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Abstract

The fabrication of p-type metal oxide semiconductors on an industrial scale would open up a lot of pos-
sibilities for electronic devices. The growth of tin oxide thin films by Spatial Atomic Layer Deposition
is investigated with the goal of producing p-type metal oxide thin films on a commercially viable scale.
Tetrakis(dimethylamino)tin(IV) is used as a precursor for this process, since it is the only wide-scale
available tin precursor for Atomic Layer Deposition. As a tin(IV) precursor, the thermal process with
water as a co-reactant results typically n-type tin dioxide thin films however.

Following up on previous research, an in-situ hydrogen-nitrogen plasma is added as an additional step
to the deposition process to in-situ reduce the tin to lower oxidation states. Central to this report are the
following topics: (i) the feasibility of using this plasma in tin oxide Spatial Atomic Layer Deposition,
(ii) the difference in material properties resulting from the thermal and the hydrogen plasma-assisted tin
oxide process, (iii) the resulting change reaction mechanisms and (iv) a comparison of these samples to
p-type tin monoxide.

A large number of both thermal and hydrogen plasma-assisted tin oxide are deposited and characterized.
The effects of exposure time, plasma composition and various other deposition parameters are studied
in order to characterize the differences between both processes. The growth per cycle as a function of
the exposure time is modelled to investigate possible reaction mechanisms. To determine whether the
fabrication of p-type tin oxide thin films is possible a tin monoxide reference sample is obtained for
comparison of the material properties.

The growth of hydrogen plasma-assisted tin oxide was shown to be a reproducible process. This process
does not result in p-type tin monoxide and is instead similar to the tin dioxide from the thermal deposition
process. There are however slight changes in the optical and electrical properties and the hydrogen
plasma-assisted samples contain some nitrogen impurities. The most significant difference between the
processes is the thermal process having a large deposition temperature dependency, which is not present
for the hydrogen plasma-assisted process.

It is concluded that these changes are due to the hydrogen plasma successfully reducing the tin to lower
oxidation states, but the tin is re-oxidized when reacting to the water precursor. The growth rate of the
hydrogen plasma-assisted tin oxide process is in contrast to the thermal tin oxide not dependent on the
amount of hydroxide ligands which form during the deposition. From comparison to kinetic models the
growth rate of hydrogen plasma-assisted tin oxide appears to be limited by the amount of precursor dosed
to the substrate rather than the chemical reaction rates.
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Chapter 1
Introduction

In today’s society the use of electronic devices is embedded everywhere in our day-to-day lives. A lot
of these devices are using silicon-based transistors. In recent years there has been a growing interest
in metal-oxide semiconductor materials as the replacement active material in transistors. Metal-oxide
semiconductor materials have an excellent charge carrier mobility in the amorphous phase and an high
optical transparency [1], which for example allows higher refresh rates for displays and transparent, flex-
ible devices [2,3].

Metal-oxide semiconductor materials can be divided in n-type and p-type materials. N-type semiconduc-
tors have free electrons as the majority charge carriers and the Fermi level lies closer to the conduction
band. In p-type semiconductors free electrons are the minority carrier and holes are the majority car-
riers. The Fermi level for p-type materials is below the intrinsic Fermi level and closer to the valence
band. Research has mostly been focussed on producing n-type metal-oxide semiconductor materials due
to the inherent difficulties of producing p-type materials. N-type materials such as indium gallium zinc
oxide (IGZO) are already commercially available as the thin film transistors (TFTs) active material in
OLEDs, but p-type materials are as of now unavailable at larger scales.

The importance of developing a suitable p-type MOS is that it creates the possibility of producing com-
plementary metal-oxide semiconductor logic circuit designs such as inventors which utilize both n-type
and p-type materials. The fabrication of these logic circuits would result in higher versatility and im-
provements such as lower power consumption and flexible circuitry.

Within Holst Centre/TNO investigatory studies have been performed [4,5] as part of a larger project to
explore the possibility of developing a p-type metal-oxide semiconductors for use in TFTs on a com-
mercially viable scale by using Spatial Atomic Layer Deposition (SALD). Promising results were
obtained by using tetrakis(dimethylamino)tin(IV) (TDMASn) and water together with an hydrogen-
nitrogen plasma to deposit SnOx. The material was characterized as possibly p-type or an ambipolar
material, with a great growth rate of 0.09 nm per cycle. This research is a continuation of the afore-
mentioned Holst Centre/TNO project, following-up on research performed by other students and aims to
provide a definitive conclusion about the viability of the above method.

This introduction chapter provides background information about the p-type metal-oxide semiconductor
material selection within this project. Afterwards the basics of Atomic Layer Deposition (ALD) will
be introduced together with its industrial-scale viable variant SALD. Finally an overview of the project
goals and outline of this thesis will be presented.
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1.1 P-type Metal-Oxide-Semiconductors

P-type semiconductors are characterized by the usage of holes as the majority charge carriers instead of
electrons. This results in an high formation energy for native acceptors as they have to create vacancies
and a low formation energy for native donors which easily fill the open vacancies [6]. In this research,
p-type metal oxide thin films are of special interest.

An intrinsic problem hinders the development of p-type metal oxides. P-type conductivity is possible
due to presence of overlapping oxygen 2p orbitals. The valence band maximum of these orbitals is
an anisotropic, which reduces the overlap of the orbitals. This results in an intrinsically low electrical
conductivity and low hole mobility [7]. Hybridizing the oxygen 2p orbitals with appropriate orbitals of
neighbouring metal cations improves the p-type conductivity as the overlap of the orbitals increases [8].

From the limited number of suitable candidate p-type materials, a couple (Ag2O, Cr2O3, and Co3O4)
were not considered due to a lack of recent progress and the nature of the project [4]. A material which
is intensively researched is NiO, however its toxicity and the extensive risks involved with it ruled it out
for further consideration. This resulted in two serious candidates, Cu2O and SnO.

Of the two materials, Cu2O has a lower reported bandgap of 1.9-2.0 eV compared to 2.5-2.8 eV for
SnO. The Hall mobility of Cu2O is unmatched however, with values up to 256 cm2 V−1s−1 reported in
literature [9], whereas values for SnO are generally lower than 10cm2 V−1s−1. The Cu(I) in the material
might convert to Cu(II) at room temperature however, which leads to stability issues. SnO also has
stability issues, but to a lesser degree. It has a low formation energy and the Sn2+ oxidizes to Sn4+ at
temperatures above 300 °C.

Cu2O is considered better material due to the significantly higher potential mobility. At the start of
the research project within Holst Centre/TNO the Cu2O precursors were not available, therefore as the
second option SnO was investigated instead. This lead to some interesting SnOx thin film layers which
sparked further interest, so it was decided to focus solely on SnOx.

1.2 Atomic Layer Deposition

There are numerous methods for thin film fabrication, but generally they can be classified into two
categories. The first is physical vapour deposition (PVD) which includes depositions by sputtering,
evaporation or sublimation, whereas chemical vapour deposition (CVD) involves depositions form the
vapour phase through chemical reactions [10]. Techniques vary on more specific aspects and the processes
can be either thermal or plasma enhanced at different pressure ranges.

Atomic layer deposition is a variant of CVD and can be used for low-temperature fabrication of uniform
layers with atomic-level thickness control. The key to a successful ALD deposition process is to devise
a reaction scheme consisting of a sequence of discrete, self-limiting adsorption and reaction steps [10].
Conventional ALD is therefore typically based on a four-step process. The precursor is pulsed into the
deposition chamber and reacts with the surface until all surface sites are consumed, after which a purging
step takes place with a non-reactive gas such as nitrogen to remove all residual reactant. The third step in
the process is the injection of a co-reactant, which reacts to the precursor surface ligands. This is followed
by another purge. The result is a self-limiting reaction, as the precursor can only react to surface sites
where the co-reactant is located and vice-versa. Any additional growth due to physisorption is removed
by the non-reactive purge gas, resulting in monolayer-by-monolayer growth of high-quality thin films.
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To obtain a certain desired thickness, the four-step process just needs to be repeated, as the thickness is
only dependent on the number of cycles.

1.3 Spatial Atomic Layer Deposition

The major drawback of ALD is its low deposition rate, which makes the technique unsuitable for the
intended industrial-scale applications of the Holst Centre/TNO project. An alternative approach to this
technique is Spatial Atomic Layer Deposition (SALD), where the half reactions are separated spatially
instead of through the use of purge steps in time [11]. This concept is illustrated in Figure 1.1. The
main advantage of the SALD approach is that the purge times are significantly reduced. Therefore, the
completion time of a single ALD cycle is no longer limited by the individual step times, which are in
the order of seconds. Instead it is limited by the kinetics of the specific reactions involved. Due to a
continues supply of precursor, this is in the order of tens of milliseconds instead.

(a) ALD (b) SALD

Figure 1.1: The conceptual difference between ALD and SALD schematically visualized. For ALD the substrate
is stationary and the environment is changed over time, during SALD the environment is fixed and the sample
changes in location, reducing the time per cycle significantly as the purge steps between dosages become obsolete.
Based on Poodt et al. [11].

The main challenge in ALD is the prevention of precursor intermixing. The purge steps between the half
reactions remove surplus precursor form the reaction chamber, so no mixing takes place. During SALD
the precursors are separated in location instead, and the sample travels between both zones. The purging
in SALD happens through the use of an inert gas zone such as nitrogen in between the precursor zones.

Successful SALD concepts are for example roll-to-roll, sheet-to-sheet and rotational SALD, of which the
latter will be used in this research. In rotational SALD, a gas injector head with different precursor slots
remains stationary, while a sample substrate rotates underneath. This is schematically shown in Figure
1.2. On the left side the reactor head is shown. The precursor gasses enter from the inlets at the bottom
and exit at the different precursor outlets shown as blue and green. In purple a plasma-slot is shown,
which is further discussed in section 2.2. Shown as small orange dots are the outlets for the inert gas
curtains which are used for purging.

The reactor head is situated in an oven, which is set to the desired deposition temperature, with the
reactive gasses and exhaust coming in from the top. It is supported by a gas bearing, and when properly
designed, the pressure field resulting from the gas flow out of the inert gas curtains can support the reactor
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Figure 1.2: An overview of the rotational SALD concept. On the left the bottom of the reactor head is shown from
below with the precursor slots (small green, large blue), plasma slot (purple) and nitrogen curtain outlets (organge
dots) visible. The right side of the image shows schematically the incorporation of the reactor head with the other
parts. Courtesy of Poodt et al. [12].

head just micrometers above the substrate [13]. This removes the the need for high-tolerance mechanical
fixtures. The substrate is placed on a rotatable substrate table, which is powered by a motor from the
bottom.

As mentioned before in this section, the cycle time of SALD is limited by the kinetics of the reaction
taking place. In contrast to conventional ALD, where the optimal time step for each step in a cycle can
be determined individually, for rotational SALD all step times are equal as the sample rotates with a
constant velocity. It is necessary to adjust this velocity to the reaction step which has the slowest reaction
kinetics in order to reach saturated growth. This reaction is called the rate-limiting reaction and differs
for each process. The exposure time t can by calculated by

t =
W

2πrν
(1.1)

where W is the width of the precursor inlet, r the radial position on the substrate and ν the rotation
frequency. The exposure time being dependent on the radius results in a range of exposures being mea-
surable on the same sample. On these samples large variations in material properties can therefore be
seen, especially in the close-but-not-yet-saturated region. This variation is unfavourable for industrial
applications as a uniform layer is preferred, but can be considered an advantage for usage as a research
tool. For studies on the exposure time dependency of the reaction a range of exposure times can be mea-
sured with a single sample. For optimized tools dedicated to producing a single material, it is possible to
optimize the precursor slot widths and shape. For instance, a pie-shaped precursor slot could compensate
for this radial dependency.

For SALD processes, the growth per cycle (GPC) is a function of the precursor partial pressure and the
exposure time on the surface. When the partial pressure is too low or the exposure time is too short,
the ALD growth will be unsaturated, since not all available surface ligand groups react to the precursor
molecule. If increasing the exposure time of the reaction does not lead to an increase in the amount
of precursor that is absorbed onto the surface, the surface is considered saturated and the GPC will not
further increase. Note that possible factors such as steric hindrance also prohibit the precursor molecule
from reacting with the surface ligands, which limits the possible growth. Undersaturated film growth

4



results in less material being added to the thin film each ALD cycle, so the GPC decreases. Fitting
the GPC against the exposure time with various models might therefore yield information about the
processes which play a role in the thin film growth.

1.4 Project Goals and Thesis Outline

The focus of this research is the realization and the advanced exploration of the hydrogen plasma-assisted
SnOx Spatial Atomic Layer Deposition process for the production of p-type metal oxide semiconductor
thin films. Within Holst Centre/TNO previous research was conducted by two other students on this
topic, which focussed on identifying a possible SALD process for p-type thin films [4] and the production
of p-type TFTs [5] from the thin films found in the former research. Using this research as a basis, the
following project goals can be defined.

• Investigate the feasibility of using hydrogen plasma as an additional step to the thermal SnOx
process.

• Analyse the reaction mechanisms and evaluate the effects of various growth parameters.

• Describe the difference in materials produced by the thermal and plasma-assisted SnOx process,
and compare those to tin monoxide.

In the earlier stages of this research an additional goal was the production of functional TFTs. However,
dissatisfactory results made it clear that the quality of the material was not fit for this. Therefore, the
decision was made to drop this goal from the project and put more focus on the underlying mechanics.

For the outline of this thesis, this past chapter gave the motivation for this research and background
information on p-type metal-oxide semiconductor, ALD and SALD as an introduction to this research.
The second chapter will focus more in-depth on the plasma-assisted deposition of SnOx thin films by
considering precursors, the effect of in-situ hydrogen plasma on the growth and give an overview of the
current state-of-the-art on this subject.

Following this the experimental set-up will be discussed in Chapter 3, together with the various char-
acterisation methods used in this research. The bulk of this thesis consist of Chapter 4, SALD Process
Development and Evaluation, which will give an overview of the results. This chapter is split into three
parts, each corresponding to one of the above project goals. The conclusions drawn from these results
will be summarized in the final chapter, which also has an outlook with starting points that can serve as
the basis for further research.
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Chapter 2
SnOx Thin Films by SALD
Where the previous chapter provided the motivation, material choice and global background informa-
tion on the SALD deposition technique, this chapter aims to focus on the specifics of producing SnOx
thin films by SALD. The first part of this chapter covers the different precursor possibilities, such as
TDMASn. An innovative solution to reduce the oxidization state was implemented in the form of an
hydrogen plasma, which will be discussed in the second part. The final part of this chapter gives the
current state-of-the-art of the production of p-type SnOx by SALD using TDMASn.

