
 Eindhoven University of Technology

BACHELOR

Atomic layer deposited MoOx as a passivating contact in c-Si heterojunction solar cells

Evers, V.H.M.

Award date:
2017

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/17a013e1-0d42-47ed-b1c9-fd93d43450cf


Eindhoven University of Technology

Atomic layer deposited MoOx as a
passivating contact in c-Si heterojunction

solar cells
A Bachelor Thesis for the Department of Applied Physics

Author: Supervisors:
V.H.M. Evers (0862091) dr. ir. B. Macco
Plasma & Materials Processing prof. dr. ir. W.M.M. Kessels

June 7, 2017



Abstract

In this thesis, the use of atomic layer deposited MoOx as a passivating contact for c-Si
heterojunction solar cells is examined. Currently, heterojunctions based on intrinsic and
doped amorphous silicon achieve excellent surface passivation, but suffer from significant
optical losses. Heterojunctions based on MoOx do not suffer from optical losses, but do not
achieve sufficient passivation as of yet.

In this thesis, it is demonstrated that atomic layer deposited MoOx achieves decent pas-
sivation when deposited onto a SiO2 tunnel oxide and thus shows potential as a passivating
contact. This is indicated by a value of 88 fA/cm2 for recombination parameter J0. In order
to achieve passivation, surface hydrogenation by annealing in forming gas is necessary. How-
ever, annealing at temperatures well above 300◦C ultimately leads to blistering and reduced
MoOx stoichiometry. Blistering in particular leads to deteriorating passivation. Blistering
and reduction are suppressed by annealing in nitrogen and oxygen gas, however, passivation
is not achieved in these ambients. Moreover, surface hydrogenation is not improved by a
hydrogen-rich Al2O3 capping layer, which is again attributed to blistering.

In short, this thesis demonstrates that atomic layer deposited MoOx shows potential as a
passivating contact. This potential is based on the passivating qualities of MoOx, deposited
onto a SiO2 tunnel oxide, after a forming gas anneal treatment and before blistering. In
order to improve surface passivation even further, future research should focus on preventing
blistering during annealing in forming gas. Moreover, in order to fully determine its potential
as passivating contact, future research should focus on charge carrier selectivity of atomic
layer deposited MoOx.
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Chapter 1

Introduction

In this introductory chapter, the context and motivation for this thesis is provided.

1.1 Research context

In the current transition from fossil fuels to renewable energy sources, photovoltaics (PV) is
a topic of great interest. PV refers to the direct conversion of photon energy to electrical
energy using solar cells. Absorption of photon energy by an electron upon illumination of
a semiconductor, usually crystalline silicon (c-Si), generates charge carrier pairs of electrons
and holes. In a conventional diffused-region solar cell, schematically shown in Figure 1.1(a),
charge carriers are extracted at opposite sides of the cell by doping the c-Si semiconductor.
The front is negatively doped (c-Si(n+)) and the rear is positively doped (c-Si(p+)). Conse-
quently, charge carriers are collected by aluminum (Al) and silver (Ag) at opposite sides of the
solar cell, dissipating energy in an external circuit. Ideally, in order to yield high operating
voltages, all charge carriers only recombine after being collected at the metal contacts. How-
ever, diffused-region solar cells suffer from recombination losses due to high defect densities
and Auger recombination in the doped regions. Moreover, diffused-region solar cells suffer
from recombination losses due to direct contact between the c-Si photon absorber and the
recombination-active metal electrode contacts. Early recombination of charge carriers thus
limits the efficiency of solar cells. Recombination at the surface is partially suppressed by
deposition of thin passivation layers. In the example of Figure 1.1, SiO2 or SiNx is used as a
passivation layer.

A silicon heterojunction (SHJ) solar cell, schematically shown in Figure 1.1(b), is based
on a fundamentally different approach, which recently enabled record conversion efficiencies
of >26%. (1) The working principle of SHJ solar cells relies on the deposition of thin layers
onto c-Si rather than on heavily doped regions. As a result, Auger recombination is reduced.
Moreover, the deposition of thin films allows for the spatial separation of the c-Si surface and
the recombination-active metal contacts, as seen in Figure 1.1(b), which reduces recombina-
tion losses at the surface. However, the main function of a SHJ is to extract electrons and
holes at opposite sides of the SHJ while minimizing recombination losses before collection at
the metal contacts. With this, thin layers in a SHJ solar cell provide almost all of the critical
functions for yielding high operating voltages. (2) (3) A SHJ is also referred to as a passivating
contact.
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(a) Diffused-region solar cell (b) Silicon heterojunction solar cell

Figure 1.1: The design of a diffused-region solar cell (a) and a SHJ solar cell (b). A diffused-
region solar cell collects charge carriers at opposite sides of the solar cells by negative (c-Si(n+))
and positive (c-Si(p+)) doping of the c-Si semiconductor. Thin layers of, for example, SiO2 provide
passivation of c-Si surface defects. In SHJ solar cells (b), thin layers provide practically all functions for
successful operation. In this example, intrinsic, hydrogenated, amorphous silicon (a-Si:H(i)) provides
passivation, while doped hydrogenated, amorphous silicon (a-Si:H(n+) or a-Si:H(p+)) provides charge
carrier selectivity. Charge carriers are collected at the metal electrodes (Ag), which cover the full area
at the rear. Lateral charge carrier conduction towards the Ag contact is provided by a TCO, which
also acts as an anti-reflective coating. Image taken from De Wolf et al. (4)

Currently, as shown in Figure 1.1(b), intrinsic (a-Si:H(i)) and doped (a-Si:H(n+) or a-
Si:H(p+)) Si layers are widely used in SHJ solar cells to achieve surface passivation and
carrier selectivity, respectively. Lateral charge carrier conduction to the Ag collectors is
provided by transparent conductive oxides (TCO), which also act as anti-reflective coatings.
The 26.6% Kaneka record cell is an example of one such cells. (1) However, doped a-Si layers
cause significant optical losses due to parasitic light absorption. (3) Replacing these layers
by an optically transparent material is therefore desirable. One such material is slightly
substoichiometric molybdenum trioxide (MoOx, with x<3). Details on the properties of MoOx

are provided in Section 2.2. Ideally, MoOx achieves both carrier selectivity and passivation
of the c-Si surface. This drastically simplifies the design of the solar cell. MoOx deposited
by evaporation has been shown to be both transparent and selective for holes. (5) (6) However,
evaporated MoOx does not satisfactorily passivate the c-Si surface, resulting in an efficiency
of only 14.3% and a limited open-circuit voltage (VOC) of 580 mV. (7) For MoOx deposited
onto an a-Si:H(i) passivation layer, efficiencies of 22.5% have been achieved. (1) However, the
use of a-Si:H(i) still is a limiting factor due to parasitic light absorption. Details concerning
charge carrier selectivity, charge carrier recombination and surface passivation are explained
in more detail in Section 2.1.

1.2 Research goals

Since a c-Si surface is not sufficiently passivated by evaporated MoOx, this thesis explores
the passivating properties of MoOx deposited by atomic layer deposition (ALD), a technique
explained in Section 2.3. Poor passivation has already been reported for ALD MoOx deposited
directly onto a c-Si substrate. (6) However, ALD MoOx deposited onto a SiO2 tunnel oxide
yields much more promising results. (1)

Determining the saturation current density (J0) and the contact resistance (ρcontact) is a
convenient way of determining the quality of a passivating contact for SHJ solar cells. J0
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values of <100 fA/cm2 are indicative of effective surface passivation. In the diffused-region
solar cell of Figure 1.1(a), the passivation layers only need to provide passivation. For example,
Al2O3 can yield J0 values of <10 fA/cm2 (7), which indicates great passivation. However, in
case of the SHJ solar cell of Figure 1.1(b), the passivating contact also needs to provide charge
carrier selectivity. For this purpose, Ohmic losses between the c-Si absorber and the metal
contacts need to be minimized. Values for ρcontact of <1 Ωcm2 are indicative for low Ohmic
losses. Parameters J0 and ρcontact are used to calculate the maximum potential efficiency of
a SHJ solar cell, which is shown in Figure 1.2. Note that the calculation on which Figure 1.2
is based, assumes no loss mechanisms like bulk recombination, electrical shunting and optical
losses. (7) (8) Auger recombination has been taken into account, however. The reported value of
J0 should thus be considered a lower bound for the actual value of J0. Parameter J0 follows
a trend similar to the effective minority carrier lifetime (τeff ), which is easily measured.
Therefore, evaluating τeff is a great starting point for determining passivation effectiveness.
More details on recombination and passivation parameters are provided in Section 2.1. From
now on, τeff will simply be referred to as the lifetime.

