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Abstract
Zinc tin oxide (ZTO) semiconducting thin films are attracting increasing attention because of the
excellent optical properties associated with ZTO and the ability to deposit amorphous films. Potential
applications of ZTO films include transparent conductive oxides (TCOs), buffer layers in thin film solar
cells and active channel layers in thin film transistors. Atomic layer deposition is excellently suitable for
the deposition of the ultrathin, uniform and conformal ZTO films needed for these applications. Many
potential industrial applications of ALD are however not economically viable because of the low
deposition rate typically associated with conventional ALD. Spatial ALD is an innovative technique that
combines the advantages of conventional ALD with high deposition rates in the order of nanometers per
second. Spatial ALD operates at atmospheric pressure and is already being used in industry to deposit
passivation layers for silicon solar cells. This industrial scalability of spatial ALD combined with the
advantages of conventional ALD makes spatial ALD the deposition method of choice for this research.
This work is the first record of successful spatial atomic layer deposition of zinc tin oxide. In order to
deposit ZTO by spatial ALD, diethylzinc (DEZ) and tetrakis(dimethylamino)tin (TDMA-Sn) precursors are
mixed and the resulting gas mixture is injected into the spatial ALD reactor. In this co-injection ZTO ALD
process, the DEZ and TDMA-Sn precursors compete for the available surface sites in a process called
competitive adsorption. It is shown that the composition of the deposited ZTO films can be tuned in the
range [Sn]/([Sn]+[Zn]) = 0 – 0.26 by adjusting the relative amounts of DEZ and TDMA-Sn precursors in
the injected gas mixture.
It is found that competitive adsorption is not the only factor that plays a role in the ZTO growth
mechanism. Based on the trend in ZTO growth rate as function of film composition, steric hindrance and
a reduction of the reaction site density resulting from TDMA-Sn ligand exchange reactions are both
shown to be important factors for precursor adsorption in co-injection ZTO ALD. Furthermore, it is
concluded that poisoning phenomena occur in the growth of ZTO which causes the ZTO film growth to
be unsaturated whereas saturated ZnO film growth is observed at similar deposition conditions.
Poisoning can either be caused by HDMA molecules (reaction products that are released in TDMA-Sn
chemisorption) physisorbed to the surface, or by incomplete DMA ligand removal during the H2O
exposure step.
The morphology and opto-electronic film properties of the deposited ZTO films have been investigated
in detail. ZTO films with composition [Sn]/([Sn]+[Zn]) < 0.15 are shown to have a microcrystalline
hexagonal wurtzite ZnO structure, whereas films with higher tin composition fraction ([Sn]/([Sn]+[Zn]) >
0.15) are amorphous. Both the amorphous and the tin doped zinc oxide films ([Sn]/([Sn]+[Zn]) < 0.01)
are highly transparent to visible light and absorb less than 10% of the incident light. The microcrystalline
ZTO films exhibit a direct optical band gap that increases with increasing tin composition fraction from
3.3 eV for intrinsic zinc oxide to 3.55 eV for [Sn]/([Sn]+[Zn]) > 0.04. The amorphous ZTO films exhibit an
indirect optical band gap of approximately 3.0 eV. XPS analysis revealed that tin ions substitute zinc
positions in the ZnO crystal lattice. Some of the incorporated tin ions create double donor states (Sn4+)
while other tin ions (Sn2+) do not contribute to doping. Hall analysis of the microcrystalline ZTO samples
revealed that the charge carrier transport is dominated by grain boundary scattering. Of all the films
deposited in this work, tin doped zinc oxide ([Sn]/([Sn]+[Zn]) ≈ 0.005) exhibits the lowest resistivity (3
mΩ cm). This resistivity is comparable to the lowest ZTO resistivities reported in literature which proves
the potential of spatial co-injection ALD for depositing high quality ZTO films.
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1

Introduction

This work is focused on the spatial atomic layer deposition of zinc tin oxide. In this introductory chapter
the motivation for this work is discussed and an introduction to atomic layer deposition is given. Section
1.2 of this introductory chapter presents the project goal and gives an outline of the thesis.

1.1

Motivation

Zinc tin oxide (ZTO) is a semiconductor with a high optical band gap (>3 eV) which makes the material
highly transparent to visible light. As a result of this high transparency, ZTO thin films can be used for
many applications including transparent conductive oxides (TCOs), buffer layers in thin film solar cells,
and thin film transistors (TFTs) [1-5]. Using ZTO as an environmentally friendly replacement for the
industry standard materials in these applications (ITO, CdS) can reduce the production costs and
potentially improve device performance [1;4;6-10]. For this reason, research into ZTO and other multi
metal oxide thin films has drawn increased attention in the past decade [2;4;6-8].
1.1.1 ZTO as TCO
Transparent conductive oxides are an essential component in many products such as flat panel displays,
photovoltaic devices and light emitting diodes [1;3;5;11]. The oxides of indium, tin and zinc are currently
the most commercially-important TCOs [1;12]. These binary oxides are usually doped with an impurity
to improve TCO performance [1;13]. At the moment, indium tin oxide (ITO) remains the industrystandard material for high-end TCOs because of its high conductivity (≈104 S cm-1) [1;5;14]. Indium,
however, is a scarce metal with an upper crustal abundance of only 0.05 ppm and a price that is
comparable to that of silver [1;5;15]. In 2010, ITO production accounted for 82% of indium metal
consumption in the United States [5]. The scarcity of indium, coupled with the increasing demand for
TCOs has led to rising costs, motivating the need to find alternative TCOs [1;3;5;14;16]. Many different
alternative TCOs have been investigated and table 1 gives an overview of some of the best performing
TCOs. The values listed in table 1 represent the resistivities, carrier concentrations and mobilities
demonstrated by top performing thin films of the different materials.
Table 1: Electrical properties of different TCOs
Material
ITO
SnO2
ZnO
TiO2
ZnO:Al
ZnO:B
ZnO:Ga
ZITO
ZTO
ZTO

Resistivity
ρ (mΩ cm)
0.1
>0.5
2
0.5
>0.15
0.75
0.8
0.12 - 0.75
1-5
3

Carrier concentration
n (1021 cm–3)
<3
<1.0
0.1
1.6
0.8
0.7
0.5
0.2-1.2
0.05-0.8
0.1

Mobility
μ (cm2V–1s–1)
≈20–100
≈15–50
30
8
50
10
15
10-350
4-30
19

Film thickness
(nm)
>100
Not reported
220
200
300
220
410
150
200
210

reference
[5;17]
[17]
[17-19]
[17;20]
[21-25]
[18]
[23;26]
[5;27]
[5;28]
This work

Zinc tin oxide is an attractive, low cost, indium free TCO material comprised of earth abundant metals
[1;3-5]. Even though ZTO has not yet been able to replicate the high conductivities demonstrated by ITO
and other TCOs, ZTO is considered to be a promising TCO material and further research on ZTO as TCO is
4

warranted [4;5;29]. Zinc oxide can be doped using many different elements including F, Cu, Ag, Ga, Al,
In, Sn, B, Y, Sc, V, S, Ge, Ti, Zr and Hf. Among these elements, Sn is of particular interest because tin acts
as a double donor providing two free electrons that contribute to the electron conductivity for each Sn4+
ion that substitutes a Zn2+ position in the film [30;31]. These Sn4+ ions substituting Zn2+ positions in the
ZnO crystal lattice create little lattice distortion since the ionic radii of Sn4+ and Zn2+ ions are almost
equal [30-35]I. These properties suggest that there is room for improvement in the performance of ZTO
as TCO and a better understanding of the conduction behavior and defect chemistry of the material
could improve ZTO TCO performance to the level where ZTO could compete with ITO [5]. Currently, ZTO
films cannot replace ITO in high-end electronics, but the low cost and high transparency of ZTO make
ZTO an attractive choice for TCO applications that do not require extremely high conductivities [5].
Additionally, ZTO is nontoxic and provides good thermal stability, mechanical strength and good
chemical stability in atmosphere [3;4;29]. ZTO can even be deposited at low temperatures (30 ᵒC)
enabling deposition on plastic and organic substrates [1;36;37].
1.1.2 ZTO as buffer layer in thin film solar cells
High performance Cu(In,Ga)Se2-based solar cells use a
passive buffer layer in-between the active CIGS layer and
the ZnO TCO layer [38]. This buffer layer is depicted in
yellow in figure 1 [39]. The industry-standard buffer layer
material used in CIGS solar cells is cadmium sulfide
[6;7;38;40-42]. The use of CdS as a buffer layer in these
solar cells has a number of drawbacks [6;7;38;42]. CdS has
a relatively small band gap of 2.4 – 2.5 eV and therefore
absorbs some of the high energy photons of sunlight,
which reduces the current that is generated by the solar
cell [6;7;38]. Furthermore, cadmium is highly toxic and the
deposition of a CdS thin film produces hazardous waste
Figure 1: CIGS solar cell structure. Source: NREL [39]
which requires costly waste treatment, thereby increasing
the solar cell production cost [6;7;38;42]. These drawbacks have initiated extensive research efforts
focused on finding an alternative buffer layer material [6;7;38]. ZTO is a promising alternative buffer
layer material that has shown comparable performance to reference CIGS cells using CdS as buffer layer
[6;7;38;42]. ZTO can be deposited in an amorphous state if enough tin ([Sn]/([Sn]+[Zn]) ≥ 0.1) is
incorporated in the layer [1;5;7;38]. The amorphous state reduces the amount of grain boundaries both
in the buffer layer and at the interface with the CIGS layer [6;7]. According to literature, this can be
beneficial for the buffer layer performance since the lower density of grain boundaries could reduce the
charge recombination paths [6;7]. According to Lindahl at al. optimum solar cell performance is reached
with a ZTO buffer layer thickness of approximately 13 nm [38]. This very thin ZTO film has to
homogeneously cover the rough CIGS layer surface as depicted in figure 1.
1.1.3 ZTO as active channel layer in TFTs
Figure 2 shows a typical thin film transistor (TFT) structure [43]. Amorphous silicon is used as active
channel layer in conventional TFT’s [8;36;44;45]. Spurred by the rapidly developing flat panel display
market, amorphous metal oxide semiconductors have been extensively studied to replace amorphous Si
as active channel layer in TFTs [2;8;36;44-47]. According to literature, the amorphous structure of the
active channel layer is desirable because of the absence of grain boundaries [36;45], as is the case for
the buffer layer application described above. A good active channel layer should have a high mobility,
I

The incorporation of tin ions in the ZnO crystal lattice is discussed in more detail in chapters 4.1 and 4.2.
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high transparency, good uniformity over a large area
and preferably a low deposition temperature [48].
Amorphous oxide TFTs have shown mobilities of
several tens of cm2V-1s-1 whereas the mobility of
amorphous Si is limited to 1 cm2V-1s-1 [45]. The high
mobility and uniformity of amorphous oxide TFTs
enable the production of high resolution and large
area displays [45;49]. ZTO is an attractive active
channel layer material because of its good mobility (430 cm2V-1s-1), high stability, high transparency and low Figure 2: Cross-section of a coplanar bottom gate TFT. The
production cost [8-10;36;45]. Amorphous ZTO TFTs active channel layer is denoted by “Thin-film
with good performance have been demonstrated semiconductor”. Figure taken from Kanatzidis 2004 [43].
(mobility 27 cm2V-1s-1, current on/off ratio of 107) and
ZTO is likely to become a popular TFT active channel layer [2;5;9;16;36;45;50]. The ZTO active channel
layer thickness in a functioning TFT device is typically 10-70 nm [9;36;44;51].
1.1.4 Choice of deposition technique
Zinc tin oxide thin films can be deposited using many different deposition techniques including
sputtering, pulsed laser deposition (PLD), vacuum arc plasma evaporation (VAPE), spin coating, inkjet
printing, spray pyrolysis (SP) and atomic layer deposition (ALD) [1;3;51]. Table 2 gives an overview of the
characteristic features of the main ZTO film deposition techniques including the lowest ZTO resistivity
reached by each deposition technique. A more extensive overview of the electrical properties of the
best performing ZTO films reported in literature is given in table 5 which is presented in chapter 4.2.
Table 2: Characteristic features of the main ZTO thin film deposition techniques [14;52;53]
Deposition rate
Machine cost
Material cost
ZTO resistivity
(mΩ cm)

ALD
Slow
High
Very high

PLD
Medium to high
Very high
High

Sputtering
slow
High
Medium to high

SP
Very fast
Low
Low

Wet*
Sintering time
Very low
Low

3

4

1-4

1.1 ∙ 103

2

*Wet refers to wet chemical deposition processes such as spin coating, sol-gel dip coating and inkjet printing.

The most popular deposition technique for the deposition of ZTO thin films is sputtering [1;51].
Sputtering is a well-known vacuum deposition technique capable of depositing thin films on an industrial
scale [14]. High quality ZTO films have been deposited by sputtering, but the sputtering process has
been known to damage the underlying substrate as a result of energetic ion bombardment [54]. This
energetic ion bombardment is especially problematic for the deposition of films in multilayer stacks such
as TFT devices and CIGS solar cells. Pulsed laser deposition is a relatively new deposition technique that
has proven itself capable of depositing top performing TCO films of various materials [5;12;17;20;55].
PLD is however only capable of depositing on areas up to a few cm in diameter and the deposition
system is very costly [52;56]. This means that PLD systems are currently restricted to lab scale research
but the possibility of upscaling to an industrial scale is being researched [56]. The occurrence of droplets
in the deposited film is a commonly reported problem of PLD and can be detrimental to the film quality
[52;56]. Wet chemical deposition processes such as spin coating, sol-gel dip coating and inkjet printing
have also been shown to deposit low resistivity ZTO thin films [32;57]. The sol-gel deposition technique
is a simple and very low cost deposition technique. Sol-gel deposited films have a porous structure
6

which can be an advantage if a high surface area is desired, for example in gas sensor and catalytic
applications [58]. Porous films are however not desirable for TCO, TFT and buffer layer applications.
Spray pyrolysis is a low cost deposition technique that is capable of depositing ZTO thin films at very
high deposition rates. The carrier density of ZTO thin films prepared by spray pyrolysis is approximately
three orders of magnitude lower than the carrier density of ZTO films prepared by the previously
mentioned deposition methods. This makes the films unsuitable for TCO applications. Furthermore,
films prepared by spray pyrolysis often have poor homogeneity [58].
Atomic layer deposition can be regarded as a special type of chemical vapor deposition (CVD) in which a
substrate is exposed to an alternating sequence of different precursor gases in order to deposit a thin
film of the desired material [18;47;59;60]. In a conventional ALD reactor the substrate is positioned
stationary in the reactor vessel and an alternating sequence of precursor gases is injected into the
reaction chamber. Once the first precursor is introduced into the reaction chamber it will react with the
available surface sites in a process known as chemisorption [59]. When the second precursor is
introduced into the reaction chamber it will react with the chemisorbed layer of the first precursor to
form a monolayer of the desired coating. A purging step is used in between subsequent precursor
exposures in which the excess precursor gas is removed. The purging step ensures that the two
precursors cannot mix in the reactor volume, which could lead to CVD-like film growth [61]. In a spatial
ALD reactor there are two different precursor reaction zones. In order to deposit a thin film of zinc
oxide, zone A is filled with the zinc precursor, zone B is filled with the oxygen precursor and the
substrate is moved back and forth between these reaction zones. A ternary metal oxide such as zinc tin
oxide is typically deposited by alternating the deposition of zinc oxide and tin oxide layers to create a
multilayer stack. This technique is called super cycle ALD. Alternatively, the substrate can first be
exposed to the tin and zinc precursors simultaneously and then to the oxygen precursor. This technique
is called co-injection ALD. Conventional ALD, spatial ALD, super cycle ZTO ALD and co-injection ZTO ALD
are all discussed in detail in chapter 1.3.
ALD is known for its ability to deposit ultrathin, uniform and conformal films with atomic level control
over the film thickness [1;7;18;38;51;59;62-65]. Conformal films with uniform composition and thickness
can even be deposited on rough surfaces and on large areas such as display panels [51]. Furthermore,
ALD offers exceptional control of dopant concentration and films prepared by ALD are typically dense
and free of pinholes [3;51;54;66;67]. Another advantage of ALD is that it is a soft deposition technique
that does not damage the underlying substrate [54]. Certain materials, including ZTO, can even be
deposited at near room temperature by ALD which enables one to deposit these materials on
temperature sensitive substrates like plastics and organic materials [1;67]. Patterning of the deposited
film is possible for example by imprint lithography, where deposition occurs only on the desired surface
areas [51]. These properties make ALD excellently suitable for deposition of the ultrathin, uniform and
conformal ZTO films needed in the buffer layer and TFT applications discussed above [1;38;42;51].
Moreover, an ALD reactor can deposit different materials by changing the precursor supply
[63;64;68;69]. This enables the deposition of the buffer layer and the TCO layer of a CIGS solar cell, using
the same ALD reactor and without having to move the substrate [69]. Conventional ALD is however also
known for its low deposition rate of the order of 10-2 nm/s [19;21;54;61;62;66;67;70]. Many potential
industrial applications of ALD are not economically viable because of this low deposition rate [19;61;62].
Conventional ALD can be made more economically attractive for industry by increasing the throughput
of an ALD system by means of batch processing [61;62;70]. Batch processing is however not always
compatible with the in-line production processes used in industry [61;62]. Therefore, spatial ALD has
been proposed as an innovative technique for the deposition of thin films in the electronics and solar
cell industries [19;61;62;67]. Spatial ALD combines the advantages of conventional ALD with high
deposition rates in the order of nanometers per second [19;21;54;61;62;66]. This deposition rate is
comparable to the deposition rates reached by industrial deposition techniques as PE-CVD and
7

sputtering [19]. Spatial ALD is already being used in industry to deposit passivation layers for silicon solar
cells [61]. Using spatial ALD, even atmospheric pressure roll-to-roll processing is possible [59;61;62;71].
This industrial scalability of spatial ALD combined with the advantages of conventional ALD makes
spatial ALD the deposition method of choice for this research.
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1.2

Project goal and thesis outline

The first report on atomic layer deposition of zinc tin oxide was published in 2010 by W.S. Choi [3].
Nowadays, a handful of publications are available on ALD of ZTO [1;3;6;7;38;42;50;51;60]. All of these
publications discuss conventional super cycle ALD of ZTO. Spatial ALD and co-injection ALD are both
innovative variants of ALD that are not yet well known and no report has been published up to date
regarding spatial ALD of ZTO or ZTO deposited by co-injection ALD.
Chapter 1.3 discusses the fundamental and technological aspects of ZTO ALD in more detail and
provides the reader with relevant background knowledge.
In this thesis, the possibility of depositing zinc tin oxide by co-injection spatial ALD is explored. Since ZTO
has never been deposited before using this deposition technique, this work is exploratory in nature and
the project goal can be formulated as:
-

Investigation of the deposition of zinc tin oxide thin films by spatial ALD using co-injection of
DEZ and TDMA-Sn precursors.

Chapter 3 discusses the growth of ZTO films by answering the following research questions:
-

Can the composition of the deposited ZTO thin films be controlled?
ZTO films have been deposited using different DEZ/TDMA-Sn precursor ratios, resulting in
different film compositions. The correlation between the ratio of these precursor gases and the
composition of the resulting film is investigated.

-

What are the characteristics of the growth mechanism of the ZTO thin film?
Next to the film composition, also the growth per cycle and the ALD saturation behavior are
investigated. This information is used to evaluate whether surface reaction processes like steric
hindrance, etching and poisoning, play a role in the deposition of ZTO by co-injection ALD.

Chapter 4 discusses the ZTO film properties and answers the following research question:
-

How does the ZTO film composition influence the film morphology and opto-electronic film
properties?
The film properties studied in this work include morphology, conductivity, mobility, carrier
density, optical transparency and optical band gap. These film properties and their correlation
with the film composition are discussed in chapter 4.

Chapter 5 gives a summary of the conclusions that can be drawn from this work and an outlook on
possible future research. However, before any results can be discussed in chapters 3, 4 and 5, chapter 2
will first describe the experimental details.
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1.3

Fundamental and technological aspects of ZTO ALD

1.3.1 ALD of zinc oxide
A well-established ALD process is the deposition of ZnO using diethylzinc (DEZ) and water as precursors
[37;64;72]. Figure 3 gives an overview of the subsequent surface reactions occurring in the atomic layer
deposition of ZnO using these precursors [73]. A representation of the molecular structure of the DEZ
precursor is depicted in figure 4a. The second precursor, in this case water, can also be referred to as
the oxidizing precursor or reactant.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 3: Two dimensional schematic representation of the subsequent surface reactions occurring in the atomic layer
deposition of ZnO. a) OH-terminated substrate is exposed to DEZ. b) and c) DEZ reacts with the surface until all hydroxyl groups
have reacted. Once all the surface sites have reacted, a purge step is used to remove the volatile reaction products and the
excess precursor. d) The substrate is exposed to H2O vapor. e) and f) The ethyl-groups on the surface react with water until all
surface ethyl-groups have reacted. This is followed by a second purge step, which completes one ALD cycle. Note that this figure
is a strongly simplified representation of reality meant to clearly illustrate the different reaction steps in ZnO ALD. ZnO grown by
ALD will typically adopt a hexagonal crystal structure which could not be represented in this figure. Figure adopted from [73].

The first step in the ZnO ALD process is exposing a substrate with an OH-terminated surface to DEZ
(figure 3a). The DEZ reacts with the OH-groups (hydroxyl groups) under formation of ethane (figure 3b).
This reaction is the first half-reaction of the ALD cycle which can be described by equation (1)
[60;63;64;72;74-76]. The half-reaction is self-limiting since the reaction stops once all the available
hydroxyl groups on the surface have reacted with a DEZ molecule [7;18;47;69;74;75]. The half-reaction
is said to be saturated once all the available hydroxyl groups have reacted (figure 3c). This leaves a
surface terminated by ethyl-groups. A purging step is used to remove the excess DEZ and the volatile
reaction products like ethane. Once the purging step is completed, the ethyl-terminated substrate is
exposed to the second precursor: water (figure 3d). This allows for the second half-reaction to occur, in
which the ethyl-groups react with water under the formation of ethane, as is described by equation (2)
and depicted in figure 3e [60;63;64;72;74-76]. The second half-reaction is again self-limiting and
saturating, which leaves the surface once again terminated by hydroxyl groups (figure 3f)
[7;18;69;74;75]. A second purge step is used to remove the excess water and the volatile reaction
products. This concludes one ALD cycle in which one monolayer of ZnO has been depositedII. A second
ALD cycle comprising of precursor exposure, purging step, exposure to the second precursor and a
II

It should be noted that in reality often less than a full monolayer of material is deposited in one ALD cycle, for
example because not all hydroxyl groups can react with a precursor molecule due to steric hindrance. Steric
hindrance and other factors that influence precursor adsorption will be discussed at the end of this chapter [65].
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second purging step can now be started. The
number of ALD cycles to which a substrate is
exposed determines the thickness of the
deposited film [18;63;64].
The self-limiting nature of the half-reactions
(a)
(b)
ensures that all surface groups can react with the
precursors regardless of the surface texture, Figure 4: Molecular structure of a) Diethylzinc (DEZ, C4H10Zn). b)
Tetrakis(dimethylamino)tin (TDMA-Sn, C8H24N4Sn).
provided that a sufficient amount of precursor is
introduced [7;18;59;64;74]. This ensures a conformal deposition, even if trenches or pillars are present
on the surface, provided that the exposure time of the surface to the precursor is long enough to reach
saturation of the half-reactions [59;65;72;77;78]. If an excess of precursors is introduced, the excess
precursor will be removed in the purging step and the process will be wasteful but the coating thickness
will not change since only one monolayer of material is deposited in each ALD cycle. Therefore, the
precursor supply controls do not necessarily need to be of high precision to achieve atomic level control
over the film thickness [59;72].
OH ∗ + Zn(C2 H5 )2 → OZn(C2 H5 )∗ + C2 H6
(1)
OZn(C2 H5 )∗ + H2 O → OZnOH ∗ + C2 H6
(2)
The surface species are denoted by an asterisk. DEZ
can in principle also react with two surface hydroxyls
following equation (3) [60]. Figure 5 presents a
schematic representation of the surface reactions
occurring in ZnO ALD just like figure 3 does, only
figure 5 includes the reaction pathway described by
equation (3). Computational analysis of the ZnO ALD
system performed by Tanskanen and coworkers show
that both reactions (1) and (3) have negative Gibbs
free energies of reaction (calculated for reactions at
150 ᵒC) which means that both reactions are Figure 5: Schematic representation of the surface reactions
thermodynamically feasible [60]. Figure 5 shows that occurring in the zinc oxide ALD cycle using DEZ and H2O as
equation (3) occurs in two steps. First reaction (1) precursors. Following the horizontal arrows, this figure
occurs and then the ethyl group that is still attached presents the same reactions as figure 3. This figure
to the Zn atom (“the second ethyl ligand”) can react however also shows that DEZ can in principle react with
two surface hydroxyl groups following equation (3). Figure
with an adjacent hydroxyl group so that the total taken from Tanskanen 2014 [60].
reaction follows equation (3). Since both reactions (1)
and (3) are thermodynamically favorable and ALD reactions can be considered irreversibleIII, this
suggests that DEZ should react with two hydroxyl groups following equation (3) [60]. The occurrence of
this reaction is however unlikely due to the large activation barrier of about 40 kcal/mol that is
associated with the release of the second ethyl ligand [60]. Furthermore, surface ethyl groups are
experimentally observed after DEZ pulses [60]. It is therefore generally accepted that the ZnO ALD cycle
follows equations (1) and (2) [60].
2OH ∗ + Zn(C2 H5 )2 → O2 Zn∗ + 2C2 H6
(3)

