with solar cell conversion efficiencies exceeding 20%. The films differ in
optimum thickness, precursor usage and deposition temperature. However, the overall trend
is that a couple of nm would already suffice to achieve good passivation and the thickness
has a noticeable influence on the quality. Furthermore, as the TiOx films start to crystallize,
for deposition temperatures ≥ 300◦ C, the passivation quality drops significantly. The best
performance of a n-type FZ Si (d = 190 µm, ρ = 1.0 Ω · cm) lifetime sample [63] yielded an
iVoc = 703 mV and τef f = 865 µs.
A fully contacted back side cell with 4.5 nm of ALD TiOx as electron-selective contact, tested
by Yang et al. [64], led to a champion cell with an efficiency of η = 21.6%.
This shows the promising qualities of the relatively cheap and thin layered TiO2 films in a
relatively simple cell structure, which could lead to very cost efficient and high performance
c-Si solar cells.
From these publications one can also derive that ALD is important as a deposition technique. The performance is highly affected by nm scale differences in thickness and the phase
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and structure of the TiO2 , which are controllable aspects with ALD. The literature mostly
focusses on an optimization of the TiOx thickness and achieving a high cell efficiency. This
work focusses on a material study and the differences in Ti-precursor while varying ALD
processes, temperature, thickness and post-deposition annealing treatments.
In the next section the experimental details for the investigation of the TiOx films as electronselective passivating contact are explained.

4.2

Experimental Details

The ALD TiOx films were deposited with an Oxford Instruments FlexAl ALD System. Spectroscopic ellipsometry is used to determine the layer thickness and optical characteristics of
the TiOx . A Tauc-Lorentz model is applied which makes use of the Lorentz oscillator and
the Tauc joint density of states. It assumes a fully transparent material for photons with a
lower energy than the bandgap energy which can be extracted from the fit.
Passivation:
After deposition, the passivation qualities can possibly be improved with a post-deposition
annealing treatment. The optimum settings for this treatment were investigated with a
Jipelec Rapid Thermal Annealler (RTA). The used annealing treatment is a Forming Gas
Anneal (FGA) at a ratio of N2 :H2 =9:1. Anneal treatments provide a thermal budget for
processes like hydrogen diffusion or structural reorganization which depend on the temperature and time of the treatment. For the passivation tests a treatment is mostly chosen just
above the deposition temperature to prevent any damage due to a too high thermal budget,
but also faster high temperature anneal treatments are investigated.
Carrier lifetime measurements were performed with the Sinton Silicon Wafer Lifetime Tester
to determine τef f , J0 and iVoc of lifetime samples with the ALD TiOx . For the comparison
in passivation quality τef f is reported which is directly measured from the excess carrier
density induced by a light flash which causes a change in photoconductance. This is why
the lifetime is used as comparison instead of J0 as the τef f is directly measurable. J0 , which
is the important parameter for qualifying a passivating contact, is determined from a linear
−1
fit to the inverse lifetime (τef
f ) and reported for the best passivating TiOx films. The iVoc
is also measured directly from the excess carrier density as shown in equation 2.3.1.
The lifetime samples were made with 280 µm thick n-type FZ (100) Si (ρ = 1.0 − 5.0 Ω · cm)
on which the TiOx films were deposited with varying ALD recipes. Furthermore, a bare Si
wafer can be dipped in a nitric acid (HNO3 ) bath for 10 minutes before TiOx deposition to
form a 1-2 nm thin SiO2 layer. This SiO2 interlayer could improve the overall passivation
qualities as it provides chemical passivation of the c-Si surface. Moreover, an optional AlOx
capping layer could be used to potentially increase the passivation quality as hydrogen in
the AlOx layer could diffuse to the Si interface in the post-deposition anneal treatment. A
schematic of the lifetime samples with optional interlayer and capping layer is given in figure
4.2.1.
The actual Voc could be measured directly with a standard IV tester with a lamp spectrum
approximating the spectrum of AM1.5G. The spectrum commonly used for solar research
make use of air mass (AM) 1.5 as the solar zenith angle is inclined ≈ 48.2◦ . However, sunsTU/e
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Figure 4.2.1: Schematic representation of the lifetime samples used to qualify the passivation of the
TiOx films. n-type FZ c-Si (100) wafers of 280 µm thick with ρ = 1.0 − 5.0 Ω · cm are
used as bulk material. An optional SiO2 interlayer could be introduced like is shown
in the middle. An AlOx capping layer could be deposited on the sample like is shown
on the right.