Figure 1.2: A contour plot of the maximum potential efficiency as a function of J0 and ρcontact,
assuming full area rear contact and no loss mechanisms like bulk recombination, electrical shunting
and optical losses. The region defined for ρcontact values of <1 Ωcm2 and J0 values of <100 fA/cm2,
meets the criteria for a passivating contact. Image taken from Van de Loo. (8)

The main goal of this research is to determine whether MoOx can be used as a hole-
selective passivating layer for SHJ solar cells. In evaluating the passivating properties of
MoOx, this research specifically focuses on determining the processing steps for optimizing
parameter J0. For comparison, the aforementioned Kaneka record cell achieves J0 and ρcontact
values of 12 fA/cm2 and 30 mΩcm2 respectively, (7) which are both well within the critical
range of J0 <100 fA/cm2 and ρcontact <1 Ωcm2. For determining the passivating properties
of ALD MoOx several research questions have been formulated:

5



1. Does ALD MoOx deposited onto a SiO2 tunnel oxide provide passivation for c-Si wafers?

• What is the effect of substrate temperature during MoOx ALD on passivation?

• Does a hydrogen-rich capping layer improve passivation?

2. Is passivation improved by a post-deposition anneal?

• What is the effect of anneal temperature on passivation?

• What is the effect of anneal ambient on passivation?

• What is the effect of anneal time on passivation?

3. Does annealing cause changes in MoOx which affect passivation?

• What is the effect of different anneal treatments on layer thickness, optical con-
stants, chemical composition and stoichiometry?

• How do layer thickness, optical constants, chemical composition and stoichiometry
affect passivation?
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Chapter 2

Theory

This chapter aims to provide the theory necessary for understanding charge carrier recombi-
nation, surface passivation schemes and charge carrier selectivity. Moreover, the interesting
properties of MoOx as a potential passivating and hole-selective material are discussed, as well
as the basics of atomic layer deposition.

2.1 Recombination, passivation and selectivity

In order for SHJ devices to reach high efficiencies, the quasi-Fermi level splitting (iVOC , which
is explained later on) needs to be as large as possible. Quasi-Fermi level splitting is a result of
high charge carrier densities, induced by the non-equilibrium state upon illumination of the
c-Si semiconductor. Preventing charge carrier recombination before collection at the metal
contacts is key to yielding high charge carrier densities. However, recombination of electrons
and holes is partially an intrinsic process and thus unavoidable.

Figure 2.1: Charge carriers, generated by illumination of a c-Si semiconductor, recombine either
intrinsically (direct and Auger) or extrinsically via states in the band gap due to defects (SRH). Image
taken from Macco. (7)
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After generation of charge carriers upon illumination of the c-Si absorber, charge carriers
recombine by transferring energy to photons (direct recombination), phonons, other excess
charge carriers (Auger recombination) or through defects (SHR recombination). These re-
combination pathways are depicted in Figure 2.1.

Surface passivation

Impurities and defects in the c-Si absorber cause extrinsic recombination via states in the
band gap. This is referred to as Shockley-Read-Hall (SRH) recombination. Crystal growth
techniques like float-zone (FZ) growth allow for high Si purity and negligible bulk defects. (9)

Therefore, recombination in the bulk is mostly due to Auger recombination induced by high
densities of excess charge carriers. However, defect states at the c-Si surface are omnipresent.
Unsaturated chemical bonds at the c-Si surface largely contribute to the interface defect
state density (Dit). Saturation of these dangling bonds by deposition of a layer reduces Dit

by a degree depending on the layer properties. Further reduction of the Dit is achieved
by hydrogenation of the remaining unsaturated bonds. (10) This is referred to as chemical
passivation. The saturation current density J0 has already been introduced as a convenient
parameter to quantify the passivation of c-Si. Reduced recombination is also achieved by
field-effect passivation, a mechanism explained in the following section.

Charge carrier selectivity

In the introductory chapter, charge carrier selectivity has been introduced as one of the
essential properties of a SHJ solar cell. Selectivity is the property of a material to transmit
one type of charge carrier and block the other type, due to large differences in conductivity
(σ) for these charge carriers between the c-Si and the metal contacts.

Figure 2.2: Band bending in c-Si is induced by large work functions. Merging of quasi-Fermi levels
at the TCO or metal causes a gradient in the quasi-Fermi levels near the interface. This gradient
drives the force for both electrons (Jn) and holes (Jp). Differences in gradient of quasi-Fermi levels,
induced by asymmetrical conductivity, cause large hole currents and small electrons currents towards
to interface. Image taken from Macco. (7)
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Establishing an internal electric field by doping the c-Si absorber is a common method for
achieving selectivity in diffused region solar cells. A more novel concept relies on the large
work function, typically >5.5 eV, of metal oxides like MoOx, which induces upward bending
of conduction and valence band at the interface. This principle is shown in Figure 2.2.

The figure shows the quasi-Fermi levels for electrons (EFn) and holes (EFp) which are
necessary for describing the non-equilibrium carrier distribution upon illumination of the c-Si
absorber. The voltage measured for zero net current is the open-circuit voltage (VOC), which
is the maximum possible voltage for a solar cell. The value of VOC can never exceed the value
of iVOC , which is the energy splitting of quasi-Fermi levels EFn and EFp:

EFn − EFp = iVOC =
nkT

q
ln

(
JSC

J0,s + J0,others
+ 1

)
. (2.1)

Here, n is the ideality factor, kT/q is the thermal voltage, JSC is the short circuit current
density and J0,s is the saturation current density at the surface. J0,others accounts for all
remaining recombination mechanisms. For pure and undoped c-Si, J0,others is negligible and
J0,s is approximately equal to J0, which was introduced to quantify the effectiveness of passi-
vation. Ideally, the iVOC is as high as possible. For SHJ solar cells, iVOC values of >750 mV
have been reported. (11) The actual VOC is the maximum possible voltage for a solar cell over
an external circuit and depends on Ohmic losses. Quasi-Fermi levels merge at the metal con-
tact, since level splitting does not occur in metals and TCOs. The currents of both electrons
(Jn) and holes (Jp) are driven by the gradient in the quasi-Fermi levels:

Jn = ennµn∇EFn = σn∇EFn, (2.2)

Jp = enpµp∇EFp = σp∇EFp. (2.3)

Here, e is the elemental charge, nn and np the densities of electrons and holes, and µn and
µp the charge carrier mobilities of electrons and holes. The product of these parameters
are the charge carrier conductivities (σn and σp). It is important to note that equations
2.2 and 2.3 are essentially variations of Ohm’s law applied to both charge carriers. (12) In
Figure 2.2, the hole density np at the interface is high due to band bending. This means the
conductivity σp is high as well. In open-circuit, Jn and Jp are equal. Therefore, according
to equations 2.2 and 2.3, the gradient in EFp is small. A small gradient in quasi-Fermi
level thus corresponds with high conductivity. Similarly, a large gradient in quasi-Fermi level
corresponds with low conductivity. In order for a material to be selective, the difference in
conductivity should be as large as possible. In the situation of Figure 2.2, when not in open-
circuit, the conductivity is large for holes and small for electrons, causing large hole currents
and small electrons currents towards to interface (Jp>>Jn), hence the hole selectivity. Since
electrons are shielded from holes at the recombination active interface due to large differences
in conductivity, recombination is less likely. (10) Band-bending induced by large work function
thus gives rise to a different type of passivation, which is referred to as field-effect passivation.

2.2 Properties of MoOx

Transparency, charge carrier selectivity and effective surface passivation have been established
as the most important functions and properties of a passivating contact. The choice of MoOx

as passivating contact is justified on the basis of these properties.
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Parasitic light absorption in passivating contacts based on a-Si:H is caused by narrow
band gaps of 1.6 to 1.8 eV and consequent large absorption coefficients in the visible and
ultraviolet spectrum, (3) (6) as shown in 2.3. With a theoretical band gap of 3.0 to 3.3, (13)

parasitic light absorption in MoO3 is significantly less likely. (7) The band gap of the more
realistic substoichiometric MoOx is 2.8 to 2.9 eV, (14) which is still a large improvement with
respect to a-Si:H, as shown in Figure 2.3.

Figure 2.3: Absorption coefficients of MoOx and a-Si:H including a reference solar spectrum. Image
taken from Macco. (7)

Potential hole selectivity of MoOx is based on its large work function. For pristine MoOx,
work functions of 6.6 eV and higher have been reported. (5) This gives rise to the possibility
of upward band bending, where the Fermi level of MoOx alligns with the valence band of
c-Si, located at 5.1 eV. (5). However, actual hole selectivity based on band bending is not as
straightforward as may be implied in the previous section. For one, the oxidation states of
MoOx, and metal oxides in general, heavily influence the work function. Reduced stoichiom-
etry is associated with reduced work functions which may lead to reduced hole selectivity. (15)

Lastly, hydrogen contents of 3 at.% for high deposition temperatures of around 300◦C, up
to 20 at.% for deposition temperatures around 100◦C have been reported for ALD deposited
MoOx. The presence of hydrogen might contribute to chemical passivation. Properties of
ALD MoOx have been reported in more detail by Vos et al. (14)

2.3 Atomic layer deposition

Atomic layer deposition (ALD) is a technique used for the deposition of thin layers at the
nanoscale. ALD is a cyclic deposition technique based on repeating, self-limiting surface
reactions in a low pressure or atmospheric environment, which provides major advantages over
deposition techniques such as physical vapor deposition (PVD) and chemical vapor deposition
(CVD). (16)

10



Firstly, the self-limiting behavior of the process allows for thickness control at the sub-
nanometer level. Moreover, ALD provides great conformality on high-aspect ratio topologies
and excellent uniformity on large substrates such as solar cell wafers. Lastly, ALD allows for
deposition of high quality thin layers at low substrate temperatures. (17) This section explains
the basic working principles of ALD. The specifics of ALD of MoOx are explained in Section
3.2 of Chapter 3.