III

Some ALD precursors can desorb from the surface in a reverse ALD reaction [76], but in general ALD reactions
can in be considered to be irreversible surface reactions and desorption of precursors from the surface is negligible
[60;65;76;79;80]. If significant desorption of precursor molecules from the surface occurs, then true saturation and
self-termination of the ALD half reactions cannot occur, even if very large exposure times are employed [65].
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General properties of zinc oxide
When zinc oxide thin films are grown on amorphous or silicon substrates, polycrystalline ZnO thin films
are grown in which the ZnO crystallites generally exhibit a hexagonal wurtzite structure [12]. Zinc oxide
can however also be grown as epitaxial films when oxide single crystalline substrates are used [12].
Polycrystalline wurtzite ZnO film growth often exhibits a preferential growth of the (002) orientation,
meaning that most crystallites grow with the (002) crystal plane parallel to the substrate surface [19;31].
Crystal growth along the (002) orientation is preferred because the (002) plane possesses the minimum
surface energy [12;81]. Preferential growth of the (101) and (100) orientations has however also been
reported [1;19;31]. Intrinsic ZnO is typically an n-type semiconductor due to oxygen vacancies [12]. ZnO
has a direct band gap of approximately 3.37 eV which means that a minimum energy of 3.37 eV is
needed to excite an electron from the valance band to the conduction band [12]. Photons of visible light
do not have enough energy to induce this excitation and are therefore not easily absorbed by zinc oxide.
This makes zinc oxide highly transparent to visible light.
1.3.2 ALD of tin oxide
ALD of tin oxide was first explored in the 1990s using
halogenated Sn precursors and since then
halogenated Sn precursors like SnCl4 have been used
extensively for the deposition of tin oxide by ALD
[3;37;72;82;83]. Halogenated Sn precursors and their
reaction products are however corrosive, which can
lead to problems with corrosive damage to the
deposition equipment as well as corrosive damage to
the growing films [82;83]. ALD of SnOx using nonhalogenated precursors was first reported in 2008 by
Elam and coworkers [37;72;83]. Since 2008, most
research into tin oxide ALD is performed using nonhalogenated
precursors,
of
which
tetrakis(dimethylamino)tin (TDMA-Sn) is the most
commonly used precursor [1;6;7;37;51;60;82;84]. A
representation of the molecular structure of TDMASn can be found in figure 4b. Water can be used as
the oxidizing precursor in the deposition of tin oxide.
The ALD cycle of tin oxide using TDMA-Sn and water
as precursors is very similar to the ALD cycle of zinc Figure 6: Schematic representation of the surface reactions
oxide which has been described in the previous occurring in the tin oxide ALD cycle using TDMA-Sn and
section. Figure 6 depicts the surface reactions H2O as precursors. The TDMA-Sn molecule can react with
occurring in the tin oxide ALD cycle, showing that one, two or three surface hydroxyl groups. 𝒙 denotes the
TDMA-Sn can react with one, two or even three number of DMA ligands that a TDMA-Sn molecule releases
upon bonding with the OH-terminated surface. Figure
surface hydroxyl groups [60]. TDMA-Sn has four taken from Tanskanen 2014 [60].
exchangeable dimethylamino ligands and one could
therefore also consider the reaction of TDMA-Sn with four surface hydroxyl groups but this reaction is
chemically unfavorable and will not occur [60;84]. The half-reactions occurring in the ALD cycle of tin
oxide can be described by equations (4) and (5) [37;60;83;84].
(OH)∗𝑥 + Sn(DMA)4 → (O)𝑥 Sn(DMA)∗4−𝑥 + 𝑥HDMA
(4)
(O)𝑥 Sn(DMA)∗4−𝑥 + 2H2 O → (OH)∗𝑥 + SnO2 + (4 − 𝑥)HDMA
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(5)

The surface species are again denoted by an asterisk. DMA represents the dimethylamino ligand and
HDMA represents dimethylamine, which is released to the gas phase. 𝑥 is the number of DMA ligands
that a TDMA-Sn molecule releases upon reaction with the OH-terminated surface (𝑥 = 1, 2 or 3).
Simulations performed by Tanskanen and coworkers show that reactions with 𝑥 = 1, 2 and 3 are all
thermodynamically feasible and the irreversibility of ALD reactions suggests that the reaction with 𝑥 = 3
should be favored [60;84]. In practice, (O)1 Sn(DMA)∗3 and (O)2 Sn(DMA)∗2 surface species
(corresponding to 𝑥 = 1 and 2 respectively) may coexist with the (O)3 Sn(DMA)∗ surface species
(corresponding to 𝑥 = 3) due to the limited availability of OH groups for some precursor molecules [60].
Therefore, 𝑥 is expected to be close to, but not higher than 3 on average. Tanskanen and coworkers
have also calculated that reactions with 𝑥 = 1 and 2 on hydrogenated silicon surfaces have activation
energy barriers close to 20 kcal/mol [84]. The activation energy for the reaction with 𝑥 = 3 was not
reported. Experimentally, it is known that the energy barriers of reactions (4) and (5) can be easily
overcome because ALD growth of SnOx has been demonstrated at low temperatures [84]. Using in situ
quartz crystal microbalance (QCM) analysis, Elam and coworkers experimentally determined 𝑥 to be on
average 2.5 for tin oxide ALD from TDMA-Sn and H2O, performed at 150 ᵒC using precursor exposure
times of 1s [37;83]. When reaction (4) occurs on an OH-terminated ZnO surface, the TDMA-Sn binding
energetics are favorable on (100) oriented surfaces as compared to (101) and (002) oriented surfaces
[60]. The reason for this can be found through structural analysis of the (O)3 Sn(DMA)∗ surface species:
the averaged O-Sn-N angles of the species are 114ᵒ, 118ᵒ and 119ᵒ on (100), (101) and (002) surfaces,
respectively [60]. In TDMA-Sn, the averaged N-Sn-N angle is 110ᵒ which is close to the O-Sn-N angle of
114ᵒ for (O)3 Sn(DMA)∗ surface species on (100) oriented ZnO surfaces, resulting in the favorable
energetics of reaction (4) on (100) oriented ZnO surfaces [60].
General properties of tin oxide
Crystalline tin oxide exists in three different stoichiometries: SnO, Sn3O4 and SnO2 [14;37]. Of these tin
oxides, SnO2 is the most stable and technologically important oxide and the term “tin oxide” usually
refers to SnO2 [14;37]. SnO2 is widely used in industry and can even be applied in corrosive
environments due to its high stability [14]. SnO and Sn3O4 are less stable and convert to a mixture of
SnO2 and metallic Sn at elevated temperatures [14]. SnO2 has a rutile crystal structure with a tetragonal
unit cell and a direct band gap of 3.6 eV [14]. Experimentally, a direct optical band gap in the range from
3.6 to 4.0 eV is usually measured for polycrystalline SnO2 thin films [37]. Tin oxide thin films deposited
by ALD typically have an amorphous morphology and need post deposition annealing at 500 to 600 ᵒC to
induce crystallization of the films [37;83;84]. The stoichiometry of the amorphous SnOx films deposited
by ALD is typically reported to be close to SnO2 [37;83;84].
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1.3.3 Spatial ALD
In a typical conventional temporal ALD reactor, a substrate is positioned stationary inside a reactor
vessel [72]. The precursors are dosed into the reactor sequentially, separated in time by a purging step
[47;61;71;72;85]. In spatial ALD, the different precursors are confined to specific spatial regions of the
reactor and the precursors can be supplied continuously [19;47;61;71;72;86]. The precursors are
separated using a combination of physical barriers and continuously flowing purge streams to prevent
crosstalk reactions between the
precursors in the region between the
different precursor zones [47;61;62].
Different designs can be made to
provide the spatial separation of the
precursors in a spatial ALD reactor, as is
discussed by Poodt et al. in [61]. The
spatial ALD reactor used for the
Figure 7: Schematic drawing of a spatial ALD reactor, where the DEZ and
experimental part of this thesis uses a water half-reactions are separated by gas bearings.
reactor head with different precursor
zones separated from each other by inert gas curtains. A schematic drawing of this type of spatial ALD
reactor for the deposition of zinc oxide is given in figure 7. Exhausts are located between the precursor
inlet slots and the inert gas curtains to remove volatile reaction products, excess precursor and inert gas
flowing away from the gas curtain. By moving the substrate relative to the reactor head, each position
on the substrate is subsequently exposed to the DEZ precursor, inert gas bearing, water precursor, and
inert gas bearing. As can be seen in figure 9a, this sequence is identical to the DEZ precursor, purge,
water precursor, purge sequence employed in classical ALD. Therefore, the two half-reactions will take
place to form a ZnO monolayer following the ZnO ALD reaction mechanism described previously.
When designed properly, the inert gas curtains can function as a gas bearing where the substrate is
allowed to approach the reactor head until the pressure field resulting from the gas flow supports the
substrate [47]. This minimizes the distance between the reactor head and the substrate to several tens
of micrometers without the need for extremely high tolerance mechanical fixtures [47;62]. The small
gap height combined with the resulting high flow rates inside the gaps form an excellent diffusion
barrier providing excellent separation of the precursors [62]. Furthermore, the gas bearing completely
seals off the reaction zones from the environment which enables operation under atmospheric pressure
conditions [19;62;66]. The gas bearing also facilitates virtually frictionless movement between the
reactor head and the substrate [62;72].
In conventional ALD, deposition takes place on the substrate as well as on the reactor walls [61;72]. The
deposition on the reactor walls can flake off with the risk of contaminating the substrate [72]. In spatial
ALD, the precursors never reside in the same volume and therefore no deposition occurs on the reactor
walls, thus eliminating the need for regular reactor cleaning [61;62]. Coating of the reactor walls in
classical ALD consumes precious precursor that could otherwise have been used for film deposition on
the substrate [72]. Furthermore, the purge steps in conventional ALD remove all precursor molecules in
the reactor volume that have not reacted by the end of the exposure step. This results in an inherently
poor precursor utilization efficiency [61;72]. With proper reactor design and operation, spatial ALD can
achieve significantly higher precursor utilization efficiencies as compared to conventional ALD [61]. This
favors spatial ALD over conventional ALD for large scale applications where costly precursors are needed
to deposit the desired material [61;72].
The purge steps between subsequent precursor dosages in conventional ALD are needed to decouple
the half-reactions and prevent mixing of the precursors. In spatial ALD, the decoupling of the halfreactions is provided by the inert gas curtains. Therefore, the purging steps become obsolete [21;61;62].
In large volume conventional ALD reactors, the required precursor exposure time is limited by
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convective and diffusive timescales as well as by the time needed to fill the reactor volume with
precursor gas [62;70]. These timescales also restrict large volume conventional ALD to low pressure
operation [62;70]. Whereas the very small volume of the precursor zones in spatial ALD utilizing gas
bearings enable atmospheric pressure operation [62;71]. In spatial ALD, there is a continuous supply of
precursor gas which is transported to the substrate surface by diffusion. In the spatial ALD reactor used
for the experimental part of this thesis, the distance between the precursor inlet and the substrate
surface is approximately 200 µm[71]. This means that the supply of precursor to the surface is much
faster than in a conventional ALD reactor. The ultimate limit for the exposure time depends on the
reaction kinetics of the involved half-reactions, but this can be in the order of milliseconds [61;62].
Therefore, the precursor exposure time in spatial ALD can be much shorter than the precursor exposure
time in conventional ALD. With the redundancy of purge steps, the cycle time in spatial ALD is mostly
limited by the time required to move between the different half-reaction zones and by the reaction
kinetics [61;72]. This allows for very high deposition rates (~nm/s) compared to conventional ALDIV,
while maintaining the capability of depositing ultrathin conformal films with atomic level control over
the film thickness [21;62;66]. The deposition rate of a spatial ALD reactor can be increased even further
by implementing multiple sets of precursor injection zones in series, which effectively corresponds to
placing multiple miniature ALD reactors in series. This method of increasing the deposition rate of a
spatial ALD reactor is schematically illustrated in figure 8.

One set of precursor injection zones

Figure 8: Three sets of precursor injection zones placed in series to triple the deposition rate of the spatial ALD reactor as
compared to a reactor implementing one set of precursor injection zones.

1.3.4 ZTO ALD by super cycles
ALD of multicomponent oxides such as zinc tin oxide (ZTO) is typically performed by alternating the
deposition cycles of the binary oxides [1;3;6;7;21;51;64;66;87]. An ALD super cycle can be defined as the
minimum sequence of SnOx and ZnO cycles that is repeated over the course of the ZTO ALD process [51].
Mullings et al. describe the ZTO ALD deposition process by defining 𝑡 and 𝑧 as the number of SnOx and
ZnO ALD cycles in one ZTO ALD super cycle, respectively [1]. The bilayer period Λ can now be defined as
the total number of cycles in one ALD super cycle Λ = (𝑡 + 𝑧). The ratio of ZnO to SnOx cycles in one
𝑡
super cycle is referred to as the cycle fraction 𝑓𝑆𝑛 =
. The super cycle formalism is visualized in
𝑡+𝑧
figures 9b and 9d. By changing the cycle fraction, the average film stoichiometry of the deposited film
can be accurately controlled [1;3;6;7;21;51;66]. Ternary metal oxide ALD performed using the super
cycle methodology can however result in a strongly inhomogeneous film stoichiometry (and therefore
also strongly inhomogeneous film properties) along the growth direction [21;63;66;88-90]. The reason
for this is that the deposited nanolaminate film will resemble a stack of layers of the constituent binary
oxides following the super cycle recipe [87;90;91]. This inhomogeneity along the growth direction can be
detrimental to the electrical properties of the deposited film because it causes clustering of dopants
which reduces the doping efficiency [88;90;91]. Therefore the inhomogeneity should be minimized by
IV

With the spatial ALD reactor used for the experimental part of this thesis, ZnO growth rates of 0.9 nm/s have
been achieved, which is about one hundred times the growth rate achieved by conventional ALD (~0.01 nm/s)
[19]. This growth rate is comparable to growth rates achieved by industrially scalable deposition techniques as PECVD and sputtering [19].
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reducing the bilayer period to the minimum value needed to obtain the desired cycle fraction [63].
Various approaches have been proposed to increase the homogeneity of the dopant distribution
[21;66;87;90;91]. If for example the deposition of Sn:ZnO with low tin dopant concentrations is desired,
a super cycle consisting of one SnOx cycle and many ZnO cycles is required. If the amount of SnOx that is
deposited in one SnOx ALD cycle can be reduced, then the bilayer period can be reduced while
maintaining a constant film stoichiometry, resulting in a more homogeneous tin dopant distribution
[90]. The amount of dopant that is deposited in one ALD cycle can be reduced by many approaches
including: employing a subsaturating dopant precursor exposure time, using a dopant precursor with a
lower growth per cycle, or by preceding the dopant deposition step by a surface functionalization step
that reduces the density of reactive surface sites [90]. Alternatively, high temperature postdeposition
annealing can be used to promote interdiffusion of the metal oxides and increase the homogeneity of
the ternary metal oxide [92]. High temperature postdeposition annealing can however induce
crystallization and/or change the film properties [1;3;5].

(a)

(b)

(d)

(c)
Figure 9: Schematic representation of the precursor pulse sequence for depositing: a) ZnO by conventional ALD and spatial ALD.
b) ZTO using the super cycle methodology. c) ZTO using co-injection spatial ALD. d) Schematic representation of the ZTO super
cycle formalism where the super cycle is visualized as a stack of ALD cycles of the constituent binary oxides. Figure d is taken
from Mullings 2014 [1].

1.3.5 ZTO ALD by co-injection
A new approach to depositing ternary metal oxides by spatial ALD is to co-inject the different metal
precursors in one precursor inlet slot, as is visualized in figure 9c [21;66]. Using this approach, the
substrate surface is simultaneously exposed to both metal precursors and both metal precursors react
simultaneously with the hydroxyl groups on the surface [92]. One hydroxyl group can however only
react with one precursor molecule. Both metal precursors will therefore compete for the available
surface sites. This process is called competitive adsorption and is described in more detail in chapter
1.3.6 [93]. Once both precursors have chemisorbed onto the surface, the substrate is transported to the
second reaction zone where it is exposed to the oxidizing precursor. This results in the formation of a
single atomic layer composed of a mixture of the two binary oxides [92]. This means that the binary
oxides are mixed within each single atomic layer in order to deposit the ternary oxide. Therefore, a
completely homogeneous ternary oxide can be deposited using the co-injection approach, whereas the
16

super cycle methodology deposits a stack of binary oxide layers [21;66;92]. Another advantage of coinjection over the super cycle methodology is that using co-injection may simplify the ALD reactor design
[72], which is especially true for spatial ALD reactorsV. The composition of the deposited ternary metal
oxide can be controlled by controlling the relative partial pressures of the metal precursors to which the
substrate is exposed [21;66;72;92]. Successful ALD of ternary metal oxides using co-injection of the
metal precursors is only possible if the used precursors are chemically compatible and will not react with
each other upon mixing of the precursors [72;92].

V

The super cycle methodology requires flexibility in the bilayer period and cycle fraction in order to tune the
composition of the deposited layer. In a spatial ALD reactor, this would require many different precursor injection
regions or switching of the precursor that is supplied to the precursor injection region between subsequent ALD
cycles, whereas the precursors can be supplied continuously in a co-injection spatial ALD reactor.

17

1.3.6 Surface reaction processes in co-injection ALD
- Competitive adsorption
When the OH terminated substrate is exposed to two metal precursors simultaneously, the precursors
will compete for the available surface sites in a process called competitive adsorption. Competitive
adsorption can be described by the Langmuir adsorption model which considers adsorption of species A
and B on a surface composed of distinct reaction sites by equating the rate of adsorption to the rate of
desorption, for both species [93]. The Langmuir model assumes that [65;93]:
1) All surface sites are equivalent
2) Each site can hold one molecule of species A or one molecule of species B, but not both
3) There are no interactions between adsorbed molecules on adjacent sites
Under equilibrium conditions, the Langmuir adsorption model gives the following expressions for the
fraction of surface sites covered by precursors A (𝜃𝐴 ) and B (𝜃𝐵 ), respectively [93]:
𝐴
𝐾𝑒𝑞𝑢
𝑃𝐴
(6)
𝜃𝐴 =
𝐴
𝐵
1 + 𝐾𝑒𝑞𝑢 𝑃𝐴 + 𝐾𝑒𝑞𝑢
𝑃𝐵
𝜃𝐵 =

𝐵
𝐾𝑒𝑞𝑢
𝑃𝐵

(7)
𝐴
𝐵
1 + 𝐾𝑒𝑞𝑢
𝑃𝐴 + 𝐾𝑒𝑞𝑢
𝑃𝐵
𝐴
𝐵
Where 𝐾𝑒𝑞𝑢
and 𝐾𝑒𝑞𝑢
are the equilibrium constants of adsorption for precursors A and B, respectively.
𝐴
The equilibrium constant of adsorption for precursor A is defined as: 𝐾𝑒𝑞𝑢
= 𝑘𝐴 /𝑘𝐴,𝑑𝑒 where 𝑘𝐴 and
𝑘𝐴,𝑑𝑒 are the adsorption rate constant and desorption rate constant for precursor A, respectively
[65;93]. 𝑃𝐴 and 𝑃𝐵 are the respective partial pressures of precursors A and B. Equations (6) and (7) are
known as the Langmuir adsorption isotherm for competitive adsorption [93]. From equations (6) and (7),
the ratio of the amounts of precursors A and B that are adsorbed onto the surface can be found to be:
𝐴
𝑃𝐴
𝜃𝐴 𝐾𝑒𝑞𝑢
(8)
= 𝐵
𝜃𝐵 𝐾𝑒𝑞𝑢 𝑃𝐵
This shows that the ratio of adsorbed precursors can be controlled by adjusting the ratio of the relative
partial pressures of the precursors. Adsorption can be divided into two general classes on the basis of
interaction strength between the adsorbing molecule and the solid surface: physisorption and
chemisorption [65;72]. Physisorption originates from weak interactions such as van der Waals forces,
where minimal changes typically occur in the structure of the adsorbing molecule [65;72].
Chemisorption on the other hand involves the making and optionally breaking of chemical bonds which
results in strong bonding of the adsorbed molecule to the surface [65;72]. The Langmuir adsorption
model is well suited for the description of physisorption and reversible chemisorption. However, the use
of the Langmuir adsorption model (which assumes equilibrium between adsorption and desorption of
species) for the description of competitive adsorption in co-injection ALD is problematic, since
chemisorption of ALD precursors can be considered irreversible and desorption of precursors from the
surface is negligible [60;65;76;79;80]. In order to describe irreversible reactions using the Langmuir
adsorption model, the following limit has to be considered:
𝜃𝐴
𝑘𝐵,𝑑𝑒 𝑘𝐴 𝑃𝐴
= lim
lim
(9)
𝜃𝐵 𝑘𝐴,𝑑𝑒 →0 𝑘𝐵,𝑑𝑒 →0 𝑘𝐴,𝑑𝑒 𝑘𝐵 𝑃𝐵
This shows that the ratio of adsorbed precursors is proportional to
lim𝑘𝐴,𝑑𝑒 →0 lim𝑘𝐵,𝑑𝑒 →0

𝑘𝐵,𝑑𝑒
𝑘𝐴,𝑑𝑒

𝑘𝐴 𝑃𝐴
𝑘𝐵 𝑃𝐵

but the value of

cannot be calculated. A more elegant method of describing competitive

irreversible adsorption of species A and B on a surface composed of distinct reaction sites is presented
below. This method also describes how 𝜃𝐴 and 𝜃𝐵 change as a function of time. The following
assumptions are made in this analysis:
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1)
2)
3)
4)
5)

All surface sites are equivalent
Each site can hold one molecule of species A or one molecule of species B, but not both
There are no interactions between adsorbed molecules on adjacent sites
Desorption of precursors from the surface is negligible
The temperature and precursor partial pressures are constant during precursor adsorption
𝜕𝜃

The adsorption rate of precursor A ( 𝐴 ) is equal to the adsorption rate constant 𝑘𝐴 (also called
𝜕𝑡
reaction rate constant) times the partial pressure of precursor A (𝑃𝐴 ) times the fraction of unoccupied
surface sites (1 − 𝜃𝐴 − 𝜃𝐵 ) [65]. For the competitive adsorption of precursors A and B on the surface,
this gives the following adsorption rate equations:
𝜕𝜃𝐴
(10)
= 𝑘𝐴 𝑃𝐴 (1 − 𝜃𝐴 − 𝜃𝐵 )
𝜕𝑡
𝜕𝜃𝐵
(11)
= 𝑘𝐵 𝑃𝐵 (1 − 𝜃𝐴 − 𝜃𝐵 )
𝜕𝑡
Where 𝑡 represents the time and 𝑘𝐴 and 𝑘𝐵 are the respective reaction rate constants for the
adsorption of precursors A and B on the surface. The following boundary conditions apply to these
differential equations: 𝜃𝐴 = 𝜃𝐵 = 0 for 𝑡 = 0 (all surface sites are vacant at 𝑡 = 0) and lim𝑡→∞ 𝜃𝐴 +
𝜃𝐵 = 1 (all surface sites will be occupied if the system is given enough time). Solving differential
equations (10) and (11) under these boundary conditions gives the following expressions for the fraction
of surface sites covered by precursors A (𝜃𝐴 ) and B (𝜃𝐵 ), respectively:
𝑘𝐴 𝑃𝐴
(1 − exp[−(𝑘𝐴 𝑃𝐴 + 𝑘𝐵 𝑃𝐵 )𝑡])
(12)
𝜃𝐴 =
𝑘𝐴 𝑃𝐴 + 𝑘𝐵 𝑃𝐵
𝑘𝐵 𝑃𝐵
(1 − exp[−(𝑘𝐴 𝑃𝐴 + 𝑘𝐵 𝑃𝐵 )𝑡])
(13)
𝑘𝐴 𝑃𝐴 + 𝑘𝐵 𝑃𝐵
Figure 10 visualizes how 𝜃𝐴 and 𝜃𝐵 change as a function of time, according to equations (12) and (13).
The ratio of the amounts of precursors A and B that are adsorbed onto the surface can be calculated
from equations (12) and (13) to be [80]:
𝜃𝐴 𝑘𝐴 𝑃𝐴
(14)
=
𝜃𝐵 𝑘𝐵 𝑃𝐵
This result shows that the ratio of adsorbed precursors
0.6
depends strongly on the reaction rates for the
A
adsorption of both precursors. These reaction rates
0.4
depend on the temperatureVI and therefore changing
B
the deposition temperature influences the ratio of
0.2
adsorbed precursors. In this research all depositions
have been performed at 225 ᵒC and therefore, the
𝑘
0.0
value of 𝐴 should be the same for all depositions. In


𝜃𝐵 =

𝑘𝐵

t

reality, the value of 𝑘𝐴 /𝑘𝐵 can be different for certain Figure 10: Fraction of surface sites covered by precursors
depositions since the reaction rate constants can be A (𝜽𝑨 ) and B (𝜽𝑩 ) as a function of time, according to
different for precursor adsorption on crystalline and equations (12) and (13). Arbitrary values of 𝑷𝑨 , 𝑷𝑩 , 𝒌𝑨 ,
amorphous ZTO surfaces [60]. Nevertheless, equation and 𝒌𝑩 were chosen to produce this graph.
(14) clearly shows that the ratio of adsorbed precursors can be controlled by controlling the ratio of
precursor partial pressures in the reactor. Note that the ratio of chemisorbed precursors is not a
VI