Voc measurements [26] were performed on half-cell devices with the deposited TiOx films.
Here, only the Voc is directly measured in open-circuit condition as function of light intensity,
typically from a few suns to below 0.1 suns, and no current is measured. The suns-Voc at 1
sun intensity should coincide with that of the actual Voc of the cell if the spectrum of the
lamp is similar and the cell is at the same temperature.
Contact resisitivity:
The contact resistivity with c-Si (ρc ) also needs to be determined as this gives an indication
of the majority carrier conductivity. Here the Cox-Strack method [67] is applied to determine
the contact resistivity of the Al/TiOx /Si stack, where Al is the metal contact and n-type Si
is used as bulk. This is exactly the relevant contact resistivity parameter as the current runs
through this stack as the solar cell is operational.
Traditional transmission line measurements (TLM) can determine the contact resistivity of
a semiconductor to the metal contact. One measures the lateral current path through the
semiconductor which is not the relevant direction for a full contact area solar cell. The
fact that the TiOx film is not conductive enough and the current path with the Cox-Strack
method is more representative for a cell, made this method preferred for determining ρc . A
schematic representation of the Cox-Strack resistance measurement sample is given in figure
4.2.2.
Several contributions play a role in the resistance one measures in this way. The total
resistance Rt measured consists of the contact resistance Rc , a spreading term Rs and a
residual term R0 . The residual resistance is due to the substrate or contact resistance on the
back side. This term is made as low as possible with high quality Si wafers and an Ohmic
ρc
back side. The contact resistance, to a first order approximation, is given by Rc = π(d/2)
2.
The spreading term of a circular disk, where the contribution of the Si wafer is dominant,
ρ
is given by Rs = B 2d
. Here B is a correction factor experimentally determined to be
2
4
B = π arctan( d/t ). The other terms are given by the diameter of the contact d, the thickness
of the film t and its resistivity ρ. As the biggest contribution to the spreading is the Si wafer
itself, as the TiOx films are just a couple of nm thick, the values of the Si wafer are given to
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Figure 4.2.2: Schematic of a contact resistance measurement sample; note that the different layers
or not drawn to scale. The current is measured transversely through the stack of TiOx
and n-type c-Si as it would in an operating cell. The n+ diffusion on the back side,
with a corresponding sheet resistance of 24.7 Ω/sq, is essential to create an Ohmic
contact between the Si and the full Al back contact where the resistance is low.

t and ρ as approximation. This leads to a total measured resistance of:

Rt =

4
4ρc
ρ
arctan(
) + 2 + R0 .
dπ
d/t
d π

(4.2.1)

The total measured resistance is plotted against the inverse if the contact diameter (1/d)
where R0 is the offset on the y-axis. In this way, the contact resistivity ρc could be determined
knowing t and ρ of the Si wafer. Contact diameters of 0.5 up to 10 mm were used as was
done by Yang et al. [63]. Contacts with a diameter of 0.1 to 0.4 mm were added to acquire
a better representation of equation 4.2.1 by the measurement data.
Precursors:
Several metal-organic precursors were used for deposition to discover optimum quality thin
TiOx films as passivating contacts. These precursors are Ti(CpMe )(NMe2 )3 , tetrakis (dimethylamino) titanium (C8 H24 N4 Ti, TDMAT) and titanium isopropoxide (C12 H28 O4 Ti, TTIP)
and different thermal and plasma-enhanced ALD processes were used. Ti(CpMe )(NMe2 )3 is
an experimental precursor which was used for PEALD in a [100-350]◦ C temperature window
and with high GPC by Sarkar et al. [66]. With this TiOx ALD process preliminary studies
are performed. TDMAT and TTIP are already industrial metal-organic Ti-precursors for
which the passivation qualities are investigated. First off, the most promising results are
shown with the TTIP precursor using a thermal ALD recipe.
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4.3
4.3.1

Results
TTIP ALD TiOx Results

The TiOx films deposited with the TTIP precursor already show good passivating qualities
in the as-deposited state, τef f ≈ 900 µs being the best performance as-deposited, and led to
the best performance for which is why these films are extensively investigated.
 is used to deposit
A thermal recipe with H2 O as reactant at Th = 200◦ C with a GPC of 0.15A
the TiOx layers. ALD on Th = 80◦ C did not yield any growth and no other temperatures
are tested. The recipe consisted of a 2 s precursor dose step and a 250 ms H2 O dose step
with 4 s reaction time in the chamber before purging.
In figure 4.3.1 the deposited T iOx film with the thermal TTIP recipe is imaged with crosssectional TEM. The TiOx is deposited on a FZ wafer which was cleaned for 1 minute in a 1%
HF solution to remove the native oxide. After the TiOx deposition, a thick AlOx capping
layer was deposited onto the TiOx film with ALD to enhance the contrast.

Figure 4.3.1: TEM image of a 5 nm TiOx film deposited on HF cleaned FZ Si with the thermal
TTIP ALD recipe at 200◦ C.

An amorphous TiOx film can be seen in figure 4.3.1 with the desired thickness of 5 nm. One
can observe that the thermal recipe grows a SiO2 interlayer as the TiOx film is deposited
which can also contribute to the passivation quality.
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Passivation results
Lifetime samples are created on high quality n-type FZ wafers (d = 280 µm and ρ =
1.0 − 5.0 Ω · cm). Here the TTIP ALD recipe is used to deposit the films on HF cleaned
substrates to get rid of the native oxide. Samples which had a NAOS treatment and those
who had a bare c-Si surface are compared. From the iVoc measurements the minority carrier
lifetime τef f is determined for wafers with TiOx layers deposited with TTIP. In figure 4.3.2
the passivation quality of the bare FZ Si, which has a SiO2 interlayer created during the
TTIP ALD process, and the FZ Si which has a NAOS created SiO2 interlayer are compared
for different FGA times at 300◦ C and different TiOx layer thicknesses.
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Figure 4.3.2: Minority carrier lifetime measured with a lifetime tester determined at a minority
carrier density (MCD) of 1 · 1015 cm−3 . Different TiOx thicknesses are investigated
for increasing FGA (N2 :H2 =9:1) time at 300◦ C. The quality of the SiO2 is important
for the passivation quality; the SiO2 interlayer, which forms during the ALD process,
results in a better lifetime than the NAOS grown SiO2 .