Working principle

As depicted in Figure 2.4, a regular ALD cycle consists of two half-cycles, which each consist
of two steps. During the first half-cycle, a substrate is exposed to a vaporized precursor
material, inducing reactions with reactive groups at the substrate surface. This leads to
the adsorption of precursor molecules and the growth of a desired thin layer. The adsorbed
precursor molecules are chemically inert to the precursor molecules, hence the self-limiting
behavior of the reaction. The first half-cycle is terminated with a purge step in which reaction
products and other excess species are removed.

During the second half-cycle, the adsorbed precursor material is exposed to another reac-
tant or a plasma, depending on the ALD process. The exposure to this so-called co-reactant
restores the original reactivity of the surface, allowing precursor molecules to be adsorbed
again. This is a self-limiting process as well. The increase in layer thickness after one ALD
cycle is referred to as the growth per cycle (GPC).

Theoretically, a completed ALD cycle should result in one monolayer of precursor molecules.
In practice, however, a submonolayer in the order of a few Å is deposited each cycle. Ide-
ally, the GPC is independent of the substrate temperature. For most precursors this is only
partially true in a certain temperature range, depending on the type of precursor. For tem-
peratures below this range, reactivity might be too low and the precursor might condense on
the surface. For temperatures above this range, desorption of thin layers or decomposition of
precursors may occur. (17).

Figure 2.4: The four steps of a regular ALD process: (1) a precursor reacts with a substrate in
a self-limiting way, (2) the reaction products are purged, leaving only adsorbed precursor molecules
on the substrate surface, (3) a co-reactant restores the original reactivity of the substrate, again in
self-limiting fashion, (4) the reaction products are purged again. This process is repeated to grow thin
layers of desired thickness. Image taken from Knoops et al. (17)
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Chapter 3

Experimental procedure and setup

This chapter aims to provide all relevant information on the preparation of the examined
samples and the procedures of the conducted experiments.

3.1 Experimental procedure

As explained in Chapter 1, the goal of this thesis is to determine whether MoOx is a suitable
passivating hole-selective material for c-Si heterojunction solar cells. The potential, idealized
efficiency of a solar cell is determined by the parameters J0 and the contact resistance ρcontact.
The conducted experiments focus on the determination of J0, which is closely linked to the
minority carrier lifetime τeff . For this purpose, the lifetimes of four different types of ALD
samples, deposited at different substrate temperatures, are examined.

The process starts with the preparation of lifetime samples, which is thoroughly explained
in Section 3.2. Preparing the samples includes the symmetrical deposition of MoOx and Al2O3

on c-Si wafers using ALD. After deposition, the samples are annealed at different temperatures
to trigger chemical passivation of c-Si (Section 3.3). The lifetimes of the samples, as well as
the optical properties, structure and chemical composition of the MoOx layers, are measured
after deposition and after each anneal step using spectroscopic ellipsometry (SE) and X-ray
photoelectron spectroscopy (XPS), respectively. These measurements are explained in Section
3.4.

3.2 Sample preparation

Figure 3.1 shows the different compositions of four types of lifetime samples. The starting
point for every sample is a 4-inch c-Si float-zone wafer. Note that all four samples are
symmetrical, having the same layers on the front side and the back side. The sample of type
(a) is used to check whether MoOx passivates when deposited directly onto the c-Si surface.
This sample is referred to as the MoOx-sample. As mentioned previously, ALD MoOx has
been reported not to passivate surface defects when deposited directly onto a c-Si wafer. The
sample of type (b) is thus used to examine whether MoOx passivates when deposited onto
SiO2, which has been reported to be passivating itself. (18) This sample is referred to as the
SiO2/MoOx-sample.

The samples of type (c) and (d) are identical to the samples of types (a) and (b) respec-
tively, except for an additional hydrogen-rich Al2O3 capping layer. ALD Al2O3 has been
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known to provide excellent surface passivation on c-Si, due to hydrogenation of interface de-
fects. (19) Interestingly however, direct deposition onto a c-Si surface is not necessarily needed
to passivate surface defects. Deposition of Al2O3 onto intermediate thin layers also induces
hydrogenation upon annealing. This is shown for interfaces such as Si/HfO2, Si/TiO2 and
Si/SiO2.

(8) The samples of type (c) and (d) of Figure 3.1 are prepared to examine this effect
for an Al2O3 capping on a MoOx intermediate layer.

(a) MoOx-
sample

(b) SiO2/
MoOx-sample

(c) MoOx/
Al2O3-sample

(d) SiO2/
MoOx/ Al2O3-
sample

Figure 3.1: Four different types of symmetrical samples: 10 nm MoOx deposited directly on c-Si
wafer (a), 10 nm MoOx deposited onto 1.4 nm RCA SiO2 (b). The samples of figures (c) and (d) are
equivalent to (a) and (b) respectively, except for an additional 10 nm Al2O3 capping.

Atomic layer deposition of MoOx

While the basics of ALD have been explained in Section 2.3, a customized ALD process is
needed for the deposition of MoOx thin layers. N-type float-zone c-Si(100) wafers are used
as a substrate. Float-zone wafers are double-sided polished, of very high Si purity and of
low resistivity (3.0 Ω·cm). The wafers used are 4-inch wafers with a thickness of 285 µm.
For each of the four sample types, a quarter of the 4-inch wafer is used for deposition. The
wafers are pre-cleaned by the supplier according to RCA procedure, removing contaminants
and applying a high quality 1.4 nm SiO2 layer onto the c-Si surface. For the MoOx- and
MoOx/Al2O3-sample, the RCA SiO2 layer is removed using a 1% dilute of hydrofluoric acid
(HF).

An Oxford Instruments OpAl ALD reactor, situated in a class 1000 cleanroom, is used for
the deposition of MoOx using bis(tert-butylimido)- bis(dimethylamido)molybdenum ((NtBu)2-
(NMe2)2Mo) as a precursor and an oxygen (O2) plasma as co-reactant. Each sample type
is deposited at substrate temperatures ranging from 50◦C up to and including 300◦C, with
intervals of 50◦C, where MoOx growth is amorphous. (14) However, it is important to note
that the aforementioned substrate temperature is the temperature of the sample stage of the
OpAl reactor. The low pressure environment inside the reactor, leads to poor thermal con-
tact between the sample stage and the substrate. This, in turn, causes deviations between
the temperature of the sample stage and the actual temperature of the substrate. Since the
reactor walls only reach a temperature of 180◦C, these deviations are expected to be larger
for deposition temperatures above 180◦C. Moreover, during deposition, the samples are po-
sitioned perpendicular to the samples stage, allowing for simultaneous film growth on both
sides of the wafer. This causes larger vertical temperature deviations along the sample, again
due to the limited temperature of the reactor wall.
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Table 3.1: Number of ALD cycles per deposition temperature in order to grow a 10 nm MoOx layer.

Deposition temperature (◦C) Number of ALD cycles

50 55
100 73
150 81
200 90
250 90
300 90

The GPC of ALD MoOx is a temperature-dependent parameter. Based on reported GPC
for ALD MoOx in an OpAl reactor, the number of ALD cycles is adapted for each deposition
temperature, in order to grow a 10 nm layer. This is shown in Table 3.1. Details about the
used MoOx ALD recipe, concerning temperatures, pressures and exposure times inside the
OpAl reactor, are provided in Table A.1 of Appendix A.1.

Atomic layer deposition of Al2O3

The OpAl reactor is also used for the deposition of 10 nm Al2O3 capping layers. Trimethyla-
luminum (TMA) and water vapor (H2O) are used as precursor and co-reactant, respectively.
The capping layers are deposited at 200◦C. For a layer of 10 nm, 91 ALD cycles are needed.
Details about the used Al2O3 ALD recipe, concerning temperatures, pressures and exposure
times inside the OpAl reactor are again provided in Table A.1 of Appendix A.1. (20)

3.3 Post-deposition anneal

A Jipelec JestFirst Rapid Thermal Processor is used for rapid thermal annealing of the
samples after deposition. During annealing, one or more samples are heated in the presence
of a background gas. The goal of annealing is to trigger chemical passivation. In order to
determine the preferred anneal treatment, all samples are first annealed in a hydrogen-rich
forming gas ambient. Forming gas is a reducing gas consisting of a mixture of hydrogen (H2)
and nitrogen (N2), in this case in a 1:9 ratio. Because of the hydrogen content of forming gas,
hydrogenation and chemical passivation is expected to be stimulated. Each sample is first
annealed at intervals of 50◦C, starting at the deposition temperature of the sample, with a
minimum of 200◦C, up to and including 400◦C, for a duration of 60 minutes per anneal.