The dependence of the reaction rate constants on temperature is typically described by the Arrhenius equation:
𝐸

𝑘 = 𝐴 exp (− ) where 𝐴 is the pre-exponential factor, 𝐸 is the activation energy, 𝑅 is the gas constant, and 𝑇 is
𝑅𝑇
the absolute temperature [65].
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theta
theta

function of time, which means that even if the precursor exposure time is not long enough to reach
saturation of the half reactions, equation (14) is still valid. It should also be noted that the result of this
derivation (equation (14)) where irreversible adsorption of precursors is assumed, is very similar to the
result of the Langmuir adsorption model (equation (8)) where an equilibrium between adsorption and
desorption is assumed.
In co-injection spatial ALD, the substrate is transported to the second reaction zone once both
precursors have chemisorbed onto the surface. In this second reaction zone, the substrate with
chemisorbed precursors on its surface is exposed to the oxidizing precursor which ideally results in the
formation of a complete atomic monolayer composed of a mixture of the two binary oxides [92]. The
ratio between adsorbed precursors will equal the ratio between the metal elements in the deposited
film if the following assumptions are valid:
- Desorption of precursors from the surface during the movement of the substrate between
different reaction zones can be neglected.
- Each precursor molecule that is adsorbed onto the surface will react with H2O resulting in
incorporation of the metal element in the growing film and the formation of new surface
hydroxyl groupsVII.
If these assumptions are valid, equation (14) shows that the composition of the deposited ternary metal
oxide can be directly controlled by controlling the ratio of the partial pressures of the metal precursors
to which the substrate is exposed.
The competitive irreversible adsorption model described above assumes that each precursor adsorbs to
one reaction site whereas TDMA-Sn can react with one, two or three surface hydroxyl groups (each
reaction site represents one surface hydroxyl group). This raises the question if the presented model for
competitive irreversible adsorption is applicable to competitive adsorption of TDMA-Sn and DEZ.
Because chemisorption of ALD precursors is irreversible, the relative amounts of DEZ and TDMA-Sn that
are chemisorbed onto the surface are determined by reactions:
OH ∗ + Zn(C2 H5 )2 → OZn(C2 H5 )∗ + C2 H6
(15)
OH ∗ + Sn(DMA)4 → OSn(DMA)∗3 + HDMA
(16)
After reaction (16) has occurred, the adsorbed OSn(DMA)∗3 molecule can react with one or two
additional surface hydroxyl groups if adjacent hydroxyl groups are available. The consequences of these
additional ligand exchange reactions for the film growth are discussed in more detail at the end of this
chapter, but for now it is important to realize that these additional ligand exchange reactions will
influence the total amount of precursor that can be adsorbed on the surface, but they will not influence
the ratio of DEZ to TDMA-Sn precursors that are adsorbed on the surfaceVIII. This means that the result
VII

The reaction rates of the reactions between water and the different precursor species will likely be different.
However, as long as each adsorbed precursor molecule eventually reacts with water leading to the incorporation
of the metal element in the film, this difference in oxidation reaction rate is not important for this discussion.
VIII
The additional ligand exchange reactions are illustrated in figure 6 and are discussed in chapter 1.3.2. Consider
the following example: a surface with a total of 90 available surface sites is exposed to a mixture of DEZ and TDMASn. If no additional ligand exchange reactions occur then each TDMA-Sn molecule will occupy one surface site and
a maximum of 90 TDMA-Sn molecules (or for example 60 TDMA-Sn molecules and 30 DEZ molecules) can be
adsorbed on the surface. However, if each TDMA-Sn molecule occupies 3 reaction sites as a result of the additional
ligand exchange reactions, then a maximum of 30 TDMA-Sn molecules (or for example 10 TDMA-Sn molecules and
60 DEZ molecules) can adsorb on the surface. The additional ligand exchange reactions can however only occur
after reaction (16) has occurred and only if adjacent reaction sites are unoccupied. Furthermore, once a TDMA-Sn
or DEZ molecule has adsorbed onto the surface it will remain on the surface (desorption is negligible). Therefore,
the ratio of DEZ to TDMA-Sn precursors that will be adsorbed on the surface is solely determined by the reaction
rates (adsorption rates) of reactions (15) and (16).
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of the kinetic model for competitive irreversible adsorption that is presented above can be applied to
co-injection ALD using DEZ and TDMA-Sn precursors, provided that the assumptions made in this model
are valid. Therefore the following expressions should describe the composition of the deposited ZTO
films:
[Sn] 𝑘 𝑇𝐷𝑀𝐴−𝑆𝑛 𝑃𝑇𝐷𝑀𝐴−𝑆𝑛
(17)
=
[Zn]
𝑘𝐷𝐸𝑍 𝑃𝐷𝐸𝑍
Or in a different formulation:
[Sn]
𝑘 𝑇𝐷𝑀𝐴−𝑆𝑛 𝑃𝑇𝐷𝑀𝐴−𝑆𝑛
(18)
=
[Sn] + [Zn] 𝑘 𝑇𝐷𝑀𝐴−𝑆𝑛 𝑃𝑇𝐷𝑀𝐴−𝑆𝑛 + 𝑘𝐷𝐸𝑍 𝑃𝐷𝐸𝑍
Where [Sn] and [Zn] are the atomic concentrations of the respective elements in the deposited ZTO
film. 𝑃𝐷𝐸𝑍 and 𝑃𝑇𝐷𝑀𝐴−𝑆𝑛 are the partial pressures of the DEZ and TDMA-Sn precursors to which the
substrate is exposed. And 𝑘𝐷𝐸𝑍 and 𝑘 𝑇𝐷𝑀𝐴−𝑆𝑛 are the reaction rate constants of reactions (15) and (16),
respectively. Competitive adsorption is the basic process that describes the surface reactions in coinjection ALD, but there are complicating factors that can influence the deposition reactions. A number
of these factors are discussed below.
- Steric hindrance
Steric hindrance can occur when a precursor
molecule that is bonded to the surface is so large
that it shadows some of the neighboring hydroxyl
groups, which makes it impossible for other
precursor molecules to react with these hydroxyl
groups [91]. Figure 11 visualizes steric hindrance by
marking the hydroxyl groups that are shadowed by a
TDMA-Sn molecule which is bonded to the surface.
Steric hindrance has been suggested to play a role in Figure 11: Visualization of steric hindrance. The yellow
hydroxyl groups are shadowed by the TDMA-Sn ligands and
the ALD deposition of tin oxide using TDMA-Sn as can therefore not react with other precursor molecules.
precursor [83]. Steric hindrance reduces the amount
of material that is deposited in one ALD cycle, in comparison to the situation where there is no steric
hindrance and all surface hydroxyl groups can react with a precursor molecule. This means that steric
hindrance reduces the growth per cycle [91].
- Etching
In the ALD context, etching is the process where a precursor molecule of species A removes a precursor
molecule of species B that had already chemisorbed onto the surface, in order to occupy this surface
site itself. A well-known example of etching is the etching of DEZ molecules that have reacted with
surface hydroxyl groups (so O-Zn-(C2H5) surface species), by trimethylaluminium (TMA) [21;94]. TMA
molecules can also etch Zn atoms that had already been incorporated in the deposited layer following
equation (19) [1;63].
𝑍𝑛𝑂𝐻 ∗ + 𝐴𝑙(𝐶𝐻3 )3 → 𝐴𝑙(𝑂𝐻)(𝐶𝐻3 )∗ + 𝑍𝑛(𝐶𝐻3 )2
(19)
It has been proposed that etching of Zn by TMA occurs because of the larger formation enthalpy of Al2O3
(-845 Kj/mol Al atoms) compared to ZnO (-353 Kj/mol Zn atoms) [21;94]. According to Mullings et al. [1]:
“Etching of surface Zn atoms by TDMA-Sn could take place via cleavage of a C-N bond in a N(CH3)2 ligand
of TDMA-Sn followed by formation of dimethylzinc (DMZn) and the associated C-Zn bond. This is
however likely to be hindered by a stronger C-N bond, with a bond strength of about 82 kcal/mol in
HN(CH3)2, as compared to the C-Zn bond having a bond strength of about 64 kcal/mol.” It can therefore
be concluded that etching of Zn atoms by TDMA-Sn is not expected to occur in the ZTO co-injection ALD
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process since the etching process is not energetically favorable. Etching of O-Zn-(C2H5) surface species by
TDMA-Sn was not discussed by Mullings et al. If an etching reaction takes place during co-injection ALD
of a ternary metal oxide, the composition of this ternary metal oxide changes with changing exposure
time.
- Reduction in density and/or reactivity of surface hydroxyls
In ZTO ALD using the super cycle methodology, a reduced growth per cycle is observed in comparison to
what is expected from the binary oxides [1;7]. Mullings et al. have suggested that this reduced growth
per cycle originates from a reduced surface hydroxyl density and/or less reactive surface hydroxyls [1].
Tanskanen et al. have recently published an extensive research into the surface reactions occurring in
ZTO super cycle ALD using DEZ, TDMA-Sn and H2O as precursors [60]. This research has shown that the
surface hydroxyl density is reduced by 30% after the SnOx deposition cycle. The surface hydroxyl density
is restored to its initial value in the subsequent ZnO deposition cycles. Tanskanen and coworkers show
that this reduction in surface hydroxyl density can be explained by the number of hydroxyl groups to
which the TDMA-Sn precursor molecule bonds in the first half reaction of the SnOx ALD cycle. This
number is denoted by 𝑥 in equations (4) and (5). If 𝑥 = 3, TDMA-Sn bonds to three surface hydroxyl
groups and creates only one new hydroxyl group after H2O exposure. This means that effectively two
surface hydroxyl groups are lost. If 𝑥 = 2, the number of surface hydroxyl groups remains constant and
if 𝑥 = 1, two new hydroxyl groups are created. As previously discussed in chapter 1.3.2, the
irreversibility of ALD reactions suggests that 𝑥 should be close to but not larger than 3 on average.
Tanskanen and coworkers concluded 𝑥 to be on average 2.3 for their ZTO super cycle ALD process, in
order to explain the 30% decrease in surface hydroxyl density after the SnOx ALD cycle.
- Poisoning
It has been suggested that HDMA physisorbs strongly to hydroxylated surfaces and requires long purging
times (>10 s) to desorb from the surface at temperatures below 150 ᵒC [83]. More recent publications
contradict this suggestion and state that HDMA desorbs from the surface in a fraction of a second
[37;84]. The physisorbed HDMA molecules block surface hydroxyl groups and prevent precursor
molecules from reacting with these hydroxyl groups, thereby reducing the growth per cycle [83]. This
process where surface hydroxyl groups are blocked by adsorbed non-precursor molecules is called
poisoning [90]. Poisoning can be used as a surface functionalization step in order to reduce the amount
of dopant material deposited in one ALD cycle [90].
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2

Experimental details

The zinc tin oxide films investigated in this work have been deposited by co-injection spatial ALD and the
film properties have been investigated using many different diagnostic techniques. The first part of this
chapter describes the ALD reactor used to deposit the ZTO thin films. Other experimental details
relevant for the film deposition such as substrate preparation are also discussed in this section. The
second part of this chapter describes the diagnostic techniques that have been used to investigate the
ZTO film properties.

2.1

Deposition equipment

The ALD reactor used in this work was developed by TNO Eindhoven in 2009-2010 as a proof-of-principle
spatial ALD reactor to demonstrate the feasibility of spatial ALD using gas bearings for reaction zone
separation. The most important component of this reactor, which is called the POP reactor, is the
reactor head which is depicted in figures 12a, 12b and 12c. The reactor head houses the precursor inlet
slots which are surrounded by the exhaust zones to create the different reaction zones. A small slit in
the middle of the precursor inlet slot is used to inject the precursor into the reaction zone. The waste
gas collected in the exhaust zones contains precursor vapor residue and reaction products and can be
highly toxic. The gas collected in the exhaust zones is therefore sent through a scrubber before it is fed
to a central exhaust. The entire ALD setup is located inside a flow cabinet as a safety precaution.
Nitrogen gas is fed through tiny holes (0.2 mm in diameter) in the surface of the reactor head to create a
gas bearing supporting the reactor head approximately 20 µm above the substrate surface [21;62]. This
gas bearing also provides the reaction zone separation as described in chapter 1.3.3. The precursor inlet
slots are sunk into the reactor head so that the distance between the precursor inlet slot and the
substrate is approximately 200 µm.
The reactor head can be lifted pneumatically to allow the operator to place a substrate onto the
substrate table. Once the substrate has been aligned with the center of the substrate table, the reactor
head is gently lowered down onto the substrate until the gas bearing supports the weight of the reactor
head. A certain downward force is applied to the reactor head by the pneumatic cylinder to ensure
proper gas bearing operation. By changing the force that is applied, the gap height can be tweaked. A
vacuum pump is used to fix the substrate to the substrate table during the deposition.
The substrate table rotates underneath the reactor head so that a spot on the substrate surface is
sequentially exposed to the DEZ/TDMA-Sn precursor mixture, gas bearing, H2O precursor and gas
bearing. This results in the deposition of a ring-shaped track of ZTO, as is depicted in figure 12d. Note
that one rotation of the substrate table corresponds to one ALD cycle. In this research, the substrate
table is normally rotated at a frequency of 100 RPM (1.67 Hz) but the POP reactor is capable of
depositing films at substrate rotation frequencies up to 50 Hz [66]. The width of the deposited ZTO ring
corresponds to the length of the precursor inlet slot since ZTO is only deposited on the part of the
substrate that passes the reaction zones during rotation. Figure 12c shows that the precursor inlet slot
has a constant width except for a small part at the beginning and end of the slit. When the substrate
rotates underneath the reactor head, the time that it takes for a point on the substrate to pass through
the reaction zone underneath the precursor inlet slot is equal to:
𝑤
𝜏=
(20)
2𝜋𝑟 𝑓
Where 𝜏 is the precursor exposure time in seconds, 𝑤 is the width of the precursor inlet slot (2 cm), 𝑟 is
the radial position on the sample and 𝑓 is the rotation frequency of the substrate table in Hz. It follows
that the precursor exposure time is different for different radial positions on the sample. Therefore, the
film thickness and other film properties can depend on the radial position on the sample. All points on
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Precursor slot

(a)

(c)

(b)

(d)

Figure 12: a) Schematic drawing of the bottom side of the spatial ALD reactor head showing the gas bearing plane, metal
precursor inlet slot, water precursor inlet slot and the exhaust zones. The colors in this figure correspond to the colors in figure
7. b) Schematic drawing of the POP reactor showing the reactor head, substrate and rotating substrate table mounted in an
oven. c) Bottom view of the reactor head. This picture was taken when the reactor was disassembled for maintenance cleaning
after a failed experiment had partially clogged the metal precursor inlet slot (large slit at the bottom let of the picture). The
water inlet slot used in this work is the large slot at the bottom right of the picture. d) Picture of a ZTO film deposited onto a
glass substrate after the sample was cut into pieces to use for different analysis techniques.

the sample that lie on a circle which is concentric with the ring shaped ZTO track should however have
identical film properties. Figure 12c shows that the DEZ/TDMA-Sn and the H2O precursor inlet slots are
identical in size which means that in this deposition setup, the DEZ/TDMA-Sn exposure time is always
equal to the H2O exposure time. The ZTO film properties have been measured at radial positions of 2.5
cm, 3 cm, 4 cm and 5 cm for most diagnostic techniques. These measurement points are indicated with
dots in figure 12d. At the standard rotation frequency of 100 RPM the radial positions of 2.5 cm, 3 cm, 4
cm and 5 cm correspond to precursor exposure times of 76 ms, 64 ms, 48 ms and 38 ms, respectively. In
the remainder of this work, statements like “… is measured at a radial positon of 4 cm on the sample”
are frequently used to indicate that a measurement is performed at a position on the sample that
corresponds to an exposure time of 48 ms. For some diagnostic techniques like Hall measurements, a
square piece had to be cut out of the sample. For these measurements, pieces were cut out so that the
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center of the piece has a radial position of 4 cm. When the radial position on the sample at which a
measurement has been performed is not specified, the reader can assume that the measurement has
been performed at a radial position of 4 cm (corresponding to a precursor exposure time of 48 ms).
The entire setup of reactor head and substrate table is mounted in a conventional oven that can be
heated up to 400 ᵒC [66]. The gas lines connected to the reactor head are fed through a hole in the top
of the oven and the rotating substrate table is connected to a servo motor by a drive shaft protruding
through a hole in the bottom of the oven. The nitrogen gas for the gas bearing is preheated to the same
temperature as the oven to ensure accurate control of the deposition temperature. The ZTO films
investigated in this research have been deposited at 225 ᵒC under atmospheric pressure conditions. At
the end of this chapter, table 3 presents an overview of the standard deposition parameters that are
used in this research.
2.1.1 Substrate preparation
The round flat surface of the reactor head that is shown in figure 12c has a diameter of 15 cm.
Substrates therefore need to have a minimal diameter of 15 cm in order for the gas bearing to function
properly. Substrate holders can be used to perform depositions onto smaller substrates. If the substrate
would however protrude from the surface of the substrate holder and make contact with the reactor
head during the deposition this could damage the reactor head. The use of small substrates in substrate
holders is therefore avoided if alternatives are present.
In this research 15 x 15 cm2 glass sheets (Schott AF 32) and 15 cm diameter, double-sided polished ptype c-Si (100) wafers are used as substrates on which the ZTO films are deposited. Prior to deposition,
the used substrate is cleaned using the following cleaning procedure:
1. The substrate is rinsed with demineralized water.
2. The substrate is blow dried using a compressed air gun fed with N2. Water droplets are
blown off of the substrate to minimize the evaporation of water on the substrate.
3. The substrate is then cleaned with a clean room wiper drenched in ethanol.
4. The liquid ethanol that is left on the substrate is flushed away by rinsing the substrate with
demineralized water before the ethanol has had a chance to evaporate.
5. Finally the substrate is blow dried using the compressed air gun fed with N2. Once again the
water droplets are blown off of the substrate to minimize the evaporation of water.
Most film characterization is performed on ZTO films deposited on glass substrates. However, before a
ZTO film is deposited onto a glass substrate, a film is deposited onto a silicon wafer using the desired
deposition conditions and a minimum of 600 ALD cycles. The thickness and optical film properties of the
deposited film are then measured by spectroscopic ellipsometry. From the film thickness measured at a
radius of 5 cm, the number of rotations needed to obtain a film thickness of 180 nm is calculated
assuming a constant growth per cycle. The deposition is then repeated on a glass substrate using
identical deposition conditions and the calculated number of rotations. This procedure ensures that all
samples have a similar film thickness. The 180 nm benchmark at a radius of 5 cm is chosen so that all
films have a sufficient thickness to enable accurate film characterization. For most ZTO films deposited
on glass, the film thickness measured at a radius of 5 cm is slightly higher than the 180 nm benchmark.
2.1.2 Supply of precursor to reactor
The DEZ, TDMA-Sn and water precursors used in this research are all liquid at room temperature.
However, the precursors have to be supplied to the reactor in the vapor phase. Therefore, stainless steel
bubblers are used to evaporate the precursors. A schematic drawing of a bubbler is given in figure 13
[95]. A precisely set flow rate of argon gas is supplied to the inlet of the bubbler by a mass flow
controller. This argon flow passes through the dip tube and bubbles through the liquid precursor
thereby promoting the evaporation of the precursor. The volume inside the bubbler which is not
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occupied by the liquid precursor is filled with a
mixture of argon gas and precursor vapor. This gas
mixture should be saturated with precursor vapor if
the bubbler is operated properly, that is if the argon
flow rate supplied to the bubbler inlet is within the
rated specifications of the bubbler. This gas mixture
of argon and precursor vapor leaves the bubbler via
the bubbler outlet and is transported to the reactor
through heated gas lines in order to prevent
condensation of the precursor vapor. A dilution flow
of argon is added to this gas mixture to ensure that
the total argon flow rate through the precursor inlet
slot (flow rate through DEZ bubbler plus flow rate
through TDMA-Sn bubbler plus dilution flow rate) is
always equal to 1.5 slm. For all depositions discussed
in this work, the flow rate through the water bubbler
is set to 1000 sccm (standard cubic centimeter per
minute) and a dilution flow rate of 500 sccm is added
to the bubbler outlet to ensure that the total argon
flow rate through the water precursor slit is also
equal to 1.5 slm. The abbreviated notation “75 sccm
of DEZ” is frequently used in this thesis to indicate
that an argon flow rate of 75 sccm is passed through
the DEZ bubbler and fed into the reactor.
The amount of precursor that is fed into the reactor Figure 13: Cross section drawing of a bubbler. Figure
can be controlled precisely by setting the argon flow adopted from US patent US 8272626 B2 [95].
rate through the bubbler using the mass flow controller. If the argon flow rate needed to obtain the
desired molar flow rate of precursor vapor is outside of the recommended operating range of the
bubbler or of the mass flow controller, then the temperature of the liquid precursor can be changed in
order to change the vapor pressure of the precursor. This is done by submerging the bubbler in a
thermostatically controlled water bath. During the depositions the water, DEZ and TDMA-Sn precursor
bubblers are normally kept at 50 ᵒC, room temperature and 40/50 ᵒC, respectively. It should be noted
that these temperatures are the set temperatures of the water baths and not the actual temperatures
of the precursors inside the bubblers. For the water bubbler it is possible to measure the temperature of
the water inside the bubbler during a deposition by using a thermocouple inserted into the bubbler. The
metal precursor bubblers are however not equipped with a thermocouple inside the bubblers. When
the water bath is set to 40 ᵒC, the measured temperature of the water inside the water bubbler is 37.7
ᵒC and when the water bath is set to 50 ᵒC, a temperature of 46.1 ᵒC is measured inside the bubbler. The
water bubbler is however made of glass whereas the metal precursor bubblers are made of metal and
the dimensions of the three bubblers are also slightly different. It is therefore not possible to directly
relate the temperature of the metal precursors to the temperature of the water precursor if the water
baths of the respective bubblers are set to the same temperature. In the remainder of this thesis the
“bubbler temperature” refers to the set temperature of the water bath in which the bubbler is placed.
When the temperature of a water bath is changed, the system is given at least 30 minutes of time to
reach thermal equilibrium before a deposition is started.
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Table 3: Standard deposition parameters
The values presented in this table are the standard deposition parameters that have been used for the deposition of ZTO thin
films by spatial co-injection ALD. Some films have been deposited using slightly different deposition parameters. The deposition
parameters that deviate from the standard values presented in this table are always mentioned when these films are discussed
and the deposition parameters that are not mentioned can be assumed to conform to this table.

Deposition parameter

Value

Deposition temperature

225 ᵒC

ZTO film thickness

≈200 nm

Substrate material

Schott AF 32 glass

Substrate rotation frequency

100 RPM (100 ALD cycles per minute)

precursor exposure time at 4 cm (100 RPM)

48 ms

TDMA-Sn bubbler temperature

40/50 ᵒC

DEZ bubbler temperature

Room temperature

H2O bubbler temperature

50 ᵒC

Ar flow through TDMA-Sn bubbler

900 sccm (varied between 0 and 900 sccm)

Ar flow through DEZ bubbler

75 sccm (varied between 0 and 75 sccm)

Ar flow through H2O bubbler

1000 sccm

DEZ partial pressure in reactor calculated for 75
sccm Ar flowing through the DEZ bubbler*

0.89 mbar

H2O partial pressure in reactor calculated for 1000
sccm Ar flowing through the H2O bubbler*

64 mbar

TDMA-Sn partial pressure in reactor*

Unknown

* The consumption of precursor by reaction with the substrate surface and the diffusion of precursors to the substrate surface
are not taken into account in the calculation of the precursor partial pressures. The precursor partial pressures are calculated
from the precursor vapor pressures by assuming that the argon gas flowing through the bubbler is saturated with precursor
vapor when it leaves the bubbler. After the argon/precursor vapor mixture leaves the bubbler, the gas mixture is diluted until
the total argon flow rate equals 1500 sccm. The precursor partial pressures reported in this table are the precursor partial
pressures in these final gas mixtures flowing into the respective precursor inlet slits at a rate of 1500 sccm and at atmospheric
pressure. A room temperature DEZ vapor pressure of 18 mbar is used for the calculation. Earlier in this chapter, it has been
mentioned that the temperature of the water inside of the water bubbler is measured to be 46.1 ᵒC during reactor operation
when the water bubbler temperature is set to 50 ᵒC. An H2O vapor pressure of 97 mbar at 46.1 ᵒC is used for the calculation. No
accurate data is currently available on the vapor pressure of TDMA-Sn at 40/50 ᵒC. The TDMA-Sn partial pressure in the reactor
could therefore not be calculated.
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2.2

Diagnostic techniques

The working principles of the diagnostic techniques that have been used in this work are discussed in
this subchapter. With exception of the spectroscopic ellipsometry measurements, all measurements
have been performed on approximately 200 nm thick ZTO films deposited on glass substrates. All film
characterization measurements are performed ex-situ.
2.2.1 EDX
Energy dispersive X-ray spectroscopy (EDX) is used to determine the elemental composition of a sample.
EDX works by focusing an electron beam onto the sample that is to be investigated. The electron beam
excites core electrons of the atoms in the sample to higher energy states, leaving behind vacancies in
the electronic configurations of the atoms [96]. This creates the possibility for an outer electron to fall
back to the now vacant low energy state of the atom, emitting a high energy (X-ray) photon in the
process [96]. The energy of the emitted photon is equal to the energy difference between the involved
energy levels, and is therefore characteristic for the element to which the electron belongs [96]. These
X-rays are hence called ‘characteristic X-rays’. The emitted photons are collected by an X-ray detector
which measures the energy of the photon. By counting the number of photons that are detected within
each energy interval for a specified period of time, a spectrum is obtained with photon energy on the
horizontal axis and counts on the vertical axis [96]. As stated above, the energy of the emitted photons
is characteristic for the elements that are present in the sample. Therefore, the position of the peaks
that are observed in the spectrum reflects which elements are present in the sample. The relative
amount of an element that is present in the sample can be deduced from the intensity of the
corresponding peaks by relating the intensities to reference standards [96]. In EDX, the recorded photon
energy peaks of different elements can overlap, which complicates data interpretation. EDX data
interpretation can be complicated if the recorded photon energy peaks of different elements overlap, or
if the atomic number of the investigated elements is lower than 10 [96]. Because the atomic number of
oxygen is 8 and oxygen is also present in the glass substrate, EDX analysis cannot accurately determine
the relative oxygen concentration in the ZTO films. EDX is however very suitable for the determination
of the ratio of zinc to tin atoms in the deposited ZTO thin films. The accuracy in the determination of the
relative atomic concentrations of zinc and tin in the ZTO films by EDX is approximately 1 at%. In this
work, the “tin composition fraction” is defined as the value of

[Sn]

, where [Sn] and [Zn] are the

[Sn]+[Zn]

(relative) atomic concentrations of the respective elements in the ZTO film. The stoichiometry of the
deposited ZTO films is approximately Zn1−𝑥 Sn𝑥 O1 and for the performed EDX analysis: [Sn]+[Zn] ≈ 50
at%. As a result of this, the uncertainty in the determination of the tin composition fraction by EDX is
approximately 0.02.
EDX analysis of the deposited ZTO films is performed at radial positions of 2.5 cm, 3 cm, 4 cm and 5 cm
to determine the tin composition fraction of the film. When a tin composition fraction is reported in
chapters 3, 4 or 5 and the analytical technique that has been used to determine this tin composition
fraction is not specified, the reader can assume that the reported value represents the tin composition
fraction as determined by EDX, averaged over the different radial positions on the sample.
Since EDX measurements utilize an electron beam which is focused onto the investigated sample, EDX
diagnostics are commonly incorporated in scanning electron microscope setups. The EDX diagnostic
used in this research utilizes an SDD Apollo X detector incorporated into an FEI Quanta 600 FEG SEM
system. The analysis has been performed by A.L. Eijk of the TNO Materials for Integrated Products
research group.