For the thermal TTIP TiOx films there seems to be a dependence on anneal time and thickness for the optimum passivation quality determined by τef f . The thicker layers of 7.5 nm
perform significantly worse. Furthermore, the difference in quality of the SiO2 interlayer is
apparent from these results. The SiO2 interlayer grown during the ALD process, performs
better than the NAOS created interlayer. It is possible that with the elevated temperatures
during the ALD process it grows a more dense SiO2 film with less defect states. A NAOS
induced interlayer normally needs to be activated after deposition with an annealing step
(≈ 450◦ C) which could cause hydrogenation. In literature [73, 74] it is also reported that
thermally grown SiO2 has a better passivation quality than wet-chemical grown SiO2 and
the difference is attributed to a lower interface defect state density. The oxidation of the c-Si
wafer happens during the ALD process itself and does not require any additional processing
step.
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Thin layers of just a few nm perform the best as passivating layer. The thicker layers are
more likely to crystallize in the post-deposition anneal step as is shown with Raman spectroscopy, depicted in figure 4.3.3. This is detrimental for the passivation quality of TiOx ,
as was also shown in other studies [62, 68]. The other signal peaks present in the spectrum
belong to the c-Si wafer.
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Figure 4.3.3: Raman spectra of TiOx films deposited with the TTIP ALD recipe. As-deposited and
100 minutes 300◦ C annealed layers are shown for 2.5 nm, 5 nm and 7.5 nm of TiOx .
The annealing can crystallize the film which does occur faster for thicker layers of
TiOx . This is shown by the anatase phase which is visible in the spectrum for the
7.5 nm annealed film. The lifetime decreases significantly when crystallization occurs;
the respective values are indicated in the graph.

The dependence of the lifetime on the anneal time and thickness is closer investigated as the
influence seemed significant in the first few minutes of the anneal treatment which was seen
in figure 4.3.2. In figure 4.3.4 different TiOx thicknesses from 2 to 6.5 nm are investigated
as part of a more precise FGA at 300◦ C. For the best samples the minority carrier lifetime
was so long that the light flash was set too short to measure at the lower injection level of
1015 cm−3 . For this reason the results are extrapolated to this value and reported as such.
The best iVoc is 698 mV and the champion J0 is 12.3 f A/cm2 which were measured after 15
minutes of FGA at 300◦ C on 5.2 nm thick TiOx . The related lifetime was τef f ≈ 2.0 ms.
With all the TiOx thicknesses a high lifetime has been obtained. Just 2 nm needs a longer
anneal treatment. The thicker 6.5 nm shows an overall lesser quality in passivation which
could be explained that it has started to crystallize as is more likely to happen with thicker
layers. Although, Raman spectroscopy does not show a crystalline phase yet for the 6.5 nm
thick TiOx after annealing. The corresponding iVoc and J0 values are plotted in the appendix
figure 5.0.7 for the same TiOx films as in figure 4.3.4.
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Figure 4.3.4: Minority carrier lifetime measured with a lifetime tester determined at a minority
carrier density (MCD) of 1015 cm−3 and for the better samples extrapolated to a
MCD=1015 cm−3 . Different TiOx thickness were investigated for increasing FGA
(N2 :H2 =9:1) time at 300◦ C.

The lifetime results, also determined at a MCD = 1015 cm−3 , of the TiOx layers with an
AlOx capping layer are shown in appendix figure 5.0.8. This AlOx capping layer is not necessary for the already excellent passivating TiOx films. The results of the capped samples,
even after annealing, are inferior to the uncapped TiOx films.
The passivation quality of these samples, indicated by the effective lifetime, is superior to
the literature values reported to our knowledge of TiOx passivation of a c-Si surface with
only a post-deposition anneal treatment. However, Yang et al. [63] achieved a slightly higher
iVoc (∆iVoc = 5 mV ), which is ascribed to a thinner and better bulk quality c-Si wafer
(d = 190 µm and ρ = 1 Ω · cm). The passivation of the TTIP ALD TiOx films of c-Si eventually lead to low J0 values with a determined minimum of 12.3 f A/cm2 . Now the contact
resistivity ρc is determined to show the potential of TiOx as a passivating contact.
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Contact resistivity results
The contact resistivity of an Al/ALD TiOx /c-Si stack has been determined by the CoxStrack method as presented in section 4.2. A voltage sweep was performed and the current
was measured, thus the total resistance can be determined. The contact dot diameter from
the shadow mask ranges from 10 mm down to 100 µm. The contact dot sizes are remeasured
with an optical microscope to determine the actual diameter as shadowing effects from the
Al evaporation process occur which is especially significant for the smaller contacts. There is
an Ohmic characteristic in the IV measurement until the compliance of the setup is reached
which was maximal ± 400 mV and could not be set to a higher value. Note that the resistance
at the typical solar cell operating voltage of around 650 − 700 mV could not be measured
due to this compliance. The total resistance is plotted against the inverse contact diameter
so that equation 4.2.1 can be fitted with the Si bulk resistivity set to ρ = 3 Ω · cm and the
wafer thickness to t = 280µm. This way ρc can be determined as explained in section 4.2.
An example of a model Cox-Strack fit is shown in figure 4.3.5.
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Figure 4.3.5: The total measured resistance is plotted against the inverse contact diameter. This
measurement is performed on a sample with 5.5 nm of TiOx . All IV-measurements are
performed at least 3 times on different spots on the contact. The results are averaged
which gives a certain error but is mostly smaller than the data marker. The contact
diameters measured with a microscope are used and the error in this value is also
smaller than the data marker. In the inset four IV-measurements on different contacts
are shown from which the total resistance is determined. The smallest 100 µm contact
dot did not have a well-defined surface area as was determined with a microscope, so
it is not included in the fit. The fit through the data points is given by equation 4.2.1.
Here the Si bulk resistivity is set to ρ = 3 Ω · cm and the wafer thickness t = 280µm.