When the sample with the best lifetimes has been determined, the effect of the anneal
ambient is examined by annealing new samples of the same type in inert nitrogen gas (N2)
or oxidizing oxygen gas (O2), respectively. Moreover, the effect of anneal time on passivation
is examined by annealing for shorter times.
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3.4 Sample analysis

Lifetime and J0

A Sinton Instruments WCT-120TS Lifetime Tester is used to determine the charge carrier
recombination lifetime of each lifetime sample after deposition and after each post-deposition
anneal. For the determination of the lifetime, the generalized analysis mode is used. The
lifetime is always measured for a minority carrier density of 1015 cm−3. Since J0 is closely
linked to the recombination lifetime, J0 is only determined for samples with interesting life-
times or other relevant properties. Moreover, J0 is often difficult to determine for samples
with low lifetimes. J0 is determined in the general analysis mode as well, by the method of
Kane and Swanson. (21) The generalized analysis mode also allows for the determination of
the quasi Fermi level splitting (iVOC).

Spectroscopic ellipsometry

Ex situ spectroscopic ellipsometry (SE) measurements are conducted using a J.A. Woollam
Inc. M2000D ellipsometer at variable angles (60◦-80◦) with collecting wavelengths from 1.25
eV up to 6.50 eV. The thickness, optical constants and band gap of MoOx are determined
using a combination of a general oscillator and a Tauc-Lorentz oscillator. The Al2O3 capping
layer is modeled using a Cody-Lorentz oscillator. A Gaussian oscillator is added in order to
measure possible subgap absorption.

X-ray photo electron spectroscopy

A Thermo Scientific K-Alpha1066 X-ray photo electron spectrometer (XPS) is used to inspect
the elemental composition and chemical state of the deposited MoOx thin layer after each
anneal step. The Mo3d peak is investigated to confirm the frequently observed substoichio-
metric composition of ALD MoOx. For the same reason, the O1s peak is investigated. The
C1s and N1s peaks are examined in order to determine the purity of the deposited MoOx

layer before annealing. Note that the N1s peak overlaps with the Mo3p peak.

Optical microscopy

A Zeiss Axio Imager.Z2m optical microscope is used in order to inspect the sample surfaces
and scans for any damages and delaminations in the deposited layers. The microscope allows
for magnifications in the range from 2.5x up to and including 100x.
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Chapter 4

Results and discussion

This chapter provides and discusses the results of the experiments described in Chapter 3.

4.1 Lifetime measurements

4.1.1 Effect of forming gas anneal on passivation

First, it is checked whether ALD MoOx deposited onto a SiO2 tunnel oxide provides passiva-
tion for c-Si wafers. For this purpose, MoOx is deposited at different substrate temperatures,
ranging from 50◦C to 300◦C with intervals of 50◦C. In order to trigger chemical passivation,
the sample is annealed in forming gas at temperatures starting at the deposition temperature
of the sample, with a minimum of 200◦C, up to and including 400◦C, for a duration of 60
minutes per anneal. After each 60 minute anneal, the anneal temperature is increased by
50◦C. The MoOx-sample, for which poor passivation has been reported, is used as a reference
sample and undergoes the same treatment.

Figure 4.1 shows the minority carrier lifetime as a function of the cumulative anneal time
for each anneal step. First note the open markers at the bottom of the graph. This is the
MoOx-sample deposited at 50◦C, which yielded the highest lifetimes of every MoOx-sample
with a corresponding J0 value of 656 fA/cm2. This is well outside the aforementioned range
of <100 fA/cm2, which indicates very poor passivation for the MoOx-sample. The reported
lack of c-Si surface passivation by MoOx deposited directly onto c-Si is confirmed by these
measurements. One possible explanation for the lack of passivation is the possible formation of
a SiO2 potential barrier upon annealing, where oxidation of the interface is induced by oxygen
reduction in MoOx. (22) Obviously, a SiO2 layer is also present in the SiO2/MoOx-samples.
However, RCA tunnel oxide is of higher quality and significantly less defective.

The minority carrier lifetimes of the SiO2/MoOx-samples are depicted with closed markers
in Figure 4.1. Each sample has a maximum lifetime after being annealed at 300◦C, except
for the sample deposited at 300◦C which peaks after being annealed at 350◦C. Lifetimes start
to decrease rather rapidly after annealing at 350◦C, only to reach negligible lifetimes after
annealing at 400◦C. The SiO2/MoOx-sample deposited at 200◦C is of particular interest since
passivation is triggered at lower temperatures with respect to the other samples. Moreover,
the sample reaches the highest lifetime of every SiO2/MoOx sample with a value of 485 µs
and a corresponding J0 value of <115 fA/cm2. While this value is a little above the ideal
range of <100 fA/cm2, a forming gas anneal treatment achieves a significant improvement
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Figure 4.1: This graph shows minority carrier lifetimes as a function of cumulative anneal time
for a forming gas anneal treatment. The filled markers represent the charge carrier lifetimes of the
SiO2/MoOx-samples deposited at different temperatures. Each sample is annealed at intervals of 50
◦C for a duration of 60 minutes per anneal. The open markers represent the MoOx/-sample that
acquired the highest lifetime.

in passivation with respect to the as-deposited samples and the MoOx-sample. The lifetime
peaks of Figure 4.1 in the range of 300◦C to 350◦C show that a post-deposition anneal is
required to achieve passivation. Passivation of c-Si by annealing in forming gas is most
likely attributable to chemical passivation. However, based on the results of Figure 4.1, it is
not possible to determine to which extent field-effect passivation may contribute to surface
passivation of c-Si.

As mentioned in Section 2.1, ALD MoOx deposited at lower temperatures contains more
hydrogen (up to 20 at.%) than ALD MoOx deposited at higher temperatures (around 3 at.%)
for 200◦C. (14) However, Figure 4.1 shows no clear relation between deposition temperature
and and maximum achievable lifetimes. Therefore, the hydrogen content of the MoOx layer
appears not to be a decisive factor, which means it is likely that forming gas provides hydrogen
for chemical passivation.

4.1.2 Effect of Al2O3 capping on passivation

The results of Figure 4.1 show that it is possible to achieve quite decent surface passivation
using ALD MoOx as passivating contact. Next, it is checked whether a hydrogen-rich Al2O3

capping layer can improve passivation, either by providing hydrogen or preventing hydrogen
from leaving the heterojunction. For this purpose, the lifetimes of SiO2/MoOx/Al2O3-samples
and MoOx/Al2O3-samples are investigated. Again, MoOx is deposited at temperatures rang-
ing from 50◦C to 300◦C and annealed from temperatures starting at the deposition temper-
ature, with a minimum of 200◦C, up to and including 400◦C. Figure 4.2 again shows the
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minority carrier lifetimes as a function of cumulative anneal time.
Again, note the open markers at the bottom of the graph of Figure 4.2. These represent

the lifetimes of the MoOx/Al2O3-sample deposited at 50◦C. The lifetimes are very close to
zero and the lowest J0 value is as high as 1695 fA/cm2, again indicating very poor passivation
for samples without SiO2 tunnel oxide. In combination with the results for the MoOx-sample
of Figure 4.1, this shows that MoOx deposited directly onto c-Si does not passivate the c-Si
surface. Therefore, in order to use ALD MoOx as passivating contact, an inter layer like the
high quality RCA SiO2 tunnel oxide is required.

Figure 4.2: This graph shows minority carrier lifetimes as a function of cumulative anneal time
for a forming gas anneal treatment. The filled markers represent the charge carrier lifetimes of the
SiO2/MoOx/Al2O3-samples deposited at different temperatures. Each sample is annealed in the same
way as the samples of Figure 4.1. The open markers represent the MoOx/Al2O3-sample that acquired
the highest lifetime.

Non of the lifetimes of the SiO2/MoOx/Al2O3-samples of Figure 4.2 exceed the lifetimes
of the SiO2/MoOx-samples of Figure 4.1 at any given anneal time. The lifetimes of the
SiO2/MoOx/Al2O3-samples peak after annealing at 250◦C. Again, the sample deposited at
200◦C reaches the highest lifetime, with a value of 295 µs and a corresponding J0 value of 211
fA/cm2, which is too high for effective passivation. However, this does not necessarily mean
Al2O3 is ineffective in providing or containing hydrogen.

The decrease in lifetime starts at a cumulative anneal time of 120 minutes, the same time
at which blisters seemingly start to appear in the sample. A blister a defined as a local
delamination in a layer and usually appears when temperatures are increased very rapidly, (8)

which is the case when annealing. Details on blistering of these samples are provided in Section
4.2.3. Blisters cause a large increase in defects which in turn leads to reduced passivation.
The decreasing lifetimes are thus not necessarily due to the inability of Al2O3 to provide or
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contain hydrogen, but more likely due to accumulation of hydrogen at defects. When Al2O3

indeed effectively contains hydrogen, Al2O3 might also be a diffusion barrier for hydrogen in
forming gas and consequently prevent chemical passivation by annealing in forming gas.