28

2.2.2 XPS
X-ray photoelectron spectroscopy (XPS) is a diagnostic technique used to measure the relative atomic
concentrations of elements in a sample. XPS works by exposing a sample to soft monochromatic X-rays
in an ultra-high vacuum chamber [97]. The X-ray photons will eject electrons from their atomic orbitals,
as is described by the photoelectric effect. The ejected electrons are called photoelectrons [97]. The
kinetic energy of these photoelectrons is measured to determine the electron binding energy. Since
each element has a characteristic electron configuration, the elemental composition of the sample can
be deduced from the kinetic energies of the photoelectrons [98]. The XPS measurement can be
presented in a spectrum with the horizontal axis representing the electron binding energy and the
vertical axis representing the number of electrons that are counted per second. Which elements are
present in the sample can be concluded from the position of the peaks in this spectrum [98].
Furthermore, the area under a peak is related to the concentration of this element [98].
XPS only measures the composition of the surface of the sample, up to a depth of a few nanometers
[97]. To measure the bulk composition of the sample, the surface of the sample is removed by argon ion
sputtering [98]. This sputtering process is performed inside the XPS’s ultra-high vacuum chamber so that
the exposed bulk of the sample cannot be contaminated between the sputtering and the XPS
measurement. The sputtering can change the stoichiometry of the film as a result of preferential
sputtering of some elements. This can cause a systematic error in the XPS bulk composition
measurements. For the XPS measurements performed in this research, the total error in the film
composition can be up to 10 at%. The relative error in the composition of the ZTO samples, as compared
to each other, is on the other hand less than 1 at%. This makes XPS very suitable for investigation of
changes in film composition as a result of changes in deposition settings. As is the case for EDX analysis,
this 1 at% uncertainty causes an uncertainty of approximately 0.02 in the determination of the tin
composition fraction. All XPS data discussed in this work has been measured after three sputtering
steps. The XPS data therefore describes the bulk of the ZTO film and not the surface.
The electron binding energy that is measured by XPS is affected by the chemical surrounding of the
atom. As a result of this, XPS can provide information on the chemical states of the elements in the
sample [98]. For the case of ZTO, XPS can reveal information on the oxidation state of tin and zinc atoms
in the film.
When a photoelectron is generated from a core energy level, a vacancy is created in the electronic
configuration of the atom. This creates the possibility for an electron from a higher energy level to fall
back to the now vacant low energy level of the atom [99]. The energy that is released in this transition
can be transferred to one of the outer electrons, which leaves the atom doubly-ionized [99]. This
process is called core-core-core Auger decay since there are three core energy levels involved, and the
emitted electron is called an Auger electron [99;100]. The kinetic energy of the Auger electron can be
measured in the XPS electron detector [97]. The Auger parameter (𝛼 ′ ) can be defined as [99;100]:
𝛼 ′ = 𝐸𝑏 (𝐶) + 𝐸𝑘 (𝐶 ′ 𝐶 ′′ 𝐶 ′′′ )
(21)
Where 𝐸𝑏 (𝐶) is the binding energy of the core electron that is photoexcited and 𝐸𝑘 (𝐶 ′ 𝐶 ′′ 𝐶 ′′′ ) is the
kinetic energy of the Auger electron, both in eV. The Auger parameter is a powerful tool for
identification of the chemical state of the investigated material [99;100]. The photoelectron binding
energies, Auger electron kinetic energies and Auger parameters that are measured for a selected
element in different compounds can be conveniently displayed in a Wagner plot [99;100].
For this research, XPS analysis of identical samples has been performed by two different institutions.
B.G. Kramm of the University of Giessen performed XPS measurements on a PHI Versaprobe XPS setup
using an Al Kα 1486.6 eV monochromated radiation source. W. Keuning of the Eindhoven University of
Technology Plasma and Materials Processing department performed the second set of XPS
measurements on a Thermo Scientific XPS setup using an Al Kα 1486.6 eV monochromated radiation
source.
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2.2.3 XRD
X-ray diffraction analysis (XRD) is a powerful technique that can be used to identify the crystalline
phases that are present in a material [101]. In XRD thin film analysis, a beam of coherent X-ray radiation
is shown onto the thin film surface under an angle. The atoms in the thin film will isotropically scatter
the incident X-ray radiation in a process called Thomson scattering [102]. If a crystalline phase is present
in the film, constructive interference of the X-ray radiation scattered from the atoms in the crystal can
occur because of the periodic structure of the atoms in the crystal [102]. Figure 14a shows constructive
interference of X-ray radiation scattered from a cubic crystal [103]. Constructive interference can
however only occur if the path length difference of radiation scattered from parallel lattice planes is
equal to a multiple of the photon wavelength, as is stated by Bragg’s law [101;102]:
𝑛𝜆 = 2𝑑 sin(𝜃)
(22)
Where 𝜆 is the photon wave length, 𝑑 is the distance between the parallel lattice planes, 𝜃 is the angle
between the lattice plane and the incident radiation, and 𝑛 is an integer.
For all angles that do not satisfy Bragg’s law, destructive interference occurs as is depicted in figure 14b.
As a result of this, the diffracted light will only leave the sample at specific angles following from Bragg’s
law, at all other angles no light will leave the sample. The light that is diffracted by the sample is
collected by a detector and a diffractogram is obtained by plotting the intensity of the detected light as
a function of 2𝜃 [102].

(a)

(b)

Figure 14: Illustration of X-ray radiation scattering from a cubic crystal and creating a) constructive interference and b)
destructive interference. The distance between the planes of atoms in the crystal lattice is denoted by 𝒅 and 𝜽 is the angle
between the incident radiation and the lattice plane. Figure taken from Macco 2012 [103].

A crystal lattice has many different lattice planes and a Miller index is assigned to each lattice plane in
accordance with the definition of the unit cell of the lattice. Since each lattice plane has its own
characteristic interplanar spacing 𝑑, Bragg’s law predicts that each lattice plane should create
constructive interference at a specific angle 𝜃. As a result of this, the peaks observed in the
diffractogram can be assigned to specific crystal planes when the crystal phase has been identified.
However, for some lattice planes no diffraction peak is observed in the diffractogram [102]. This can be
explained by destructive interference of radiation scattered by neighboring atoms in the lattice. In other
words: the radiation scattered by subsequent lattice planes would interfere constructively, however the
radiation scattered by neighboring atoms within the lattice plane interferes destructively and therefore
no peak is observed in the diffractogram [102].
By comparing the positions and relative intensities of the peaks that are observed in the measured
diffractogram to a reference database, the crystal phase of the investigated thin film can be determined.
In this research, the measurements are performed in the 𝜃/2𝜃 geometry. This means that the incident
X-ray beam is shone onto the sample at an angle 𝜃 with respect to the sample surface and only the light
that is diffracted at an angle 𝜃 with respect to the surface is measured by the detector. This geometry is
the most commonly used geometry for thin film XRD analysis [102]. As a consequence of this geometry,
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only crystals with lattice planes parallel to the surface can be detected [101;102]. Therefore, in the
hypothetical case that the deposited ZTO thin film would be a single crystal and the single crystal would
be oriented in a manner so that no lattice plane is parallel to the substrate surface (and therefore also
parallel to the film surface), no diffraction peak would be detected [102]. It is however highly unlikely
that a single crystal is formed with no lattice plane parallel to the substrate. If a polycrystalline film is
formed with a completely random orientation of the crystals, then the measured diffractogram would
resemble a powder diffraction pattern since the orientation of crystals in a powder is also completely
random [102]. In reality, polycrystalline thin films frequently have a preferred orientation of crystal
growth, meaning that certain orientations of crystals with respect to the sample surface are favored
over other orientations [101;102]. Because the 𝜃/2𝜃 XRD geometry is only sensitive to crystal planes
parallel to the substrate surface, one can determine the preferred orientation of film growth by
comparing the most prominent diffraction peaks of a deposited thin film to a powder diffractogram of
the same material.
XRD analysis can also provide information on the mean crystallite size in a polycrystalline film. An ideal
infinite crystal would only create constructive interference at exactly the brag angle which would result
in a delta peak in the XRD spectrum. However, as the crystallite size decreases constructive interference
can also occur at angles that are close to the brag angle which leads to a broadening of the diffraction
peak. Because of this effect, the broadness of the diffraction peak (defined by the full width at half
maximum (FWHM) of the diffraction peak) can be related to the distance over which crystal planes
coherently diffract the incident X-ray radiation (the coherence length 𝜏𝑐 ) using the Scherrer equation
[31;101;102]:
𝐾𝜆
(23)
𝜏𝑐 =
𝐹𝑊𝐻𝑀 cos(𝜃)
Where 𝜆 is the wavelength of the incident radiation, 𝜃 is the diffraction angle and 𝐾 is a dimensionless
constant known as the shape factor which is usually taken as 0.89 for spherical crystals [31;101;102].
The FWHM of the diffraction peak should be filled in in radians. 𝜏𝑐 is the coherence length but in
literature 𝜏𝑐 is often taken to be the mean crystallite size [31;101;102]. This work follows this
convention and refers to 𝜏𝑐 as the mean crystallite size. The Scherrer equation provides a lower limit of
the crystallite size since additional instrumental broadening of the diffraction peak will occur
[31;101;102]. However, the Scherrer equation is also reported to yield an overestimation of the
coherence length [102]. In general the Scherrer equation should be used to provide an indication of the
mean crystallite size and not an absolute value, for a more accurate analysis of the crystallite size
transmission electron microscopy (TEM) analysis should be used [101].
A Philips (PANalytical) X’Pert SR5068 powder diffractometer equipped with a Cu-Kα source has been
used to investigate the crystal phase of the deposited ZTO thin films. The Cu-Kα source produces X-ray
radiation with a wavelength of 0.154 nm corresponding to typical interatomic distances which range
from 0.15 to 0.4 nm [102]. The 2𝜃 step size of the performed XRD analysis is 0.02ᵒ.

31

2.2.4 Stylus profilometry
In this work, a Veeco Dektak 8 Advanced Development
Profilometer has been used to measure the thickness of
the ZTO thin films deposited on glass substrates. The
stylus profilometer works by lowering a stylus with a
sharp tip onto the sample surface and subsequently
moving the sample relative to the stylus. If surface
features are present on the sample, the stylus will move
vertically to remain in contact with the sample surface, as
is illustrated in figure 15 [104]. This vertical displacement
of the stylus is measured by the profilometer, thereby
giving a measurement of the vertical size of the surface Figure 15: Illustration of the working principle of a
stylus profilometer. As the substrate is moved
features of the sample [104].
horizontally, the stylus will follow the surface of the
In order to measure the thickness of the deposited ZTO sample. By measuring the vertical movement of the
thin films, a post deposition etch step is used in which a stylus, the ZTO film thickness can be determined.
trench is etched using a solution of HCl. The Dektak stylus
profilometer is then used to measure the depth of this trench, which is equal to the thickness of the
deposited ZTO film.
2.2.5 Spectroscopic ellipsometry
Spectroscopic ellipsometry (SE) is an optical technique that can be used to determine the thickness and
the optical constants of thin films. In an SE measurement, linearly polarized light is shone onto a sample
under an oblique angle and the change in the polarization of the reflected light is measured as a
function of wavelength [101]. This process is illustrated in figure 16 [105].

Figure 16: Illustration of linearly polarized light being reflected by a sample as elliptically polarized light. 𝑬 denotes the electric
field vector which can be decomposed in a component 𝑬𝒑 , parallel to the plane of incidence and a component 𝑬𝒔 ,
perpendicular to the plane of incidence. The subscript i denotes the incident light and the subscript r is used for reflected light.
Figure taken from Braeken 2013 [105].

The polarization of the reflected light can be characterized by the amplitude ratio 𝛹 and the phase angle
𝛥. In order to obtain the film thickness and optical constants from these parameters, a model comprised
of a stack of layers representing the substrate and the ZTO thin film is defined in the SE software. The
simulated parameters of the ZTO thin film are then iteratively varied in order to match the simulated
𝛹(𝜆) and 𝛥(𝜆) curves to the measured 𝛹(𝜆) and 𝛥(𝜆) curves. In this research, ZTO films have been
deposited onto silicon wafers. In order to obtain an accurate measurement of the ZTO film thickness,
the bare wafers are measured before ZTO film deposition and a simulated model of bulk silicon topped
with a layer of native silicon oxide is fitted to the experimental SE data. After ZTO film deposition the
wafer is measured again using the SE setup. A layer simulated by a Cauchy model is added on top of the
fitted model of bulk silicon with native silicon oxide layer in order to simulate the ZTO layer deposited
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onto the silicon wafer. The parameters of this Cauchy model where then iteratively varied to match the
experimental SE data, resulting in accurate data on the ZTO film thickness and optical constants.
Ellipsometry measurements are highly accurate and reproducible because the ellipsometry parameters
𝛹(𝜆) and 𝛥(𝜆) are both ratios of two values [106]. Ellipsometry can be sensitive to layers of matter only
one atom thick and thicknesses can be measured with sub nanometer resolution [101]. Ellipsometry can
even be used in-situ during film deposition, however in this research only ex-situ ellipsometry is used.
The spectroscopic ellipsometry measurements have been performed using a J.A. Woollam Co. M2000
rotating compensator ellipsometer equipped with an FLS-300 Xe arc light source. WVASE software from
J.A. Woolam Co. has been used for data acquisition and analysis.
2.2.6 Four-point probe
The four-point probe is commonly used to measure the
-I V +I
semiconductor resistivity of thin films [107]. The four point probe
used for this research is a Jandel universal four point probe setup.
The electrical contacts between the setup and the sample surface
are four evenly spaced metal probes which are placed in a straight
line, as depicted in figure 17. A current is supplied to the outer two
probes and the resulting potential difference between the two
inner probes is measured using a high impedance voltmeter [107].
When the distance between the probes is far greater than the film
thickness, the resistivity of the thin film can be calculated from
Figure 17: Schematic representation of the
equation (24) [107].
four point probe setup used in this work.
𝜋𝑑 𝑉
(24)
𝜌=
= 𝑅𝑠 𝑑
ln(2) 𝐼
Where 𝜌 is the resistivity in Ω cm, 𝑑 is the ZTO film thickness in cm, 𝑅𝑠 is the sheet resistance in Ω/sq, 𝑉
is the measured voltage over the two inner probes and 𝐼 is the current that is supplied to the outer
probes.
2.2.7 Hall analysis
Hall analysis is commonly used to determine the carrier density, the carrier type and the mobility of
semiconductor thin films [107]. The Hall effect is based on the Lorentz force:
⃗⃗)
(25)
𝐹⃗ = 𝑞(𝑣⃗ × 𝐵
Where 𝑞 is the charge of the particle, 𝑣⃗ is the velocity vector of the
⃗⃗ is the magnetic field vector.
particle and 𝐵
In this research, Hall measurements have been performed on 1.5 by
1.5 cm square samples. The samples consisted of ZTO deposited on
glass and were cut out of larger samples. Electrical contacts were made
on each corner of the sample using conductive silver paste, as is
depicted in figure 18. The resistivity of the ZTO thin film can be
measured using the van der Pauw technique where a DC current 𝐼𝐴𝐵 is
passed from contact A to adjacent contact B and the resulting potential
difference 𝑉𝐷𝐶 between the opposing contacts D and C is measured Figure 18: Illustration of the sample
[14]. The measurement is repeated with reversed polarity and the geometry used in Hall analysis.
process is repeated for all four pairs of contacts resulting in:
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𝑉𝐷𝐶
𝐼𝐴𝐵
𝑉𝐴𝐵
=
𝐼𝐷𝐶
𝑉𝐵𝐶
=
𝐼𝐴𝐷
𝑉𝐴𝐷
=
𝐼𝐵𝐶

𝑉𝐶𝐷
𝐼𝐵𝐴
𝑉𝐵𝐴
=
𝐼𝐶𝐷
𝑉𝐶𝐵
=
𝐼𝐷𝐸
𝑉𝐷𝐴
=
𝐼𝐶𝐵

𝑅𝐴𝐵,𝐷𝐶 =

𝑅𝐵𝐴,𝐶𝐷 =

𝑅𝐷𝐶,𝐴𝐵

𝑅𝐶𝐷,𝐵𝐴

𝑅𝐴𝐷,𝐵𝐶
𝑅𝐵𝐶,𝐴𝐷

𝑅𝐷𝐸,𝐶𝐵
𝑅𝐶𝐵,𝐷𝐴

(26)

The two characteristic resistances can be calculated form these resistances as:
𝑅𝐴𝐵,𝐷𝐶 + 𝑅𝐵𝐴,𝐶𝐷 + 𝑅𝐷𝐶,𝐴𝐵 + 𝑅𝐶𝐷,𝐵𝐴
𝑅𝑎 =
4
(27)
𝑅𝐴𝐷,𝐵𝐶 + 𝑅𝐷𝐸,𝐶𝐵 + 𝑅𝐵𝐶,𝐴𝐷 + 𝑅𝐶𝐵,𝐷𝐴
𝑅𝑏 =
4
The sheet resistance 𝑅𝑠 can now be found by numerically solving the van der Pauw equation [14]:
𝜋𝑅𝑎

𝜋𝑅𝑏

−
−
(28)
𝑒 𝑅𝑠 + 𝑒 𝑅𝑠 = 1
The resistivity of the investigated ZTO thin film can be calculated from the obtained sheet resistance
using equation (24). The van der Pauw technique is only valid for films of which the thickness is much
smaller than the lateral size of the sample [14]. Furthermore, the contacts should be small compared to
the size of the sample. However, as long as the contact length is less than about 10% of the lateral
sample size, the error introduced by the finite size of the contacts is negligible [107].
In order to measure the carrier density and the mobility of the ZTO thin film, a current is driven
diagonally through the sample while the sample is exposed to a magnetic field oriented along the
normal of the sample surface. Figure 18 depicts this setup for a current passing from contact C to
contact A. The electrons moving from contact A to contact C at a drift velocity 𝑣𝑑 are deflected towards
contact B because of the Lorentz force acting on the electrons. The accumulation of electrons at contact
B creates a potential difference between contacts B and D known as the Hall voltage 𝑉𝐻 [14;108]. The
Hall voltage is related to the carrier density 𝑛 as [14;108]:
𝐼𝐵
𝑉𝐻 =
(29)
𝑞𝑛𝑑
Where 𝐼 is the current passing through the film, 𝐵 is the magnetic field strength, 𝑞 is the elementary
charge (1.602 10-19 C) and 𝑑 is the thickness of the film. Note that both positive charge carriers (holes)
and negative charge carriers (electrons) are deflected in the same direction as a result of the Lorentz
force acting upon them [108]. The reason for this is that both the charge and the direction of the drift
velocity are opposite for electrons and holes. As a result of this, the polarity of the Hall voltage is
indicative of the majority carrier type (electrons for n-type semiconductors and holes for p-type
semiconductors) [14;108].
Now that the film resistivity has been measured using the van der Pauw method and the carrier density
has been calculated from the Hall voltage, the Hall mobility 𝜇𝐻 can be calculated from:
1
𝜇𝐻 =
(30)
𝑞𝑛𝜌
The Hall measurements conducted in this work have been performed using a Phystech RH2010
measurement setup. This setup reaches a magnetic field strength of 0,93 T at the position of the sample
during the Hall measurements.
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2.2.8 Spectrophotometer
The optical properties of the ZTO thin films have
been investigated by UV-VIS-NIR absorbance
spectrophotometry. A simplified schematic of
the working principle of a spectrophotometer is
depicted in figure 19 [103]. On the left, the
setup is configured to measure the
transmittance of a sample, whereas on the right
the setup is configured to measure the
reflectance of the sample. In order to obtain the
transmittance and the reflectance as a function Figure 19: Simplified schematic of the working principle of a
of wavelength, a monochromatic light beam is spectrophotometer. On the left, a sample is measured in
used. The wavelength of the light beam is tuned transmittance mode, on the right a sample is measured in
reflectance mode. Figure adopted from Macco 2012 [103].
from 2500 nm to 250 nm. The monochromatic
light beam is created by using a continuous wavelength light source (a deuterium lamp for the
ultraviolet range and a halogen lamp for the visible and near-infrared range) and shining the light onto a
diffraction grating to filter out all the unwanted wavelengths. By changing the angle between the grating
and the incident light, the wavelength of the filtered light beam can be changed.
In transmittance mode, the light beam strikes the sample. The part of the light that is transmitted by the
sample enters the integrating sphere where the intensity of the transmitted light is measured. The hole
at the back of the integrating sphere is covered by a white reflector so that no light leaves the
integrating sphere. By comparing the signal of the integrating sphere to the reference measurement
where no sample is present, the percentage of light transmittance is measured. In reflectance mode, the
sample is placed over the hole at the back of the integrating sphere as is depicted in figure 19. The
intensity of the light that is reflected by the sample is measured by the integrating sphere. Again, by
comparing the signal of the integrating sphere to the reference measurement where no sample is
present, the percentage of light reflectance is measured.
The Beer-Lambert law states that the absorption of light traveling through a medium can be described
by:
𝐼(𝑥) = 𝐼(0) 𝑒 −𝛼𝑥
(31)
With 𝐼(𝑥) the intensity of the light at position 𝑥 (in nm), 𝐼(0) the intensity of the light at position 𝑥 = 0,
and 𝛼 the absorption coefficient of the medium in nm-1. For a homogeneous thin film, the absorption
coefficient can be calculated from [36;109]:
1
100 − 𝑅(𝜆)
(32)
𝛼(𝜆) = ln (
)
𝑑
𝑇(𝜆)
With 𝑑 the film thickness in nm, 𝑇 the transmittance in % and 𝑅 the reflectance in %. The ZTO films that
are analyzed have been deposited on glass substrates. All measurements have been performed in the
orientation where the incident light beam first passes through the ZTO film, before passing through the
glass substrate. Equation (32) can be used for the calculation of the ZTO absorption coefficient, as
suggested by literature [36;109]. Equation (32) is however only valid for the calculation of the ZTO
absorption coefficient under the following assumptions:
- Light absorption in the glass substrate can be neglected
- All the light that is reflected, is reflected at the air-ZTO interface and no reflection occurs at the
ZTO-glass and glass-air interfaces
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Figure 20 shows the path that a light beam would follow
through the ZTO film and glass substrate. If one would
like to measure the ZTO absorption coefficient while
taking into account the absorption of light in the glass
substrate, one could measure the transmittance and
reflectance of a reference glass substrate without ZTO
coating and of the substrate with ZTO coating. The
absorption coefficient of the glass substrate can be
calculated from the measurement of the reference
substrate using equation (32). For the measurement of Figure 20: Light beam passing through a ZTO sample.
the ZTO film on a glass substrate as depicted in figure
20, the following equations hold:
(33)
𝐼(𝑎) = (100 − 𝑅1 (𝜆)) 𝑒 −𝛼𝑍𝑇𝑂 (𝜆) 𝑑𝑍𝑇𝑂
(𝜆)
−𝛼
𝑑
𝑠𝑢𝑏𝑠𝑡𝑟
(34)
𝑇𝑡𝑜𝑡 (𝜆) = 𝐼(𝑏) = 𝐼(𝑎) 𝑒 𝑠𝑢𝑏𝑠𝑡𝑟
Where 𝐼(0) is defined as 100%. Combining these equations gives:
𝑇𝑡𝑜𝑡 (𝜆)
(35)
= 𝑒 −𝛼𝑍𝑇𝑂(𝜆) 𝑑𝑍𝑇𝑂 −𝛼𝑠𝑢𝑏𝑠𝑡𝑟 (𝜆) 𝑑𝑠𝑢𝑏𝑠𝑡𝑟
100 − 𝑅1 (𝜆)
If reflections at the ZTO-glass interface (𝑅2 ) and at the glass-air interface (𝑅3 ) are neglected, then the
total reflection that is measured is equal to 𝑅1 . This enables the calculation of the ZTO absorption
coefficient from:
1
100 − 𝑅𝑡𝑜𝑡 (𝜆)
𝑑𝑠𝑢𝑏𝑠𝑡
(𝜆)
(36)
𝛼𝑍𝑇𝑂 (𝜆) =
ln (
)−
𝛼
𝑑𝑍𝑇𝑂
𝑇𝑡𝑜𝑡 (𝜆)
𝑑𝑍𝑇𝑂 𝑠𝑢𝑏𝑠𝑡𝑟
Further complicating factors like the reflections at the ZTO-glass and glass-air interfaces, higher order
reflections and light absorption at the ZTO-glass interface can be taken into account in the calculation of
the ZTO absorption coefficient, this however falls outside of the scope of this research [110].
In order to determine the optical band gap of the ZTO film, a Tauc plot is used [36;109]. For crystalline
films, (𝛼 𝐸)2 is plotted against the photon energy 𝐸, as is depicted in figure 21 [36]. The direct band gap
of the ZTO film is obtained by extrapolating the linear section of the curve, and taking the interception
of this extrapolation with the photon energy axis [36]. In figure 21, the red line depicts the extrapolation
of the linear section of the curve, and the interception of this red line with the horizontal axis gives the
direct band gap of the film. Amorphous ZTO is an indirect band gap material, and to determine the
indirect band gap of amorphous ZTO thin films, (𝛼 𝐸)1/2 is plotted against the photon energy 𝐸 in a
Tauc plot
Tauc plot [36;109]. Again, the band gap is
Direct band gap
0.006
determined by extrapolating the linear section of
the curve, and taking the interception of this
0.005
extrapolation with the photon energy axis [36;109].
For the ZTO films investigated in this work, the
0.004
effect of correcting the calculation of the ZTO
0.003
absorption coefficient using equation (36), on the
determination of the band gap from a Tauc plot is
0.002
negligible. Therefore, equation (32) can be used for
the calculation of the ZTO absorption coefficient.
0.001
A Shimadzu UV-3600 UV-VIS-NIR spectrophotometer
0.000
with an attached Shimadzu LISR-3100 integrating
3.0
3.5
4.0
sphere has been used to measure the ZTO optical
Energy (eV)
properties. Measurements were taken over the Figure 21: Example of a Tauc plot used to determine the
direct band gap of a crystalline ZTO thin film.
wavelength range of 250 to 2500 nm.
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2.2.9 Photoluminescence
In photoluminescence (PL), light is directed onto a
sample to induce photoexcitation. By analyzing the
light emission of the sample, one can obtain
information on for example the presence of
impurities in the sample [101]. When a photon is
absorbed by the sample, an electron is promoted
from a low to a higher energy level in a process
called photoexcitation. In an atom or molecule, this
corresponds to a transition from the ground state
to an excited state and in the case of a Figure 22: Schematic of electron energy states in PL. Figure
taken from Brundle 1992 [101].
semiconductor material this corresponds to the
transition of an electron from the valence band to the conduction band [101]. The photoexcited electron
then usually relaxes to a more stable excited level such as the bottom of the conduction band, as can be
seen in figure 22 [101]. The system will eventually return to its ground state and in luminescent
materials this transition can be accompanied by the generation of a photon. This emitted light is
collected in a photon detector and the intensity of the photoluminescence is analyzed as a function of
photon energy to provide information about the material properties of the sample [101]. The lifetime of
the excited states can also be investigated if a laser pulse is used as excitation source.
The PL technique is very sensitive and can detect impurity concentrations as low as parts per trillion
[101]. Most PL applications are however primarily qualitative in nature since quantitative concentration
determination is difficult [101].
The PL data presented in this work has been measured by G. Brammertz of the IMEC photovoltaic
research group. A 325 nm He-Cd laser (7 mW) focused on a 1 mm2 area of the sample was used as light
source. The light emitted by photoluminescence was focused onto a Horiba-Jobin-Yvon 640 mm grating
monochromator and analyzed using a Si photon detector. The samples were kept at room temperature
during the PL measurements.
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3