2.1 Tetrakis(dimethylamino)tin(IV) precursor

Crowell et al. [10] formulated three fundamental properties that a precursor needs to posses in order to
be fit for ALD: First it must have enough vapour pressure to be transported to the substrate surface,
secondly after a chemical reaction it should easily decompose into desirable reactive species at relatively
low temperatures and thirdly it should not react in the gas phase.

Within literature multiple precursors and co-reactants are found which fulfil these requirements and
result in SnO2, such as SnCl4 [14], Sn(edpa)2 with an O2-plasma [15] and SnI4

[16]. Precursors which form
SnO are rare, but do exist such as an alternative Sn(edpa)2 process [15], Sn(dmamp)2

[17] and bis[bis(tri-
methylsilyl)amino]-tin(II) [18]. However, all of the tin monoxide precursors and quite a lot of the tin
dioxide precursors are not commercially available. This makes them unsuitable to use in industrial
applications for the large-scale production of p-type TFTs.

There is a tin oxide precursor available which is commercially available in larger quantities, TDMASn.
Elam et al. [19] were the first to show SnO2 grown from TDMASn with H2O2, H2O and O3 as co-
reactants. Since then, TDMASn with either H2O2

[20,21], O3
[21,22,23,24] or H2O [21,22] is extensively used

in research. In other works O2 plasma is also used as a possible co-reactant [25,22].

Of these possible co-reactants, H2O behaves different from the rest. The resulting thin film layer are
grown with a lower GPC and posses a higher refractive index and lower bandgap [21,26] compared to the
other precursors. Both effects are a possible indication of an higher amount of tin monoxide in the layer.
Therefore, as this research aims to produce p-type thin film layers, water is chosen as the co-reactant.

The deposition reaction of TDMASn (chemically Sn(DMA)4)and H2O is as proposed by Mullings et
al. [21]

OH∗x + Sn(DMA)4 → (O)x–Sn(DMA)∗4−x + xHDMA ↑ . (2.1)
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The surface group is indicated with ∗, and ↑ is used to indicate groups leaving the reaction site as a gas.
As TDMASn can release up to four ligands, x is used the average amount of released ligands. The water
half-reaction has a similar form as seen below.

(O)x–Sn(DMA)∗4−x + 2H2O→ SnO2–(OH)∗x + (4− x)HDMA ↑ (2.2)

The reaction rate of this water half-reaction has a dependency on the chemical environment. Tanskanen
et al. [27] have shown neighbouring hydroxide groups on the surface facilitate the water half-reaction,
increasing the reaction rate of this process.

When water as a co-reactant is compared to H2O2, the growth rate of the reaction with water is lower
due to steric hindrance. The DMA groups on the surface prevent a large part of the water molecules to
react with the surface. The result is the average amount of released ligands x is 2.5 for H2O and 3.2 for
H2O2

[19]. This corresponds to respectively 37% and 20% of the ligands remaining on the surface.

Although TDMASn is well-researched, readily commercially available and produces high-quality thin
films, the process results in n-type tin dioxide. This research focusses on the possible production of
p-type monoxide, and the main challenge is finding a method which results in an oxygen-deficient layer.
The average oxidization of the tin atoms in the thin film layer needs therefore to be reduced from Sn4+

to Sn2+. A possible mechanism for reducing metal-oxides is the application of an hydrogen plasma.
Investigating the viability of the in-situ usage of an hydrogen plasma for the production of p-type SnOx
is the main focus of this research.

2.2 Hydrogen Plasma

Hydrogen Reduction of Tin Oxide

In 1984, Schade et al. [28] reported on the interactions of hydrogen plasma with tin oxide layers. They
found that the positive hydrogen ions in the plasma lead to a chemical reduction of the tin oxide surface,
resulting in decreased optical transmission by formation of an absorbing oxygen-depleted surface layer.
The XPS data showed a shift of the Sn4+ peak towards lower binding energies, at which Sn2+ and Sn0

can be found, so their conclusion was that the surface layer contained some tin monoxide and metallic
tin.

In recent years this effect is better understood and shown for a large variety of metal oxides. The chemical
reaction due to the hydrogen plasma for tin dioxide can be represented as [29]

SnO2 + x[2H/2H+/2H2+/2H3+/H∗2](p) = SnO2−x + xH2O(g) (2.3)

with 0 ≤ x ≤ 2. The reaction is spontaneous, as the Gibbs free energy change is negative [29]. This pro-
cess has been successfully utilized in-situ in sputtering p-type SnO thin films [30] and in post-deposition
processing of SnOx by ALD [24]. In this research the goal is the utilization of hydrogen plasma in-situ
for the deposition of tin monoxide thin films by SALD.

Plasma-assisted Atomic Layer Deposition

Plasma-assisted ALD, also called plasma-enhanced ALD, is the term coined for the usage of plasmas
within ALD processes. Utilizing plasmas in ALD has for instance lead to breakthroughs in high-volume
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manufacturing, an increased amount of materials that can be processed by ALD, low temperature depo-
sitions and area-selective ALD [31]. The driving force behind plasma ALD is the significantly increased
reactivity of reactant species in a plasma environment compared to standard thermal ALD.

Within standard plasma-assisted ALD the co-reactant is a plasma. However, in this research a hydro-
gen/nitrogen step will be added to the ALD cycle while keeping water vapour as the main co-reactant.
A mixture of hydrogen and nitrogen instead of pure hydrogen in the plasma is necessary for safety rea-
sons. Nevertheless, plasma-assisted ALD will in this report be used as an umbrella-term encompassing
all ALD processes which utilize any form of plasma. The term thermal SnOx will henceforth be used to
describe the two-step [TDMASn, H2O] deposition process, while plasma-assisted SnOx will refer to the
three-step [TDMASn, H2O, H2/N2 plasma] deposition process.

The plasma used in this research is an atmospheric surface dielectric barrier discharge (SDBD) remote
plasma. Operating under atmospheric pressure, the plasma source as seen in Figure 2.1 generates a
plasma 200 µm above the substrate surface. The geometry of the plasma source allows the generation

Figure 2.1: A schematic overview of the indirect plasma source. The gas enters from the top, follows the arrows
and is converted to a plasma before exiting out the bottom. The dimensions are in millimetres. Courtesy of
Creyghton et al. [32]

of a SDBD plasma in close vicinity of the substrate without charging the thin film or the substrate [32],
which might lead to inhomogeneous depositions. The gas velocities reach high velocities up to 10 m/s,
so the reactive species can reach the substrate surface.

Hydrogen and Nitrogen Doping

The application of an hydrogen plasma can result in hydrogen doping of the tin oxide. Hydrogen is
known to be amphoteric in semiconductors, meaning that it counteracts the dominant conductivity of the
material [33]. Thus in n-type semiconductors hydrogen can cancel out the dopants inducing electrically
active states in the form of shallow acceptor levels. The effect on n-type tin oxide would be the material
becoming ambipolar, possessing both n-type and p-type properties [34].

The application of an hydrogen/nitrogen plasma could not only result in doping, but may even cause
the growth of metal nitrides. The growth of for example TaNx by ALD has been shown by using an
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hydrogen/nitrogen plasma as a co-reactant [35]. Steward et al. [36] used a nitrogen plasma to create tin
oxynitride by ALD, also using TDMASn and H2O as precursors. By controlling the dose ratio of water
and hydrogen, they were able to change the nitrogen:oxygen ratio of the material between 0 and 0.95.
As nitrogen is used as a carrier gas for the hydrogen in this research, there is a possibility for the creation
of tin oxynitride with the plasma-assisted SnOx process. To prevent this a noble gas as argon of helium
could be used, but this is not possible with the current set-up.

The nitrogen plasma needs very long exposure times (>20 seconds) however to remove the methyl
ligands and saturate the surface [36]. The SALD process used in this research uses exposure times from
20ms to 400ms, a factor of 50-1000 times lower. This time scale difference is considered significant
enough for this effect not to take place. Nitrogen incorporation in the material is therefore still a possible
side-effect of this process, but the expected values are expected to be negligible.

2.3 Growth Reaction Mechanisms

Growth as a function of exposure time

In this research the growth rate of the reaction, the growth per cycle as a function of the exposure time
will be investigated in order to study the effects of the hydrogen/nitrogen plasma. The addition of plasma
is expected to cause different chemical reactions to take place compared to the thermal ALD reaction, so
the growth rate will differ accordingly. Following Poodt et al. [12], a basic model which gives the GPC as
a function of the exposure time will be derived which is based on the Langmuir isotherm.

Under fixed temperature, precursor partial pressures and exposure time for the duration of the deposition,
the GPC can be expressed as a function of the net surface coverage of the precursors. In the ALD process,
one of the reaction is expected to take place at longer timescales than the other reactions. This is called
the rate-limiting reaction and can be caused by a limited supply of precursor or the nature of the reaction
kinetics. Either way, the corresponding surface coverage of the reaction products after the rate-limiting
reaction is the rate-limited surface coverage θ. The surface coverage can be expressed as a function of
the exposure time θ(t), as the surface coverage will always go to 1 for long exposure times and 0 for very
short exposure times. This can be used for the exposure time dependent GPC(t) as

GPC(t) ≈ GPCsatθ(t) (2.4)

with GPCsat the GPC at long exposure times and full surface coverage.

Following the Langmuir isotherm, the change in precursor surface coverage as a function of the exposure
time is equal to the adsorption rate rad minus the desorption rate rd. Both can be expressed as a function
of the surface coverage, as rad scales with the adsorption reaction rate kad [Pa−1], the precursor gas
concentration on the substrate in the form of the precursor partial pressure p [Pa] and the unoccupied part
of the surface 1 − θ. The dimensionless desorption reaction rate kd scales only with surface coverage,
resulting in

dθ(t)

dt
= rad − rd = kad · p · (1− θ(t))− kdθ(t). (2.5)

This differential equation can be solved to obtain

θ(t) =
kad · p

kad · p+ kd
· (1− exp(−(kad · p+ kd)t). (2.6)
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Recalling Equation 2.4 and assuming a constant partial pressure and reaction rate, the GPC as a function
of the exposure time can be written as

GPC(t) = GPCsat · (1− exp(−at)) (2.7)

with GPCsat the GPC at exposure times for which the reaction is saturated in which the constant first
part of Equation 2.6 is incorporated and a a fitting constant for the time dependency of the exponential
function.

When plotting the GPC versus the exposure time, the basic model in 2.7 can be applied to obtain an
estimate for the saturation GPC and the reaction rate. This will be applied to the data in section 4.2.3.
However, as this model is based on some crude assumptions: (i) a single reaction taking place, (ii) a
constant partial pressure and reaction rate, (iii) reaction kinetics limiting the rate instead of for example
the supply of precursor and (iv) no CVD growth takes place. Therefore, it is not always applicable to
the data. More elaborate models can be tested which do incorporate CVD growth terms, multiple similar
rate-limiting reaction rates or different time dependencies. For assumption (iii), an alternative approach
is using a model based on the precursor dose instead of the chemical reaction rate, as explained in more
detail below.

Growth as a function of dosage

The Langmuir model above is based on the reaction rate k scaling with the partial pressure p, as the latter
is proportional to the gas concentration in a system. The partial pressure is assumed to be constant, but
in the limit of small partial pressures the equation does not hold as there is too little material supplied to
the reaction site. In these cases, the rate-limiting factor is not the time for the chemical reaction to take
place, but the precursor supply.

Maydannik et al. proposed an alternative method of determining the molecule concentration for the
reaction, by looking at the precursor dosage instead [37]. The precursor concentration at the surface is in
this case defined as the number of precursor molecules deposited over an area. Specifically, they coined
the specific precursor dosage (SPD) (mol m−2cycle−1), defined as

SPD(t) =
N

A
t (2.8)

with N (mol s−1) the total precursor particle influx into the reaction zone, A (m2) the substrate surface
covered by the precursor inlet and t (s cycle−1)the exposure time to which the substrate area is subjected
to each ALD cycle. If no thermal decomposition or precursor condensation between precursor bubbler
and ALD head is presumed, the precursor particle flux N is proportional to the precursor vapour flow
rate produced in the bubbler and can be calculated by using the Avogadro constant and the molar volume
of gasses under standard conditions.

A model can be derived from here which gives the GPC as a function of the SPD instead of the exposure
time. Although also based on Langmuir kinetics like the model in Equation 2.7, it differs in the taken
assumptions. Of course this model still contains an dependency on the exposure time, but now the time-
dependency is assumed to be the result of the time it takes to apply a certain amount of molecules instead
of the time necessary for the chemical reaction to take place. Franke et al. [38] successfully utilized the
model which will be derived below.

For this model to work, the surface coverage is defined slightly differently. The GPC is considered to be
proportional to the amount of chemisorbed material Q over the maximum possible amount Qmax that
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can be adsorbed on the surface, or
Q

Qmax
=

GPC

GPCsat
. (2.9)

In contrast to the previous model which used the pressure-based Langmuir model, the concentration-
based Langmuir model will be used instead. The SPD is used as the local concentration. As this model
will be based on the reaction being limited by amount of precursor and therefore assumes the reaction
time to be sufficiently large, the time-dependent exponential term in Equation 2.6 will be set to zero as
exp(−∞)→ 0. With this assumption the Langmuir model from Equation 2.6 can be rewritten as

Q(t) = Qmax
K · SPD(t)

1 +K · SPD(t)
. (2.10)

with K = kad
kd

. Due to its dependency on the deposited area and exposure time, it should be noted that
the SPD is a characteristic of particular reactor arrangement and likely to vary with reactor volume and
process parameters. Despite this, it predicts the behaviour of an ALD reaction when the process is limited
by precursor supply rather than the time it takes for chemical reactions to occur and will be referred to
as the dosage-limited model.