4.1.3 Effect of anneal ambient on passivation

As mentioned, passivation in the experiments of Figures 4.1 and 4.2 is likely due to a combina-
tion of chemical passivation and field-effect passivation. In order to get an indication to what
extent hydrogenation by forming gas contributes to passivation, the effect of different anneal
ambients on passivation is examined. The SiO2/MoOx-sample deposited at 200◦C is used for
this purpose, since this sample yielded the best lifetimes in the previous experiments. For
this experiment, new SiO2/MoOx-samples are annealed in inert N2 gas or oxidizing O2 gas.
As opposed to forming gas, both gases contain no hydrogen. The data of Figure 4.1 is used as
reference for a forming gas anneal. Each sample is again annealed at temperatures starting
at the deposition temperature of the sample up to and including 400◦C, for a duration of 60
minutes per anneal.

Figure 4.3: The minority carrier lifetimes of the SiO2/MoOx-sample, deposited at 200◦C, annealed
from 200◦C up to and including 400◦C in forming gas, N2 gas and O2 gas.

The results of the lifetime measurements are shown in Figure 4.3. At any given time
during the anneal treatment, lifetimes of the sample annealed in forming gas outperform the
lifetimes of the samples annealed in N2 and O2 gas. Annealing in N2 gas and O2 gas only
yields J0 values of 383 fA/cm2 and 300 fA/cm2 respectively, a opposed to 115 fA/cm2 for a
forming gas anneal. Superior surface passivation is thus achieved by annealing in forming gas.
Note that annealing in reducing, inert and oxidizing ambients likely affects the stoichiometry
of MoOx in different ways. This, as explained in Section 2.1, also affects the work function
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and thus possibly affects field effect passivation induced by band bending. This complicates
quantifying to which extent chemical passivation and field-effect passivation contribute to
surface passivation of c-Si during annealing. However, based on Figure 4.3, it is very likely
chemical passivation, as a result of hydrogenation by forming gas, contributes the most to
surface passivation by a significant margin. Hydrogenation of the interface by a forming
gas anneal is thus considered a requirement for chemical passivation of c-Si with MoOx as a
passivating contact. The effect of anneal ambient on stoichiometry is investigated in Section
4.2.

4.1.4 Effect of anneal time on passivation

So far, the experiments of Figures 4.1, 4.2 and 4.3 have provided valuable insights into which
processing steps are needed to achieve passivation with MoOx as a passivating contact. The
SiO2/MoOx-sample, deposited at 200◦C and annealed in forming gas at 300◦C achieved the
best surface passivation with a J0 value of 115 fA/cm2. In order to determine the minimal
possible value for J0, new SiO2/MoOx-samples deposited at 200◦C are annealed in forming
gas. This time, however, the samples are annealed at 300◦C and 350◦C without prior annealing
at lower temperatures, since best passivation has been achieved in this range. Moreover, the
samples are annealed at shorter time intervals, in order to determine the ideal anneal time for
achieving passivation. The samples are annealed for 5, 10, 15, 30 and 60 minutes, resulting in
a cumulative anneal time of 120 minutes. The lifetimes and J0 values are shown as a function
of cumulative anneal time in Figure 4.4.

Figure 4.4: The anneal time dependence of lifetime and J0 for SiO2/MoOx-samples, deposited at
200◦C and annealed in forming gas at 300◦C and 350◦C.
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For low temperatures, lifetimes of both samples increase rapidly. However, after a cu-
mulative anneal time of only 15 minutes, lifetimes of the sample annealed at 350◦C start to
decrease gradually. Lifetimes of the sample annealed 300◦C keep increasing slowly and reach
a maximum value of 547 µs after a cumulative anneal time of 120 minutes. Note that the
curve has not yet reached its maximum at this point. Values for J0 (shown in blue) follow
a similar but inverse trend. Again, J0 of the sample annealed at 300◦C keeps following this
trend, while J0 of the sample annealed at 350◦C starts to increase after 60 minutes of cu-
mulative anneal time. An anneal temperature of around 300◦C is thus the ideal annealing
temperature for achieving passivation for this particular sample.

After a cumulative anneal time of 60 minutes, J0 reaches a value of 97 fA/cm2, which is
just below the threshold value of 100 fA/cm2. After a cumulative anneal time of 120 minutes,
J0 reaches a minimum value of 88 fA/cm2. The SiO2/MoOx-sample, deposited at 200◦C and
annealed in forming gas at 300◦C, thus shows decent surface passivation. Note, however, that
the measured lifetime samples are not yet metallized.

When MoOx is insufficiently selective, metallization may lead to increased electron cur-
rents towards the hole selective contact Higher electrons densities at the interface increases the
probability of recombination and thus leads to increased values of J0. The results of Figure
4.4 should thus be interpreted carefully and the J0 value of 88 fA/cm2 should be considered
a lower limit.
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4.2 Structural and optical changes upon annealing

SE, XPS and optical microscopy experiments have been conducted in order to determine
the effect of annealing on the structure, optical constants and chemical composition of ALD
MoOx, and the possible effect of these parameters on surface passivation. The conducted
experiments mainly focus on the SiO2/MoOx-samples deposited at 200◦C, since these are the
samples that achieved the best passivation.

4.2.1 Forming gas anneal

In order to determine the effect of a forming gas anneal on the structure and optical con-
stants of MoOx, thicknesses and refractive indices are determined. Figure 4.5 shows the layer
thickness (a) and refractive index (b) for the SiO2/MoOx-sample, as a function of cumulative
anneal time. The SiO2/MoOx-samples used for these measurements are the same as the ones
used in the lifetime measurements of Figure 4.1. The anneal treatments for Figures 4.1 and
4.5 are thus identical as well.

(a) (b)

Figure 4.5: MoOx layer thickness (a) and refractive index (b) for the SiO2/MoOx-sample as a function
of cumulative anneal time for a forming gas anneal.

The as-deposited layer thickness ranges from 10.1 nm to 11.3 nm. This means there is
a relatively small discrepancy with respect to the expected GPC of ALD MoOx reported in
Table 3.1. After annealing for a cumulative anneal time of 240 minutes, however, a clear
pattern starts to emerge. For each deposition temperature, MoOx thickness decreases upon
annealing. For lower deposition temperatures, the decrease in MoOx layer thickness is larger
than for higher deposition temperatures. This is particularly evident at the 180 minute mark.
After annealing at 350◦C, at the 240 minute mark, errors in the fits used for determining
layer thickness started to increase. This is especially noticeable for the sample deposited at
250◦C. After annealing at 400◦C, the errors grow intolerably large. These results are thus
excluded from the graph. While Figure 4.5 only shows the results for the SiO2/MoOx-sample,
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the results for the MoOx-sample show the same characteristics and trends.
The decrease in MoOx layer thickness may have several causes. For one, decreasing layer

thickness may be due to etching by forming gas. However, while MoOx thicknesses decrease
during annealing in forming gas, the refractive indices increase as a function of anneal time,
as seen in Figure 4.5(b). This indicates that decreasing thickness of the MoOx layer is more
likely due to densification than etching. As-deposited refractive indices range from 1.80 to
2.12, which is in accordance with values reported in literature. (14) The relatively wide range
of as-deposited refractive indices is attributed to differences in mass density. (23) This means
the MoOx layers deposited at higher temperatures contain less voids resulting in more dense
layers. MoOx layers deposited at lower temperatures are more porous and contain more
hydrogen, which explains the lower mass density.

Decreasing layer thickness and increasing refractive index are thus most likely due to
densification of MoOx upon annealing. Densification may happen as a result of a decreased
number of void in MoOx. However, oxygen reduction induced by the reducing forming gas may
also contribute to densification. This possibility is checked by means of XPS measurements.
In any case, MoOx deposited at temperatures of 200◦C, 250◦C and 300◦C is more thermally
stable than MoOx deposited at lower temperatures. Moreover, as shown in Table 3.1 of
Chapter 3, the GPC of MoOx is considerably smaller for high deposition temperatures. This
may indicate that, whatever causes MoOx to densify, is already happening during deposition.

Errors in thickness and refractive index of the samples capped with Al2O3 are too large
to plot decent graphs as well. This is most likely due to blistering, which is explained in more
detail in 4.2.3 The effect of a forming gas anneal on thickness and refractive index can thus
not be determined for these samples by means of SE measurements.

MoOx oxidation states

In order to determine the effect of a forming gas anneal on stoichiometry and oxidation states
of MoOx, XPS measurements have been performed. The purpose of these measurements is
to examine whether stoichiometry may affect passivation. Moreover, the possibility of MoOx

densification as a result of oxygen reduction is checked.
Figure 4.6 (a) shows the measured spectra for the SiO2/MoOx-sample deposited at 200◦C,

which is the sample that achieved the best surface passivation. In each spectrum, two peaks
are observed which represent the Mo3d5/2 and Mo3d3/2 doublet levels. For the as-deposited
sample, the Mo3d5/2 is located at 232.9 eV. This value closely corresponds to literature values

of 233.1 eV of a fully oxidized Mo+6 state. (24) Small deviations in peak values are likely caused
by either surface charging or the slightly substoichiometric composition of as-deposited MoOx.
During annealing up to and including 300◦C the Mo3d5/2 peaks are still located at 232.9 eV,
indicating MoOx stoichiometry close to x = 3. However, as a multi valence element, Mo can
have different oxidation states. (25) These oxidation states are visible as shoulder peaks in the
XPS spectrum. Figure 4.6(b) shows the XPS spectrum of the SiO2/MoOx-sample of Figure
4.6(a) annealed at 200◦C, with highlighted shoulder peaks. The fully oxidized Mo+6 peak,
highlighted in red, is still located at 232.9 eV. Mo3d5/2 shoulders peak are located at 231.7 eV
(blue) and 230.1 eV (green), which respectively corresponds with Mo+5 and Mo+4 oxidation
states of MoO3. These peaks indicate oxygen vacancies, which means oxygen reduction is
already happening when annealing at 200◦C and 300◦C.
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(a) (b)

Figure 4.6: Figure (a) shows XPS spectra of the Mo3d core levels for MoOx layers in the SiO2/-
MoOxsample deposited at 200◦C and annealed at different temperatures in forming gas. Figure (b)
shows the spectrum of the same sample annealed at 300◦C, with highlighted MoO3 oxidation states:
Mo+6 (red), Mo+5 (blue) and Mo+4 (green).