On the growth of ZTO by co-injection ALD

This chapter discusses the growth of ZTO thin films deposited by co-injection spatial ALD. The first
section of this chapter briefly discusses the growth of intrinsic zinc oxide and intrinsic tin oxide by spatial
ALD. The second section of this chapter shows how the composition of the deposited ZTO films is
controlled and the third subchapter analyzes the ZTO co-injection spatial ALD growth mechanism on the
basis of experimentally obtained data.

3.1

Binary oxide film growth

In an ALD process, the partial pressures of the precursors together with the exposure time determine
the growth per cycle (GPC) [19]. If the precursor partial pressures and exposure time are high enough to
reach saturation of the ALD half reactions then the film growth is said to be saturated. However, if the
exposure time is shorter than the time needed for all the available surface hydroxyl groups to react with
a precursor molecule, then the film growth is said to be unsaturatedIX. Unsaturated film growth results
in the deposition of less material in each ALD cycle as compared to saturated film growth. In other
words, unsaturated film growth results in a reduced growth per cycle. Note that the time that is needed
for all the available surface hydroxyls to react with a precursor molecule depends on the precursor
partial pressure.
3.1.1 i-ZnO film growth
Figure 23 shows the ALD saturation curve measured for the deposition of intrinsic zinc oxide thin films
deposited on silicon wafers using 600 ALD cycles. The data has been obtained by depositing films using
different argon flow rates through the DEZ bubbler and measuring the thickness of the deposited films
as a function of radial position on the sample. As previously explained, the exposure time can be
calculated from the radial position on a sample using equation (20). Figure 23 clearly shows the
saturating behavior of ALD film growth where increasing the product of precursor partial pressure and
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Figure 23: ALD saturation curve reporting the i-ZnO growth per cycle as a function of the product of DEZ partial pressure and
exposure time. The investigated films have been deposited on silicon wafers using 600 ALD cycles and a rotation frequency of
100 RPM. Film thickness is measured by spectroscopic ellipsometry.
IX

It should be noted that factors such as steric hindrance can prohibit some hydroxyl groups from reacting with a
precursor molecule. The growth is said to be saturated when increasing the exposure time does not lead to an
increase in the amount of precursor that is adsorbed onto the surface.

38

exposure time beyond a certain point will not increase the resulting growth per cycle. An important
conclusion that can be drawn from the data presented in figure 23 is that a flow rate of 75 sccm through
the DEZ bubbler is enough to reach saturated ALD growth of zinc oxide thin films at a rotation frequency
of 100 RPMX. An argon flow rate of 75 sccm through the DEZ bubbler (which is kept at room
temperature) is therefore chosen as a standard value for the experiments described in the remainder of
this work.
When in this research zinc oxide is deposited on a glass substrate using 75 sccm of DEZXI and 1227
rotations, the resulting film is homogeneous in film thickness along the radius of the deposition,
indicating a saturated film growth. The thickness of the film is approximately 215 nm and therefore a
growth per cycle of approximately 0.18 nm/cycle is calculated. This value corresponds to GPC values
reported in literature for self-saturating ALD growth of ZnO [19]. Figure 23 on the other hand shows that
the growth per cycle of saturated ZnO film growth on silicon wafers is 0.15 nm/cycle. The small
difference between the aforementioned GPC of 0.18 nm/cycle and the 0.15 nm/cycle read from figure
23 most likely originates from the fact that the zinc oxide films have been grown on different substrates
and with a different number of ALD cyclesXII. Furthermore, the accuracy of the determination of the GPC
is estimated to be ±0.01 nm/cycle. Therefore, both measurements can be concluded to agree with each
other and with literature.
Regardless of the exact value of the measured GPC, both the ZnO depositions on glass and on silicon
substrates show that a DEZ flow rate of 75 sccm is sufficient to reach saturated ALD growth of zinc oxide
thin films at a rotation frequency of 100 RPM.
XPS analysis of the zinc oxide film deposited on glass confirmed that the stoichiometry of the deposited
zinc oxide is ZnO. XRD analysis revealed that both the intrinsic zinc oxide films and the tin doped zinc
oxide films that have been deposited in this research exhibit a polycrystalline wurtzite ZnO structure.
The morphology of the deposited films is discussed in more detail in chapter 4.1.

X

As discussed in chapter 2.1, a substrate rotation frequency of 100 RPM corresponds to 100 ALD cycles per
minute. At 100 RPM, the precursor exposure time varies from 38 to 76 ms, depending on the position on the
substrate.
XI
As mentioned in chapter 2.1.2, 75 sccm of DEZ refers to an argon flow rate of 75 sccm through the DEZ bubbler.
XII
The glass and silicon substrates are likely to have different surface hydroxyl densities and a nucleation effect of
ZnO film growth is expected to be present. This means that the growth per cycle for ZnO atomic layers deposited
near the substrate surface is expected to be different for ZnO growth on silicon and on glass. Since the growth per
cycle is calculated by dividing the total film thickness by the number of ALD cycles used to deposit the thin film, the
film growth near the substrate/ZnO interface has a larger effect on the calculated GPC for thinner films.
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3.1.2 i-SnOx film growth
In this research, intrinsic tin oxide has also been
0.20
deposited using the spatial ALD technique. An
Mullings
This work
intrinsic tin oxide thin film has been grown on a
0.15
glass substrate using a flow rate of 900 sccm
through the 50 ᵒC TDMA-Sn bubbler and 6901
0.10
ALD cycles. The resulting intrinsic tin oxide film
0.05
grew at approximately 0.02 nm/cycle which is
much slower than the growth per cycle of
0.00
25
50
75
100
125
150
175
200
225
intrinsic zinc oxide, which is 0.18 nm/cycle.
Deposition temperature (C)
Mullings and coworkers showed that the GPC
of intrinsic tin oxide, deposited from TDMA-Sn Figure 24: ALD growth per cycle of intrinsic tin oxide reported as
function of deposition temperature. The square black data points
and H2O precursors depends strongly on represent tin oxide films deposited by Mullings and coworkers
temperature [37]XIII. Figure 24 presents the [37] on Si(100) using 200 classical ALD cycles with timing
results of Mullings and coworkers and shows sequence: 1 s TDMA-Sn, 30 s purge, 2 s H2O, 30 s purge. The
that the observed growth rate of 0.02 nm/cycle round red data point represents the tin oxide film deposited in
this work.
agrees well with the growth rates reported by
Mullings and coworkers.
XPS analysis of the intrinsic tin oxide film deposited on glass revealed that the stoichiometry of the film
is SnO1.8. XRD analysis of this film showed that the deposited intrinsic tin oxide is X-ray amorphous. As
discussed in chapter 1.3.2, tin oxide thin films deposited by conventional ALD typically exhibit an
amorphous morphology and the stoichiometry of the amorphous SnOx films is typically reported to be
close to SnO2 [37;83;84]. The growth per cycle, morphology and stoichiometry of the intrinsic tin oxide
films deposited in this research using the spatial ALD technique can therefore be concluded to match
the film properties reported in literature for intrinsic tin oxide films deposited by conventional ALD.
No ALD saturation curve has been measured for the growth of intrinsic tin oxide and the determination
of the film thickness at different radial positions on the tin oxide samples is relatively inaccurateXIV. It is
therefore not certain if the ALD growth of the intrinsic tin oxide films is saturated.

XIII

In contrast, Illiberi and coworkers have shown that the growth per cycle of saturated ZnO film growth is
constant in the temperature range between 200 and 250 ᵒC [19].
XIV
The tin oxide films that have been deposited on silicon wafers have been deposited with a maximum of 1000
rotations and as a result these films are quite thin which causes a relatively large uncertainty in the determination
of the film thickness by spectroscopic ellipsometry. Furthermore, intrinsic tin oxide films are chemically very stable
and cannot easily be etched [14]. This makes it hard to etch a clean trench in the film which results in a relatively
large uncertainty in the determination of the film thickness using the stylus profilometry analysis technique.
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3.2

Controlling the composition of the deposited ZTO thin film

To grow zinc tin oxide by spatial ALD, a mixture of DEZ and TDMA-Sn is injected in the precursor slit. For
the first attempt to deposit ZTO by spatial ALD, a constant flow rate of 75 sccm of DEZ is mixed with a
TDMA-Sn flow rate varying between 0 and 500 sccmXV. This resulted in the successful deposition of a
series of ZTO thin films. Figure 25a reports the tin composition fraction of these films as a function of
the TDMA-Sn flow rate used to deposit the respective films. This figure shows that the tin composition
fraction increases steadily with increasing TDMA-Sn flow rate. In an attempt to increase the tin
composition fraction of the deposited ZTO films beyond [Sn]/([Sn]+[Zn]) = 0.03XVI, a second series of
films is deposited using a TDMA-Sn bubbler temperature of 50 ᵒC instead of 40 ᵒC. In this second
deposition series, the argon flow rate through the TDMA-Sn bubbler is increased to 900 sccm, which is
close to the maximum recommended flow rate of the bubbler. Figure 25b shows that the tin
composition fraction of the deposited films increases steadily with increasing TDMA-Sn flow rate. Using
an argon flow rate of 900 sccm through the 50 ᵒC TDMA-Sn bubbler, a tin composition fraction of 0.07 is
reached. At this point, the argon flow rate through the bubbler cannot be increased any further due to
technical limitations and the bubbler temperature cannot be increased any further either since no data
is available on the stability of the liquid precursor at higher temperatures. As a result of this, the partial
pressure of the TDMA-Sn precursor in the reactor cannot be increased any further. However, in coinjection ALD, the stoichiometry of the deposited film is determined by the relative partial pressures of
the precursors [21;66;72;92]. Therefore, a third deposition series is performed where the TDMA-Sn
partial pressure is kept constant and the DEZ partial pressure is reduced in order to increase the tin
composition fraction of the deposited films even further. The tin composition fraction of these films is
reported in figure 25c. As expected, an increase of tin composition fraction is seen with decreasing DEZ
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Figure 25: Tin composition fraction reported as function of TDMA-Sn flow rate for ZTO films deposited with a DEZ flow rate of
75 sccm and a TDMA-Sn bubbler temperature of a) 40 ᵒC and b) 50 ᵒC. c) Tin composition fraction reported as function of DEZ
partial pressure for ZTO films deposited with 900 sccm of TDMA-Sn (50 ᵒC) and a decreasing flow rate of DEZ.
XV

Deposition parameters are always kept constant during a deposition. The statement “the TDMA-Sn flow rate is
varied between 0 and 500 sccm” means that a number of depositions are performed using different TDMA-Sn flow
rates. In this case, depositions have been performed using 0, 75, 175, 275, 375 and 500 sccm of TDMA-Sn. This
phrasing is used frequently in the remainder of this work.
XVI
As stated in chapter 2.2.1, the tin composition fraction is defined as the value of [Sn]/([Sn]+[Zn]), where [Sn] and
[Zn] are the atomic concentrations of the respective elements in the ZTO film.
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10

[Sn]/([Sn]+[Zn])

partial pressure. It should be noted that all films deposited at DEZ partial pressures below 0.1 mbar,
have been deposited using a DEZ flow rate between 3 and 10 sccm. These flow rates are at the limit of
the operating ranges of both the mass flow controller and the DEZ bubbler that are used for the
experiments. As a result of this, the accuracy of the mass flow controller and therefore the accuracy of
the calculated DEZ partial pressure is questionable. During two depositions in this series, the DEZ
bubbler is submerged in a container filled with water and ice in order to reduce the DEZ partial pressure
in the reactor even further. For these 0 ᵒC DEZ depositions, argon flow rates of 3 sccm and 6 sccm
through the DEZ bubbler are used, respectively. The tin composition fraction of the resulting films is
approximately 0.22, whereas the tin composition fraction of the film deposited using 3 sccm of argon
through the room temperature DEZ bubbler is 0.26. This could be a result of the mass flow controller
malfunctioning at these low flow rates.
0.30
Figure 26 summarizes the data presented in
figure 25 in one graph by reporting the tin
0.25
composition fraction of the deposited films
40 C TDMA-Sn
against the ratio of the argon flow rates through
50 C TDMA-Sn
0.20
Low DEZ
the DEZ and TDMA-Sn precursor bubblersXVII. In
0 C DEZ
the legend of figure 26 and in the remainder of
0.15
this thesis, the three deposition series shown in
figures 25a, 25b and 25c are respectively referred
0.10
to as the “40 ᵒC TDMA-Sn series”, the “50 ᵒC
TDMA-Sn series” and the “low DEZ series”.
0.05
As discussed in chapter 2.1.2, the molar flow rate
of precursor vapor that is fed into the reactor
0.00
0.01
0.1
1
depends on both the argon flow rate through the

/(
+
)
bubbler and on the bubbler temperature. The
DEZ
DEZ
TDMA-Sn
relative molar flow rates of DEZ and TDMA-Sn Figure 26: Tin composition fraction reported as function of the
precursor vapor that are fed into the reactor ratio of precursor flow rates. This graph combines the data
determine the relative partial pressures of the presented in figures 25a, 25b and 25c to give an overview of the
tunability of the ZTO film composition.
precursors in the reactor and this in turn
determines the composition of the deposited ZTO film. It would therefore be desirable to plot the ratio
of precursor partial pressures on the horizontal axis of figure 26 instead of the ratio of argon flow rates
through the DEZ and TDMA-Sn bubblers. This graph can however not be constructed since no reliable
data is currently available on the vapor pressure of the TDMA-Sn precursor at 40/50 ᵒC. A limited
number of online sources list a value for the TDMA-Sn vapor pressure, but these values contradict each
other. The TDMA-Sn vapor pressure could be determined experimentally, but this is not attempted in
this research due to the toxic nature of the precursor.
Figures 25 and 26 show that the tin composition fraction of the deposited ZTO thin films with tin
composition fraction up to 0.13 can be accurately controlled by setting the bubbler temperatures and
argon flow rates to the desired values. Films with tin composition fraction between 0.14 and 0.26 can
also be deposited although the control over the film composition is limited for these films as a result of
XVII

For each deposited ZTO film, the tin composition fraction is determined by EDX at radial positions of 2.5, 3, 4,
and 5 cm. The measured values are averaged over these four points and for each film the average tin composition
fraction is reported in figures 25 and 26. The error bars in these figures represent the standard deviation from this
average. Later on in this chapter, it will be shown that there is no correlation between the exposure time and the
tin composition fraction of a deposited film. Since there is no correlation between radial position and tin
composition fraction, the tin composition fraction averaged over different radial positions is representative for the
entire sample.
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the mass flow controller being operated at the limit of its operating range. An intrinsic tin oxide film has
also been deposited in this research but no films have been deposited with tin composition fraction in
the range between 0.26 and 1.
3.2.1 XPS film composition analysis
EDX analysis is not capable of accurately detecting the concentration of light elements such as carbon
and oxygen in thin films. XPS analysis has therefore been performed on a selection of the ZTO films
produced in this research to provide further insight into the composition of the deposited ZTO thin films.
XPS analysis has been performed by both the University of Giessen and by the Eindhoven University of
TechnologyXVIII. Table 4 presents the ZTO film stoichiometry as determined by EDX and XPS analysis in
the notation Zn1−𝑥 Sn𝑥 O𝑦 , where 𝑥 is equal to the value of [Sn]/([Sn]+[Zn]) XIX. Table 4 shows that the tin
composition fraction calculated from XPS analysis performed by the TU/e and by the University of
Giessen match closelyXX. The EDX diagnostic consequently measures a slightly higher tin composition
fraction than the XPS diagnostic. This difference is likely caused by preferential sputtering, as was
explained in chapter 2.2.2.
In general it can be concluded that the XPS and EDX diagnostic techniques both show the same trend in
film composition with changing deposition parameters. Therefore both techniques are suitable to
analyze trends in film properties as a function of film composition.
Table 4: ZTO film stoichiometry as determined by EDX and XPS analysis
Sample description / deposition parameters
i-ZnO, 75 sccm DEZ, 0 sccm TDMA-Sn

Stoichiometry
EDX
ZnO?

Stoichiometry
XPS TU/e
ZnO1.01

Stoichiometry
XPS Uni-Giessen
ZnO0.95

75 sccm DEZ, 75 sccm TDMA-Sn (40 ᵒC)

Zn0.995Sn0.005O?

ZnO1.06

Zn0.994Sn0.006O0.97

75 sccm DEZ, 500 sccm TDMA-Sn (50 ᵒC)

Zn0.96Sn0.04O?

Zn0.97Sn0.03O1.07

Zn0.97Sn0.03O1.00

75 sccm DEZ, 900 sccm TDMA-Sn (50 ᵒC), 100 RPM

Zn0.93Sn0.07O?

Zn0.94Sn0.06O1.07

Zn0.94Sn0.06O0.96

75 sccm DEZ, 900 sccm TDMA-Sn (50 ᵒC), 200 RPM

Zn0.93Sn0.07O?

Zn0.94Sn0.06O1.07

Not analyzed

75 sccm DEZ, 900 sccm TDMA-Sn (50 ᵒC), 50 RPM

Zn0.93Sn0.07O?

Zn0.95Sn0.05O1.04

Not analyzed

12 sccm DEZ, 900 sccm TDMA-Sn (50 ᵒC)

Zn0.88Sn0.12O?

Zn0.91Sn0.09O1.13

Zn0.92Sn0.08O0.98

6 sccm DEZ, 900 sccm TDMA-Sn (50 ᵒC)

Zn0.83Sn0.17O?