As the ALD processes in this research are assumed to not contain any CVD growth, Equations 2.9 and
2.10 can be rewritten to calculate the GPC as

GPC(t) = GPCsat ·
K · SPD(t)

1 +K · SPD(t)
. (2.11)

Despite this equation being derived from Equation 2.6 just like Equation 2.7, both model predict a dif-
ferent GPC versus exposure time curve. By fitting the models to the data some information about the
underlying reaction mechanisms, reaction rate-limited or precursor dosage-limited, can be deduced. This
precursor dosage-limited has an additional advantage, as it could also be used for varying the precursor
flow into the reactor instead of only an exposure time series.

Hydroxylation

While the chemical reactions shown in Equation 2.1 and 2.2 explain the main ALD reactions, more
chemical reactions can occur. Two neighbouring hydroxide ligands can for example combine in a process
called dehydroxylation [39]. Water vapour can be released from the sample surface, with an oxygen atom
binding to two tin atoms simultaneously as

2Sn–OH∗− > Sn–O∗–Sn + H2O(g). (2.12)

As the TDMASn reacts to hydroxide surface sites, dehydroxylation reduces the number of available
surface sites and limits the growth. At higher temperatures at which dehydroxylation increases the GPC
is therefore expected to be lower and might becoming a limiting factor to the film growth rate. [39]

The reverse reaction, rehydroxylation, can also occurs in two different versions, depending on whether
the resulting hydroxyl groups are bound to the same tin atom. It is given by

Sn–O∗ + H2O(g)− > Sn–(OH)∗2. (2.13)

Rehydroxylation is, like dehydroxylation, always present but occurs more often for lower temperatures.
For adjacent ions to reaction can be given by

O–Sn–O∗–Sn + H2O(g)− > HO∗–Sn–O∗–Sn–OH∗. (2.14)

These reactions are effectively oxidizing the tin atoms, changing Sn2+ to Sn4+. Where the hydrogen
plasma to successfully reduce the Sn4+ to lower oxidation states, the application of large amounts of
water might undo this process.
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Chapter 3
Experimental Setup

3.1 SALD Setup Characteristics and Settings

The SALD reactor used in this research is the rotary POP1 reactor, developed by TNO in 2009. It was
used as a proof-of-principle set-up to demonstrate the use of gas bearings for separation of the half-
reactions. The core part of the set-up is the reactor head, as shown in Figure 3.1. It consists of two large
precursor slots (blue) which are used to dose the TDMASn precursor and water to the substrate, two
smaller precursor slots (green) which are unused in this project, an optical hole for in-situ measurements
(white) and a plasma slot (grey/purple) which is used to add the hydrogen/nitrogen plasma. The gas
bearing outlets are depicted as the small dots (orange), and the gas lines are shown in cyan. The gas

Figure 3.1: An overview of the bottom of the reactor head, which is present in the POP1 rotary SALD setup.

bearings outlets are tiny 0.2 mm holes from which nitrogen flows. The nitrogen flow suspends the
reactor head 20µm above the substrate. As the flow necessary to perform this suspension is significant,
the nitrogen also performs as a reaction zone separator. Precursor gas cannot flow from one side to the
other side of these nitrogen curtains due to the backflow of this nitrogen. This effectively separates the
different reaction steps spatially.
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The reactor head is pneumatically extended to the substrate table, providing a downward force to coun-
teract the force from the gas outlets. Changing the downward force varies gap the height. The precursor
slots are situated deeper within the head than the gas outlets, so a suspension of 20 µm corresponds with
a 120 µm distance between the precursor slot and the substrate. The substrates used in this research are
standard 15 cm in diameter Si wafers and 2 mm, 15x15 cm borosilicate glass panes.

The substrate is clamped to the table by a vacuum pump. The substrate table rotates with an adjustable
servo motor, enabling for a large range of rotation frequencies. The rotation of the sample under the
reactor head results in a ’doughnut-shaped’ thin film layer, as shown later in Figure 4.2.

The injector setup is situated in an oven to ensure correct deposition temperatures, for this research
between 100 °C and 200 °C. The gasses need to be heated to the same temperatures for the process.
However, the gasses are not present in the oven long enough to reach the correct temperatures. Therefore
all gaslines are encapsulated with heating wire. For the precursor gasses it also prevents the condensation
of the gasses within the lines.

Precursor injection takes place within the small slit in the precursor slots, which are surrounded by
exhaust zones to collect the precursor vapour residue and reaction product. These waste products can
be toxic, so the exhaust lines flow through a set of scrubbers filled with HCl and water before the waste
gasses are sent to the main exhaust. As precursor gasses are spread over the whole slot, the width of
12 mm of the slots will be used to calculate the exposure time of the precursor with Equation 1.1. For
the TDMASn and H2O reaction approximately 800 cycles are needed to obtain 50-60 nm thin films for
characterization measurements.

The precursors are liquid at standard conditions and for ALD vapour is necessary. Precursor vapour is
extracted by putting the precursors in a bubbler. A bubbler consist of a metal container with two tubes
for the inflow and outflow of gasses. The liquid precursor is put at the bottom of this container, leaving
enough overhead space so the liquid is not in contact with the inflow or outflow tubes. Due to the vapour
pressure of the liquid Pvapour, the gas in the overhead compartment will be a mixture of the inflowing
argon gas and precursor vapour. As it is an open system, the pressure within the overhead compartment
will be equal to the reactor pressure P0, which is equal to atmospheric pressure. The gas mixture will
therefore flow out the other tube at the same rate as the gas flow into the bubbler,Qbubbler. This process
delivers precursor vapour to the reactor. The precursor flow Qprecursor, which is only the amount of
delivered precursor in mole s−1, is therefore

Qprecursor = Qbubbler
Pvapour

P0 − Pvapour
. (3.1)

For TDMASn the vapour pressure Pvapour is taken as approximately 0.1 Torr [40] at room temperature.
The temperature of the water is varied from 5 - 50 °C , and the vapour pressure will be calculated with
the Buck equation.

In order to ensure a steady gas flow, an additional argon gas line with flow Qdilute is added as a dilute to
the flow from the bubbler to raise the flow rate. Due to the length of the gas lines, a 20 second build-up
waiting time is recommended between opening the precursor bubblers and starting the SALD process to
ensure the steady-state amount of precursor reaching the reactor. For all ALD processes, an important
factor for the reactions is the precursor partial pressure Pprecursor. This can be calculated from the given
parameters as

Pprecursor = P0
Qprecursor

Qbubbler +Qdilute
. (3.2)

Standard depositions in this research have a 500/500 sccm bubbler/dilute argon flow to deliver the pre-
cursors to the reactor, but can be varied from 50/950 sccm to 1000/0 sccm.
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The plasma slot consist of a SDBD plasma source as shown in Figure 2.1. It has the capability of exerting
hydrogen or oxygen plasma, with additional nitrogen to keep the composition well within safety limits.
However possible, it is not advisable to simultaneously generate an oxygen and an hydrogen plasma for
obvious reasons. This additional plasma slot opens up the possibility to deposit thin film layers with
three steps ALD cycles, which will be discussed in section 4.2.1. In order to generate a suitable plasma,
voltage and frequency are set to 125V and 50 kHz. For a better overview the settings mentioned in this
section are summarized together with the ranges used in this research in the table below.

Table 3.1: An overview of the default settings of the POP1 set-up and the parameter ranges used in this research,

Setting Default value Range
Deposition temperature 150 °C 100-200 °C

Number of cycles 800 200-4200
Rotation frequency 60 RPM 10 - 240 RPM

TDMASn bubbler flow/dilute 500/500 sccm 50/950 sccm - 500/500 sccm
TDMASn bubbler temperature Room temperature Room temperature

H2O bubbler flow/dilute 500/500 sccm 50/950 sccm - 1000/0 sccm
H2O bubbler temperature 35 °C 5 - 50 °C

H2/N2 plasma flow 2000/8000 sccm 0/10000 sccm - 2000/8000 sccm
Plasma settings 125V, 50kHz 125V, 50kHz

3.2 Characterization Techniques

3.2.1 Spectroscopic Ellipsometry

In this research the most often used characterisation technique is spectroscopic ellipsometry (SE). SE is
a method which utilizes the change in polarized light after reflecting of a materials surface. It allows for
a non-destructive method of measuring the thickness and optical properties such as the refractive index
of thin films. A schematic overview of this technique is shown in 3.2. Monochrome polarized light is
emitted and reflected on the sample under angle θ. Due to reflection the incident light Ei undergoes a
phase and amplitude shift, soEi differs from the reflected lightEr. By varying the energy of the incident
light form 1.5 to 5.5 eV a full wavelength spectrum of these shifts is obtained.

Figure 3.2: A schematic overview of the principles of SE measurements, showing the orientation change of the
electromagnetic field E due to refraction under angle θin terms of parameters ψ and ∆. Courtesy of Braecken [41].

The SE detector measures complex ratio ρ of the Fresnel reflection coefficients rp and rs, which are
respectively the in-plane and perpendicular to the plane of incidence coefficients. This results in two
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output parameters, the phase difference ∆ and amplitude difference ψ in accordance to the relation

tan(ψ) exp(i∆) = ρ =
rp
rs
. (3.3)

The material properties cannot be calculated directly from these output parameters, but are instead de-
duced by fitting different SE models to the data. The choice of model depends on the material properties,
film thickness, quality of the data and the preferred type of predicted data. The most significant data
types for this research are the film thickness, for the determination of the GPC, and the refractive index.
The latter is one of the main indicators of whether the material corresponds to tin monoxide or dioxide.
An overview of different relevant SE models can be found in Appendix A.

The output parameters ∆ and ψ can be directly related to the complex dielectric constant ε or its real and
imaginary parts εr and εi with [42]

ε = εr + iεi = sin2 θ + sin2 θ tan2 θ

(
1− ρ
1 + ρ

)2

. (3.4)

This in turn can be used to obtain the complex refractive index ñ from ε with

ñ = n+ ik =
√
ε. (3.5)

with n the refractive index and k the extinction coefficient. This also implies εr = n2−k2 and εi = 2nk.
The components εr and εi are functions of the energy E and are not independent, but obey the Kramer-
Kronig relation

εr(E) = εr(∞) +
2

π
· P ·

∫ ∞
Eg

ξ · εi(ξ)
ξ2 − E2

ξ (3.6)

where P is the Cauchy Principle value so the integral can be evaluated. This complex dielectric constant
or the complex refractive index can be fitted by the models in Appendix A, so the film thickness and
possibly other material properties can be deduced.

In this research a HORIBA UVISEL2 is used in conjecture with DeltaPsi software for ex-situ measure-
ments. Under an angle θ of 70 °, each sample is characterized at multiple position as determined in
section 4.1.2. The default refractive index deduced from these results are at a wavelength of 632 nm.
A typical result is a thickness of 60 nm and an uncertainty resulting from the model of 1 nm, which
typically corresponds to an uncertainty of ±0.0015 nm/cycle for the GPC. Due to this the error bars are
often not significant enough to show in figures resulting from SE measurements. In this error a couple of
factors like measurement uncertainty, inhomogeneity of the samples and such are neglected.

3.2.2 UV-VIS Spectroscopy

The transmission, reflection and other derived optical properties of the samples have been investigated
with UV-VIS spectroscopy. The setup used in this research is an Agilent Cary 5000 setup. Spectra were
taken from 200nm to 860nm wavelengths for both transmission T (λ) and reflectionR(λ) measurements.
From here the absorptance is calculated as

A(λ) = 1−R(λ)− T (λ). (3.7)

For small wavelengths the glass is not transparent, but its absorptance can also be calculated by Equation
3.7. It is therefore necessary to compensate for the absorption of the glass. This can be done by measur-
ing a glass sample and subtracting this value from the sample absorption measurements. Knowing the
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thickness of the thin film layer d, the absorption coefficient in the transparent region of the glass can be
calculated as

α =
1

d
· ln 1−R(λ)

T (λ)
. (3.8)

The absorption coefficient is useful in determining the bandgap of the material with Tauc plots, as seen
in section 4.3.4. UV-VIS provides an alternative in checking the optical properties to SE, so large set-up
errors can be found and prevented.

3.2.3 Hall Measurements

The electrical properties of the samples have been characterized by Hall measurements. The working
principle of this technique is the Lorentz force, ~FLorentz = q( ~E + ~v × ~B), where ~E is the electric
field, q the electric charge, ~v the particle velocity and ~B the magnetic field. When an electric charge
along an electric field moves at a certain velocity in the presence of a magnetic field, it will experience a
perpendicular force. In a semiconductor thin film under a perpendicular magnetic field this effect causes
the electrons to shift to one side leading to a potential drop called the Hall voltage VH

VH =
IB

qnd
. (3.9)

Here I is the current passing through the film, B the magnetic field strength, n the carrier density and
d the thickness of the film. Note that both electrons and holes are deflected in the same direction by the
Lorentz force due to the drift velocities being opposite. As a result the Hall voltage being positive or
negative indicates the majority carrier type.

The resistivity ρ of the thin films can be determined by the Van der Pauw technique. By applying a
current on each side of a square sample , in both directions, and measuring the potential difference at the
opposite site the characteristic resistances Ra and Rb can be determined. The sheet resistance RS can
hereafter be determined by numerically solving the van der Pauw equation

e
−πRa
RS + e

−πRb
RS = 1. (3.10)

From here, the resistivity ρ is given by ρ = Rsd, which in turn can be used to determine the Hall mobility
µH

µH =
1

qnρ
. (3.11)

For this research SnOx thin films on glass substrate have been cut into 1cm by 1cm pieces and were mea-
sured using a PhysTech RH 2010 Hall measurement system. It was uncertain whether the results would
be valid for the used kind of samples, so a second opinion was deemed necessary. Vincent Vandelon
and Bart Macco, both affiliated with the PMP research group at the TU/e, performed some Hall mea-
surements for this research on a Lakeshore 8400 Series Hall measurement system. This confirmed the
validity of the measurements performed at TNO, although the results were considerably less accurate.

3.2.4 X-ray Photoelectron Spectroscopy

Next, x-ray photoelectron spectroscopy (XPS) is a characterization technique which is used to determine
the relative atomic concentrations at the surface region of a sample. It is an ex-situ technique, which
irradiates mono-energetic X-rays on the material. The penetration depth is the X-rays is a couple of
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nanometres. It is possible to produce a depth profile by controlled sputtering of the sample. Hydrogen
and helium cannot be detected by XPS.