The contact resistivity plotted against layer thickness of TiOx in the as-deposited and annealed state is shown in figure 4.3.6. The lowest achieved contact resistivity is ρc = 0.4 Ω·cm2 .
No clear influence of the anneal step on the contact resistivity is noticeable. Only the increase for the 7 nm thick TiOx film after anneal is distinct which could be attributed to the
formation of an anatase phase in the material. The annealed 4 nm thick TiOx sample was
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Figure 4.3.6: The calculated contact resistivity is plotted against the TiOx film thickness in asdeposited and annealed state. The lowest achieved contact resistivity is ρc = 0.4 Ω ·
cm2 . The annealed 4 nm thick TiOx sample was an outlier and is not included in the
results. The error is the given by the fit of formula 4.2.1.

an outlier and is not included in the results.
Yang et al. [64] also determined the contact resistivity with the Cox-Strack method. They
showed that ρc decreases an order of magnitude, to a minimum of 0.02 Ω · cm2 , after a FGA
treatment of 250◦ C of 3 minutes of Si/TiOx /Al and Si/SiO2 /TiOx /Al stacks. These stacks
were initially, before annealing, the same order of magnitude as the results shown in figure
4.3.6. They attributed the decrease of ρc after annealing to a higher oxygen vacancy density
in the TiOx . An Al-rich AlOx interface formed between the TiOx and Al contact after annealing from which the oxygen came from the TiOx layer. TiOx shows a higher conductivity
as oxygen vacancies increase which is the case after their FGA treatment shown with TEM.
This effect could possibly be explained by the different (halide) Ti-precursor, TiCl4 , used for
the ALD process of the TiOx films by Yang et al. which could show different properties.
With the champion ρc and J0 determined for the TTIP ALD TiOx films an upper bound
efficiency can be located in figure 2.3.1 for a full TiOx back contacted cell. This point is
indicated in figure 4.3.7 with a star symbol. If J0 and ρc are the only limiting factors it could
theoretically lead to a solar cell efficiency between η = 26 − 27%, if there is no loss at all on
the front side of the solar cell. The passivation quality is superior to the references indicated
and when ρc is low enough it does not contribute significantly to the maximum obtainable
efficiency as the iso-efficiency lines are almost vertical below 0.4 Ω · cm2 . The TiOx deposited
by TTIP ALD potentially have a low enough ρc but this could still be improved.
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Figure 4.3.7: Properties of the TTIP ALD TiOx passivating electron-selective contact indicating
the maximum obtainable efficiency if used in a c-Si solar cell [11]. Full area TiOx
contacts by Cui et al. [58] and Yang et al. [64] are given as reference with achieved
cell efficiencies. Yang et al. did not report the J0 values but the point indicated is the
estimated value for they work at the same group at the Australian National University
(ANU) as Cui et al. with the same passivation results of a lifetime value of 800 µs.

4.3.2

Solar Cell Concepts with Titanium Oxide

Now the TiOx films are optimized for passivation quality, they are implemented on solar cell
half fabricates. Two different kind of cells were used: the bifacial n-Pasha cell and a SHJ cell
with an intrinsic (i) a-Si:H layer, both are received from ECN (Energieonderzoek Centrum
Nederland). The two structures are shown in figure 4.3.8. The n-Pasha c-Si solar cell had a
bulk resistivity of 5 Ω · cm and there were 3 types of SHJ solar cells which had varying bulk
resistivities of 2, 5 and 5.5 Ω · cm. Furthermore, the provided n-Pasha cells had a distinction
in processing steps. Cell G1S1 had the SiNx layer deposited in two steps, G1S2 had its SiNx
deposited in one step and G2 also had the SiNx deposited in one step but the metallization
on the front side was not fired.
Samples with a thickness variation of TiOx are prepared on the half-fabricates and a TCO
(ZnOx :Al) is deposited by ALD on the back side to function as an electrical contact to
enable current measurements without metallization. Suns-Voc and iVoc measurements are
performed on the half fabricates in the as-deposited state and after a 300◦ C FGA treatment
of 15 minutes which optimizes the TiOx passivation quality. The results are shown in figure
4.3.9 and figure 4.3.10.
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(a)

(b)

Figure 4.3.8: In (a) the n-Pasha cell structure is given schematically. The received samples had a
NAOS treatment on the back side. They were transported and stored in atmospheric
environment before the TTIP ALD process was run. In (b) a heterojunction cell
is given schematically. These samples were transported and stored in a N2 filled
container before the TTIP ALD process was used to deposit the TiOx films.
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Figure 4.3.9: In (a) the iVoc is given for different TiOx thicknesses deposited on the n-Pasha halffabricates in the as-deposited state and after a 300◦ C FGA treatment of 15 minutes.
In (b) the suns-Voc is given for different as-deposited and annealed TiOx thicknesses.
There are 3 different n-Pasha half-cells supplied; G1S1 is a cell where the SiNx is
deposited in two steps as opposed to one step for G1S2, G2 is a cell which is not fired.

Looking at the n-Pasha results in figure 4.3.9 it shows no influence from the TiOx thickness
on the iVoc either before and after the annealing treatment. Besides the fact that some cells
seem to be defect, an iVoc of 621 mV is achieved. However, the suns-Voc measurements on
the n-Pasha cells do show a lesser performance in Voc . A distinction between the processing
variation provided by ECN (G1S1, G1S2, G2) can not be made.
The SHJ results in figure 4.3.10 show high iVoc values in the as-deposited state with a maximum of 727 mV . No noticeable influence of the TiOx thickness can be observed. After
the anneal treatment on 300◦ C the cells drop in Voc performance which can be due to the
thermal instability of the a-Si:H [12]. Moreover, the suns-Voc measurements again show a
lesser performance in Voc .
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Figure 4.3.10: In (a) the iVoc is given for different TiOx thicknesses deposited on the SHJ halffabricates in the as-deposited state and after a 300◦ C FGA treatment of 15 minutes.
In (b) the suns-Voc is given for different as-deposited and annealed TiOx thicknesses.