Zn0.88Sn0.12O1.11

Zn0.90Sn0.10O1.00

XVIII

XPS analysis by the TU/e and by the University of Giessen has been performed on different sample pieces cut
from the same sample. Each piece is cut so that the center of the piece has a radial position of 3.5 cm.
XIX
As discussed in chapter 2.2.1, the uncertainty in the determination of the tin composition fraction by EDX is
approximately 0.02. The error bars in figures 25 and 26 show that the tin composition fraction measured at
different radial positions on the samples match with an error margin ≤ 0.01 for films with tin composition fraction
< 0.15. Chapter 2.2.2 showed that the uncertainty in the determination of the tin composition fraction by XPS is
approximately 0.02 when comparing different samples with each other. Preferential sputtering causes a much
larger uncertainty in the determination of the exact value of the tin composition fraction by XPS.
XX
It should be noted that the TU/e XPS analysis detected some carbon (2.5 – 6.5 at%) in the ZTO films whereas the
XPS analysis performed by the University of Giessen did not detect any other elements besides zinc, tin and
oxygen.
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Table 4 shows that the XPS analysis performed by the TU/e consequently measures a slightly higher
relative oxygen concentration as compared to the XPS analysis performed by the University of Giessen.
Furthermore, a slight increase in the relative oxygen concentration is observed with increasing tin
composition fraction. By plotting the value of [O]/([Sn]+[Zn]) against [Sn]/([Sn]+[Zn]) for all XPS
measurements presented in table 4, it can be concluded that the stoichiometry of the deposited ZTO
films is best described by Zn1−𝑥 Sn𝑥 O1+0.6𝑥 , where 𝑥 is the tin composition fraction.
Figure 27 shows an XPS depth profile measured by the University of Giessen. This figure shows that the
composition of the ZTO film is constant throughout the thickness of the ZTO film, within the resolution
of the XPS diagnostic. The depth profiling is continued until the entire ZTO film is etched away and the
silicon of the glass substrate is detected in the measurements. If one looks closely at the film
composition measured before the sputtering is started, it can be concluded that the measured surface
composition of the sample deviates from the bulk film composition. This can be explained by a
combination of preferential sputtering and surface contamination. As mentioned in chapter 2.2.2, all
XPS data discussed in this work is measured after three sputtering steps. The XPS data therefore
describes the bulk of the ZTO film and not the surface. XPS analysis of the oxidation states of Zn and Sn
in the ZTO films is presented in chapter 4.1.1.
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Figure 27: XPS depth profile measured for a 200 nm thick ZTO film deposited using 500 sccm of TDMA-Sn (50 ᵒC) and 75 sccm of
DEZ. This depth profile shows that the ZTO film is homogeneous in composition throughout the thickness of the film, within the
resolution of the XPS diagnostic. The concentration plotted on the vertical axis is the atomic concentration (in at%) of each
element that is present in the film. The green diamonds represent the tin composition fraction (which is not an atomic
concentration but a ratio) multiplied by 100.
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3.3

Proposed growth mechanism

If the surface reactions in a co-injection ALD system can be fully described by ideal competitive
adsorption, then the growth per cycle of the multicomponent oxide film should correspond to a linear
combination of the GPC of each binary oxide of which the film is comprised [21]. For the zinc tin oxide
films deposited in this research, this corresponds to:
[Sn]
[Zn]
(37)
𝐺𝑃𝐶𝑍𝑇𝑂 =
𝐺𝑃𝐶𝑆𝑛𝑂𝑥 +
𝐺𝑃𝐶𝑍𝑛𝑂
[Sn] + [Zn]
[Sn] + [Zn]
Where 𝐺𝑃𝐶𝑍𝑛𝑂 and 𝐺𝑃𝐶𝑆𝑛𝑂𝑥 are respectively the growth per cycle of intrinsic zinc oxide and the growth
per cycle of intrinsic tin oxide. Figure 28 shows the growth per cycle reported as a function of the tin
composition fraction of the deposited films. The red line in this figure denotes the growth rate
associated with pure competitive adsorption, calculated from equation (37). The graph clearly shows
that ideal competitive adsorption alone does not adequately describe the surface reactions occurring in
co-injection ZTO ALD. This means that some complicating factors like steric hindrance or poisoning must
play a role in the reaction chemistry.
A reduced growth per cycle as compared to what is expected from the binary oxides has also been
observed for ZTO ALD using the super cycle methodology [1;7;60]. The growth rate expected in super
cycle ZTO ALD can be calculated from the growth rates of the binary oxides using the rule of mixtures
equation [1;64]:
𝑡
𝑧
(38)
𝐺𝑃𝐶𝑍𝑇𝑂 =
𝐺𝑃𝐶𝑆𝑛𝑂𝑥 +
𝐺𝑃𝐶𝑍𝑛𝑂
𝑡+𝑧
𝑡+𝑧
Where 𝑡 and 𝑧 are the respective numbers of SnOx and ZnO ALD cycles in one super cycle. Tanskanen
and coworkers reported a growth rate of 0.136 nm/cycle for ZTO films deposited using a SnOx:ZnO 1:5
super cycle ALD process at 150 ᵒC [60]. This growth rate of 0.136 nm/cycle is 18% lower than the 0.166
nm/cycle expected from the growth rates of the binary oxides [60]. Hultqvist and coworkers reported a
decrease in growth rate from 0.16 nm/cycle for ZnO to 0.018 nm/cycle for ZTO films deposited using a
SnOx:ZnO 1:8 super cycle ALD process at 120 ᵒC [6]. Hultqvist and coworkers reported a subsequent
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Figure 28: GPC reported as function of tin composition fraction. The square blue data points represent films deposited using 75
sccm of DEZ and an increasing flow rate of TDMA-Sn whereas the round black data points represent the low DEZ series
(deposited using 900 sccm of TDMA-Sn and a reduced flow rate of DEZ). The solid red line represents the ideal competitive
adsorption model presented in equation (37). The observation that the data points deviate strongly from this red line indicates
that factors like steric hindrance or poisoning are in play. The dashed black line represents a simplistic model of steric
hindrance where one TDMA-Sn molecule bonded to the surface occupies 9 surface sites. The film thickness was determined by
stylus profilometry at a radial position of 4 cm, which corresponds to an exposure time of 48 ms. Figure b) is an enlarged view
of figure a) that only shows the 40 and 50 ᵒC TDMA-Sn depositions.
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Figure 29: GPC of ZTO deposited by super cycle ALD reported as a function of a) cycle fraction, and b) tin composition fraction.
Data reproduced from Mullings 2014 [1]. The solid blue line represents the ZTO GPC calculated by linear interpolation of the
growth rates of the binary oxides using equation (38). The solid red line represents the GPC calculated from equation (37).
Figure b) plots the GPC of the super cycle ZTO films together with the GPC of the co-injection ZTO films deposited in this work
for comparison.

increase in ZTO growth rate with further increasing tin composition fraction up to a growth rate of 0.07
nm/cycle for SnOx [6]. Mullings and coworkers presented growth rates and film compositions for seven
different ZTO films deposited at 150 ᵒC using the super cycle methodology [1]XXI. The data presented by
Mullings and coworkers is reproduced in figure 29. Note that the GPC of SnOx reported by Mullings and
coworkers matches the GPC of SnOx growth at 150 ᵒC presented in figure 24. Figure 29a shows that the
GPC of the super cycle ZTO films is significantly lower than the GPC calculated from equation (38). The
GPC calculated from equation (38) can be reported as a function of tin composition fraction usingXXII:
𝐺𝑃𝐶𝑆𝑛𝑂𝑥 𝜌𝑆𝑛𝑂𝑥
𝑡
[Sn]
𝑀𝑆𝑛𝑂𝑥
(39)
=
𝐺𝑃𝐶𝑆𝑛𝑂𝑥 𝜌𝑆𝑛𝑂𝑥
[Sn] + [Zn]
𝐺𝑃𝐶𝑍𝑛𝑂 𝜌𝑍𝑛𝑂
𝑡
+𝑧
𝑀𝑆𝑛𝑂𝑥
𝑀𝑍𝑛𝑂
Where 𝜌𝑆𝑛𝑂𝑥 and 𝜌𝑍𝑛𝑂 are the densities of tin oxide and zinc oxide, respectively. 𝑀𝑆𝑛𝑂𝑥 and 𝑀𝑍𝑛𝑂 are
the respective molar masses of tin oxide and zinc oxide. Figure 29b clearly shows that equation (38) (the
blue curve) describes the experimental data much better than equation (37) (the red line)XXIII. The
reason for this is that equation (37) assumes ideal saturated precursor adsorption which means that
each surface hydroxyl group reacts with a different precursor molecule so that one precursor molecule
bonds to each surface site. Equation (38) on the other hand only assumes that ZnO and SnOx layers grow
equally fast on ZnO and on SnOx. It should be noted that equations (37) and (38) are equivalent if the
number of precursor molecules that adsorb to the surface per unit of area is equal for each ALD cycle
within the super cycle.
Literature presents various explanations for the reduced GPC that is observed in ZTO super cycle ALD as
compared to the expected GPC which is calculated using equation (38). In chapter 1.3.6, these different
explanations have been introduced and the following section discusses if these explanations also apply
XXI

It should be noted that J.T. Tanskanen and M.N. Mullings both used TDMA-Sn, DEZ and H2O as precursors
whereas A. Hultqvist used DEZ, H2O and tin(IV)t-butoxide [Sn(C4H9O)4] as precursors.
XXII
Mullings and coworkers assumed that the deposited tin oxide is SnO2 and used: 𝜌𝑍𝑛𝑂 = 5.61 g/cm3 and
𝜌𝑆𝑛𝑂2 = 6.95 g/cm3 in order to calculate the blue line presented in figure 29b [1].
XXIII
It should be noted that equation (37) can be applied to both co-injection and super cycle ALD whereas equation
(38) can only be applied to super cycle ALD.
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to co-injection spatial ALD of ZTO. Other factors that may be of importance are also discussed in order
to explain the trend observed in figure 28 and gain insight into the surface reaction chemistry of coinjection spatial ALD of ZTO.
3.3.1 Steric hindrance
Elam and coworkers proposed that steric
hindrance may control the tin oxide growth rate
DEZ
TDMA-Sn
in the ALD system where intrinsic tin oxide is
z = 0.98 nm z = 0.96 nm
x = 0.43 nm x = 0.8 nm
deposited using TDMA-Sn and water precursors
y = 0.38 nm y = 0.92 nm
[83]. The more DMA ligands remain attached to
z
the tin atom after the TDMA-Sn molecule bonds
to the surface, the stronger the steric hindrance
y
effect will be. The dashed line in figure 28
(a)
(b)
x
represents a simplistic model of steric hindrance
in co-injection ALD caused by the TDMA-Sn
molecules bound to the surfaceXXIV. In this model Figure 30: 3D models of the DEZ and TDMA-Sn precursors are
presented in a) and b) respectively. ChemDraw software was
each surface site represents one surface hydroxyl used to create these models and to calculate the dimensions of
group and each DEZ molecule that reacts with a the molecules. The modeling was performed by A. Perrotta of
surface OH-group is assumed to occupy one the TU/e PMP research group.
surface site. The model defines 𝑛 as the average number of surface sites occupied by a single TDMA-Sn
molecule bonded to the surface. This means that n is equal to the average number of surface sites to
which a TDMA-Sn molecule bonds (𝑥 in equations (4) and (5)) plus the average number of adjacent
surface sites that are shielded by steric hindrance of a chemisorbed TDMA-Sn molecule. For clarity,
figure 11 (presented in chapter 1.3.6) visualizes the steric hindrance effect caused by the TDMA-Sn
molecules bonded to the surface. The model assumes saturated growth and defines the number of
available surface sites to be equal to 𝑁. These surface sites are occupied by 𝑋 TDMA-Sn molecules and
(𝑁 − 𝑛 𝑋) DEZ molecules. The tin composition fraction of the film and the modeled GPC of the film can
be calculated from:
[𝑆𝑛]
𝑋
(40)
=
[𝑆𝑛] + [𝑍𝑛] 𝑋 + 𝑁 − 𝑛 𝑋
𝑛𝑋
𝑁−𝑛𝑋
(41)
𝐺𝑃𝐶 =
𝐺𝑃𝐶𝑆𝑛𝑂𝑥 +
𝐺𝑃𝐶𝑍𝑛𝑂
𝑁
𝑁
𝑁
The dashed line in figure 28 is plotted by varying 𝑋 from 0 to for 𝑛 = 9. It should be noted that
𝑛
equation (41) simplifies to equation (37) if 𝑛 is chosen equal to 1. Figure 28 shows that this simplistic
model of steric hindrance fits the experimental data better than the competitive adsorption model.
Further evidence of steric hindrance can be found by comparing the surface hydroxyl density to the
molecular sizes of DEZ and TDMA-Sn molecules, which are presented in figure 30. According to
Tanskanen and coworkers, a wurtzite ZnO (100) surface has a surface hydroxyl density of approximately
11 OH groups per nm2 [60]. Figure 30 shows that it would be impossible for all of these surface hydroxyl
groups to react with a DEZ/TDMA-Sn molecule due to the size of the precursor molecules. This proves
that steric hindrance occurs for DEZ/TDMA-Sn competitive adsorption on these surfaces. The surface
hydroxyl density of the deposited ZTO films is likely to depend on the tin composition fraction of the
deposited films but the surface hydroxyl density is expected to be of the same order of magnitude as the
XXIV

The term “TDMA-Sn molecule bonded to the surface” is technically incorrect since a TDMA-Sn molecule
releases a number of DMA ligands upon binding to the surface. The reaction product that is bonded to the surface
is therefore not a TMDA-Sn molecule but a (𝑂)𝑥 𝑆𝑛(𝐷𝑀𝐴)∗4−𝑥 molecule. For pleasant reading of this thesis, the
term “TDMA-Sn molecule bonded to the surface” is used to refer to the (𝑂)𝑥 𝑆𝑛(𝐷𝑀𝐴)∗4−𝑥 molecule.
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11 OH/nm2 reported for wurtzite ZnO, at least for the ZTO films with low tin composition fraction. In
super cycle ZTO ALD, steric hindrance between adsorbed TDMA-Sn molecules is likely to limit the
amount of SnOx that is deposited in one ALD cycle [83]. Steric hindrance between DEZ molecules may
also occur, thereby limiting the amount of ZnO that can be deposited in one ALD cycle. In co-injection
ZTO ALD, DEZ and TDMA-Sn adsorb on the surface simultaneously via competitive adsorption. This
means that steric hindrance caused by TDMA-Sn molecules adsorbed onto the surface limits the total
amount of ZTO that can be deposited in one ALD cycle and not just the amount of SnO x that is
deposited. Steric hindrance in competitive adsorption also creates a very interesting scenario if the
difference in size between the adsorbing precursors is large. Consider the scenario where multiple large
precursor molecules adsorb onto the surface in the vicinity of each other as is illustrated in figure 31.
Some of the hydroxyl groups in between these large precursor molecules may not be shielded by steric
hindrance of each of the individual precursor molecules, but these hydroxyl groups are nevertheless
unable to react with another large precursor molecule since the large precursor molecule cannot reach
the hydroxyl groups. Small precursor molecules (DEZ in the example of figure 31) on the other hand, can
reach these surface hydroxyl groups and chemisorb to the surface at these positions. As the surface
reactions approach saturation, more and more hydroxyl groups are surrounded by steric hindrance
which limits these hydroxyl groups to reacting with small precursor molecules. As a result of this, the
composition of films grown in the saturated ALD regime should differ from the composition of films
grown in the unsaturated regime. Figure 30 shows that the difference in size between the DEZ and
TDMA-Sn molecules is not extremely big. Furthermore, at the end of this chapter it is shown that the
ZTO film composition does not significantly change when the exposure time is varied, even if the film
growth is unsaturated. This suggests that these precursor size selective reactions do not play an
important role in co-injection ZTO ALD. In situ diagnostics such as quartz crystal microbalance (QCM)
and quadrupole mass spectrometry (QMS) are needed to investigate these suggested precursor size
selective reactions in more detail.

Figure 31: Visualization of steric hindrance between precursor molecules that have a large difference in size. TDMA-Sn is
portrayed as a large precursor molecule and DEZ is portrayed as a small precursor molecule for the purpose of this example.
The precursor molecules and surface hydroxyl density are not depicted to scale.

Overall, steric hindrance can be concluded to play an important role in in the surface reaction chemistry
of co-injection ZTO ALD. The dashed line in figure 28 is a reasonably good fit of the experimental data for
the 40 ᵒC and 50 ᵒC TDMA-Sn data. However, figure 30 shows that the difference in size between the
DEZ and TDMA-Sn molecules is not big enough to validate the models assumption that TDMA-Sn
occupies on average 9 times more surface hydroxyl groups than DEZ does, as a result of steric hindrance.
It is therefore concluded that steric hindrance is not the only factor relevant for precursor adsorption in
co-injection ZTO ALD.
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3.3.2 Reduced density of surface hydroxyls
Tanskanen and coworkers have recently shown that the surface hydroxyl density is reduced by 30%
after the SnOx deposition step in their super cycle ZTO ALD process [60]. As explained in chapter 1.3.6,
this reduction in surface hydroxyl density can be explained by the number of hydroxyl groups to which
the TDMA-Sn precursor molecule bonds in the first half reaction of the SnOx ALD cycle [60]. This number
is denoted by 𝑥 in equations (4) and (5). If the TDMA-Sn molecule bonds to three surface hydroxyls, then
only one DMA ligand remains attached to the Sn atom and therefore only one new hydroxyl group is
created during the water exposure step. This means that the TDMA-Sn molecule effectively removed
two surface hydroxyl groups in the process of incorporating one Sn atom in the growing film XXV. As a
result of the reduction in surface hydroxyl density, the growth rate observed in super cycle ZTO ALD is
lower than the growth rate expected from linear interpolation of the growth rates of the binary oxides
[60]. In super cycle ZTO ALD, the surface hydroxyl density is decreased by the SnOx deposition cycle and
then restored to its initial value in the subsequent ZnO deposition cycles [60]. In co-injection ZTO ALD,
ZnO and SnOx are deposited simultaneously. This means that the reduction in reaction site density by
SnOx deposition and the restoration of the reaction site density by ZnO deposition should balance each
other during each deposition cycle (assuming steady state growth of the bulk film). The reaction site
density modulation resulting from the TDMA-Sn ligand exchange reactions nevertheless causes a
reduction in surface hydroxyl density in ZTO co-injection ALD as compared to ZnO ALD if 𝑥 is on average
larger than 2. This reduction in reaction site density means that less precursor molecules can be
adsorbed to the surface which translates to a reduction in GPC. The reaction site density modulation
does not create a bias towards DEZ or TDMA-Sn adsorption which means that the ZTO film composition
is not affected.
In short, the reaction site density modulation resulting from the TDMA-Sn ligand exchange reactions
plays an important role in the co-injection ZTO ALD process investigated in this work and can help
explain the reduced GPC observed in figure 28.
3.3.3 ZTO ALD saturation behavior
To investigate the influence of exposure time on the ZTO film properties, ZTO films have been deposited
at rotation frequencies of 50, 100 and 200 RPM using 75 sccm of DEZ and 900 sccm of TDMA-Sn (50 ᵒC).
Figure 32 reports the GPC measured for these films as a function of the exposure timeXXVI. Surprisingly
enough, this figure shows that the ZTO films deposited at 100 RPM do not exhibit saturated ALD growth
whereas chapter 3.1.1 showed 75 sccm of DEZ to be sufficient to reach saturated ZnO ALD growth at
100 RPM. All other deposition parameters were identical for these depositions, so by adding a flow rate
of 900 sccm TDMA-Sn to the 75 sccm DEZ flow rate, the ALD growth regime transitions from saturated
to unsaturated growth. This is an important and perplexing observation. The substrate is exposed to a
higher density of precursor molecules during the ZTO deposition (𝑃𝐷𝐸𝑍 + 𝑃𝑇𝐷𝑀𝐴−𝑆𝑛 ) as compared to the
ZnO deposition (only 𝑃𝐷𝐸𝑍 ). Therefore, one would expect the time it takes for all the hydroxyl groups to
react with a precursor molecule to be shorter for the ZTO deposition as compared to the ZnO
deposition. Figures 23 and 32 nevertheless show that the time it takes for all the hydroxyl groups to
react with a precursor molecule is longer if a TDMA-Sn partial pressure is added to the DEZ partial
pressure as compared to the case where there is only the DEZ partial pressure. This observation cannot
be explained by competitive adsorption, steric hindrance or a reduction in reaction site density.
Therefore some additional effect has to play a role in the surface reaction chemistry.
XXV

As discussed in chapters 1.3.2 and 1.3.6, TDMA-Sn is expected to release on average more than two ligands in
ligand exchange reactions with surface hydroxyl groups as a result of the irreversibility of ALD reactions.
XXVI
It should be noted that the exposure time and purging time are directly linked by the physical shape of the
reactor head which means that increasing the exposure time also increases the purging time.
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Figure 32: GPC of deposited ZTO films as a function of exposure time. The films have been deposited using 75 sccm of DEZ and
900 sccm of TDMA-Sn (50 ᵒC). Films have been deposited on both Si wafers and glass substrates. The film thickness was
measured at different radial positions on the substrates. Stylus profilometry analysis was used for the films deposited on glass
substrates whereas spectroscopic ellipsometry was used for the films deposited on Si wafers. Chapter 3.3.6 shows that the tin
composition fraction of these films (0.07) is constant which means that the observed trend in GPC with changing exposure time
is not caused by a change in tin composition fraction of the films.

The observation that the ZTO film growth using 900 sccm of TDMA-Sn and 75 sccm of DEZ exhibits
unsaturated ALD growth suggests that the growth behavior of the low DEZ depositions is even further
from saturation since these depositions use a lower flow rate of DEZ. This explains why the GPC values
of the low DEZ depositions deviate so strongly from the dashed line plotted in figure 28. The
unsaturated ALD growth behavior of the deposited ZTO films also suggests that the growth behavior of
the deposited intrinsic tin oxide film is likely to be unsaturated.
3.3.4 Reduced reactivity of surface hydroxyls
Mullings and coworkers have suggested that the reduced growth per cycle of the ZTO films deposited
using the super cycle methodology could be caused by a reduced reactivity of the surface hydroxyls
bonded to tin atoms as compared to the reactivity of surface hydroxyls bonded to zinc atoms [1]. A
reduced reactivity of surface hydroxyls bonded to tin atoms results in slower reaction rates for these
surface sites. It would therefore take longer for all surface sites to react with a precursor molecule
during ZTO co-injection ALD as compared to ZnO ALD. A reduced reactivity of OH-groups bonded to tin
atoms could therefore explain why the ZTO co-injection ALD process is unsaturated at 100 RPM whereas
the ZnO ALD process is saturated at this rotation speed. It is not uncommon for the different ALD growth
characteristics of mixed metal oxides as compared to their constituent binary ALD processes to be
attributed to a reduced reactivity of reaction sites [60]. It is therefore plausible that a reduced reactivity
of the surface hydroxyls bonded to tin atoms plays a role in the reaction chemistry of co-injection ZTO
ALD. If the reactivity of surface hydroxyls bonded to Sn is reduced equally for the adsorption of DEZ and
𝑘
TDMA-Sn so that 𝑇𝐷𝑀𝐴−𝑆𝑛 remains constant, then the composition of the deposited ZTO film is not
𝑘𝐷𝐸𝑍

affected. However, if the reduced reactivity creates a bias towards adsorption of TDMA-Sn or DEZ
𝑘
( 𝑇𝐷𝑀𝐴−𝑆𝑛 is not equal for surface hydroxyls bonded to Sn and Zn), then the composition of the ZTO film
𝑘𝐷𝐸𝑍

deposited by co-injection ALD is affected.
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3.3.5 Poisoning
When a TDMA-Sn molecule bonds to the OH-terminated film surface, HDMA molecules are released.
These HDMA molecules are supposed to be in a gaseous phase and leave the reactor through the
exhaust zones depicted in figure 12. In the case of a conventional ALD reactor, the HDMA molecules
should leave the reactor when the excess precursor and reaction products are pumped away and the
purging step starts. It has however been suggested that HDMA physisorbs strongly to hydroxylated
surfaces and requires long purging times (>10 s) to desorb from the surface at temperatures below 150
ᵒC. More recent publications contradict this suggestion and state that HDMA desorbs from the surface in
a fraction of a second [37;84]. If an HDMA molecule is physisorbed to the film surface, then the reaction
site where the HDMA molecule is physisorbed to the surface cannot react with a precursor molecule.
This process of blocking reaction sites by physisorption of reaction products is called poisoning. In
conventional ALD, precursor exposure times are typically at least 1 s and purge times are typically in the
range from 5 to 30 s. In the spatial ALD depositions performed in this research, a complete ALD cycle
takes less than one second and precursor exposure times are in the order of 0.02 – 0.15 s. Therefore,
even if HDMA molecules physisorb to the surface for only 10 ms, this would affect the ALD saturation
behavior observed in spatial ALD of ZTOXXVII. Since precursor exposure times in conventional ALD are
typically 10 to 100 times as long as precursor exposure times in spatial ALD, HDMA molecules have to
physisorb to the surface 10 to 100 times longer to observe an effect of poisoning by HDMA
physisorption in conventional ALD as compared to spatial ALD. In spatial co-injection ZTO ALD, DEZ and
TDMA-Sn compete for available surface sites. HDMA physisorption affects the total amount of available
reaction sites but HDMA physisorption does not create a bias towards DEZ or TDMA-Sn adsorption.
Therefore, HDMA physisorption affects the growth rate (GPC) but not the composition of ZTO films
deposited by spatial co-injection ALD. In the case of classical super cycle ALD of ZTO, HDMAphysisorption would only affect the adsorption of TDMA-Sn and not the adsorption of DEZXXVIII. This
would reduce the amount of SnOx that is deposited in one super cycle but the amount of ZnO that is
deposited in one super cycle would be unaffected. Therefore, HDMA physisorption in classical super
cycle ALD will both influence the composition and the growth rate of the deposited ZTO films, provided
that the physisorption occurs on the same time scale as the precursor exposure time.
Another possible scenario is that some of the DMA ligands that remain attached to the Sn atom after
the TDMA-Sn molecule reacts with the surface are not removed during the water exposure step. In this
case the DMA ligands would remain attached to the surface during a full ALD cycle. As a result of the
DMA ligand remaining attached to the tin atom, no new hydroxyl group is created in its place. This
reduces the surface hydroxyl density and therefore reduces the GPC. As discussed in chapter 3.3.2, the
reduction in surface hydroxyl density does not affect the film composition. In this scenario the water
exposure step does not reach saturation since not all DMA ligands are removed from the surface and
therefore the ALD growth process is not saturated. If the substrate table is rotated at a lower rotation
speed, the water exposure step is prolonged enabling the water molecules to remove more of the DMA
ligands from the surface thereby increasing the GPC.