The X-ray photons can be absorbed by the material, which opens up the possibility for electrons to be
emitted form the sample. The kinetic energy of the emitted electrons Ek depends on the binding energy
of the electron EB , the energy of the x-rays hν and the spectrometer work function W by the relation

Ek = hν − EB −W (3.12)

The spectrometer work function W is the sum of the work function of the material and a constant to
compensate for energy losses in the detector. Every element has a different electron configuration, so
a binding energy spectrum can be used to determine which elements are present. The peak areas in
the spectrum relate to the concentrations. Additional information can be obtained form the chemical
shift of the peaks, the change in energy due to the atoms chemical environment. Deconvolution of
the peaks into separate peaks gives information about the occurrence of different chemical states. For
example, the Sn3d5/2 peaks of Sn0, Sn2+ and Sn4+ are at binding energies of respectively 484.7 eV,
486.2 eV and 486.9 eV [43].The XPS measurements in this research are performed by EAG Eurofins,
using a QuanteraSXM from Ulvac-PHI set-up, which uses Al Kα radiation, (hν = 1486.6 eV).

3.2.5 X-ray Diffraction

In order to study the crystalline properties and structure of the samples x-ray diffraction (XRD) is used
as a characterization method. When a crystalline sample is irradiated with monochromatic X-rays, con-
structive and destructive interference can occur as the X-rays reflect on the crystal lattice planes. The
constructive interference conditions are given by Bragg’s law

nλ = 2d sin(θ) (3.13)

in which n is an integer for the number of wavelengths λ. For varying amounts of angle θ the conditions
are satisfied for different lattice spacings d in polycrystalline materials. From the lattice spacing the
lattice orientation can be determined. The relative intensities and locations of the peaks can be compared
to a database to gather information about the material composition.

In this work a Philips X’PERT SR 5058 X-Ray Diffractometer is used with grazing incidence settings,
specified for small incident angles for the incoming X-rays. Measurements were not performed by the
author but were carried out by experts within TNO. The angle is varied from 10°to 110 °and the X-rays
are produced by a Cu Kα radiation source with a 0.154 nm wavelength.

3.2.6 Raman Spectroscopy

To complement the XRD measurements in this research Raman spectroscopy is performed. For samples
for which XRD does not provide a definite answer about the crystalline nature, Raman spectroscopy is an
alternative characterization method. Raman spectroscopy provides information on the vibrational states
of a material. The technique is based on utilizing the inelastic Stokes scattering of light to determine the
energies of the induced vibrational motions.

The Raman spectroscopy measurements are performed with a Renishaw inVia confocal Raman micro-
scope. An helium-neon laser (632nm, 20mW) and an argon laser (514nm, 50mW) are available on this
setup. Spectra were taken with the helium-neon laser over the range of 100-1000 cm−1.
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Chapter 4
SALD Process Development and Evaluation

This chapter discusses the growth of SnOx thin films by SALD. The first section discusses briefly the
difference between thermal SnOx and plasma-assisted SnOx and whether the growth process can be
considered an ALD process. In the second section the growth process is characterized and relevant
deposition parameters are evaluated. The last section of this chapter analyses the material properties of
the grown layers and compares the samples to a tin monoxide reference sample.

4.1 Plasma-assisted Growth of SnOx

Before the plasma-assisted growth of SnOx by sALD is studied the thermal SnOx process is investigated.
Without understanding the standard thermal process it is hard to draw conclusions about the effect of the
hydrogen plasma on the properties of the samples and the reaction mechanisms. Therefore, this section
starts with the thermal SnOx growth before the plasma-assisted growth will be discussed in more detail.

4.1.1 Thermal SnOx Growth

The thermal SnOx sALD process is based on research performed within TNO and the first objective is
to verify whether the growth results obtained in the current study are comparable to those produced in
previous research and to compare the results to those found in literature. Initial settings are therefore set
the same as the work that was done earlier within the research group and they will be optimized after it
is confirmed that the samples are comparable.

For the first experiments thermal SnOx was deposited using the rotary SALD set-up as explained in
section 3.1. Thin films were grown at a deposition temperature of 150 °C, with 500/500 sccm TD-
MASn/dilute N2 at room temperature and 500/500 sccm H2O/dilute N2 at 35 °C as the precursors. The
rotation speed of the samples has been varied between 10 and 240 RPM, corresponding to a substrate
velocity of 31 mm/s and 754 mm/s in the middle of the deposition area, or an exposure time of 24 to 290
ms. For rotation speeds in the saturated region (≤ 60 RPM) the process was run for 800 cycles resulting
in a 50-80 nm thick thin film. For depositions performed with a lower exposure time the number of
cycles has been increased to obtain samples of similar thickness.
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In Figure 4.1a the GPC of the thermal SnOx process is plotted against the exposure time. A clear
distinction between the undersaturated and saturated part of the growth can be seen, with the transition
happening around 50-60 ms. After saturation the GPC is on average 0.085 nm per cycle, which is a bit
higher than values found in literature. For conventional ALD, Mullings et al. found values of 0.07 nm
per cycle at 150 °C [21], Choi et al. 0.08 nm per cycle [23] and Elam et al. 0.06 nm per cycle [19]. TDMASn
and water have also been used before for sALD by Hoffman et al., who reported 0.075 nm per cycle [22].
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Figure 4.1: The GPC and refractive index of thermal SnOx versus the exposure time. The undersaturated region
has been marked with a grey underlay.

The refractive index in Figure 4.1b can be seen to increase slightly at longer exposure times and all data
points match the literary values, which vary from 1.95 [23] to 2.10 [21]. A possible explanation for the
higher refractive index at longer exposure times could be increased density of the material, as the thin
film layer has more time to fully saturate. This effects levels off at longer exposure times, indicating that
an equilibrium has been reached.

As mentioned above, the GPC and refractive index match the results as found literature. These results
will function as the reference to where the samples grown with plasma-assisted SnOx will be compared
to in order to investigate the effect of adding the plasma as a third step in the ALD process.

4.1.2 Plasma-assisted SnOx Growth

As seen in section 2.2 in the theory, the addition of a hydrogen plasma to the thermal SnOx process should
result theoretically in a reduction of the Sn4+ to Sn2+ or even Sn0 from which possibly a tin monoxide
layer could be grown. In order to study the effect of adding the hydrogen plasma to the deposition
process, the growth parameters of the samples are kept identically to those of the thermal SnOx process.
The default settings are therefore a 150 °C deposition temperature, 500/500 sccm TDMASn/dilute N2 at
room temperature and 500/500 sccm H2O/dilute N2 at 35 °C as the precursors to the process and 800
cycles at a standard deposition speed of 60 RPM. Higher quality films are expected when the plasma step
comes after the deposition of the tin, as the plasma will react more to the tin atoms instead of hydroxide
ligands on the surface which could possibly shield the tin atoms from the plasma. The direction in which
the head rotates is adjusted to this, so the ALD cycle will go as [TDMASn, H2/N2 plasma, H2O] instead
of [TDMASn, H2O, H2/N2 plasma]. The plasma will be set to a 2000/8000 sccm H2/N2 plasma using
a remote SDBD plasma source, as mentioned in section 2.2, set to an alternating current of 125 V at 50
kHz. It should be noted that the plasma injector slot is smaller in size than the precursor injector slots
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as seen in Figure 3.1, so the average sample will contain both regions where the plasma is and is not
applied, as seen in Figure 4.2.

(a) A plasma-assisted SnOx sample

(b) Schematic overview of the same sample

Figure 4.2: An example of a plasma-assisted SnOx sample (a) with a schematic overview of the sample (b) to
show the different regions.

A preliminary sample of SnOx deposited at the mentioned standard settings was characterized by spec-
troscopic ellipsometry as a function of radius and the results are shown in Figure 4.3. At 24 mm a clear
drop in thickness and an increase in the refractive index indicate the boundary of the plasma slot, and at
52 mm the deposition goes back to thermal SnOx. This shows that the addition of the plasma for sure
changes the material being deposited. From Figure 4.3 it is also decided to take the spots at 15, 30, 35,
40 and 45 mm as the standard measurement locations for all further characterization.
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Figure 4.3: An overview of the thickness and refractive index as a function of radius of SnOx deposited on a
silicon wafer with a 2000/8000 sccm H2/N2 plasma step added. The width of the plasma slot and the precursor
injector slots are indicated.

In Figure 4.4 the thickness of the SnOx thin film for the default process is plotted for a varying (200-
1600) number of cycles. A clear linear dependence can be seen, which intercepts the (0,0) origin of
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the axes, indicating that linear growth takes place for this range. Non-linear growth might still be a
possibility for a small number (<50) of cycles, but the effect is negligible for the larger number of cycles
as used in this research. The refractive index strongly declines with thickness however. This could be a
limitation of the spectroscopic ellipsometry model, as in it could be an artefact that happens within the
model as the thickness goes to significant lower values than the default 50-80 nm for which the model
was calibrated.
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Figure 4.4: The thickness (blue) and refractive index (red) of plasma-assisted SnOx thin film deposition by sALD
as a function of the number of cycles. The thickness is fitted with a linear fit, with intercept at (X,Y) = (0,0)
corresponding to Y = (0.0670± 0.0008)X .

When comparing the plasma-assisted SnOx to the thermal SnOx SALD process in Figure 4.5 some im-
portant differences can be observed. The GPC versus the exposure time plots are significantly different,
especially in the 50-100 ms region where the thermal SnOx process starts to saturate. The thermal SnOx
saturates significantly faster, which is could be an indication of chemical processes happing at a different
time-scale compared to the plasma-assisted SnOx. For the latter it could be argued that the process is not
fully saturated after 250ms exposure time.
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Figure 4.5: The GPC and refractive index of thermal SnOx and plasma-assisted SnOx SALD depostions at stan-
dard settings.
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Another important distinction is visible when looking at the refractive index at 632nm. For all exposure
times, the refractive index of the plasma-assisted process is significantly higher. This could have multiple
causes, such as the density being slightly higher due to an increased amount of vacant spaces in the
material and an increase in surface roughness [24], or the material containing some SnO instead of SnO2.
Tin monoxide has a much higher refractive index (2.5-2.8) than tin dioxide (1.8-2.1), so the deposited
layer being a mixture of the two materials could explain the difference. Alternatively the plasma-assisted
SnOx process could result in a higher density material.
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4.2 Process Evaluation

In this section the plasma-assisted SnOx process is studied in more detail. First the effect of the order of
application of the precursors, TDMASn-H2O-plasma versus TDMASn-plasma-H2O, is investigated and
the default precursor order is determined. Subsequently the reproducibility will be established and the
growth rate of plasma-assisted SnOx and thermal SnOx will be placed in context. Afterwards multiple
process parameters such as the TDMASn, H2O flow and plasma composition are varied to study their
influence and finally the temperature-dependence of the depositions is identified.

4.2.1 Precursor Order

Conventional ALD is based on the reaction of one precursor with one co-reactant, with purging steps in
between the application of the steps. The order of application does not matter, as a repeating pattern of
A-B-A-B-... is the same as B-A-B-A-... in practice. However, for a three step process such as the plasma-
assisted SnOx SALD process there are two different operating modes, with a different precursor order.
In this case, the order of application A-B-C-A-B-C-... is not equal to A-C-B-A-C-B-... and whether the
plasma step comes after the tin precursor or the water might have implications for the growth. Different
chemical processes that might take place and the design of the reactor head in Figure 4.6 results in
different purging times between the TDMASn and the H2O depending on the direction, as additional
purging takes place at the plasma slot. The latter could also possibly influence the thermal SnOx process.

Figure 4.6: A schematic to show the difference in precursor order between the Forward [TDMASn, H2O (,
plasma)] and Reversed [TDMASn, (plasma,) H2O] operating mode of the POP1 set-up.

An exposure time versus the GPC series is made for both the thermal and the plasma-assisted SnOx
process. The results are presented in Figure 4.7. As expected, the thermal SnOx curves do not differ a
lot. The difference for this process is whether the longer purge time comes after the TDMASn or the
H2O, and the set-up of the machine should ensure a proper purge. One thing to notice however is that
for thermal SnOx in the reversed direction (blue) an overshoot is observed; the GPC at approximately 50
ms is higher than the saturation GPC at longer exposure times. This peculiar observation will be further
discussed in section 4.2.3.
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Figure 4.7: The GPC as a function of the exposure time for thermal and plasma-assisted SnOx processes in the
Forward [TDMASn, H2O(, plasma)] and Reversed [TDMASn (, plasma), H2O] rotation directions. For the thermal
process, a simple fit (Equation 2.7)with a 95% prediction band is added as a guide to the eye. From here it can be
seen that the data points for the Reversed direction are unlikely, they overshoot the general trend.

The plasma-assisted SnOx process shows quite a significant difference of up to 30% in the GPC between
the Forward and Reversed rotation directions. The fact that this difference is so significant while this is
not the case for thermal SnOx indicates that the plasma influences the chemical reactions taking place. It
could be an indication that in either of the direction the Sn4+ is reduced more than the other, resulting in
possible more metallic Sn or SnO than the other direction. It is likely that the Reversed direction would
reduce the tin more, as the plasma comes after the TDMASn so slightly more Sn can be considered at the
surface where the plasma would be most effective. The saturation GPC for the Reversed direction is also
higher than that of the thermal SnOx while the saturation GPC of the Forward direction is comparable,
another indication of a different material being deposited.

4.2.2 Reproducibility

In order to establish typical characteristics of the plasma-assisted SnOx deposition process it must be
checked whether the discovered results are reproducible. During the course of this research multiple
samples have been grown under the same condition, to for example check whether the set-up had been
installed properly. These conditions are the standard conditions mentioned in section 3.1, that is 150 °C
deposition temperature, 500/500 sccm TDMASn precursor at room temperature, 500/500 sccm H2O at
35 °C and 2000/8000 sccm H2/N2 indirect plasma at 125 V and 50 kHz, all rotating at 60 RPM in the
Reversed [TDMASn, plasma, H2O] rotation direction for 800 cycles. The SE results of these samples
are found below in Figure 4.8.