The iVoc is a measure for the quasi-Fermi level splitting in the c-Si for which excellent bulk
quality Si and good surface passivation is sufficient to measure high values. The actual Voc ,
measured with the suns-Voc method, is the measured voltage difference between the front and
back side of the solar cell. Here good selectivity for the holes and electrons are additionally
required to obtain high values. The iVoc is always higher or equal to the Voc with typically
just a few mV difference and can be used as a good estimation for the characterization of
the cell. However, the large drop observed in the prepared n-Pasha and SHJ cells show a
lack of selectivity for the charge carriers.
The electron-selective quality of the TiOx layers needs further investigation. A first test
could be to perform contact resistance measurements on p-type Si instead of n-type, the
TTIP ALD TiOx should block the hole current to some extent which indicates its holeblocking properties. This would induce the asymmetry in hole and electron conductivity
which is required as discussed in section 2.2. Avasthi et al. [60] used this method to show
the hole-blocking properties of TiO2 films as was discussed in section 4.1.2. The magnitude
of this characteristic could be studied to further improve the selectivity of the TiOx films.
Furthermore, other advanced characterization techniques like UPS and spectroscopy can be
used to determine band edge potentials and the respective energy diagrams.
Additionally, it is possible that the unprotected back side without a contact was damaged
during transport and handling of the samples. Furthermore, the half-cells acquired from
ECN were transported and stored for weeks up to months which can be influential on the
performance, especially on the SHJ with a-Si:H layers which could possible oxidise. The
n-Pasha samples had a NAOS treatment on the back side and were stored in ambient for a
long time which could influence the performance. The damaging of the half-fabricates is a
more likely explanation as a n-Pasha like structure without the TiOx film and the metal back
contact directly onto the silicon could already lead up to Voc = 585 mV and an efficiency
of η = 17.5% as was shown by Yang et al. [64]. Their champion cell with a TiOx film as
full-area back contact between the Si and the metal rendered an efficiency of η = 21.6%.
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4.3.3

Comparison Titanium Precursors

A comparative study is conducted between different precursors and recipes. The passivation
quality was determined by the effective minority carrier lifetime for these different precursors
and in terms of the ALD recipe and anneal treatment. PEALD and thermal ALD processes
were used and exhibited significant differences. The ALD recipe details are shown in table
4.3.1.
Table 4.3.1: Details of the ALD processes investigated: Various precursors are used and the details
of the ALD recipes are given per half cycle. The GPC is determined on a bare FZ Si
wafer which had its native oxide removed by a 1 minute HF dip.

Precursor

Tdep
(◦ C)

GPC
)
(A

First half cycle

Second half cycle

Ti(CpMe )(NMe2 )3

50

0.8

3s precursor dose

O2 plasma 5s

[125-350]

0.5

50

0.68

1s precursor dose

H2 O 50ms dose

75

0.62

10s purge

20s purge

100

0.56

125

0.50

150

0.46

200

0.15

2s precursor dose

H2 O 250ms dose

5s purge

4s reaction time

TDMAT

TTIP

375W

20s purge
250

TU/e

0.4

4s precursor dose

O2 plasma 12s

5s purge

100W 3s purge
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Plasma-enhanced ALD
The Ti(CpMe )(NMe2 )3 precursor is only used in a PEALD recipe. No passivation was
achieved in the as-deposited state and after annealing (FGA on 275◦ C with t ≥ 100 minutes) the plasma-induced damage from the ALD process [16, 69] could be repaired up to
τef f ≈ 360 µs; this result is shown in the appendix figure 5.0.4. At and above a deposition
temperature of 300◦ C the passivation quality decreases as the deposited TiOx film forms a
crystalline anatase phase for Th ≥ 300◦ C [68], which corresponds to the findings of Liao et
al. [62]. At lower deposition temperatures amorphous TiOx is deposited.
A PEALD recipe is used for the TTIP precursor which is shown in the last section of table
4.3.1. The results for the plasma-enhanced recipe show no passivation in the as-deposited
state and after annealing carefully on a temperature just above the deposition temperature (FGA on 275◦ C with t ≥ 1000 minutes), the effective lifetime could be brought up to
τef f ≈ 800 µs for samples with a NAOS treatment before TiOx deposition. This result is
shown in figure 4.3.11.
A different annealing approach is to use a higher temperatures for a shorter time which is
done for 3 minutes on temperatures from 300◦ C to 550◦ C. With this approach a maximum
lifetime of τef f ≈ 900 µs is achieved with 5 nm of TiOx with a NAOS interlayer and a AlOx
capping layer after 3 minutes of FGA treatment on 450◦ C. This result is shown in figure
4.3.12.
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Figure 4.3.11: Measured effective minority carrier lifetime plotted against anneal time for a 275◦ C
FGA. Lifetime samples are made with the TTIP PEALD TiOx films on clean FZ
Si wafers with NAOS treatment.

A strong TiOx thickness dependence is noticeable in figure 4.3.12 for film thicknesses between 2.5 and 15 nm with an optimum around 5 nm. For an anneal treatment on 550◦ C the
passivation quality decreases in comparison with 450-500◦ C treatments. This can be caused
by hydrogen effusion out of the film instead of to the Si interface or crystallization of the
PMP
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Figure 4.3.12: Measured effective minority carrier lifetime plotted against anneal temperature for a
3 minute treatment. Lifetime samples are made with the TTIP PEALD TiOx films
on clean FZ Si wafers with NAOS treatment and an ALD AlOx capping layer.