XXVII

The physisorption of HDMA molecules to surface sites reduces the total number of available surface sites
which leads to a lower GPC. If longer precursor exposure times are employed, then more of the HDMA molecules
will desorb from the surface during the precursor exposure step. Once an HDMA molecule has desorbed from the
surface, the surface site that it was blocking is once again available for reaction with a precursor molecule and
therefore the GPC will increase if longer precursor exposure times are employed.
XXVIII
This is true under the assumption that HDMA desorbs from the surface before the next DEZ exposure starts. If
some of the HDMA is still adsorbed to the surface during the next DEZ exposure, then also the adsorption of DEZ
will be affected.
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Carbon content (at%)

6.0
Both of these scenarios revolve around DMA ligands remaining
5.5
attached to the surface, either in the form of HDMA molecules
physisorbed to the surface or as DMA ligands remaining attached
5.0
to the Sn atom. In this work, both scenarios are referred to as
4.5
poisoning. If the DMA ligands remain attached to the surface for
4.0
multiple ALD cycles then the DMA ligands may be incorporated
3.5
into the fast growing ZTO film. To test this hypothesis, the bulk
3.0
carbon content of the ZTO films as a function of exposure time is
XXIX
evaluated using XPS . For this investigation, the three films
2.5
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0.06
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0.10
0.12
that have been deposited on glass substrates using rotation
Exposure time (s)
frequencies of 50, 100 and 200 RPM are used. These films are Figure 33: Carbon content of the ZTO films
referred to as the “varying exposure time series”. The stylus plotted as a function of exposure time. Data
profilometry data reported in figure 32 has been obtained from is obtained from XPS analysis performed by
these same three films. The XPS analysis performed by the the TU/e.
University of Giessen did not detect any carbon in the ZTO films. The XPS analysis performed by the
TU/e on the other hand, did detect carbon in the bulk of some of the ZTO films. Even though there are
only three data points, figure 33 clearly shows a decrease in carbon concentration for films deposited at
lower rotation speeds. Following the example of Elam and coworkers in their investigation of tin oxide
ALD from TDMA-Sn and water, one can conclude that the presence of carbon in the bulk film is
indicative of DMA ligands being incorporated in the growing film [83]. If the incorporated DMA ligands
are a result of HDMA molecules being physisorbed to the surface, then one would indeed expect to see
a decrease in carbon content at lower rotation frequencies since reducing the rotation speed extends
the purging times and precursor exposure times and therefore allows for more of the HDMA molecules
to desorb from the surface in one ALD cycle. If the incorporated DMA ligands are a result of incomplete
DMA ligand removal by the H2O exposure step, then one would also expect to see a decrease in carbon
content at lower rotation frequencies since the prolonged H2O exposure step allows for more of the
DMA ligands to be removed during the H2O exposure step. One can therefore conclude that the
observed decrease in carbon content with increasing exposure time supports the hypothesis of
poisoning of the film growth by HDMA molecules physisorbed to the surface or by DMA ligands
remaining attached to the Sn atom after H2O exposure. Poisoning of the film growth can explain why the
ZTO film growth is unsaturated as is shown in figure 32, and can also help explain the reduced GPC
observed in figure 28. It is therefore likely that poisoning of the film growth plays an important role in
the surface reaction chemistry of co-injection ZTO ALD.
DMA ligands remaining attached to Sn after the H2O exposure step and the ligand exchange reactions of
TDMA-Sn both cause a reduction in surface hydroxyl density. If the surface hydroxyl density is reduced
then adsorbed precursor molecules cover less of the neighboring hydroxyl groups and steric hindrance is
less of an issue. On the other hand it should be noted that if adsorbed TDMA-Sn molecules shadow
multiple adjacent hydroxyl groups by steric hindrance, then the TDMA-Sn molecule is more likely to
release three of its ligands in ligand exchange reactions with the surface (𝑥 = 3). The reason for this is
that steric hindrance eliminates the situation where all adjacent hydroxyl groups are occupied and an
additional ligand exchange reaction cannot occur. If the steric hindrance of adsorbed TDMA-Sn
molecules shadows multiple surface hydroxyl groups, then these additional ligand exchange reactions
will reduce the steric hindrance caused by the adsorbed TDMA-Sn molecules. This can mean that certain
hydroxyl groups which were previously shielded by steric hindrance are now available for reaction again.
If the kinetics of these additional ligand exchange reactions are slow compared to precursor adsorption

XXIX

The XPS measurements have been performed at a radial position of 3.5 cm and the surface of the films has
been removed by reactive ion etching so that the carbon concentration in the bulk film could be measured.
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and adsorbed TDMA-Sn molecules shield multiple hydroxyl groups by steric hindrance, then some of the
additional ligand exchange reactions may occur during the purging step. In this case the hydroxyl groups
that are now available for reaction again cannot react with a precursor molecule. This gives an
additional explanation why the ZTO ALD growth is unsaturated at a substrate rotation frequency of 100
RPM.
Equations (40) and (41) presented a model for the GPC as a function of the tin composition fraction of a
ZTO film based on the number of surface sites that are occupied by one TDMA-Sn molecule as a result of
chemisorption and steric hindrance. This model is plotted as a dashed line in figure 28 for the case that
each TDMA-Sn molecule occupies 9 surface hydroxyl groups. Now consider the case of TDMA-Sn
adsorption with 𝑥 = 2: assume that both remaining DMA ligands remain attached to the Sn atom after
the first H2O exposure, the second H2O exposure removes one DMA ligand and the third H2O exposure
removes the final DMA ligand. This case could be modeled as the TDMA-Sn molecule ‘occupying 3
additional surface sites’ because the surface is missing two hydroxyl groups in the second ALD cycle and
one in the third ALD cycleXXX. This means that the model presented in equations (40) and (41) can be
used to describe the combined effect of steric hindrance and DMA ligands remaining attached to Sn
after the H2O exposure step.
Following this approach, the total effect of the reduction in surface hydroxyl density on the ZTO GPC can
be incorporated into the model presented in equations (40) and (41) by defining the number of surface
sites occupied by TDMA-Sn asXXXI:
𝑛 = 𝑛𝑠𝑡𝑒𝑟𝑖𝑐 ℎ𝑖𝑛𝑑𝑟𝑎𝑛𝑐𝑒 + 𝑛𝑂𝐻 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑚𝑜𝑑𝑢𝑙𝑎𝑡𝑖𝑜𝑛
(42)
Where 𝑛𝑠𝑡𝑒𝑟𝑖𝑐 ℎ𝑖𝑛𝑑𝑟𝑎𝑛𝑐𝑒 is the average number of surface sites to which TDMA-Sn bonds plus the
average number of surface sites that TDMA-Sn shields by steric hindrance. And 𝑛𝑂𝐻 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑚𝑜𝑑𝑢𝑙𝑎𝑡𝑖𝑜𝑛 is
the average reduction in the number of surface hydroxyl groups caused by the incorporation of one Sn
atom in the growing film:
𝑁𝑍𝑛𝑂 − 𝑁𝑍𝑇𝑂
(43)
𝑛𝑂𝐻 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑚𝑜𝑑𝑢𝑙𝑎𝑡𝑖𝑜𝑛 =
𝑋
Where 𝑁𝑍𝑛𝑂 is the surface hydroxyl density of intrinsic zinc oxide and 𝑁𝑍𝑇𝑂 is the surface hydroxyl
density of a growing ZTO film. The model presented in equations (40) and (41) can however only
describe the combined effects of steric hindrance and the reduction in surface hydroxyl density if 𝑛 has
a constant value for all ZTO depositions:
𝑁𝑍𝑛𝑂 − 𝑁𝑍𝑇𝑂
(44)
𝑛 = 𝑛𝑠𝑡𝑒𝑟𝑖𝑐 ℎ𝑖𝑛𝑑𝑟𝑎𝑛𝑐𝑒 +
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
𝑋
If this assumption is true, then the dashed line in figure 28 can represent the combined effect of steric
hindrance, DMA ligands remaining attached to Sn after the H2O exposure step and the reaction site
density modulation resulting from TDMA-Sn ligand exchange reactions.
The effect of poisoning by HDMA physisorption cannot be incorporated into this model because the
effect of HDMA physisorption on the observed GPC depends on both the exposure time and the average
time that HDMA molecules physisorb to the surface. The difficulty in quantifying the effect of HDMA
physisorption is explained in the following two examples:
In situation one, during each TMDA-Sn/DEZ precursor exposure step 103 HDMA molecules physisorb to
the surface for an average time of 10 ms per molecule. This means that the product of the number of
adsorbed molecules times the adsorption time per molecule is 10 s. A precursor exposure time of 100
ms is used and the half reactions are considered to have saturated after 20 ms. In this case, the HDMA
XXX

In the second and third ALD cycles, the DMA ligands that remain attached to the Sn atom can also cause steric
hindrance resulting in an even higher number of occupied surface sites.
XXXI
𝑛𝑂𝐻 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑚𝑜𝑑𝑢𝑙𝑎𝑡𝑖𝑜𝑛 represents the combined effect of DMA ligands remaining attached to the surface after
the H2O exposure step and surface hydroxyl density modulation by TDMA-Sn ligand exchange reactions.

53

physisorption has no effect on the observed GPC since the HDMA molecules desorb from the surface
well before the end of the precursor exposure time and all surface sites can react with a precursor
molecule.
In situation two, during each TMDA-Sn/DEZ precursor exposure step 102 HDMA molecules physisorb to
the surface for an average time of 100 ms per molecule. This means that the product of the number of
adsorbed molecules times the adsorption time per molecule is once again 10 s. The used exposure time
is 100 ms and the precursor adsorption rates are identical to situation one. In this case, a reduction in
the GPC is observed as a result of HDMA physisorption since HDMA molecules block surface sites during
the entire precursor exposure step which means that these surface sites can not react with a precursor
molecule.
In general, poisoning by HDMA ligand physisorption will only affect the observed GPC if the average
physisorption time is comparable to or larger than the precursor exposure time, or if the exposure time
is significantly shorter than the time it would take to reach saturated precursor adsorption in the case
that no HDMA ligands would physisorb to the surface.

[Sn]/([Sn]+[Zn])

3.3.6 Etching
The possibility of etching in the ZTO co-injection
0.09
ALD process has been discussed in detail in chapter
1.3.6. This discussion concluded that if etching
0.08
plays a role in the reaction chemistry of co-injection
ZTO ALD, then the stoichiometry of the ZTO film
will change with varying exposure time. To
0.07
investigate the relationship between film
composition and exposure time, the film
0.06
composition of the varying exposure time series is
analyzed at different radial positions on the
0.05
samples. Figure 34 reports the tin composition
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
fraction of these films as a function of the exposure
Exposure time (s)
time. It can be seen that all films have a tin
composition fraction approximately equal to 0.07 Figure 34: Tin composition fraction as determined by EDX
analysis reported as function of exposure time.
with an error margin of 0.01. As discussed in
chapter 2.2.1, the error margin in the determination of the tin composition fraction by EDX is
approximately 0.02. Therefore one has to conclude that no correlation between the tin composition
fraction of the films and the exposure time is discernable from this data. It can therefore be concluded
that etching does not play a significant role in the reaction chemistry of ZTO co-injection ALD, as is
expected on the basis of chemical binding strength of the involved chemical bonds [1]. The absence of a
correlation between tin composition fraction and exposure time also allows one to average the tin
composition fraction of a film measured at different radial positions on the sample and use this average
value as a representative value for the entire film, as is done in figures 25 and 26.
Other film properties like resistivity, optical transparency and optical band gap have also been
investigated for the varying exposure time series but no correlation between these film properties and
the exposure time could be discerned from the obtained data.
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3.4

Conclusions

In this chapter, the growth of zinc tin oxide thin films deposited by co-injection spatial ALD has been
discussed. An ALD saturation curve has been presented for the growth of intrinsic zinc oxide in order to
show that saturated growth of intrinsic zinc oxide is achieved using the standard deposition settings. It
has been shown that the tin composition fraction of the deposited ZTO thin films can be controlled by
setting the bubbler temperatures and argon flow rates to the desired values. The tin composition as
determined by EDX has been compared to the tin composition fraction determined by XPS. Both analysis
techniques are concluded to be suitable for the analysis of trends in tin composition fraction with
changing deposition settings. A small increase in relative oxygen concentration is observed with
increasing tin composition fraction and the stoichiometry of the deposited ZTO films is concluded to
follow Zn1−𝑥 Sn𝑥 O1+0.6𝑥 , where 𝑥 is the tin composition fraction. Furthermore, XPS analysis has shown
the ZTO film composition to be homogeneous throughout the thickness of the film.
The final section of this chapter has discussed the growth mechanism of ZTO films deposited by coinjection spatial ALD. Competitive adsorption alone has proven to be insufficient to explain the observed
film growth rate. Surprisingly enough, the deposition settings that resulted in saturated zinc oxide film
growth resulted in unsaturated ZTO film growth when TDMA-Sn is co-injected with the DEZ precursor,
while the DEZ partial pressure in the reactor is equal for both the ZnO and ZTO depositions. Steric
hindrance and a modulation of the reaction site density resulting from the TDMA-Sn ligand exchange
reactions have both been shown to play an important role in the surface reaction chemistry of coinjection ZTO ALD. These two processes can help explain the observed ZTO growth rate, but they cannot
explain why the ZTO film growth is unsaturated. Poisoning of the ZTO film growth by HDMA molecules
that are physisorbed to the surface or by incomplete DMA ligand removal during the H 2O exposure step
can explain why the ZTO film growth is unsaturated. The presence of carbon in ZTO films grown at high
rotation frequencies has been presented as supporting evidence for the poisoning process. Finally, it has
been shown that etching of deposited species does not play a significant role in co-injection ZTO ALD.
Competitive adsorption is the basic process that describes co-injection ZTO ALD. However, for a more
accurate description of the surface reaction chemistry of ZTO co-injection ALD, a combination of steric
hindrance, modulation of the reaction site density, reduction in reactivity of surface hydroxyls bonded
to Sn and poisoning of the ZTO film growth have to be taken into account.
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4

ZTO film properties as function of composition

This chapter discusses the structural, electrical and optical film properties of the deposited ZTO films.
More specifically, the crystallinity, resistivity, mobility, carrier density, optical transparency and band
gap of the deposited films have been investigated. The correlation between these film properties and
the composition of the deposited ZTO films is the focus of this chapter.

4.1

Film morphology

The morphology of the deposited ZTO films has been studied using X-ray diffraction analysis (XRD). The
morphology of the intrinsic zinc oxide thin films that have been deposited in this work is determined to
be polycrystalline with a hexagonal wurtzite crystal structure. The XRD reference pattern with JCPDS
reference code 00-036-1451 has been used for the identification of the crystal structure of the
deposited films. Figure 35 shows the X-ray diffraction patterns of several of the ZTO films deposited in
this work. For intrinsic zinc oxide films and ZTO films with low tin composition fraction, the reflections of
the (100), (110), (002), (101), (200) and (201) crystal planes of hexagonal wurtzite ZnO can be detected,
although the (100) and (110) peaks are the most prominent. The reference wurtzite ZnO powder
diffractogram with reference code 00-036-1451 presents the wurtzite (101) peak as the peak with the
highest intensity. Figure 35 however shows that the wurtzite (100) peak has the highest intensity for the
ZnO and ZTO films deposited in this research. The wurtzite (100) orientation is therefore concluded to
be the preferred growth orientation for ZnO and ZTO films deposited by spatial (co-injection) ALD. The
preferred wurtzite (100) growth orientation agrees with previous research on ZnO and ZTO thin films
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Figure 35: XRD diffractogram showing the X-ray diffraction patterns of several of the deposited ZTO thin films. The patterns are
plotted with offset intensities so that the patterns do not overlap. The dashed vertical lines indicate the positions of the various
diffraction peaks as indicated in the wurtzite ZnO reference pattern. The legend shows the tin composition fraction as
determined by EDX. The position of the sample in the legend corresponds to the position of the pattern in the diffractogram, so
the bottom line in the diffractogram is intrinsic tin oxide and the top line is intrinsic zinc oxide.
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deposited by ALD under similar deposition conditions [1;19;31;60]XXXII. In general, preferential growth of
the wurtzite ZnO (002) orientation is often observed since this surface has the lowest surface energy
[12;19;31;81]. However, short precursor exposure times and short purge times seem to favor the
wurtzite (100) growth orientation [19;81;111]. This may be because the short exposure times allow the
precursor molecules less time to find low-energy sites [81]. Furthermore, Tanskanen and coworkers
have shown that bonding of TDMA-Sn to a hydroxylated ZnO surface is energetically most favorable if
the ZnO surface is (100) oriented [60], as was discussed in chapter 1.3.2. The spatial ALD methodology
used in this work employs very short precursor exposure times and co-injection of TDMA-Sn and DEZ
precursors. It is therefore not surprising that a preferred growth of the wurtzite (100) orientation is
observed.
ZTO films with high tin composition fraction (including the intrinsic tin oxide deposition) show now
diffraction peaks and are therefore X-ray amorphous. The film with the highest tin composition fraction
that still exhibited small diffraction peaks consistent with hexagonal wurtzite ZnO had an average tin
composition fraction of 0.13 as measured by EDX, whereas the film with the lowest tin composition
fraction to show a completely X-ray amorphous diffraction pattern had an average tin composition
fraction of 0.17 as measured by EDX. In short, a crystalline-to-amorphous transition is observed when
the tin composition fraction of the ZTO films is increased above ~0.15 as measured by EDXXXXIII. This
finding is in agreement with previous work on ZTO deposited using conventional ALD [1;5;7;38]. In this
research, no films have been produced with tin composition fraction in the range between 0.13 and
0.17. Furthermore, not a single film that has been deposited in this research showed diffraction peaks
that could indicate the presence of SnO, SnO2, Zn2SnO4 or ZnSnO3 crystalline phases. According to
literature, post deposition annealing of amorphous ZTO films should induce crystallization of the ZnSnO 3
crystal phase in the temperature range from 300 to 500 ᵒC and heating of the films to temperatures
exceeding 600 ᵒC should induce crystallization of the Zn2SnO4 crystal phase [1]. At these high
temperatures, however, obtaining pure Zn2SnO4 is difficult, as mixed crystal phases including both forms
of ZTO and SnO2 are formed [1;5]. In this work, no post deposition annealing is used and films are
characterized as deposited.
It should be noted that the intensity of the diffraction peaks decreases as the film composition
approaches [Sn]/([Sn]+[Zn]) = 0.15. This indicates that the incorporation of tin atoms affects the
crystalline ZnO wurtzite structure. This effect is more clearly depicted in figure 36a where the full width
at half maximum (FWHM) of the (100) and (110) X-ray diffraction peaks is reported as a function of the
ZTO film composition. The full width at half maximum of the diffraction peaks is related to the mean
crystallite size, as was explained in chapter 2.2.3. Figure 36b reports the mean crystallite size calculated
using the Scherrer equation as a function of the tin composition fraction of the ZTO films. Figure 36
shows that incorporation of tin in the ZnO thin film up to a tin composition fraction of 0.06 increases the
mean crystallite size. However, a further increase of the tin composition fraction decreases the mean
crystallite size until the films turn X-ray amorphous at tin composition fraction above 0.15.
Figures 25 and 26 show that the spread in the tin composition fraction measured at different radial
positions on a sample is much larger for films with average tin composition fraction above 0.15 as
XXXII

No report has been published up to date on co-injection spatial ALD of ZTO, therefore no literature is available
on the morphology of ZTO films deposited under truly similar deposition conditions. However, Illiberi and
coworkers have deposited intrinsic zinc oxide films using the same reactor that is used in this research and near
identical deposition conditions and their ZnO films also exhibited preferential growth along the (100) orientation
[19]. Furthermore, ZTO films with low tin composition fraction that are deposited by super cycle ALD using DEZ,
TDMA-Sn and H2O precursors are also reported to exhibited preferential growth along the (100) orientation [1;60].
XXXIII
Note that a tin composition fraction of 0.15 as measured by EDX corresponds to a tin composition fraction of
approximately 0.11 if the film composition is analyzed using XPS.
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Figure 36: a) Full width at half maximum of the (100) and (110) diffraction peaks of wurtzite ZnO plotted as a function of the tin
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compared to films with tin composition fraction below 0.15. This indicates that amorphous ZTO films are
less homogeneous in composition over the sample area than their crystalline counterparts.
2.825
1.634
Figure 37 reports the distance between
subsequent wurtzite ZnO lattice planes (also
1.632
called d-spacing or lattice spacing), as a
2.820
XXXIV
function of tin composition fraction
. The
1.630
lattice spacings of approximately 0.2808 nm
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and 0.1623 nm for the respective 100 and 110
1.628
lattice planes of i-ZnO match values reported
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in literature for wurtzite ZnO [112;113]. As the
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110 lattice spacing axes is different. A change
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Figure 37: Wurtzite ZnO lattice spacing of the 100 and 110 lattice
concentration is often attributed to a planes plotted as a function of tin composition fraction.
difference in ionic radius between the zinc ions
and the dopant ions substituting zinc positions in the ZnO lattice [32-35;114-116]. As mentioned in the
introduction, tin is expected to substitute zinc positions when tin is incorporated into the ZnO lattice.
Zinc ions in ZnO are always in the Zn2+ state whereas tin atoms in ZTO can either be in the Sn2+ (SnO) or
in the Sn4+ (SnO2) state, which is a consequence of the electronic structures of tin and zinc:

(45)

The error bars presented in figure 37 represent the accuracy of 0.02ᵒ (2𝜃 angle) with which the peak
positions of the 100 and 110 diffraction peaks can be determined from the XRD diffractogram.
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The ionic radius of Sn4+ (0.069 nm) is slightly smaller than that of Zn2+ (0.074 nm), but the ionic radius of
Sn2+ (0.093 nm) is larger than that of Zn2+ [32-35]. The increase in lattice spacing observed in figure 37
suggests that at least a part of the tin substituting Zn2+ positions in the ZnO lattice is in the Sn2+ phase
[34]. Since the difference in ionic radius between Sn4+ and Zn2+ ions is much smaller than the difference
in ionic radius between Sn2+ and Zn2+ ions, the increase in lattice spacing observed in figure 37 does not
exclude the possibility of a mixture of Sn4+ (SnO2) and Sn2+ (SnO) states in the ZTO films where a majority
of the tin ions in the films are in the Sn4+ (SnO2) state. According to Mariappan and coworkers, the
difference in ionic radius between zinc and tin ions also causes an increase in ZnO grain size with
increasing tin composition fraction of the ZTO films which would explain the trend observed in figure 36
in the range [Sn]/([Sn]+[Zn]) = 0 – 0.06 [113].
4.1.1 XPS binding energy analysis
The XPS spectra presented in figure 38 represent a ZTO film deposited using 500 sccm of TDMA-Sn (50
ᵒC) and 75 sccm of DEZ. All other films that have been analyzed by XPS showed binding energy spectra
similar to the ones presented in figure 38 and the conclusions that are drawn from the XPS spectra
presented in figure 38 therefore apply to all ZTO films deposited in this work.
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Figure 38: XPS spectra of a) Zn 2P, b) Sn 3d, c) O 1s and d) C 1s core levels. These spectra have been measured for the ZTO
sample exhibiting the lowest optical transparency. All ZTO films that have been analyzed using XPS show spectra similar to the
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Figure 38a shows the pronounced splitting of the Zn 2p spectral line into the 2p1/2 and 2p3/2 core levels
indicating that oxidized zinc (ZnO) is present in the ZTO films [30]. The Zn 2p3/2 line is measured at
1022.4 eV which corresponds closely to the value of 1022.32 eV reported by Shinde and coworkers [30].
The binding energy position for elemental (metallic) zinc corresponds to 1021.50 eV, and Shinde and
coworkers conclude from the shift in Zn 2p3/2 binding energy to 1022.32 eV that no metallic zinc is
present in their ZTO films [30]. Based on the XPS spectra presented in figure 38a, the same conclusion
can be drawn for the ZTO films deposited in this work. To verify that all the zinc in the ZTO films
deposited in this work is indeed in the oxidized phase, the Wagner plot presented in figure 39 has been
created by B.G. Kramm of the University of Giessen. The references 1 and 2 in this Wagner plot
respectively refer to [117] and [118]. Because the auger parameters measured for the ZTO films
deposited in this wok agree with the auger parameters given for ZnO by the referenced publications, it
can be concluded that all zinc in the deposited ZTO films is in the oxidized (Zn2+) phase. Figure 38c shows
the O 1s spectral line which matches closely with the spectrum presented by Shinde and coworkers [30].
Figure 38d shows the C 1s spectral line which indicates the presence of carbon in the ZTO film.
Figure 38b shows the Sn 3d spectral line from which conclusions can be drawn on the oxidation state of
the tin in the ZTO films. The Sn 3d5/2 ground state spectral line is measured at 487.1 eV, which matches
the value of 486.86 eV reported by Shinde and coworkers [30]. Shinde and coworkers measure a second
spectral line corresponding to the Sn 3d3/2 excited state at 495.32 eV, which they attribute to the Sn4+
ions in SnO2 [30]. Figure 38b also shows this Sn 3d3/2 spectral line at approximately 495.6 eV which
suggests the presence of Sn4+ ions in the ZTO films, even though the Sn 3d3/2 spectral line overlaps with
another feature in the XPS spectrum. Some publications observe a splitting of the Sn 3d5/2 spectral line
into two peaks at 486.4 and 487.3 eV which respectively correspond to SnO and SnO2 [32;119]. Figure
38b shows no splitting of the Sn 3d5/2 spectral line suggesting that only one of the tin oxide phases is
present in the ZTO films. The gap between the Sn 3d3/2 and the Sn 3d5/2 spectral lines is approximately
8.5 eV which closely corresponds to tin in SnO2 [30;120]. The positions of the Sn 3d3/2 and Sn 3d5/2
spectral lines also agree with the binding energies of SnO2 reported by other publications, suggesting
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that the tin in the ZTO films is in the Sn4+ (SnO2) state [120-122]. According to literature, the Sn 3d3/2 and
Sn 3d5/2 binding energies of metallic tin are respectively 493.4 and 484.4 eV and these binding energies
are marked by dashed vertical lines in figure 38b [120-122]. The absence of structure on the shoulders
of the SnO2 peaks at these binding energies indicates that no metallic tin is present in the ZTO films
deposited in this work [120-122].
The fact that XPS analysis has proven that no metallic zinc or tin is present in the ZTO films and that both
zinc and tin are in the oxidized states confirms that tin substitutes zinc positions in the atomic structure
of the films. Comparing the XPS analysis results to literature suggests that tin is present in the Sn4+
(SnO2) state, but the XPS signatures of Sn4+ and Sn2+ are very similar and it has to be concluded that a
mixture of Sn4+and Sn2+ is present in the ZTO films to explain both the increase in lattice spacing with
increasing tin composition fraction and the role of tin as dopant in ZTO. The role of tin as dopant in ZTO
is discussed in more detail in the following chapter.
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4.2

Electrical film properties

Resistivity ( cm)