In Figure 4.8a it can be seen that most samples agree reasonably well with one-another, with sample
190115-00 being an outlier. The average spread is around ± 2 nm, which translates to about ± 0.0025
nm/cycle, or ± 4%. Although not ideal, it shows that moderately accurate predictions can be made
when a new sample is deposited. For the refractive index in Figure 4.8a an uncertainty of ± 0.03 can
be expected. Although a spread of 0.06 can be considered a lot, it is enough to distinguish the plasma-
assisted SnOx samples with a refractive index of 2.1-2.15 from the thermal SnOx, which typically have
a refractive index of 2.0.

There are several possible reasons for the spread. As seen in Figure 4.3, even within a sample significant
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Figure 4.8: An overview the GPC and refractive index of multiple plasma-assisted SnOx samples at standard
settings produced between November 2018 and February 2019 to show the reproducibility.

derivations from the average value can occur. These could be due to the flow of the precursors, notably
are the partial pressures slightly higher at the outlets of the precursors than around other areas, and the
partial pressures also change at the edges of the plasma slot. The plasma source itself changes slightly
from day-to-day, with the resulting set-up current varying between 0.40 and 0.45 A for the 125 V at 50
kHz settings. There are also some environmental factors which influence the system. The difference
between a deposition at the start of the day or the middle, or the end can be noticed as the set-up heats
up during the depositions. The depositions that happened beforehand can have an influence as well, as
they result in some residue left in the lines. All- things considered, the reproducibility can be considered
to be sufficient.

4.2.3 Growth Rate

A common mistake that is made when people learn about ALD is the assumption that an ALD cycle
should lead to the growth of one monolayer of the desired material. In real ALD processes, the GPC
is less than a monolayer due to for example steric hindrance. The ligands of the absorbed species can
be large enough for precursor molecules to be blocked from reaching possible reaction sites [44]. In
addition to this factors like the incorporation of impurities, dehydroxylation and imperfect saturation due
to insufficient reactivity of the precursors all also affect the growth rate.

Although in-situ measurements where not possible, information about the growth process can be obtained
by fitting the data of the thermal and plasma-assisted SnOx against the absorption model introduced in
Section 2.3. The GPC versus the exposure time curves for the Reversed rotation direction are shown in
Figure 4.9. Hoffman et al. [22] applied the basic model on thermal SALD SnOx and SALD SnOx made
with an oxygen plasma, and found their best fits for satisfying results for this model which is shown
as the red lines in Figure 4.9. The result for this research are rather unsatisfying, so this model will be
reviewed for both thermal and plasma-assisted SnOx.
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Thermal SnOx

In Figure 4.9a it is shown that for measurements of thermal SnOx in the Reversed direction, a significant
overshoot effect is seen as discussed in section 4.2.1. For the Reversed rotation direction a smaller
purge time is present between the water and TDMASn than the other way around. The GPC increases
between 50 and 150 ms exposure time, before settling down at a slightly lower rate. Similar additional
growth has been described in literature for other processes. Matero et al. [39] attributed the additional
growth observed for an ALD process using trimethylaluminium (TMA) and H2O to increased density
of hydroxyl groups remaining on the film surface after the water pulse for large water (10−4 g/cycle for
a 15cm Si wafer) doses. Following-up on this research, Henn-Lecordier et al. [45] went on to produce a
more detailed description of the mechanics and hydrogen-bonding is called out as a plausible process.
Hydrogen-bonding of water involves weak chemical bonds between hydrogen and oxygen in the order of
0.2 eV and the bipolar behaviour of water could cause additional water molecules to bond to the substrate
surface. As the purpose of purging is the complete removal of any excess adsorbed water, this additional
bonding could result to the purge time in the reactor being too short.

Calculations by Tanskanen et al. [27] show that the energetics for the TDMASn reaction with surface OH
groups are similar to those with H2O molecules [46]. Therefore, the TDMASn can react with hydroxide
groups as well as physisorbed water molecules. This could result in additional CVD growth in addition
to the ALD process.

Maydannik et al. [47] expanded on this idea and they derived a simple model which could provide a good
approximation to the observed behaviour. The bonding between water molecules and the surface happen
in two stages. First the H2O molecules react to the surface and terminate the reactive sites to form a
monolayer of chemically bonded water. Once the surface is saturated with hydroxyl groups additional
water molecules can physisorb by hydrogen-bonding to form a multilayer of absorbed water. When the
purge times are insufficient, more water molecules will arrive at the TDMASn precursor head to undergo
a reaction. For the thermal SnOx process there is more purge time between the water and the TDMASn
in the forward direction than in the reversed direction, which would explain why the excess growth effect
is more pronounced in Figure 4.7a for the reversed direction. This effect can be modelled by adding an
additional growth term ∆G to the standard simple fit model, its value will be derived below.

For the model, the final thickness of the multilayer depends on two factors, the arrival of water molecules
and their rate of desorption. The latter depends on the surface concentration on adsorbed water Q(t) and
the probability that the molecules will desorb. According to the Boltzmann equation the desorption rate
Rd is given by

Rd = L exp(− E

kT
) (4.1)

with L a constant including the molecular vibration frequency, E the molecular binding energy (eV), k is
Boltzmann’s constant (JK−1) and T the temperature in Kelvin. The rate of water molecules accumulation
is described by a simple first-order linear differential equation

dQ(t)

dt
= IS −Q(t)Rd (4.2)

where Q(t) is the surface concentration, S sticking coefficient and I impingement rate of water. The
latter two are functions of the water partial pressure and the temperature, which will be kept as a constant
for the samples, so we can write variables as a single constant b = IS. The global solution to the
differential equation is

Q(t) = bτ + c exp(
t

τ
) (4.3)
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where τ = 1
RD

is a time constant and c an integration constant. Assuming the boundary condition that
the surface concentration at the start of the process is zero, Q(0) = 0, c can be solved for to obtain

Q(t) = bτ(1− exp(
t

τ
)) (4.4)

The surface concentration of adsorbed water Q(t) will be limited by the residence time in the water
precursor slot zone. As the substrate then rotates through the purge zone, it will desorb water in a
thermally activated way such that the amount of water remaining on the substrate at the tin precursor slot
QSn(t) is given by

QSn(t) = Q(t) exp(− tp
τ

) (4.5)

where tp is also the time the substrate spends in the purge zone each cycle and τ the same as defined
above. Although the purge times and the exposure times for the precursor slot aren’t necessarily equal,
they are approximately equal due to a constant rotation speed of the sample and will therefore be consid-
ered the same, so tp = t, for the simplicity of the model. The excess growth ∆G(t) will be dependant on
the amount of water remaining on the surface after purging multiplied by a constant factor which relates
the amount of reacted material to the resulting growth in nm c, which will be incorporated in constant
fitting term b as

∆G(t) = cQSn(t) = bQ(t) exp(− t
τ

) = bτ(1− exp(− t
τ

)) exp(− t
τ

) (4.6)

This excess growth will be added to the default exponential model for the GPC versus exposure time of
the SALD processes to acquire an significant improvement in the fit as seen in Figure 4.9a.

The model compensates for additional growth in a small region of the exposure time range, as for small
exposure times the term (1 − exp(− t

τ )) reduces to zero, while the last part exp(− t
τ ) does the same for

large exposure times. Physically this makes sense, as there is either not enough time for water molecules
stick to the surface by physisorption, or an increase in the exposure time leads to larger purge times
which would effectively remove the additional water.
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Figure 4.9: The GPC versus the exposure time fitted for thermal and plasma-assisted SnOx. The red line represents
the standard saturation curve GPC = GPCsat(1− exp(−a · t)), the blue lines show the best fitting model.

Plasma-assisted SnOx

The model which compensates for the physisorption of water mentioned above does not work for the
plasma-assisted SnOx depositions in Figure 4.9b. Here no overshoot of the GPC is present and the data
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shows a soft saturation curve. Although the increase in GPC levels off, even after long 300+ ms exposure
times the curve cannot be considered fully saturated. When fitted with a standard exponential function
(red) it becomes clear that the time dependency of the equation must be adjusted or another term must
be added which influences the growth at longer exposure times. Therefore it can be concluded that water
film effects do not play a role in the plasma-assisted SnOx process. This hints towards another rate-
limiting reaction step for this ALD process compared to the thermal SnOx process. To investigate the
possible effects happening, the basic model is compared to four other fitting models below.

The first is the possibility of parasitic CVD growth, which adds a linear term +c · t with c a constant
which describes the CVD growth rate to the original equation. The addition of this term would cause GPC
to infinitely increase with exposure time, so this model could be confirmed or debunked by producing
samples at extreme exposure times (>>400ms), which is not possible at the current set-up. This model
provides a better fit to the data, but feels like a sub-par solution as its CVD deposition rate constant
c changing an huge amount depending on the maximum exposure time, and with that the predicted
GPCsat.

The next model is the possibility of two different chemical processes taking place with comparable time
constants, which both increase the GPC and are independent of each other. The addition to the basic
model is +GPCsat2 ∗ (1− exp(−b ∗ t)), with GPCsat2 and b comparable constants to those in the basic
model itself. The disadvantage of such a model is overfitting, as the same effect is accounted for twice
and the constant could be used interchangeably. As expected, this model is unable to fit due to a lack
of data, and although the fit does not converge it produces a reasonable assumption, but the parameters
correlate too much to provide additional information.

The third model that provides a better fit is the diffusion limited mass transport model, which changes
the time-dependency in equation 2.7 to −a

√
t. The basis for the square-root dependency is assumed

to be the case that the growth rate of the reaction is limited by the diffusion of the precursor through
the diffusion boundary layer to the substrate. This effect has been found to exist for ZnO [48,32] and
AlOx by Poodt et al. [12]. They found for SALD under similar circumstances that for the AlOx process
the assumed surface coverage θ scales with exp(−a

√
t) and provided a possible explanation. For a

flux of precursor molecules towards a substrate Fick’s laws of diffusion can be solved to give a time-
dependent concentration gradient, where the concentration or partial pressure scales with exp(−a

√
t).

This model fits particularly well, and predicts the cause of the rate-limiting behaviour of the being in the
reactor design and set-up instead of being a fundamental property of the reaction itself. The results could
therefore be different in another set-up, which limits the scalability of the process. Furthermore, it does
not provide any additional information for cases when the precursor dose is changed.

For the final model, the assumption is made that the growth is fully limited by the amount of precursor
dosed to the substrate and thus the exposure time is a function of dose instead of the time it takes
for the chemical reaction to occur. The exposure time is converted to the SPD according to Equation
2.8. Subsequently the data is fitted with the model in Equation 2.10. This model with two adjustable
parameters produces a fit which rivals the diffusion-limited model in accuracy with an adj. R2 value of
0.97. It also has the ability to predict behaviour under varying precursors flow, which will be covered in
the next section.

An overview of the fits from these various models are shown in Table 4.1 below. Curiously, the two
best-fitting models, the diffusion-limited and dosage-limited model, both assume the growth-limiting
process as a function of the exposure time to not be due to the chemical reaction rate. Both models
provide restrictions on the amount of precursor that reaches the substrate instead. Therefore it can be
concluded that the GPC of the plasma-assisted SnOx process, in contrast to the thermal SnOx process,
is not influenced by the amount of water as a co-reactant, but limited solely by the amount of TDMASn
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precursor.

Table 4.1: An overview of different models which can be used to describe the GPC as a function of the exposure
time for plasma-assisted SnOxs

Model name Formula, GPC(t) = # of parameters adj. R2

Basic GPCsat · (1− exp(−a · t)) 2 0.90
Linear CVD GPCsat · (1− exp(−a · t)) + c · t 3 0.95

Two-step process GPCsat1 · (1− exp(−a · t)) 4 Unable to converge.
+GPCsat2 · (1− exp(−c · t))

Diffusion-limited GPCsat · (1− exp(−a ·
√
t)) 2 0.98

Dosage-limited GPCsat · K·SPD(t)
1+K·SPD(t) 2 0.97

4.2.4 Precursor Dependency

In the previous section it was theorized that the GPC of the plasma-assisted SnOx process is to a sig-
nificant degree dependent on solely the amount of TDMASn added. In order to investigate this, an
experiment was performed where the amount of carrier gas flowing through the TDMASn bubbler was
decreased from 500 sccm to 50 sccm, lowering the TDMASn partial pressure from 0.08 mbar to 0.008
mbar. The SE results are given in Figure 4.10. Two different exposure times where chosen at 42ms
and 64ms, which are just before and just after the exposure time at which the reaction saturates under
standard conditions.
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Figure 4.10: The (a) GPC and (b) refractive index of plasma-assisted SnOx for varying TDMASn partial pressures
at 42 and 64 ms exposure time.

In Figure 4.10a the GPC is plotted for an exposure time of 42 ms and 64 ms. The GPC scales approxi-
mately linear with the TDMASn partial pressure for an exposure time of 42 ms. This indicates that the
growth is limited solely by the amount of TDMASn that reaches the surface. The refractive index in
Figure 4.10b also increases with a higher partial pressure, but saturation starts at a partial pressure of
0.04 mbar.

As the number of molecules that reach the surface is not only dependant on the partial pressure, but also
on the exposure time, it is expected that for a longer exposure time saturation takes place at a lower
pressure. This is visible in Figure 4.10a for an exposure time of 64 ms, where the GPC versus partial
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pressure is not linear over the whole range, but saturation in the growth can be seen at partial pressures
higher than 0.04 mbar. The refractive index is even at 0.02 mbar already at it’s maximum value. This
exposure time dependency shows that the reaction is limited by the dosage of TDMASn precursor, so
it should be expected that the amount of H2O added to the reaction does not make a difference at short
exposure times.

With the assumption that the growth of the reaction is limited by the amount of precursor molecules
entering the system, it is useful to check the GPC versus the TDMASn exposure in SPD as explained
in section 4.2.3. Figure 4.11 shows the GPC versus the SPD for different amounts of flow through the
TDMASn bubbler. For reference the dosage-limited fit from that section is also added.
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Figure 4.11: The GPC plotted against specific precursor dosage of TDMASn, which are calculated with TDMASn
partial pressure and the exposure time.

From the figure it can be seen that the SPD provides an excellent parameter to summarize bubbler flow
and exposure time in a single parameter. If they were unrelated, multiple trends would have been visible
instead of a single trend. In this research no experiments with varying bubbler temperatures, which alter
the precursor partial pressure, have been performed. For follow-up research it would be interesting to
test the SPD parameter against this data.