Looking back at Figure 4.6(a), more dramatic changes take place after annealing at 400◦C.
The Mo3d5/2 peak shifts to 229.5 eV, which corresponds to MoO2.

(26) Mo+5 and Mo+4 ox-
idation states of MoO3 are still visible as well. At this point, oxygen in the MoOx layer is
thus heavily reduced, resulting in stoichiometry much closer to x = 2 than to x = 3. Unfortu-
nately, XPS measurements are not suitable for exactly quantifying MoOx stoichiometry. For
this purpose, Rutherford backscattering spectrometry (RBS) is much more suitable.

The reduction of oxygen and presence of oxygen vacancies is further backed by the results
of Figure 4.7. This graph shows the absorption coefficient, again of the same SiO2/MoOx-
sample deposited at 200◦C, for different anneal temperatures in forming gas. In the range
of 1.25 eV to 3.0 eV, increased absorption is observed upon increasing anneal temperatures.
This is caused by subgap absorption, which is attributed to the presence of oxygen vacancy
induced defects. (5)

In combination, the results of Figures 4.6 and 4.7 convincingly show oxygen reduction
is taking place during annealing in forming gas. This process is already happening at low
anneal temperatures and is accelerated at an anneal temperature of 400◦C, leading to MoOx

stoichiometries close to x = 2. Interestingly, the transition towards MoO2 happens simul-
taneously with respect to the decrease in lifetime, as seen in Figure 4.1. As mentioned in
Section 2.1, reduced stoichiometry is associated with reduced work functions which may lead
to reduced hole selectivity. (15) Reduced work functions thus also affect charge carrier densities
at the interface and lead to reduced field-effect passivation. However, the results of Figure
4.3 have shown that chemical passivation by a forming gas anneal is the main contributor
to surface passivation. The effect of reduction on decreasing passivation is thus considered
rather small.

24



Figure 4.7: The absorption coefficient for the SiO2/MoOxsample deposited at 200◦C and annealed
at different temperatures in forming gas.

The transition of MoO3 towards MoO2 explains the erroneous fits in the SE measurement
results of Figure 4.5 after annealing at 400◦C. While oxygen reduction is taking place, no
clear correlation between decreasing layer thickness and increased oxygen reduction is found.
Decreased MoOx layer thickness is thus most likely attributable to densification as a result of
disappearing voids in porous MoOx. However, a small contributing of oxygen reduction can
not be ruled out completely.

Molybdenum spectra for different deposition temperatures

Figure 4.6(a) showed the Mo3d spectrum for the SiO2/MoOx-sample deposited at 200◦C
and annealed in forming gas. This sample has been analyzed since this is the sample with
the best lifetimes. However, XPS measurements of SiO2/MoOx-sample deposited at other
temperatures yielded interesting results as well. The Mo3d spectra for the SiO2/MoOx-sample
deposited at 100◦C and 300◦C are shown in Figure 4.8(a) and (b), respectively.

For annealing temperatures up to and including 300◦C, both graph (a) and (b) show
very similar spectra with respect to the sample deposited at 200◦C of Figure 4.6(a). After
annealing at 400◦C, three peaks appear in the spectrum in graph (a) at 229.5 eV, 232.6 eV
and 235.4 eV. The peaks at 229.5 eV and 232.6 eV correspond to Mo3d5/2 and Mo3d3/2 energy
levels of MoO2. The peaks at 232.6 eV and 235.3 eV correspond to Mo3d5/2 and Mo3d3/2

energy levels of MoO3. The Mo3d5/2 level of MoO3 thus overlaps with the Mo3d3/2 level of

MoO2, explaining a more intense peak at 232.6 eV. (25) Together, the three peak indicate the
simultaneous presence of MoO2 and MoO3. Oxygen reduction thus seems to happen at a
slower rate with respect to the sample deposited at 200◦C.
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(a) (b)

Figure 4.8: Mo3d spectra for the SiO2/MoOx-sample deposited at 100◦C (a) and 300◦C (b) for
different anneal temperatures.

For the sample deposited at 300◦C, in graph (b), the dominant Mo3d5/2 peak does not
shift after a 400◦C anneal and is still located at 232.9 eV. While Mo+5 and Mo+4 shoulder
are getting more pronounced at this point, a major transition to MoO2 is not happening.
Oxygen reduction thus seems to be happening at an even slower rate with respect to the
samples deposited at 100◦C and 200◦C.

Interestingly, the XPS spectrum of the sample deposited at 50◦C is almost identical to
graph 4.8(b). Therefore, MoOx seems to be more thermally stable for higher (300◦C) and
lower (50◦C) deposition temperatures than for intermediate deposition temperatures. How-
ever, lifetimes in Figure 4.1 peak for intermediate deposition temperatures of 100◦C and
200◦C. Again, this seems to confirm the limited extent to which field-effect passivation con-
tributes to the surface passivation of c-Si. These results, combined with the results of Fig-
ures 4.6(a) and 4.8 show that the rate of oxygen reduction in MoOx upon a forming gas
anneal, is a complex process which depends on the deposition temperature of MoOx in a
non-straightforward way.

XPS measurements on oxygen peaks

As mentioned in Section 3.4, O1s, C1s and N1s peaks have also been investigated by means of
XPS measurements. Since sputter measurements permanently change the structure of MoOx,
XPS measurements are only performed at the sample surface. As a result, the measured C1s
and N1s peaks do not provide any valuable information on carbon and nitrogen content of
the ALD MoOx. However, based on literature on ALD MoOx deposited in a OpAl reactor,
carbon and nitrogen contents are expected to be around 9 and 8 at.%, respectively. (23)
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(a) (b)

Figure 4.9: O1s peaks for the SiO2/MoOx-sample deposited at 200◦C annealed at different temper-
atures (a) and highlighted fitting peaks for the same sample after deposition and after annealing at
400◦C.

Spectra for the O1s peak of the SiO2/MoOx-sample deposited at 200◦C have been investi-
gated after anneal treatment at different temperatures. The results are shown in Figure 4.9(a).
The graph shows a clear peak at around 530.9 eV, which corresponds to oxygen-molybdenum
(O-Mo) bonds. At low annealing temperatures, the spectra are relatively invariant. Only af-
ter annealing at 400◦C, a change in XPS spectrum appears (red line). In order to investigate
this change in more detail, the as-deposited spectrum and the spectrum after annealing at
400◦C are compared in Figure 4.9(b). The as-deposited spectrum, in the bottom part of the
graph, consists of two peaks, one of which is the dominant peak at 530.9 eV corresponding
with O-Mo bonds in MoO3

(26). The other peak (in blue) is located at 532.3 eV and corre-
sponds to hydroxyl (-OH) groups. (14) The peak also corresponds to carbonoxygen bonds and
might therefore also be explained by absorbed surface species. (27)

As seen in both Figure 4.9(a) and (b), the dominant O1s peak slightly shifts to 530.2
eV after annealing at 400◦C. Moreover, the spectrum broadens. While this spectrum is
relatively difficult to fit, the most plausible fit is shown in the upper part of Figure 4.9(b).
Here, the dominant peak (in green) is located at 530.2 eV, which corresponds more closely
to O-Mo bonds in MoO2.

(26) The peak at 530.9 eV (in red) still represents O-Mo bond in
MoO3. However, its intensity has been deceased significantly with respect to the as-deposited
sample and is no longer the dominant peak. This is consistent with earlier observed oxygen
reduction. The peak at 532.3 eV (in blue) still corresponds to hydroxyl groups. The peak is
a little broader, which might be explained by increased hydrogen content. (28) However, since
this peak might also be explained by absorbed surface species, it is hard to exactly determine
the cause of broadening.
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4.2.2 Oxygen and nitrogen gas anneal

In order to examine the effect of anneal ambient on thicknesses and refractive indices, SE
measurements are performed on SiO2/MoOx-samples deposited at 200◦C annealed in inert
N2 and oxidizing O2 gas. The results of these measurements are shown in Figure 4.10. The
data of the fits for a forming gas anneal are included as reference and are shown in black.
The data after annealing at 400◦C are again excluded due to erroneous fits.