TiOx . In figure 4.3.11 the thickness dependence around the optimum, between 3 and 5 nm,
is not apparent any more.
With a short anneal on a higher temperature with an AlOx capping layer the same passivation result can be acquired as a longer anneal treatment on 275◦ C. Although an anneal
treatment on too high temperatures can have detrimental effects as is observed for a 550◦ C
FGA. The lack of passivation in the as-deposited state is apparent for PEALD. The same
precursor (TTIP) used with a thermal ALD recipe showed excellent passivating qualities
which were discussed in the previous section. From this one can conclude that a thermal
recipe is preferred for the ALD of passivating contacts.
Thermal ALD
Thermal ALD recipes are better for passivation purposes as there is no plasma-induced damage [16, 69] and therefore these are discussed next.
Amorphous TiOx was deposited with a TDMAT recipe as is shown in table 4.3.1. No passivation is observed in the as-deposited state and after FGA on 200◦ C and 300◦ C lifetimes of
τef f ≈ 800 µs are reached after 300 and 100 minutes annealing, respectively. Some of these
results are shown in the appendix figures 5.0.5 and 5.0.6. However, the TiOx films deposited
with the TTIP precursor already showed good passivating qualities in the as-deposited state
as was discussed in the previous section. The best performance as-deposited is τef f ≈ 900 µs.
There is a big difference is the as-deposited passivation quality between the thermal ALD
recipes with TDMAT and TTIP. TDMAT has the Ti atom bonded to N, which has a lower
bond dissociation energy than Ti bonded to O, as is the case in the TTIP molecule [70]. Xie
et al. [71] studied the difference in TDMAT and TTIP ALD processes and concluded the
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following: To reach the product state of the first half cycle a certain energy barrier needs to
be overcome which is activated thermally in the ALD process and the reactivity with H2 O
increases with increasing temperature which would cause a higher growth rate. This is not
the case for TDMAT. Here, the product state is easily reached at 50◦ C but product desorption, or TDMAT decomposition, becomes more significant with increasing temperature and
thus the growth rate decreases. The lower growth rate for TTIP and oxygen in the molecule
could enhance the growth of a thermal oxide in the c-Si, as is seen with TEM, which can be
important for passivation.
A comparison of the optical constants, n and k, and the bandgap energy Eg can be made for
the different TDMAT and TTIP films which are a result from the Tauc-Lorentz SE model.
The refractive index at a wavelength of 600 nm and the bandgap energy Eg are given in table
4.3.2 and the extinction coefficients k are given in figure 4.3.13.
Table 4.3.2: The refractive index n and bandgap energy Eg given for different ALD TiOx films
deposited with the TDMAT and TTIP precursor. The values shown come from the
Tauc-Lorentz model which is used to fit the raw SE data.

Precursor

Deposition
Temperature (◦ C)

n @ 600 nm
(-)

Eg
(eV )

TDMAT

50

2.10

3.11

75

2.11

3.15

100

2.18

2.92

125

2.21

2.99

150

2.25

2.92

200

2.01

3.27

TTIP

The measured bandgap energy is slightly higher for the with TTIP deposited films and the
refractive index slightly lower which can be seen in table 4.3.2. These differences are just
minor and could not explain the difference in passivation quality. As can be seen from figure 4.3.13 the TTIP ALD TiOx films do exhibit lower k values and a somewhat less steep
increase in absorption for photon energies higher than the bandgap energy. The steepness
of absorption is a quantitative measure of the disorder of an amorphous material [72], so the
less steep increase could indicate there is less order in the TTIP ALD TiOx films than in
the TDMAT ALD films. It is known that a crystalline phase is detrimental for the passivation quality of TiOx on c-Si [62, 68]. However, the difference in the extinction coefficient is
small and does not provide any hard evidence for the difference in passivation between the
TDMAT and TTIP precursors.
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Figure 4.3.13: Extinction coefficient as a function of photon energy for different ALD T iOx films
deposited with TDMAT and TTIP. The overall trend for the TDMAT films is that
there is more absorption for higher deposition temperature for photons with energies
higher than the bandgap energy. The TTIP ALD TiOx film has the highest bandgap
energy and a lower extinction coefficient. The absorption curve is also less steep.

A better comparative study needs to be executed to determine the differences between the
TDMAT and TTIP precursor. The biggest benefit of the TTIP thermal ALD recipe is
the good passivation property even in as-deposited state. The TDMAT precursor has a
significant higher growth rate and a lower deposition temperature which would be beneficial
for industrial processing. Furthermore, the passivation quality of the TiOx films deposited
with TDMAT could still be improved by a more extensive anneal treatment study.
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4.4