The fit provides an adequate explanation for the data, functioning at both high and low doses. For a
critical note however, going from low to high SPD the model overestimates, underestimates and again
overestimates the GPC. For a proper model the residuals of the data (the data values minus the fit)
should be random instead of correlated. Therefore, some important parameter in the data is currently
unaccounted for.

In fact, the data could be interpreted as two different regions. The GPC follow a linear relationship up
to 4*10−6 (mol−2m−2cycle−1) of TDMASn, after which for higher values saturation takes place. It is
uncertain whether this is an artefact of the data collection, with the 500 sccm flow measurements being
performed at another day. Alternatively an SPD of 4*10−6 (mol−2m−2cycle−1) could be a critical value,
after which the substrate becomes fully saturated or the diffusion of the precursor to the substrate starts
to be limited due to the setup geometry. To further investigate this the refractive index versus the SPD is
shown in Figure 4.12 below. The refractive index dropping at lower values could indicate the deposition
of a material with a lower density and the growth is not yet saturated. Saturation starts at an SPD of
2*10−6 (mol−2m−2cycle−1), with values of 2.10-2.15 for the remainder of the SPD range. Therefore
for saturated SnOx growth it is necessary to adjust the precursor dose to be well over this value, which
corresponds to 18 ms of exposure time, or 20 mm from the centre of a 15 cm Si wafer at 120 RPM, at
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Figure 4.12: The refractive index plotted against specific precursor dosage of TDMASn, which are calculated with
TDMASn partial pressure and the exposure time.

500 sccm of flow through the TDMASn bubbler at room temperature.

4.2.5 Co-reactant Dependency

In the previous section a case is made that the growth of plasma-assisted SnOx depends primarily on the
amount of TDMASn precursor dosed and is independent of the amount of water added as a co-reactant.
As seen in section 4.2.3, the reaction mechanism of thermal SnOx does depend on the behaviour of
hydroxyl groups on the sample surface. As this shift in reaction mechanisms was unexpected, it was
further investigated by varying the water dosage.

A measurement series was made consisting of plasma-assisted SnOx samples under standard conditions,
with varying amounts of water. Changing the flow through the water bubbler from 500 sccm to 100-
1000 sccm and changing the water temperature between 5 °C and 50 °C results in a dataset range of H2O
partial pressures from 1 mbar to 150 mbar, as shown in Figure 4.13.

For most of the partial pressure range, the GPC and refractive index stay approximately the same. The
refractive index drops for 1 mbar of partial pressure to 2.0, which is comparable to samples of thermal
SnOx. It is hard to say what the significance of the data is without knowing what the effect of lowering
the partial pressure even more is. The extreme case is a deposition without adding water, which will
be covered in section 4.2.8. As the range in which the partial pressure is varied is quite large without
significant effects, it can be concluded that the amount of water added to the system is not a significant
parameter and even low amounts are already sufficient for growth to take place. Even though the reaction
takes place at an exposure time which is still unsaturated, the GPC is not limited due to the amount of
water partial pressure.

4.2.6 Plasma Composition

As discussed in previous sections of this chapter, the usage of a H2/N2 plasma for the growth of SnOx
by sALD increases the refractive index, which might indicate the presence of tin monoxide in the layer,
and changes the rate-limiting behaviour of the reaction to change from the OH surface groups to the
TDMASn exposure. In order to further investigate the effect of the H2/N2 plasma, the composition is
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Figure 4.13: The GPC and refractive index of plasma-assisted SnOx for varying H2O partial pressures at 42 ms
exposure time.

varied to see whether the effect results from the addition of a plasma, or more specifically the hydrogen
plasma as theorized in section 2.2. As said it has already been shown that the addition of a H2/N2 has
an effect on the sample properties, but it is not yet clear whether this is the result of the hydrogen or the
nitrogen plasma. As theorized in section 4.2.1, a possible effect of the plasma could be the removal of
hydroxide ligands from the sample surface, which possibly would also be possible with just a N2 plasma.
In that case a pure N2 plasma should yield the same properties as the mixture. The result can be seen in
Figure 4.14. The total plasma flow is kept constant at 10 slm, but the composition is varied from 0/10
slm H2/N2 to 2/8 slm H2/N2
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Figure 4.14: The GPC and the refractive index of plasma-assisted SnOx sALD depositions as a function as the
amount of hydrogen added to the nitrogen in the plasma.The total plasma flow is kept constant at 10 slm.

As the GPC and the refractive index show, the nitrogen plasma has little influence on the process and the
hydrogen plasma is the cause of the beforehand mentioned reaction behaviour change. For a pure nitro-
gen plasma these values stay approximately equal and the effect grows significantly for small amounts
of hydrogen added, until saturation takes place around 1000/9000 sccm H2/N2 and both the GPC and
the refractive index stay constant for larger amounts of hydrogen. This saturating behaviour is a strong
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indicator of a chemical reaction between the hydrogen plasma and the thin film layer.

An undesirable side effect of using a plasma could be the etching of the thin film layer. If the hydrogen
plasma were to etch the sample, it would be expected that a change from 1000 sccm to 2000 sccm would
also result in a drop in the GPC, but this is not the case. Therefore etching effects due to the hydrogen
plasma are not present.

4.2.7 Deposition Temperature

For ALD processes to occur, the deposition temperature needs to be within a certain range. For tempera-
tures below this range unwanted mechanisms as precursor condensation and incomplete reactions lead to
unwanted CVD-like growth and produce poor-quality thin films. The same goes for temperatures above
this range, as the precursor decomposition and thermal desorption will lead to impurities and reduced
growth. For tin oxide processes and the TDMASn precursor a temperature dependency has been shown
in literature [21]. To the check whether the processes described in this report are comparable, depositions
have been done at four different deposition temperatures as shown in Figure 4.15.
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Figure 4.15: The growth per cycle at an exposure time of 48 ms for different deposition temperatures. It can be
seen that the effect of increasing the deposition temperature is larger for thermal SnOx than for plasma-assisted
SnOx. For comparison, values for thermal non-spatial SnOx found by Mullings et al. [21] are added in green.

In Figure 4.15 it can be seen that the processes with and without plasma have a different temperature
dependence. For thermal SnOx the GPC goes down faster with increasing temperature than for the
plasma-assisted SnOx process, which with a difference in GPC of 0.01 nm/cycle can almost assumed
to be constant. The GPC values for thermal SnOx correspond well to the values found by Mullings et
al. [21] for a non-spatial ALD process, with values of 0.11, 0.08, 0.07 and 0.05 nm/cycle for deposition
temperatures of respectively 100, 150, 175 and 200 °C. These values are added to Figure 4.15 in green.

In previous sections it had been shown that the GPC as a function of the exposure time is different for the
thermal and plasma-assisted SnOx process. Data as in Figure 4.15 which is dependent on one specific
exposure time might therefore skew the data. In Figure 4.16 the deposition temperature dependency for
both processes is shown for a range of exposure times.

34



0 2 5 5 0 7 5 1 0 0 1 2 5 1 5 00 , 0 0

0 , 0 2

0 , 0 4

0 , 0 6

0 , 0 8

0 , 1 0

0 , 1 2

0 , 1 4
GP

C (
nm

/cy
cle

)

E x p o s u r e  t i m e  ( m s )

 1 0 0 ° C
 1 5 0 ° C
 1 7 5 ° C
 2 0 0 ° C

(a) Thermal SnOx

0 2 5 5 0 7 5 1 0 0 1 2 5 1 5 00 , 0 0

0 , 0 2

0 , 0 4

0 , 0 6

0 , 0 8

0 , 1 0

0 , 1 2

0 , 1 4

GP
C (

nm
/cy

cle
)

E x p o s u r e  t i m e  ( m s )

 1 0 0 ° C
 1 5 0 ° C
 1 7 5 ° C
 2 0 0 ° C

(b) Plasma-assisted SnOx

Figure 4.16: The GPC as a function of the exposure time thermal and plasma-assisted SnOx at different deposition
temperatures.

Figure 4.16 shows excellent evidence for the difference in behaviour between both processes at different
deposition temperatures. For the thermal SnOx a large temperature dependency is observed over the
whole range of different exposure times, while for plasma-assisted SnOx there is only a slight tempera-
ture dependence.

The GPC decrease for higher exposure times is a common phenomenon for ALD from alkyl-amide
precursors [44]. A change in the number of reactive surface groups might account for the decreasing
GPC. This behaviour has been interpreted for SnOx by precursor condensation [23] or by an increased
number of surface hydroxyl groups at lower temperatures [19,44]. The presence of additional water due to
physisorption at lower temperatures increase the density of OH reaction sites. Tanskanen et al. [27] have
shown neighbouring OH groups on the surface facilitate the water half-reaction as seen in Equation 2.2.

For the plasma-assisted SnOx the temperature dependency is not present, but the amount of physisorpted
water added during the co-reactant step in the cycle should be the same as for the thermal process. After
all, the amount of physisorption just dependant on the temperature if the chemical reaction were to be
the same.

What could be happening instead is the successful reduction of tin by the hydrogen plasma (Equation
2.3), followed by re-oxidation of the sample in the co-reactant step (Equations 2.13 and 2.14). This
sequence of reaction would not be so strongly temperature dependent.

4.2.8 Depositions Without Water

In addition to the depositions with varying amounts of water precursor done in section 4.2.5, some
depositions have been performed without H2O as a co-reactant. In principle, an ALD reaction with just
a precursor and no co-reactant should not yield any growth. The nitrogen plasma could perform the role
of co-reactant, but the significant 100x timescale difference of the process compared to literature [36]

should result in just a small amount of growth as explained in section 2.2. The results of these waterless
depositions are summarized in Figure 4.17. From this figure a surprising result can be seen, as the GPC
for the process without water closely approximates the other processes.

The most likely explanation for this result is the formation of metallic Sn instead of SnO or SnO2. The
hydrogen plasma as explained in section 2.2 in this report reduces the Sn4+ to either Sn2+ or Sn0. It
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Figure 4.17: The GPC versus the exposure time for the thermal SnOx process, the plasma-assisted (p-a) SnOx and
the plasma-assisted SnOx without water process.

could be possible for the TDMASn to bind to Sn0 surface molecules. This would result in a large amount
of tin in the material composition.

The refractive index of this material varies between 2.3 and 2.5, which could be an indicator of the
presence of tin monoxide. While oxygen atoms should in theory not be present in the reactor, in practise
oxygen and water vapour leaks into the reactor due to the deposition taking place at atmospheric pressure.
Some oxygen or water would also be present in the nitrogen used for the plasma and the purging of the
reactor. The formation of tin monoxide with this process seems unlikely though due to the extremely low
oxygen partial pressure that would be present.

Another possible process is the formation of tin nitride due to the nitrogen plasma. Nitrogen plasma has
a low reactivity to TDMASn and very long exposure times in the range of 20-100 seconds are necessary
to saturate the surface and remove the methyl ligands [36]. Therefore, tin nitride would not form due to
water having an significantly higher reactivity. In the absence of water however tin nitride might be a
possibility, but such a high GPC would still be unexpected.

In order to verify the material composition of this process, plasma-assisted SnOx samples without water
will be taken into account for most of the characterization methods discussed in the next section.
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4.3 Sample Characterization

This section starts of with an overview of the electrical properties of SnOx as a function of the hydrogen-
to-nitrogen plasma ratio used in the process. In order to better investigate the material properties with
other measurement techniques, reference tin monoxide samples are introduced in the second subsection.
The development of these samples happened in parallel to this research and it was possible to obtain some
measurement results for accurate comparisons. This is put in practise in the following paragraphs for
XPS, XRD, Raman and UV-VIS measurements. Finally, this section will finish with a short investigation
into the possibilities of annealing the samples.

4.3.1 Electrical Properties

The main goal of adding the hydrogen plasma to the thermal SnOx process is to see whether it is possible
to form a tin monoxide thin film layer, which is a p-type semiconductor instead of n-type for the tin diox-
ide. One way to check whether a layer is a p-type semiconductor is by performing Hall measurements
as explained in section 3.2.3. A measurement series of various SnOx samples with increasing amounts
of plasma is made and the results of the Hall measurements are summarized in Table 4.2 below.

Table 4.2: An overview of various electrical properties of plasma-assisted SnOx samples at varying ratios of
hydrogen plasma.

Hydrogen ratio plasma Sheet resistance Carrier concentration Hall mobility and type
(Ω/�) (cm−3) (cm2 V−1s−1), p or n

No plasma 2.28E7 2.0E17 n 0.29
0.01 9.89E3 4.9E19 n 2.46
0.05 6.93E3 5.8E19 n 2.60
0.1 5.64E3 7.6E19 n 2.43
0.15 6.42E3 5.8E19 n 2.80
0.2 6.46 E3 5.9E19 n 2.30

It turns out that even adding the smallest possible amount of hydrogen plasma available for the set-up
to the SnOx layer changes the electrical properties drastically. The resistance and sheet resistance of the
1 cm by 1 cm samples drop by 4 orders of magnitude, the carrier concentration multiplies 200 to 400
times and the measured Hall mobility increases tenfold. This research aimed to produce p-type materials,
the addition of an hydrogen plasma to the process results in n-type SnOx still. It can also be seen that
even though the smallest value of 100 sccm of hydrogen plasma (and 9900 sccm of nitrogen plasma) has
a large effect, the effect is not saturated until the addition of 500-1000 sccm of hydrogen plasma. As
proposed in section 4.2.1, the cause of this effects could be the the removal of carbon impurities by the
plasma, as these drastically lower the carrier concentration [23]. More on this will be discussed in section
4.3.3.

This phenomena has been covered in literature though and the increased electrical conductivity of SnOx
has been attributed to the incorporation of hydrogen in the tin oxide [49]. Hydrogen can bond with oxygen
in the tin oxide and act as a donor resulting in n-type conductivity [26]. Therefore this is a probable cause
to the increase of the electrical properties, although it does not exclude the removal of carbon impurities
taking place. The incorporation of hydrogen in the layer is unfortunately unable to be detected with the
various techniques used in this research, so this should be incorporated in further research.
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4.3.2 Tin Monoxide

The goal of this research is to produce p-type tin monoxide thin film from a tin(IV) sALD precursor.
To determine to which degree this goal is accomplished it is helpful to have a SnO reference sample.
Fortunately it was possible to obtain reference data from such a sample produced on the same POP1 set-
up with the bis[bis(trimethylsilyl)-amino]tin(II) precursor and H2O. This process succesfully resulted in
a p-type material. The temperature dependent saturation GPC and refractive index at 632nm of the tin
monoxide can be found in Figure 4.18.