(a) (b)

Figure 4.10: Thickness (a) and refractive index (b) for the SiO2/MoOx-samples deposited at 200◦C,
annealed in different anneal ambients at 300◦C.

For the anneal treatment in N2 and O2 gas, new SiO2/MoOx-samples are deposited at
200◦C. As shown in Figures 4.10(a) and (b), the as-deposited samples show slightly different
characteristics with respect to the as-deposited sample used for a forming gas anneal, for the
same ALD recipe. With a thickness of 8.8 nm and a refractive index of 2.0, the MoOx is a
little thinner and a little less dense. Interestingly, MoOx thickness decreases at a much larger
rate upon annealing in N2 and O2 gas, with respect to an annealing in forming gas. This is
especially true for the first anneal at 200◦C. From a cumulative anneal time of 60 minutes and
onward, thickness decreases at a rate comparable to the decrease for a forming gas anneal.
At the same time, the trends in refractive indices upon annealing start to overlap. At this
point, MoOx layer densities are likely similar for the samples annealed in forming gas.

The results of Figure 4.10 show decreasing MoOx layer thickness upon annealing, no
matter what anneal ambient. The effect of oxygen reduction on decreasing thickness may
thus be assumed to be very small compared to other effects. One of these other effects is
the densification of MoOx. Densification is assumed based on the simultaneous decrease and
increase of thicknesses and refractive indices, respectively. This is especially clear in the first
60 minutes of annealing in N2 and O2 gas, where a large decrease in thickness results in a
large increase in refractive index.
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XPS measurements for oxygen anneal

(a) (b)

Figure 4.11: The Mo3d spectrum for the SiO2/MoOx-sample deposited at 200◦C and annealed in
O2 gas at different temperatures (a) and the absorption coefficient for the same sample and anneal
treatment (b). Graph (b) shows minimal subgap absorption between 1.25 eV and 3.0 eV and a slightly
increasing band gap energy upon annealing.

In order to determine the effect of different anneal ambients on MoOx oxidation states, XPS
measurements are performed on the SiO2/MoOx-sample deposited at 200◦C. Figure 4.11(a)
shows the results of these measurements for the Mo3d peak, for an anneal in O2 gas. Again,
the Mo3d5/2 peak is located at 232.9 eV, which corresponds to the fully oxidized Mo+6

state. This time however, the XPS spectrum stays pretty much constant during the anneal
treatment. For an anneal in forming gas, Mo+5 and Mo+4 shoulders started to appear after
annealing at 200◦C and 300◦C. In Figure 4.11, the shoulder peaks even seem to decrease,
possibly indicating further oxidation of MoOx. The largest difference with respect to Figure
4.6(a) is noticeable after annealing at 400◦C. While a forming gas anneal caused a large
shift in the position of the Mo3d5/2 peak towards 229.5 eV, the spectrum does not change
for an anneal in an O2 ambient. Figure 4.11(b) shows the absorption coefficient for the
same anneal treatment. Earlier observed subgap absorption is significantly reduced for an O2

anneal ambient. For anneal temperatures of 300◦C and onward, the band gap energy seems
to shift from 3 eV towards 4 eV. This may indicate crystallization of amorphous MoOx. (7)

This possibility is supported by Raman spectroscopy as seen in Figure A.1 of Appendix A.2.
The lack of change in the XPS spectrum of graph (a) and the decreased subgap absorption

(b) of Figure 4.11, indicates oxygen reduction in an O2 annealing ambient is happening to a
lesser extent. This is to be expected since oxygen is an oxidizing gas. As mentioned, XPS is
not very well suited to quantify stoichiometry. However, based on the unchanged spectrum, it
is safe to assume stoichiometry has not significantly changed during annealing. Especially in
combination with the unchanging O1s spectrum, as shown in Figure 4.12. This means MoOx

stoichiometry likely is close to the as-deposited value of x = 2.9. (14) This also means the work
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function has not significantly changed during annealing in O2 gas. Recalling the lifetime
measurements of Figure 4.3, an anneal in O2 gas only yielded J0 values of 300 fA/cm2. The
extent to which field-effect passivation contributes to surface passivation of c-Si thus seems
to be rather low. Especially with respect to chemical passivation. This observation is backed
by earlier XPS measurements on Mo3d peaks. Therefore, hydrogenation by a forming gas
anneal still is the best way way to achieve surface passivation of c-Si. However, a forming gas
anneal in addition to an O2 gas anneal might improve surface passivation by achieving both
surface and field effect passivation.

Figure 4.12: The O1s spectra of the SiO2/MoOx-sample deposited at 200◦C and annealed at different
temperatures in O2 gas.

XPS measurements for nitrogen anneal

Lastly, the Mo3d and O1s spectra of the SiO2/MoOx-sample deposited at 200◦C are checked
for an anneal in a N2 gas. The results of these measurements are shown in Figure 4.13. The
dominant Mo3d5/2 peak is located at 232.9 eV and does not shift during anneal treatments.
Mo+5 and Mo+4 oxidation states of MoO3 start to appear after annealing at 300◦C and are
very pronounced after annealing at 400◦C. Oxygen reduction does thus take place in an inert
N2 anneal ambient as well. However, in a forming gas ambient the oxygen reduction happens
at a much higher rate, resulting in a shifted Mo3d5/2 peak (Figure 4.6(a)). In an O2 anneal
ambient, oxygen reduction is not observed at all (Figure 4.11). The rate of oxygen reduction
in a N2 ambient thus seems to be in between the rate of oxygen reduction for an anneal in the
reducing forming gas and the oxidizing O2 gas. This is to be expected for an inert gas. The
O1s peaks of Figure 4.13(b) show similar behavior. In every anneal ambient, the dominant
peak is located at around 530.9 eV for anneal temperatures up to and including 300◦C. After
annealing at 400◦C, the O1s peak for a N2 anneal shifts to 530.4 eV, which again is in between
the peaks for a forming gas (530.2 eV) and O2 (530.8 eV) anneal at 400◦C.
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(a) (b)

Figure 4.13: Mo3d and O1s XPS peaks for the SiO2/MoOx-sample deposited at 200◦C and annealed
at different temperatures in N2 gas.
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4.2.3 Layer delamination and damages

After annealing at certain temperatures, layer delamination seemingly started to happen in
different samples. A lot of factors may cause and affect delamination. However, during an
anneal treatment, delamination is most likely the result of etching of the surface by gases in
the anneal ambient, or the result of blistering. Blisters are defined as the local delamination,
usually of Al2O3 and are most easily recognizable by colored interference patterns at their
edges. Blisters are formed when pressure builds up due to accumulation of hydrogen at defects,
most likely at the c-Si/SiO2 interface. Although the causes and prevention of blistering are
interesting research topics on their own, (29) (30) this section focuses on the detection of any
blisters and not necessarily on the underlying mechanisms.

First, the SiO2/MoOx-samples deposited at 200◦C are checked for any delaminations and
damages with an optical microscope. These samples achieved the best passivation after a
forming gas anneal at 300◦C. After annealing at 350◦C and 400◦C, lifetimes rapidly dropped
to values close to zero, indicating very poor passivation. Figure 4.14 shows the sample surfaces
after a 300◦C (a), 350 ◦C (b) and a 400◦C (c) forming gas anneal, with a 2.5x magnification.
Each sample is annealed for a cumulative anneal time of 300 minutes.

(a) (b) (c) (d)

Figure 4.14: A 2.5x magnification of SiO2/MoOx-samples deposited at 200◦C and annealed at 300◦

(a), 350◦C (b) and 400◦ (c) in forming gas for a cumulative anneal time of 300 minutes. Figure (d)
shows a 100x magnification of a blister of figure (a). An interference pattern is visible at the edge of
the blister.

On the surface of the sample annealed at 300◦, small damages of a few µm are visible.
Even small blisters with a size in the order of 10 µm are already visible. Figure (d) shows a
100x magnified image of one of these blisters, including the interference pattern at the edge.
The blister has a diameter of approximately 40 µm. After annealing at 350◦ (b), the damages
are more numerous and blisters start to appear at more places. This makes it very likely
the damages are inflicted during annealing in forming gas. Moreover, anneal temperature
seems to affect blistering. This is far more obvious when looking at the inflicted damage
after annealing at 400◦ (c). At this point, large blisters around the size of 200 µm appear, as
well as more etching pits. The drop in minority carrier lifetime of the SiO2/MoOx-samples,
as observed in Figure 4.1, happens simultaneously with the delamination of the sample. It
therefore seems very likely that increased defects, as a result of severe damaging during
annealing in forming gas, have a large effect on deteriorating surface passivation. However,
an effect of oxygen reduction on decreasing passivation can still not be ruled out completely,
since oxygen reduction and blistering happen simultaneously.

When blistering occurs as a result of hydrogen accumulation at interface defects, (30) the
blisters could indicate that hydrogen is in fact successfully diffusing towards the interface.
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However, the rate at which this is happening might be too large, causing accumulation and
blistering. The damage might also be a result of etching by forming gas. While etching of
MoOx could explain the decreasing layer thickness of Figure 4.5, it does not explain increasing
refractive indices upon annealing. In any case, the changed surface structure, in combination
with considerable oxygen reduction, does explain the erroneous fits of layer thickness and
refractive index after annealing at 400◦C in Figure 4.5.