Conclusion and Outlook

Conclusion
Several precursors and ALD recipes were used to deposit amorphous TiOx films as passivating electron-selective contacts. The passivation quality is strongly dependent on precursor
and ALD recipe and there is a clear indication that UV-radiation damage which is induced
by the O2 plasma radiation has a detrimental effect on the minority carrier lifetime and can
only be repaired with a FGA treatment up to a certain level. Thermal ALD TiOx layers
need less annealing to improve the passivation quality. For the TTIP precursor, where the
Ti atom is bonded to oxygen in the molecule, the passivation quality was superior to that of
TDMAT. This effect was most noticeable in the as-deposited state of the TiOx . Although
the TDMAT TiOx materials could still be optimized further.
With the TTIP ALD TiOx films a champion lifetime of τef f ≈ 2.0 ms is achieved after 15
minutes FGA treatment at 300◦ C. This is the best passivation quality of TiOx films reported
so far with an anneal treatment to our knowledge. Furthermore, the contact resistivity is determined of these films with the Cox-Strack method and gives a minimum of ρc = 0.4 Ω·cm2 .
This is low enough to potentially create high-efficiency c-Si solar cells.
However, the TiOx films do not yet show the expected and wanted quality on solar cell level.
Suns-Voc measurements show a large drop in Voc compared to the iVoc which indicates a lack
of selectivity. The expected band alignment of the TiOx to the valence band of c-Si and
its offset to the conduction band needs more investigation, as is motivated by the excellent
lifetime results. This could be done with UPS and spectroscopy.
A better understanding of the TiOx passivation quality in terms of precursor and ALD recipe
has been acquired and excellent passivation results have been achieved. An anneal treatment
of up to 500◦ C could be employed without damaging the passivation quality. High temperature anneal treatments cost less time to achieve good passivation and that is beneficial
for the processing of solar cells. An additional capping layer of AlOx did not improve the
passivation quality after annealing and is thus unnecessary.
Outlook
As mentioned before; the electron-selective quality of the TiOx layers needs further investigation. A first test could be to perform contact resistance measurements on p-type Si instead
of n-type, the TTIP ALD TiOx should block the hole current to some extend which indicates
its hole-blocking properties. This would induce the asymmetry in hole and electron conductivity which is required as discussed in section 2.2. The magnitude of this characteristic could
be studied to further improve the selectivity of the TiOx films. This method is based on
the work of Avasthi et al. [60] which showed the hole-blocking properties of TiOx on p-type Si.
Different deposition temperatures for the ALD process of TiOx with TTIP can still be tested.
A study on the material quality and the effect on the passivation of c-Si have to be conducted for this variation. Furthermore, the chemical composition can be studied with RBS
measurements which could help to understand its effect on passivation and selectivity.
To better identify the contact resistivity a series resistance can be inserted between the
contact dot and probe. This way ρc could be determined at the operating voltage as the
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compliance of the setup, which could not be set higher, is not yet reached with this higher
series resistance.
The first step towards a highly conductive Nb-doped ALD TiOx film is already taken. By
doping the TiOx with Nb the conductivity increases [75] and the electron quasi-Fermi level
could line up even further towards the valence band making it more selective for electrons. To
properly determine what the band diagrams are in the TTIP ALD TiOx and the possible Nbdoped TiOx , energy band diagrams need to be determined by a combination of (COMSOL)
simulations and advanced characterization (UPS, IR-SE).
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Chapter 5

Overall Conclusion and Outlook
Ruthenium oxide ALD and material properties
A novel thermal ALD process was successfully developed for RuOx using the zero-valent
metal-organic (ethylbenzene)(1,3-cyclohexadiene)Ru(0) precursor and O2 gas on the homebuilt ALDii reactor. High pressure reactant steps of molecular oxygen, pO2 = 1 mbar, were
used to provide enough exposure to oxidise the Ru in the ALD process. Self-limiting ALD
behaviour was confirmed and a relatively long standard ALD recipe was obtained with a
15 s precursor dosing step and 40 s oxygen exposure time. A temperature window in which
deposition occurred has been experimentally determined from 150◦ C to 300◦ C table tem to
perature. For deposition temperatures between 200◦ C and 300◦ C a GPC between 1.62 A
 was found.
2.22 A
Polycrystalline RuOx was deposited, initially in the Volmer-Weber mode which defines the
island growth, in the obtained temperature deposition range. XRD and electron diffraction showed multiple crystalline RuO2 orientations but also a Ru metal contribution in all
deposited RuOx films. This Ru metal phase could not be prevented with higher oxygen exposure or temperature differences. No C contamination was found with RBS which also showed
an increase in O/Ru ratio with increasing O2 dosing time and decreasing temperature. Moreover, a H content between 4 at.% and 10 at.% was found using ERD. The RuOx films had
an average resistivity of (338 ± 43) µΩ · cm determined with four point probe measurements
which is an order of magnitude higher than the literature values, this is caused by the rough
an probably not fully closed films. Furthermore, a high charge carrier density in the order of
1021 -1023 cm−3 which was determined with Hall measurements. Moreover, a high absorption
coefficient was obtained from the extinction coefficient k determined by a SE B-Spline model.
Ruthenium oxide potential in c-Si solar cells
The potential of the ALD RuOx layers as passivating contact was briefly addressed. The
film on itself did not passivate the c-Si but a RuOx /a-Si:H/c-Si stack achieved an excellent
minority carrier lifetime of 1.8 ms with an a-Si:H layer of 5 nm thick. The potential holeselectivity of RuOx was not confirmed yet. This selectivity depends on the upward band
bending due to a high work function. The work function of the ALD RuOx was not measured
yet which could be done by XPS or UPS. This needs to be one of the first steps towards
determining the potential of RuOx as hole-selective contact.
Furthermore, the contact resistivity ρc is also of importance to a passivating contact as it
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could lead to significant losses due to series resistance if it were is high. The Cox-Strack
method could be used to measure the ρc of the stack: metal contact/RuOx /c-Si. To prevent
current spreading in the conductive RuOx layer the film needed to be etched away in between
the metal contacts to have a well defined surface area. This etching step has not yet been
performed. The determination of ρc is necessary to show that current transport can occur
efficiently through the RuOx contact.
The high absorption of the films already showed that the hole-selective RuOx layers should
be used on the back side of the cell as it does not contribute much to the optical losses there.
Titanium oxide ALD process and precursors
Different ALD recipes and precursors were used to deposit TiOx with an Oxford Instruments
FlexAl ALD system for the purpose of an electron-selective passivating contact. It was concluded that amorphous films deposited with thermal ALD recipes had the best passivation
performance on c-Si surfaces. Two different industrial Ti-precursor, tetrakis(dimethylamino)
titanium (TDMAT) and titanium isopropoxide (TTIP), were used in thermal ALD processes.
 to 0.46 A