1 2 0 1 3 0 1 4 0 1 5 0 1 6 0 1 7 0 1 8 0 1 9 0 2 0 0 2 1 0
0 , 0 0 0

0 , 0 0 5

0 , 0 1 0

0 , 0 1 5

0 , 0 2 0

T e m p e r a t u r e  [ ° C ]

GP
C [

nm
/cy

cle
]

1 , 9
2 , 0
2 , 1
2 , 2
2 , 3
2 , 4
2 , 5
2 , 6
2 , 7

Re
fra

ctiv
e I

nd
ex

 (a
t 6

32
 nm

)
Figure 4.18: The GPC and refractive index of saturated SnO grown with a bis[bis(trimethylsilyl)amino]tin(II)
precursor and water at various deposition temperatures.

At a glance, the GPC is significantly lower than the GPC of the TDMASn tin(IV) precursor. Where as
the thermal and plasma-assisted SnOx in this research reach values of up to 0.10 nm per cycle, the tin(II)
precursor process caps at 0.016 nm per cycle for a deposition temperature of 125 °C and drops to 0.003
nm per cycle for 200 °C. This indicates a different type of process taking place than the temperature-
independent plasma-assisted SnOx. It is however hard to say whether the rate-limiting reaction for this
process is the same as for the thermal SnOx.

The refractive index is with values of 2.4-2.6 considerably higher than the samples produced in this
research, with exception of some plasma-assisted without water SnOx depositions which approach 2.4.
The refractive index being this high is a clear indication of a tin monoxide layer being deposited instead
of a mixture, which makes the samples very suitable for comparisons with other techniques.

It was not possible to obtain Hall measurement data of the tin monoxide samples, but XRD, XPS, UV-
VIS and Raman data was available and will be shown for comparison in the next sections.

4.3.3 Material Composition

XPS

The material composition of the samples is determined by XPS. The XPS characterization is performed
by Eurofins EAG, and the samples are checked for Sn, O, N, C and Si. Sputtering is used to obtain a
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relative depth profile, to check whether the composition changes within the thin film, accounting for pref-
erential sputtering. The distance from the surface is given in nanometres of SiO2 sputtering equivalent.
That is, if the material where SiO2, the composition would be measured at every nm of depth.

The composition will be compared to the reference SnO sample, which consists of 47.6% oxidized Sn,
10.3% metallic Sn, 41.3% O and 0.8% N. This ratio of O/Sn of 0.72 is very close to values of 0.74 found
in literature [15] for SnO. For the other samples however, due to the uncertainty in the data it was not
possible to split the tin in a metallic and oxidized part, as the difference in binding energies is just 0.9
eV. The results of the SnOx samples can be found in Figure 4.19.

(a) Thermal SnOx (b) Plasma-assisted SnOx

Figure 4.19: Elemental concentrations of thermal and plasma-assisted SnOx samples as determined by XPS.
Measurements are performed at every nm equivalent of SiO2 sputtering to show the change in composition over
the whole layer.

The XPS results of the SnOx samples yield a ratio of about 45:55 of Sn:O, which differs from the 58:41
of the tin monoxide reference. This result is very close to the results obtained for SnO2 by Kim et al. [15],
who also found a relative O:Sn ratio of 1.2 and an uniform O/Sn distribution in the depth direction. It
should be noted that the absolute O/Sn ratio determined by XPS analysis is not very accurate even after
considering the atomic sensitivity factors of each element. Still, it can be concluded that the samples are
close to pure tin dioxide.

Some other interesting things can be noted in Figure 4.19. At the surface the ratio of O:Sn is higher
than in the bulk, probably due to surface contamination with CO2 and H2O. No carbon is detected in
these samples however, so DMA ligands are not broken down in the deposition process. This means that
the increased refractive index is probably the cause either an increase in density or local crystallization
within the material [50]. For the electrical properties it also implies that the incorporation of hydrogen
causes the increase in charge carriers and decrease in sheet resistance.

Although the thermal and plasma-assisted SnOx XPS results are very similar, an important difference
can be seen in the amount of nitrogen in the sample. For thermal SnOx this amount is zero, but for
plasma-assited SnOx it varies around 2% as seen in Figure 4.20.

A DMA ligand contains both carbon and nitrogen, so the observation of nitrogen within the plasma-
assisted SnOx but no carbon is remarkable. It was already concluded that the DMA ligands are not broken
down in the process. The occurrence of nitrogen within the sample likely comes from the nitrogen in the
plasma itself, effectively creating SnOxNy. The fabrication of SnOxNy thin films by ALD for battery
anodes has been described by Steward et al. [36], which follows a similar process. As stated previously,
they found that very long exposure times in the order of 20-100s were necessary to saturate the surface
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Figure 4.20: Elemental concentrations of plasma-assisted SnOx as determined by XPS, zoomed in to show the
nitrogen concentration in the layer.

and remove methyl ligands. The assumption that the nitrogen plasma does not play a role due to the
time-scale differences which are approximately 500 times shorter than found in literature, is false and
the incorporation of nitrogen can be detected. Further research in this effect might be useful for research
groups interested in the production of batteries by ALD.

XPS on plasma-assisted SnOx without water

Another interesting result is the XPS data for plasma-assisted SnOx without water, of which the results
can be found in Figure 4.21. A high concentration of Sn is found, with values averaging 67% for the bulk.
Interestingly both N and O are present, in roughly equal amounts. The amount of nitrogen decreases
closer to the silicon wafer, but the amount of oxygen increases. This is due to the formation of a native
SiO2 layer on the Si substrates, which reflects in an increase in the amount oxygen in the same region.
The growth in the first few cycles could possibly be influenced by this.

Figure 4.21: Elemental concentrations of a SnOx sample deposited without water.

As for the material composition, the material can best be described as either SnOxNy as described by
Steward et al. [36] with some additional tin, or metallic Sn which has formed slight amounts of tin oxide
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and tin nitride. The silicon wafer starts at 14nm removed SiO2 equivalent depth, compared to approxi-
mately 40 nm for the depositions. The SE model however gives it as seen in Figure 4.17 a comparable
depth to the other materials of 60nm. This difference could be explained either due to the material be-
ing significantly easier to etch or the SE model not fitting properly to the material and giving the thin
film layer a higher thickness than it has. Further research could look into measuring the thickness using
different methods such as x-ray reflection to settle this matter.

XRD

To complement the XPS measurements and as a tool to learn more about the crystal structure of the
material, grazing incidence XRD measurements are performed on all 4 sample types and the results are
shown in Figure 4.22 together with selected peaks corresponding to Sn, SnO, SnO2 or the silicon wafer.
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Figure 4.22: The grazing incidence XRD results for thermal SnOx, plasma-assisted SnOx, plasma-assisted SnOx
without water and a reference SnO sample. Different peaks for bulk materials as found in the ICDD database are
added as a reference. Due to the grazing incidence technique the (113) forbidden Si peak for the wafer is also
detected.

The SnOx films obtained are in the nano-crystalline or amorphous state and only a few peaks can be
seen. These results match with results found in literature [8,15,51] for amorphous SnOx. Most noticeably
the broad peak around 30°, which for crystalline samples would be better defined as the (101) peak. The
sharp peak around 55°is the result of using grazing incidence, as this corresponds to a forbidden (113)
peak of the silicon wafer.

The spectra for thermal SnOx and plasma-assisted SnOx are very similar, and the lack of well-defined
peaks except for a peak around 51°, which corresponds to SnO2, makes it hard to draw conclusions about
the material composition. In order to improve this, the samples will be annealed which will be discussed
in section 4.3.5. The plasma-assisted SnOx without water sample shows an interesting spike at 83°which
matches the (213) peak of the reference SnO. Due to its lack of width it can however not be concluded
that it corresponds to tin monoxide.
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Raman

Although a couple of peaks are visible on the XRD, the material still appears fully amorphous. To
further confirm this, Raman spectroscopy is performed on the samples of which the results are shown
in Figure 4.23. The spectra appear identical to the spectrum of an empty silicon wafer, conforming the
amorphous nature by a lack of crystallinity in the sample. This could be due to the set-up not being
sensitive enough to measure the thin film. The reference SnO sample for example shows excellent peaks
in its XRD spectrum in Figure 4.22, but also appears identical to the wafer here where some deviation to
the Si wafer in its Raman spectrum would have been expected. For further research thicker samples are
therefore recommended.
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Figure 4.23: Raman spectroscopy on thermal SnOx, plasma-assisted SnOx, plasma-assisted SnOx without water
and a reference SnO sample. A silicon wafer is added as a reference, and from there no significant differences can
be seen.

4.3.4 Optical Properties

Optical analysis of the films was performed using UV-VIS spectroscopy. The transmission and re-
flectance of the various tin oxide and the reference tin monoxide are shown in Figure 4.24. The samples
are approximately 100-120 nm in thickness, which is 1600 cycles compared to the 800 cycles for regular
samples, deposited on a substrate of 0.5 mm of borosilicate glass. This change in substrate could influ-
ence the growth for the first couple of cycles, but this switch is a necessity as silicon wafers have poor
optical transmission properties.

The transmission and reflectance can be found in Figure 4.24. The glass substrate shows a edge of
transmittance above 3.5 eV and the reflectance increases at 4.6 eV. The thermal SnOx has peaks at
different energies than the other samples, this could be due to an increased thickness compared to the
other samples.

Compared to literature, the optical transmission of the plasma-assisted SnOx sample can be considered
low, as tin oxide samples often reach 90%+ values under 3.0 eV [8]. The thermal SnOx sample does
approach this value when compared to the glass sample. According to Toyama et al. [52], the drop in
transmission can be explained by the presence of metallic Sn. This could be also the case here. Recalling
the XPS data for the reference SnO sample, which has a composition of approximately 10% of metallic
Sn and the reference SnO sample does show a low transmission in this Figure. Therefore, the lower can
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be seen as evidence for the reduction of Sn4+ by the hydrogen plasma. It should be noted that impurities
from the present nitrogen could have a similar effect. For plasma-assisted SnOx this effect should be
larger, which is indeed the case as the transmission is significantly lower.
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Figure 4.24: Transmission (a) and reflectance (b) spectra for the various SnOx sample types. As a reference the
values for glass and the reference tin monoxide sample are added.

The absorptance is calculated from the transmission and reflectance, which in turn can be used to deter-
mine the absorption coefficient α of the material using Equation 3.7 and 3.8. From here, the bandgap of
the material can be deduced using Tauc plots. For this, the value (α · E)m is plotted against the energy,
with m a power which is equal to 1

2 for a material with an allowed indirect bandgap, and 2 for a direct
bandgap.

The direct bandgap for (poly-) crystalline bulk SnO2 as described in literature is 3.6-4.0 eV [53,54], which
is in accordance to deposited SnO2 thin films [26,55,25,56]. In comparison, SnO thin films have an indirect
bandgap of 2.3-3.0 eV [15,57,20]. Therefore, the Tauc plots for both direct and indirect bandgaps are given
in Figure 4.25.
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Figure 4.25: Tauc plots for both indirect (a) and direct (b) bandgaps. Dotted lines are added at the linear parts to
deduce the bandgaps.

The 2.3 eV indirect bandgap for SnO matches the findings of Lee et al. [57], but is on the lower end of
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other studies [15,20]. The bandgap values for the thermal and plasma-assisted SnOx are comparable to the
literary values for tin dioxide mentioned above, which further indicates the material being tin dioxide
instead of tin monoxide. The difference of 0.4 eV could be due to the incorporation of nitrogen and
metallic tin as hypothesized before. The plasma-assisted SnOx without water with a direct bandgap of
3.4 eV approximates the tin monoxide.

4.3.5 Annealing

In the previous sections it was shown that the tin oxide samples are amorphous in nature. Although this
result is not out of the ordinary, a polycrystalline thin film was preferred due to the superior electrical
properties [6]. A way to change the crystallinity of the samples post-deposition is by annealing. The
expected result is a slightly denser layer and the reduction of surface roughness. However, annealing a
sample could also cause a chemical reaction to occur, changing the material composition. For example,
it is possible to change the composition from tin monoxide to tin dioxide by annealing at 300 °C and
above [58].

The annealing time and temperature to crystallize SnOx thin films vary a lot in literature. Some authors
choose to be cautious and anneal barely above the deposition temperature with temperatures such as
180-200 °C [59,60], but the best results without changing the sample composition are achieved at 300
°C [51,55,61,30]. Therefore, the samples were annealed at 300 °C in air for 1 hour. Due to limited available
equipment it was not possible to anneal the samples in a nitrogen or argon environment. The samples are
measured with XRD before and after the annealing process, the results are found in Figure 4.26.
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Figure 4.26: The grazing incidence XRD results for thermal and plasma-assisted SnOx before and after an anneal
in air at 300 °C for 1 hour. Different peaks for bulk materials as found in the ICDD database are added as a
reference. Due to the grazing incidence technique the (113) forbidden Si peak for the wafer is also detected.

The annealed thermal SnOx sample shows a more defined peak around 30°and a less defined peak for
the silicon wafer. This could be a small increase in crystallinity, but the temperature of 300 °C for 1 hour
is too low to make a significant difference. The plasma-assisted SnOx sample shows a large peak at 57°,
which is attributed to the silicon wafer. However, for the forbidden [113] Si peak a broad peak is expected
instead of such a well-defined peak. The only alternative explanation that could be found in literature is
enhancement of the [002] SnO2 peak at 57.9°, which normally is not visible, but is significantly enlarged
for SnO2 nanorods [62], which have a general preference to grow along the [001] direction. The growth
of nanorods after annealing is considered to be incredibly unlikely by the author of this report, so this
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alternative explanation is considered to be speculationin need of further research.