Al2O3 capping

As reported in Section 4.1.2 and Figure 4.2, lifetimes for samples with an Al2O3 capping
never achieved sufficient passivation. Decline in minority carrier lifetimes and apparent de-
lamination of the sample surface happened simultaneously, suggesting a correlation between
layer delamination and decreasing lifetimes. Optical microscopy is again used to examine the
delamination in more detail. Figure 4.15 shows a 2.5x magnification of the surfaces of the
SiO2/MoOx/Al2O3-samples deposited at 100◦C (a), 150◦C (b) and 300◦C (c), annealed at
400◦C for a cumulative anneal time of 300 minutes.

(a) (b) (c)

Figure 4.15: Blisters as observed by an optical microscope with a 2.5x magnification for the SiO2/-
MoOx/Al2O3-samples deposited at 100◦C (a), 150◦C (b) and 300◦C (c), annealed at 400◦C for a
cumulative anneal time of 300 minutes.

Each figure shows clear delamination after annealing at 400◦C in forming gas, indicating
blistering in the entire range of deposition temperatures. While etching pits of a few µm are
still visible, blisters in the range from 10 µm to a couple of hundred µm are most notable. In
Figure 4.15 large blisters seem to be located around high densities of defects (black spots),
suggesting hydrogen is indeed likely accumulating at defects. Smaller blisters seem to appear
in a path-like structure. Blisters in figure (b) are much less spherical than the blisters of
figures (a) and (c), possible due to bursting of blisters. (30)

While optical microscopy is only performed after annealing at 400◦C, it is reasonable to
assume blistering negatively affects passivation of the SiO2/MoOx/Al2O3-samples. Especially
in combination with the anneal-temperature-dependent results of Figure 4.14. Interestingly,
the presence of blisters indicates hydrogen is trapped in the heterojunction, which was exactly
the purpose of the Al2O3 capping layer. As seen in the lifetime measurements of Figure 4.2,
some kind of passivation seems to be achieved before blistering. Hydrogenation of unsatu-
rated bonds by trapped hydrogen may thus contribute to c-Si surface passivation. However,
blistering due to accumulation of trapped hydrogen is a unwanted side effect which needs to
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be avoided in order to determine whether an Al2O3 capping may indeed improve passivation.

Oxygen and nitrogen anneal

Lastly, the effect of annealing in N2 gas and O2 gas on the surface of the SiO2/MoOx-samples
deposited at 200◦C is examined. Figure 4.16 respectively shows the results for the anneal
in N2 gas (a) and an O2 (b) at 400◦C. The SiO2/MoOx-sample annealed in forming gas at
400◦C, as seen in Figure 4.14, is again shown in Figure 4.16(c) for comparison.

(a) (b) (c)

Figure 4.16: SiO2/MoOx-samples deposited at 200◦C and annealed at 400◦C in a N2 (a), O2 (b)
and forming gas (c) ambient.

From Figure 4.16 it is immediately apparent that the damage inflicted by annealing in
forming gas is more severe than the damage inflicted when annealing in a N2 or O2 ambient.
This is most unfortunate since a forming gas anneal treatment has turned out to be neces-
sary in order to achieve passivation. Figure 4.16 once again seems to confirm that observed
blistering for a forming gas anneal is most likely due to accumulated hydrogen provided by
forming gas.

Blistering due to accumulation of hydrogen thus seems to be the largest contributes to
decreasing lifetimes. However, hydrogenation of defects and dangling bonds has turned out
to be necessary for surface passivation. Preventing blistering thus seems to be the most
important challenge in order to improve passivation.

34



Chapter 5

Conclusions and outlook

At the start of this thesis, three research questions concerning the use of substoichiometric
MoOx as a passivating contact for c-Si heterojunction solar cells have been formulated. More-
over, J0 and ρcontact values of respectively <100 fA/cm2 and <1 Ωcm2 have been established
as critical values for an effective, carrier selective passivating contact. Chapter 4 has provided
the results and discussion of lifetime, SE, XPS and optical microscopy measurements, which
have been performed in order to answer the aforementioned research questions. This chapter
concludes the discussion of Chapter 4 and provides an outlook for further research, which
will hopefully contribute to a better understanding of MoOx as a passivating contact. The
findings of the conducted experiments of this thesis are summarized below. For convenience
purposes, the first two research questions are treated as one:

1. Does ALD MoOx deposited onto a SiO2 tunnel oxide provide passivation for c-Si wafers?
Which anneal treatment is required in order to achieve optimal passivation?

• In order to achieve c-Si surface passivation by depositing ALD MoOx, a SiO2 tunnel
oxide is always required.

• Passivation of c-Si is not improved by a hydrogen-rich Al2O3 capping layer.

• Surface hydrogenation by annealing in forming gas is required in order to achieve
passivation.

• Passivation peaks for forming gas anneals in the range of 300◦C to 350◦C.

• Optimal passivation is achieved for the SiO2/MoOx/-sample deposited at 200◦C
after a forming gas anneal of 120 minutes at 300◦C, which resulted in a J0 value
of 88 fA/cm2.

2. Does annealing cause changes in MoOx which affect passivation?

• Annealing causes densification of MoOx for every anneal ambient.

• Delamination and blistering of deposited layers occurs for high anneal tempera-
tures, especially in a forming gas anneal ambient, and is the main contributor to
deteriorating passivation.

• MoOx stoichiometry is significantly reduced by a forming gas anneal. Oxygen
reduction is suppressed by annealing in a N2 or O2 ambient, yet passivation is
not improved. Reduced stoichiometry thus only affects passivation to a very small
extent.
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With a minimum J0 value of 88 fA/cm2, the results of the conducted experiments show
that ALD MoOx can achieve rather decent surface passivation. Based on these passivating
qualities, ALD MoOx shows potential as a passivating contact. However, in order to assess
the potential of MoOx as a passivating contact more accurately, the passivating quality of a
metallized heterojunction with anti-reflective coating needs to be examined. Moreover, the
contact resistance ρcontact for holes needs to be determined in order to check hole-selectivity
of ALD MoOx. Conducting surface photovoltage (SPV) measurements may be useful to
evaluate hole-selectivity and to gain insight into band bending induced by MoOx. When
values of ρcontact turn out to be below 1 Ωcm2, ALD MoOx is even more promising as a
passivating contact.

Surface hydrogenation by annealing in forming gas has turned out to achieve best passi-
vation. Annealing in O2 gas has turned out to suppress oxygen reduction upon annealing.
Consecutively annealing in forming gas and O2 gas may thus achieve an optimal balance in
surface hydrogenation and MoOx oxidation. In turn, this may lead to improved passivation
by an optimal balance of chemical and field-effect passivation.

Blistering has been shown to be the main contributor to deteriorating passivation for high
annealing temperatures, especially in a forming gas anneal ambient or for samples capped with
an Al2O3 layer. Blistering is reported to happen when temperatures are rapidly increased,
which is the case in the conducted experiments. Therefore, blistering may be prevented by
slowly increasing temperatures during annealing.

For the conducted experiments, amorphous MoOx has been deposited and examined.
Examining the passivating properties of poly-crystalline MoOx, where grain-boundaries may
act as channels for surface hydrogenation, might be interesting for future research.

Lastly, it is important to realize this thesis has focused on SiO2/MoOx/-samples deposited
at 200◦C, since these samples initially achieved best passivation. It is advisable, however, to
investigate the passivating properties of ALD MoOx deposited at a wider range of deposition
temperatures in more detail as well.
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Appendix

A.1 Used ALD recipes for OpAl

Table A.1 shows the recipes used for the atomic layer deposition of MoOx and Al2O3 and in
an OpAl reactor.

Table A.1: Recipes used for the atomic layer deposition of MoOx and Al2O3.

Parameter ALD MoOx ALD Al2O3

Precursor ((NtBu)2(NMe2)2Mo) TMA
Co-reactant O2 plasma H2O
Deposition temperature 50 - 300◦C 200◦C
Wall temperature 50 - 180◦C 180◦C
Bubbler temperature 50◦C 30◦C
Line temperature 60◦C 50◦C
Precursor dosing time 4 s 20 ms
Precursor purge time 4 s 5 s
Co-reactant exposure time 5 s 100 ms
Reactant purge time 5 s 4 s
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A.2 Raman spectroscopy

Figure A.1 shows the Raman spectrum for the SiO2/MoOx-samples deposited at 200◦C and
annealed at 400◦C in a forming gas and O2 gas ambient. For the anneal in O2 gas, a peak is
visible at around 825 cm-1, which corresponds to the orthorhombic α-phase of MoO3. This
indicates MoOx is likely becoming crystalline for the aforementioned anneal treatment in O2

gas. In the spectrum of the sample annealed in forming gas, a smaller peaks appears to be
visible, possibly indicating crystallization for a forming gas anneal as well.

Figure A.1: Raman spectrum for the SiO2/MoOx-samples deposited at 200◦C and annealed at 400◦C
in a forming gas and O2 gas ambient.
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