TDMAT was used in a [50 - 300]◦ C temperature window with a GPC between 0.68 A
◦
which decreased with increasing temperature. TTIP did not show any growth at 80 C and
 at 200◦ C. From the Tauc-Lorentz model used to determine the optical
had a GPC of 0.15 A
constants and thickness of the films with SE, the band gap energy Eg , refractive index n
and extinction coefficient k were determined. The TTIP ALD TiOx film had the highest
Eg = 3.27 eV , lowest n = 2.01 at λ = 600 nm and a lower k in comparison with TDMAT
but these were just minor differences.
The passivation quality, especially in as-deposited state, was superior for the TTIP ALD
TiOx layers. Deposited on a n-type FZ Si wafer, which had its native oxide removed by a
1 minute dip in a 1% HF solution, the thermal TTIP ALD process oxidized the Si wafer to
form a SiO2 interlayer between the c-Si and the TiOx which was observed with TEM. This
could be the biggest factor in the as-deposited and overall better passivation quality of the
TTIP precursor. The influence of deposition temperature on the TiOx films deposited with
TTIP has not been studied yet. Furthermore, the TDMAT precursor has not been intensively investigated yet and could be improved significantly in terms of passivation. Moreover,
RBS measurements could be performed to get more insight on the chemical composition of
the amorphous TiOx films and its influence on the passivating and selective qualities.
Titanium oxide with TTIP in c-Si solar cells
An extensive study on the annealing effects has been conducted on the passivation qualities of
TiOx on c-Si. The TTIP precursor showed passivation of the surface even in the as-deposited
state which is why this precursor was more extensively studied. The important parameters
for a passivating contact are the recombination current density J0 and the contact resistivity
ρc which were determined for these TiOx films.
Firstly, the passivation quality was determined in terms of effective minority carrier lifetime
(τef f ), iVoc and J0 . TiOx films deposited with TTIP on high quality n-type FZ Si wafers
with the SiO2 interlayer created during the ALD process performed better than the NAOS
interlayer created before TiOx deposition. The fact that the growth of this interlayer happened during the ALD process is beneficial as it does not require any additional processing
steps. iVoc measurements on lifetime samples showed excellent quality and with 5.2 nm
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TiOx the highest lifetime after 15 minutes FGA on 300◦ C, τef f ≈ 2.0 ms, was measured.
This was a superior passivation quality of c-Si with TiOx compared to reported literature
with only an anneal treatment. The highest iVoc achieved was 698 mV and the champion
J0 = 12.3 f A/cm2 was measured on this sample. Thicker layers (7.5 nm) were seen to
crystallize after long 100 minutes FGA treatments on 300◦ C which was detrimental for the
passivation quality.
The Cox-Strack method was used to determine ρc of the Al/TiOx /c-Si stack for which the
minimum and best value measured was 0.4 Ω · cm2 . Together with the achieved J0 could
a full area TiOx electron contact could lead to a cell efficiency of η = 26 − 27% under the
assumption that the front side of the cell is without any loss in the idealized case.
Suns-Voc and iVoc measurements were performed on n-Pasha and SHJ half-fabricates which
had an electron-selective back contact with TTIP ALD TiOx . For both type of cells high iVoc
were achieved, the n-Pasha cell reached a maximum of 621 mV and the SHJ cells 727 mV .
There seemed to be no influence of the TiOx layer thickness, between 2 and 6.5 nm, on cell
level. Suns-Voc measurements resulted in low values which indicated a lack of selectivity in
the cell. The electron-selective quality of the TiOx layers needs further investigation. A
first test could be to perform contact resistance measurements on p-type Si instead of ntype, the TTIP ALD TiOx should block the hole current to some extend which indicates its
hole-blocking properties. The magnitude of this characteristic could be studied to further
improve the excellent passivating TiOx films. It has already shown its industrial potential
as full area passivating contact which is the motivation for further studies on this material.
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Figure 5.0.1: Saturation curves for precursor and reactant purge times in the ALDii reactor where
the substrate table is set to Th = 200◦ C and the oxygen pressure is kept constant at
pO2 = 1 mbar. In (a) the saturation curve of the precursor purge time. In (b) the
saturation curve of the oxygen purge time.
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Figure 5.0.2: In (a) the measured refractive index n and in (b) the measured extinction coefficient k
are given for single-crystal rutile RuO2 in the range of 0.5 to 9.5 eV by Goel et al. [52]
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bond when the film is sputtered away down to the substrate surface.
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Figure 5.0.4: Measured effective minority carrier lifetime plotted against FGA temperature treatment for 100 minutes. Lifetime samples are made with the Ti(CpMe )(NMe2)3 precursor on bare FZ Si wafers.
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Figure 5.0.5: Measured effective minority carrier lifetime plotted against anneal time for a 200◦ C
FGA. Lifetime samples are made with the TDMAT ALD T iOx films on bare FZ Si
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Figure 5.0.6: Measured effective minority carrier lifetime plotted against anneal time for a 300◦ C
FGA. Lifetime samples are made with the TDMAT ALD T iOx films on bare FZ Si
wafers.
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