The Raman spectra of the annealed samples are shown in Figure 4.27. From here it can be concluded
that the samples after annealing are still fully amorphous and in-differentiable from the silicon wafer.
These results do not match up with annealing in air results found in literature as mentioned above, so the
annealing process should be re-evaluated. For further research the recommendation would be to increase
the annealing temperature to for example 400°C.
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Figure 4.27: Raman spectroscopy on thermal SnOx, plasma-assisted SnOx and plasma-assisted SnOx without
water after an anneal in air at 300 °C for 1 hour. A silicon wafer is added as a reference, and from there no
significant differences can be seen.
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Chapter 5
Conclusions and Final Remarks

The aim of this research was characterizing the plasma-assisted SnOx spatial atomic layer deposition
process. The project started as a follow-up of research done at TNO/Holst Centre in which the possibil-
ities of depositing p-type metal oxide thin films for the production of p-type thin film transistors were
explored. This previous exploration concluded after literary research tin monoxide being the most likely
candidate for this process. Problems arose early on in finding a suitable precursor, as TDMASn resulted
in n-type tin dioxide. An innovative solution was proposed, by using an in-situ hydrogen plasma to re-
duce the oxidation state of tin from Sn4+ to Sn2+ or Sn0 it might be possible to deposit tin monoxide
instead.

This could not be confirmed however due to problems in the characterization, as differentiation between
tin monoxide, dioxide or a mixture was found to be troublesome with the available equipment. This re-
search continued by investigating the feasibility of using an hydrogen plasma as an additional step to the
thermal SnOx process, showing the effect of various growth parameters, proposing reaction mechanisms
and modelling the growth, and finally describing the difference in material properties from samples pro-
duced with the thermal and plasma-assisted SnOx process, and comparing those samples to tin monoxide
reference samples.

5.1 Conclusions

Plasma-assisted SnOx depositions by SALD with TDMASn, H2O and a H2/N2 plasma were performed
and shown to be reproducible. The addition of an hydrogen plasma to the thermal deposition of SnOx
resulted in a material with an increased refractive index of 2.1-2.2 compared to 1.9-2.0 for the process
without plasma. As tin monoxide has a refractive index of 2.5-2.8, the deposited layers are considered to
be closer to tin dioxide. The increase in refractive index is attributed to an increase in material density
and the presence of a small amount of metallic tin.

This assumptions of both the thermal and plasma-assisted SnOx corresponding closer to tin dioxide is
confirmed in XPS measurements, where the samples correspond closely to tin dioxide literary values and
differ strongly from the reference tin monoxide sample. Measurements with XRD and UV-VIS also show
the materials from both processes as similar, but significantly different from the reference tin monoxide.

The most significant difference in elemental concentration between thermal and plasma-assisted SnOx is
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the presence of 2% nitrogen in the plasma-assisted process. No carbon is detected with this nitrogen, so
the nitrogen does not originate from the DMA ligands. The source of the nitrogen is the nitrogen plasma
used in the process, which disproves the assumption made early on in this research of the nitrogen having
such a low reactivity that it does not play a role in the process.

The hydrogen plasma does influence the material properties as seen with plasma composition variations.
Increasing the amount of hydrogen in the plasma lowers the GPC and increases the refractive index
for fractions up to 10% of the total 10 slm plasma flow, after which the values are saturated. Hall
measurements for different hydrogen plasma ratios show similar results and an especially sharp decrease
in the sheet resistance for even the slightest amount of hydrogen. This decrease in resistance is due to the
incorporation of hydrogen doping within the thin film layer. For all SnOx processes Hall measurements
show n-type materials.

The GPC versus the exposure time of the samples is thoroughly investigated for both thermal and plasma-
assisted SnOx. Both processes show different saturation curves, which indicates different chemical reac-
tions taking place. For thermal SnOx an overshoot is found for the rotation direction with a shorter purge
time between the TDMASn and water, but not the other rotation direction. A model is shown which
explains this effect due to additional water physisorption on the substrate which is not properly purged
at certain exposure times.

The plasma-assisted SnOx saturation curves are shown to be solely dependant on the amount of precur-
sor dosed to the substrate instead of the chemical reaction rate. Two different models with comparable
performance are shown, a diffusion-limited mass transport model and a dosage-limited model utilizing
the specific precursor dose of the system. The latter model was able to predict the effect of both of expo-
sure time as well as precursor flow from the bubbler. Both models consider the chemical reaction to not
be dependent on the number of hydroxyl ligands on the substrate surface. When deposition temperatures
are varied, which directly influences the number of hydroxyl ligands on the substrate surface, the thermal
SnOx shows a large variation in the GPC which is in accordance with literature. The plasma-assisted
SnOx process however shows little to no temperature dependency.

The plasma-assisted SnOx process also shows no significant difference in the GPC and refractive index
when water partial pressure is varied over two orders of magnitude. However, when no water at all
is added to the sample there is no growth as expected for the thermal process, but the plasma-assisted
process shows significant growth. The resulting material has a higher refractive index of 2.2-2.4 and is
shown by XPS to consist of primarily tin with some oxygen and nitrogen, and most of the tin should be
considered metallic.

Therefore, the hydrogen plasma does in-situ reduce the tin to a metallic state. However, by adding water
as a co-reactant the tin is immediately re-oxidized. This results in a comparable layer to the tin dioxide
from the thermal SnOx process, with some additional nitrogen and hydrogen and a slight amount of
metallic tin present.

In conclusion, the addition of an hydrogen-nitrogen plasma to the thermal SnOx SALD process with
TDMASn and water does not result in a p-type tin monoxide thin film. Although the plasma does reduce
the tin in-situ and further research might yield insights in how to control the re-oxidation of tin, this
method is as of yet not considered viable. Recommended would be the usage of a tin(II) precursor, it has
been shown to result in a p-type metal oxide thin film layer.
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5.2 Outlook

As in every project, some research could not be executed due to time constrains or set-up and/or bud-
get limitations. This section will provide a starting point for follow-up research by highlighting some
interesting leads found in this research that could not be pursued.

In the dosage-limited model the specific precursor dosage is shown to encompass the exposure time and
precursor bubbler flow as a single parameter. It is however also dependent on the vapour pressure of the
precursor. By varying the precursor temperature it could be investigated whether the results of varying
vapour pressure could also be correctly predicted by this model.

Due to set-up limitations of the flow controllers it was not possible to test lower amounts of hydrogen in
the plasma. Depositions have been performed with the lowest possible amounts, but the results between
no hydrogen or just a little hydrogen are quite drastic when looking at the electrical properties, with
a change in sheet resistance of four orders in magnitude. Finding the amount of hydrogen where this
transition happens might yields some insight in the underlying mechanisms.

In all plasma-assisted deposition some nitrogen is present from the plasma. Using another non-reactive
plasma like argon or helium would therefore likely result thin film layers with less impurities. This is
especially interesting for the depositions without water, as the removal of nitrogen would possibly result
in severely oxygen-deficient tin oxide thin films. Although this might be mostly hydrogen-doped metallic
thin, careful oxidation could result in p-type tin monoxide films. If the amount of oxygen leaking into
the reactor could be reduced the deposition of pure hydrogen-doped metallic tin might be possible.

Tin oxynitride as a material has some usage for the production of batteries. As mentioned multiple times
throughout this report, the deposition of tin oxynitride layers by ALD has been shown by Steward et
al. [36] and Ansari et al. [63]. However, to the best of the authors knowledge this might actually be the first
time that possible SnOxNy thin films have been produced by SALD. However, it is still more likely to
be a mixture of SnOx, SnNy and metallic tin. If interested in this material, this research can be used
as a starting point. For the best results it is recommended to dose little to no water and to remove the
hydrogen from the plasma mixture, as this would result in unwanted metallic tin and hydrogen doping.
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Appendix

A Spectroscopic Ellipsometry Models

In this section several SE models will be evaluated which can be used on standard 50-80nm SnOx sam-
ples used in this research. Other models than these mentioned are certainly possible, but would perform
considerably worse.

Cauchy

The earliest dispersion formula was established by Cauchy in 1836 and is a simple empirical dispersion
law. The ”Cauchy Transparent” dispersion can be defined as

n(λ) = A+
B

λ2
+
C

λ4
(A.0.1)

with A a dimensionless parameter, which approximates the refractive index for λ → ∞. B affects the
curvature and amplitude for medium wavelengths in the visible range, while C affects the curvature and
wavelength in the UV range.

Although Cauchy commonly used for its simplicity, the model cannot be easily applied to metals and
semiconductors. The parameters do not have any physical meaning and the empirical relations are not
Kramers-Kronig consistent as seen in Equation 3.6. This lack of predictive physical behaviour makes
Cauchy, together with other empirical models such as Briot or Sellmeier, unfit for use in this research. It
does provide a benchmark however to compare other SE models against.

New Amorphous Model

The new amorphous dispersion formula is a variant on the Forouhi-Bloomer amorphous dispersion model
derived by Horiba Jobin Yvon [64]. It is applicable on amorphous semiconductors and dielectrics and
takes into account the optical bandgap in the inter-band region It assumes localized atomic orbital overlap
in which a band is formed, the valence and conduction band are parabolic shaped and are separated by
a forbidden band with size Eg. As a model the accuracy is rather bad below the bandgap. The model
predicts the complex refractive index, of which the extinction coefficient is given by

k(E) =


fj ·(E−Eg)2

(E−Ej)2+Γ2
j

; for E > Eg

0 ; for E ≤ Eg
, (A.0.2)

and the refractive index is

n(E) = n∞ +
B · (E − Ej) + C

(E − Ej)2 + Γ2
j

,where

{
B =

fj
Γj
· (Γ2

j − (Ej − Eg)2)

C = 2 · fj · Γj · (Ej − Eg)
(A.0.3)
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where fj is a parameter between 0 and 1 which describes the strength of the extinction coefficient peak,
Γj is the broadening term of the absorption peak,Ej is the energy at which the extinction is at a maximum
and Eg is the bandgap energy.

Tauc - Lorentz

The most used model for SnOx is Tauc Lorentz. It wasdeveloped by Jellison and Modine in 1996 by
combining the Tauc joint density of states and the Lorentx oscillator. It gives the complex dielectric
function εTL as

εTL = εr,TL + i · εi,TL = εr,TL + i · (εi,T × εi,L) (A.0.4)

The imaginary part of the complex dielectric function εi,TL is the product of the imaginary part of the
Tauc dielectric function εi,T and the Lorentz dielectric function εi,L. Approximating parabolic bands,
inter-band transitions above the bandgap are given the Tauc dielectric function as

εi,T (E > Eg) = AT · (
E − Eg
E

)2 (A.0.5)

with AT the Tauc coefficient, E the photon energy and Eg the optical bandgap. For transitions below the
bandgap, εi,T (E ≤ Eg) = 0.

The imaginary part of the Lorentz oscillator is given by

εi,L(E) =
AL · E0 · C · E

(E2 − E2
0)2 + C2 · E2

(A.0.6)

in which AL is the strength of the εi,TL peak, C is the broadening term and E0 the peak central energy.
Multiplying these equations results in

εi,TL(E) = εi,L × εi,T =

{
1
E

AE0C(E−Eg)2

(E2−E2
0)2+C2E2 ; for E > Eg

0 ; for E ≤ Eg
(A.0.7)

where A = AT ×AL. The real part εr,TL can be derived from this expression using the Kramers-Kronig
relation in equation 3.6.

The requirement that εi,TL should be zero for energies below the bandgap results in the model not taking
intra-band absorption into account. Therefore, it might produce bad fits in that region.

Adachi - New Forouhi

An improvement of the new amourphous model mentioned earlier is the Adachi-New Forouhi model.
The new amorphous model functions poorly at energies below the bandgap, which this model corrects
by defining the dielectric constant ε as

ε(E) = εAdachi(E) + εForouhi(E) (A.0.8)

For which the first component εAdachi(E), introduced by Ozaki and Adachi [65], describes the optical
transitions from the valence band to the conduction band at 3D M0 critical points, so from the valance
band maximum to the conduction band minimum. εAdachi is defined as

εAdachi(E) = A0 ·
{
f(χ0)

E
3/2
g

+
f(χS0)

2 · (Eg + ∆0)3/2

}
(A.0.9)
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withA0 a strength parameter,Eg the bandgap, ∆0 the width of the energy split due to spin-orbit coupling,
f(χ) a function to be applied to the susceptibilities χ0 at Eg and χSO at Eg + ∆0

f(χ) =
2−
√

1 + χ−
√

1− χ
χ2

, χ0 =
E + i · Γ0

Eg
, χS0 =

E + i · Γ0

Eg + ∆0
(A.0.10)

in which Γ0 is a broadening parameter.

The second part of equation A.0.8, ε1(E) is written as

εForouhi(E) = (n1(E) + i · k1(E))2 (A.0.11)

were n(E) and k(E) are from the new amorphous model as seen in equationsA.0.2 and A.0.3.

Further improvements can be made with an additional dielectric term from the Drude model εDrude [66]

to take into account the contribution of free electrons in the conduction band. This would however add
a couple of additional parameters which increases the amount of overfitting. The current SE set-up is
unfortunately not capable of running these calculations.

Model Justification

An overview of the performance of the shown models is given in the Table below. Due to its excellent
fits over the whole spectrum, the Adachi-New Forouhi model will be used as default for characterizing
samples within this research. The New Amorphous and Tauc-Lorentz models are ill-suited for energies
below the bandgap of the material, which is quite high (3.5-4.0 eV) in the case of SnOx. The Adachi-
New Forouhi model is able to fit in this region.

It has to be said that this model gives a severe chance for overfitting. Therefore, whenever the Adachi
- New Forouhi model produces unlikely results it will be compared to the Tauc-Lorentz model. For the
majority of the cases, these models are in good accordance with each-other.

Table 5.1: An overview of the performance of different SE models on a reference plasma-assisted SnOx sample.

Model Parameters Range (eV) χ2 h (nm) n(#) k(#) Eg(eV)

Cauchy 3
1,5-3,8 1,85 20,8±0,4 1,218 -0,602 3,313
1,5-5,5 12,66 22,9±0,4 1,145 -0,481 3,971

New Amorphous 5
1,5-3,8 0,55 53,9±0,15 2,187 0,024 3,227
1,5-5,5 1,83 54,8±0,17 2,147 0,032 3,188

Tauc-Lorentz 5
1,5-3,8 0,58 53,3±0,1 2,196 0,006 3,236
1,5-5,5 1,23 52,5±0,1 2,171 0 3,233

Adachi-New Forouhi 8
1,5-3,8 0,049 50,0±0,09 2,273 -0,123 3,278
1,5-5,5 0,37 55,2±0,09 2,204 0,031 3,190
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