The electrical film properties of the deposited zinc tin oxide thin films have been investigated by both
four-point probe and Hall analysis. The resistivity of the amorphous films could not be measured
accurately because the resistivity is outside of the measuring range of both the Hall and four-point
probe setups. However, whereas the amorphous films are highly resistive, figure 40 shows that the ZTO
films with low tin composition fraction are highly conductive and exhibit resistivities down to 3 mΩ cm.
The resistivity of the samples is analyzed at
radial positions of 2.5, 3, 4 and 5 cm using the
four-point probe technique and figure 40
1
reports the average of these values for each
film. Again, the error bars represent the
standard deviation from this average. Since no
0.1
correlation between exposure time and
40 C TDMA-Sn
resistivity is found, this average resistivity is
50 C TDMA-Sn
representative for the entire sample. The Hall
Low DEZ
analysis has been performed on sample pieces
Hall resistivity
0.01
cut so that the center of each piece has a
radial position of approximately 4 cm.
It can be seen that the Hall resistivities
0.00
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(determined using the van der Pauw method)
[Sn]/([Sn]+[Zn])
agree well with the resistivities measured
Figure 40: ZTO film resistivity as function of tin composition fraction.
using the four-point probe technique. A The round, square and diamond data points are obtained by foursignificant difference in the resistivities point probe analyses. For each sample, the film resistivity averaged
determined from four-point probe and Hall over different radial positions on the sample is plotted and the error
analyses is only observed for the intrinsic zinc bars represent the standard deviation from this average. The graph
shows that the resistivities determined by Hall (van der Pauw)
oxide thin film and the low DEZ depositions. analysis agree well with the resistivities determined by four-point
The fact that the resistivity of ZTO films with probe analysis.
small tin composition fraction is much lower
(3-10 mΩ cm) than the resistivity of intrinsic zinc oxide deposited by spatial ALD (100 mΩ cm) indicates
that tin acts as a dopant in the ZTO films. The dopant behavior of tin can be understood from the
electronic structures of tin and zinc which have been presented in chapter 4.1. According to literature,
the incorporation of tin into ZnO is expected to create double-donor states by substituting tetravalent
tin ions (Sn4+) for zinc (Zn2+) ions [30-32;123;124]. Some of the tin ions in the film could also be in the
Sn2+ state, however only the Sn4+ ions will contribute to doping. Figure 40 therefore proves that at least
some of the tin ions in the ZTO films are in the Sn4+ double-donor state. Since tin acts as a donor in the
ZTO film, the deposited ZTO films should be n-type semiconductors and Hall measurements have
confirmed that the films are indeed n-type semiconductors. The increase in resistivity with increasing tin
composition fraction seen in figure 40, is also observed in literature in the [Sn]/([Sn]+[Zn]) < 0.15 region
[29;30;123;125]. The observations in literature are however inconsistent with each other, for example
some publications report an increase in resistivity with increasing tin composition fraction of the ZTO
films in the [Sn]/([Sn]+[Zn]) < 0.15 region but do not observe a reduced resistivity at low tin composition
fraction as compared to intrinsic zinc oxide, which should occur as a result of tin doping [29;123].
Besides from providing information on the resistivity and majority carrier type of the samples, Hall
analysis of the samples also provides information on the carrier density 𝑛 and mobility 𝜇 of the ZTO
films. Figure 41 reports the carrier density and mobility determined by Hall analysis as a function of tin
composition fraction of the ZTO films. As expected, a strong increase in carrier density is observed when
a small amount of tin is introduced in the ZnO thin films indicating that tin does indeed act as an n-type
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dopant. The Hall mobility of ZTO films with
1E20
Carrier density
low tin concentrations is also higher than
that of the deposited intrinsic zinc oxide film.
When the tin composition fraction of the
films is increased further, a decrease in
1E19
carrier density and mobility is seen. The
0.00
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0.10
0.12
[Sn]/([Sn]+[Zn])
determination of carrier density and mobility
by Hall analysis is not very reliable for films
10
40 C TDMA-Sn
Mobility
with high resistivities. As a result of this, the
50 C TDMA-Sn
carrier densities and mobilities reported in
Low DEZ
1
figure 41 for films with tin composition
fraction above 0.04 should be interpreted as
0.1
estimates. Table 5, presented at the end of
0.00
0.02
0.04
0.06
0.08
0.10
0.12
this chapter, provides an overview of the
[Sn]/([Sn]+[Zn])
electrical properties of top performing ZTO Figure 41: Carrier density and mobility of the ZTO films reported as
films as reported in literature. Table 5 shows function of tin composition fraction. The carrier density and mobility
that the best performing ZTO TCO film are determined by Hall analysis of sample pieces cut so that the
produced in this work has similar electrical center of the pieces has a radial positon of approximately 4 cm.
properties to the best performing ZTO films reported in literature. This proves the potential of spatial
co-injection ALD for depositing high quality ZTO films.
According to literature, the decrease in carrier density and mobility with increasing tin composition
fraction could be a result of ionized impurity scattering and grain boundary segregation caused by film
degradation with increasing tin composition fraction [30;32]. Ionized impurity scattering is scattering of
charge carriers (electrons in the case of n-type semiconductors) by ionized impurities in the lattice. The
Sn4+ ions in the ZnO lattice are such ionized impurities that could scatter charge carriers. According to
Ginley and coauthors, ionized impurity scattering dominates the charge carrier transport process in
single crystal zinc oxide for carrier concentrations above 5 ∙ 1018 cm-3 [14]. Ginley and coauthors state
that: “Studies of mobility in poly- and single crystal material show that polycrystalline ZnO carrier
mobility decreases with decreasing carrier density. This does not occur in single crystal ZnO (or in
conventional semiconducting materials) where decreased doping leads to decreased ionized impurity
scattering and suggests that grain boundaries in ZnO contain traps that become activated at lower
carrier concentration.” It has been suggested that impurity segregation leads to an accumulation of
dopants at grain boundaries [14]. It has also been suggested that defects at grain boundaries form
electron traps [14]. The electron traps could be induced by the dopants present at the grain boundaries
or by other defects [14]. According to Ginley and coworkers, the electron traps at grain boundaries
create electronic defects in the band gap of semiconductors [14]. The possible presence of electronic
defects in the band gap of the ZTO films is discussed in detail during the discussion of the optical film
properties in the next chapter. Charge carriers that are trapped at the grain boundaries create an
accumulation of electric charge at the grain boundaries resulting in a potential energy barrier that has to
be overcome if a charge carrier is to move from one grain to another [14]. According to Seto’s model the
height of this potential energy barrier (𝛷𝑏 ) can be described by [12;14]:
𝑒 2 𝑁𝑡2
(46)
𝛷𝑏 =
8𝜀𝜀0 𝑛
Where 𝑒 is the elementary charge, 𝑁𝑡 is the charge carrier trap density at the grain boundary, 𝜀𝜀0 is the
static dielectric constant, and 𝑛 is the charge carrier density in the bulk of the grain. Seto’s model gives
the following expression for the effective mobility (𝜇𝑒𝑓𝑓 ) dominated by thermionic emission of charge
carriers across the grain barriers with potential energy barrier height 𝛷𝑏 [12;14]:
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𝛷𝑏
(47)
)
𝑘𝑇
Where 𝜇0 is the mobility inside a grain, 𝑘 is the Boltzmann constant and 𝑇 is the temperature of the
sample. Equations (46) and (47) can be combined and rewritten to give:
𝑒 2 𝑁𝑡2 1
(48)
ln(𝜇𝑒𝑓𝑓 ) = ln(𝜇0 ) −
8𝜀𝜀0 𝑘𝑇 𝑛
Figure 42 reports the Hall mobility on a logarithmic
scale against 1/(charge carrier density). Under the
Low DEZ
assumption that 𝑁𝑡 and 𝜇0 are constant for all ZTO
40 C TDMA-Sn
10
50 C TDMA-Sn
i-ZnO
films, equation (48) shows that the data points in
figure 42 should lie on a straight line with a
negative slope if the charge carrier transport in the
ZTO films is dominated by grain boundary
scattering. With the exception of the intrinsic zinc
1
oxide film, the data points representing ZTO films
with tin composition fraction up to 0.04 do indeed
Estimates
follow a straight line with a negative slopeXXXV.
Furthermore, many researchers have claimed that
0.1
grain boundary scattering is the limiting scattering
1x10-20 2x10-20 3x10-20 4x10-20 5x10-20 6x10-20
mechanism for charge transport in polycrystalline
1/(carrier density) (cm3)
TCO films [12;14]. It can therefore be concluded
Figure 42: Hall mobility plotted on a logarithmic scale against
that charge transport in the polycrystalline ZTO 1/n to show that the charge carrier transport in the ZTO films
films deposited in this work is dominated by grain is dominated by grain boundary scattering. The circled data
boundary scattering. Other scattering mechanisms points represent the films with tin composition fraction
like ionized impurity scattering and scattering at above 0.04 for which the Hall analysis is highly inaccurate as a
crystallographic defects like oxygen vacancies are result of the high resistivity of the films.
likely to play a secondary role in the charge carrier transport in the polycrystalline ZTO films. Figure 41
suggests that increasing the tin composition fraction of the deposited films increases the density of
crystallographic defects and electron traps as the films move towards a more amorphous character.
Mobility (cm2/Vs)

𝜇𝑒𝑓𝑓 = 𝜇0 exp (−

XXXV

The circled data points represent ZTO films with tin composition fraction above 0.04. As previously stated, the
Hall analysis of these films is highly inaccurate as a result of the high resistivity of the films. The positions of these
data points in figure 42 should therefore be interpreted as estimates.
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Table 5: Literature overview showing the electrical properties of the best performing ZTO film from
each study
ZTO
composition

[𝐒𝐧]
[𝐒𝐧]+[𝐙𝐧]

ρ
(mΩ cm)

n
(10 cm–3)

μ
(cm V s )

Zn0.995Sn0.005O1

0.005

3

1

19

ZTO**
Zn0.96Sn0.04O1***
Zn0.95Sn0.05O1***

<0.01
0.04
0.05

1.1 ∙ 103
2
15

8.9 ∙ 10-3
0.7
0.4

6.6
34
10

Zn0.82Sn0.18ONR

0.18

NR

NR

13

Zn0.80Sn0.20ONR

0.20

9.4 ∙ 103

3.9 ∙ 10-3

1.7

Zn0.79Sn0.21O1.4

0.21

NR

NR

3

ZTO****

(≈0.150.35)

7 ∙ 103

0.02

2

3

20

8 ∙ 10

-4

2 –1 –1

Zn0.64Sn0.35O1.4

0.35

4 ∙ 10

18

Zn0.50Sn0.50O1.5

0.50

4.2

0.5

30

Zn0.40Sn0.60O1.2

0.60

4

0.8

18

Sn0.67Zn0.33ONR

0.67

4

0.8

20

Zn0.27Sn0.73O1.8

0.73

4

1

15

Sn0.89Zn0.11O1.9

0.89

1.9

1.5

25

Zn0.08Sn0.92O1.9

0.92

1

2

25

Zn0.02Sn0.98O2

0.98

5

8

4

Phase (deposition
conditions)*
ZnO (a, 225, spatial
co-injection ALD)
ZnO (a, 450, SP)
ZnO (A, 500, wet)
ZnO (a, 600, PLD)
Amorphous (a, 170,
ALD)
ZnO-SnO-Zn2SnO4
mixed phase (a,
450, SP)
Amorphous (a, 120,
ALD)
NR(a, 150, ALD) TFT
Amorphous (A,
350, sputtering)
TFT
NR (A, 400, PLD)
Amorphous (a, 300,
VAPE)
Amorphous (a, 150,
sputtering)
Amorphous (a, RT,
sputtering)
Amorphous (A,
450, co-sputtering)
SnO2 (A, 300, cosputtering)
SnO2 (a, 250, cosputtering)

reference
This work
[30]
[32]
[123]
[51]
[126]
[50]
[48]
[8]
[5;55]
[5;125]
[29]
[5;127]
[5;128]
[5;28]
[5;129;130]

* The fifth column lists the reported phase and the deposition conditions in parentheses (annealing step, annealing/deposition
temperature in ᵒC, deposition method). Abbreviations: NR: not reported, a: as-deposited, A: annealed, VAPE: vacuum arc
plasma evaporation, PLD: pulsed laser deposition, wet: sol-gel dip coating, SP: spray pyrolysis. Some studies were specifically
aimed at investigating ZTO for application as thin film transistor channel layer, these studies are denoted by “TFT”. For a TFT
channel layer, a material with a high mobility is desirable, the carrier density is less important.
** The best performing film has been deposited using a solution with an [Sn]/[Zn] ratio of 0.015. Shinde and coworkers
however state that: “the actual [Sn]/[Zn] ratio in the film is far less than that in the solution”.
*** The exact film stoichiometry is not reported, only the tin composition fraction in the films is reported. However, since the
film is determined to be micro crystalline wurtzite ZnO and the tin composition fraction of the films is relatively low, one can
assume that the film stoichiometry follows SnxZn1-xO1.
**** The exact ZTO composition is not reported but the films have been deposited by the super cycle methodology using a
cycle fraction 𝑓𝑆𝑛 of 0.5. Based on other publications on super cycle ZTO ALD, a cycle fraction of 0.5 should lead to a tin
composition fraction of approximately 0.15-0.35.
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4.3

Optical film properties

Zinc oxide (ZnO) and crystalline tin oxide (SnO2) are both highly transparent materials with respective
direct optical band gaps of 3.37 and 3.6 eV [14]. The optical properties of the ZTO films deposited in this
work have been analyzed using an UV-VIS-NIR spectrophotometer equipped with an integrating sphere.
Figure 43a shows the optical transmittance spectra of a selection of the deposited ZTO films. An increase
in optical band gap can be seen with increasing tin composition fraction of the films and at intermediate
tin composition fraction a decrease in transparency is observed. It is however difficult to quantitatively
asses trends in the optical properties of the films using this graph, especially if transmittance spectra of
more samples are added to the graph. Therefore, optical properties that can be derived from the
transmittance and reflectance spectra are reported as a function of tin composition fraction to visualize
trends in these optical properties. All spectrophotometry analysis is performed on approximately 200
nm thick ZTO films deposited on glass substrates.
ZTO optical transmittance
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Figure 43: a) Optical transmittance spectra of the deposited ZTO films. An increase in optical band gap is seen with increasing
tin composition fraction and a reduced transparency is observed for films with intermediate tin composition fraction. The
legend denotes the tin composition fraction as determined by EDX. b) The sum of transmittance and reflectance, averaged over
the visible spectrum (380 - 740 nm wavelengths) is reported as a function of tin composition fraction. It is clear that films with
tin composition fraction of approximately 0.04 absorb more light than films with higher or lower tin composition fraction.

4.3.1 Optical transparency
For each sample, the average transmittance and reflectance over the visible spectrum (380 – 740 nm
wavelengths) is calculated from the spectrophotometer dataXXXVI. Figure 43b reports the sum of the
transmittance and reflectance (T+R) averaged over the visible spectrum as a function of tin composition
fraction. Basically, this quantity is equal to 100% minus the percentage of light that is absorbed by the
sample. The values of T+R reported in figure 43b are not corrected for the light absorption of the glass
substrates. The sum of transmittance and reflectance of a bare glass substrate is however measured to
be 98.8% meaning that the glass substrate has little effect on the value of T+R measured for the ZTO
XXXVI

It should be noted that the average was taken with respect to wavelength, meaning that each 1 nm
wavelength interval in the visible spectrum is equally represented in the average. If the average would be taken
with respect to the photon energy and each 1 eV photon energy interval would be equally represented in the
average, then one could obtain a slightly different value of average T+R. 380 – 740 nm corresponds to 3.26 – 1.68
eV.
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samples. The oscillations in transmittance that are observed in figure 43a are the result of optical
interference caused by internal reflections which indicates that the surface of the ZTO films is very flat
[12;17]. Because the reflectance of the films is taken into account in the calculation of the absorption
coefficient of the ZTO films, these interference effects do not significantly influence the results
presented in this chapter.
The effect of film composition on the optical transparency of the ZTO films is clearly shown in figure 43b.
Intrinsic ZnO films and amorphous ZTO films are highly transparent and absorb well below 10% of the
incident light. Figure 43b shows that tin doped zinc oxide films with tin composition fraction below 0.01
are also highly transparent. Figures 40 and 41 showed that these tin doped zinc oxide films exhibit the
highest conductivity, mobility and carrier density of all films deposited in this work, indicating that this is
the optimal ZTO composition for TCO applications. If the tin composition fraction of the films is
increased further, a strong decrease is seen in the optical transmittance of the ZTO films and a minimum
in transmittance is reached for films with a tin composition fraction of approximately 0.04. If the tin
composition fraction is increased beyond this value, a steady increase in transmittance is observed. This
means that the tin doped zinc oxide films and the amorphous ZTO films are the most interesting films
for device applications. The strongly reduced optical transparency of ZTO films with a tin composition
fraction of approximately 0.04 is nevertheless scientifically interesting and different explanations for the
increased light absorption are discussed below. It should be noted that the XPS depth profile presented
in figure 27 and the XPS binding energy spectra presented in figure 38 have both been measured using
the same sample with tin composition fraction of 0.04, which is the sample that shows the lowest
optical transmittance.
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Carbon contamination
The first hypothesis related to the decrease in transmittance suggests that the presence of carbon in the
deposited ZTO films causes the increased light absorption of the ZTO films with tin composition fraction
of approximately 0.04. Figure 33 has already shown that some of the deposited ZTO films contain
carbon contamination in the bulk of the films. Chapter 3.3.5 suggested that the presence of carbon in
the film bulk is caused by the incorporation of DMA ligands in the growing films. In order to investigate if
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Figure 44: a) Carbon content of the ZTO films reported as function of tin composition fraction. b) ZTO film transparency
reported as function of carbon content. Both the carbon content and the tin composition fraction plotted here are determined
from XPS analysis performed by the TU/e. The square black data points represent the ZTO films deposited using the regular
deposition parameters. The round blue data points represent the “varying exposure time series” that are also represented in
figures 32-34.

67

carbon contamination is indeed the cause of the observed increased light absorption of ZTO films with
tin composition fraction of approximately 0.04, XPS analysis has been performed on a selection of ZTO
samples. As previously stated, the XPS analysis performed by the University of Giessen did not detect
any carbon in the ZTO film bulk whereas the XPS analysis performed on the same samples by the TU/e
did detect carbon in the ZTO film bulk.
Figure 44a reports the carbon content of the ZTO films as function of tin composition fraction. This
figure shows that there is no correlation between the carbon content and the tin composition fraction of
the ZTO films. Similarly, figure 44b shows that there is no correlation between the light absorption of
the ZTO films and the carbon content of the respective films. It can therefore be concluded that the
reduced transparency of ZTO films with tin composition fraction of approximately 0.04, is not caused by
the incorporation of carbon in these films.
Metallic tin
Hydrogen plasma treatment of tin oxide and indium tin oxide has been shown to induce the formation
of metallic tin particles which strongly reduces the optical transparency of these films [121;122]. In
1993, Rao and Vinni published an article on the growth of tin oxide thin films deposited by spray
pyrolysis, in which they used XPS to examine whether the optical transmittance of their tin oxide films is
limited by the presence of metallic tin in the films [120]. Following their example, the XPS analysis that
has been discussed in chapter 4.1.1 is presented as proof that the observed reduced transparency of
ZTO films with tin composition fraction of approximately 0.04 is not caused by the presence of metallic
tin in the films.
Defect levels inside the ZTO optical band gap
Most works on ZTO that observe a decrease in optical transparency of the films for a certain
composition range, attribute this increased light absorption to an increased scattering of photons by
crystal defects created by tin doping [1;30;32;131]. Ginley and coauthors have stated that electron traps
at grain boundaries create electronic defects in the band gap of semiconductors [14]. Ginley and
coauthors have also suggested that foreign atoms or other defects at grain boundaries can induce these
electron traps and thereby create electronic defects in the band gap of semiconductors [14]. Korner and
coworkers have demonstrated that: “the additional deep levels in the band gap which reduce the
transparency of a-ZTO films are connected to point defects or small defect complexes” [132]. Korner and
coworkers also suggest that undercoordinated oxygen and tin atoms and oxygen vacancies create these
defect states [4;132].
Since the observed reduced transparency of ZTO films with tin composition fraction of approximately
0.04 cannot be explained by the presence of carbon or metallic tin in the ZTO films and previous work
on ZTO thin films attributes the increased light absorption to an increased scattering of photons by
crystal defects created by tin doping, the following hypothesis is adopted: “The reduced transparency of
ZTO films with tin composition fraction of approximately 0.04 is likely caused by the presence of defect
levels in the optical band gap which can absorb photons in the visible light energy range. These defect
levels are presumably the result of crystal defects created by the incorporation of tin in the
microcrystalline ZnO wurtzite structure.” The density of these crystal defects increases with increasing
tin composition fraction up to a tin composition fraction of 0.04 where the density of crystal defects
apparently reaches a maximum. If the tin composition fraction is increased further, the density of crystal
defects that create defect levels in the optical band gap seems to decrease again.
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PL Intensity (a.u.)

Photoluminescence analysis of a small selection
2.5
i-ZnO
of samples has been performed by G. Brammertz
[Sn]/([Sn]+[Zn])=0.005
of the IMAC photovoltaic research group in an
[Sn]/([Sn]+[Zn])=0.04
2.0
attempt to obtain information on the defect
[Sn]/([Sn]+[Zn])=0.17
SnO2
levels inside the optical band gap. The
0.25
photoluminescence measurements have been
1.5
0.20
performed at room temperature using a 325 nm
0.15
(3.81 eV) He-Cd laser to induce photoexcitation.
0.10
1.0
The obtained PL spectra show good agreement
0.05
0.00
with the spectra presented by Vasanthi and
580
585
590
595
0.5
coworkers [33]. The samples show a strong
UV/violet emission band around 400 nm which
0.0
corresponds to the ZnO band edge transition
350
400
450
500
550
600
650
[32;33;113;119]. This emission band shifts to
Wavelength (nm)
lower wavelengths for the tin doped ZTO film Figure 45: Room temperature photoluminescence analysis of a
([Sn]/([Sn]+[Zn]) = 0.005) with respect to the selection of the ZTO samples. The PL analysis has been
intrinsic ZnO film. According to Vasanthi and performed by G. Brammertz of the IMAC photovoltaic research
coworkers; the shift of this UV peak towards group using a 325 nm He-Cd laser. The legend shows the tin
composition fraction as determined by EDX. The insert shows a
lower wavelengths along with an increase in magnified view of a section of the PL spectra.
intensity which they report for ZTO films with up
to 6 at% Sn, evince the enhancement of radiative recombination centers due to the substitution of Sn4+
ions into Zn2+ sites [33]. The amorphous ZTO and SnO2 films show a strong increase in intensity of the UV
peak and the peak is shifted towards higher wavelengths as compared to the intrinsic zinc oxide film
which corresponds to the lower optical band gap of the films as compared to the optical band gap of the
intrinsic zinc oxide film. The optical band gaps of the ZTO films are discussed in the next section.
Vasanthi and coworkers also report a much smaller emission peak at 575 eV corresponding to the
emission of green light in the visible region [33]. This green emission band is related to the defect
density in the films and is commonly referred to as deep-level or trap-state emission [32;33]. Some
publications report a green emission peak at approximately 528 nm which they claim is related to
oxygen vacancies in ZnO [32;113]. The insert in figure 45 shows that the ZTO films deposited in this work
exhibit a tiny emission peak at 588 nm, but the peaks are barely discernable from the background noise.
The sample with tin composition fraction of 0.04 shows almost no PL signal and no UV emission band is
visible in the PL spectra. The sample has a low optical transparency compared to the other samples and
should therefore exhibit at least as much photoexcitation as the other samples. The sample however
clearly shows much less radiative relaxation transitions as compared to the other films. This means that
more non-radiative relaxation transitions must occur in this sample as compared to the other films
which can be attributed to the presence of non-photoactive defect levels inside the band gap. Vasanthi
and coworkers came to the same conclusion stating that: “The reduction in UV intensity for the ZnO
films doped with 8 and 10 at% of Sn is attributed to the introduction of defects responsible for nonradiative transition.”
In short, the PL analysis supports the hypothesis that the reduced transparency of ZTO films with tin
composition fraction of approximately 0.04 is caused by the presence of defect levels in the optical band
gap which can absorb photons in the visible light energy range and suggests that these defect levels
allow for non-radiative relaxation transitions. The PL analysis presented in figure 45 does however not
provide sufficient evidence to definitively prove this hypothesis.
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Band gap (eV)

4.3.2 Optical band gap
3.6
The optical band gap of the deposited ZTO thin
films is determined using Tauc plots, as was
3.5
explained in chapter 2.2.8. In a Tauc plot,
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(𝛼 𝐸)𝑥 is plotted against the photon energy 𝐸
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where 𝑥 = 2 for direct band gap films and
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Figure 46: Optical band gap of the ZTO thin films reported as
evaluating which of the graphs exhibits a function of tin composition fraction. The optical band gaps of the
straight line section in the curves. In ZTO thin films are determined from Tauc plots.
agreement with literature, it is found that
microcrystalline ZTO films have direct optical band gaps whereas X-ray amorphous ZTO films have
indirect optical band gaps [36]. The film with a tin composition fraction of 0.13 (which is the film with
the highest tin composition fraction to still show a small X-ray diffraction peak) did not show a true
straight line section of the curve in either of the (𝛼 𝐸)2 and (𝛼 𝐸)1/2 Tauc plots. An extrapolation of a
quasi-straight line section could however be fitted for both of the Tauc plots and therefore both a direct
and an indirect optical band gap is reported in figure 46 for this sample. These data points are
represented by grey triangles in figure 46.
The direct optical band gap of intrinsic zinc oxide is determined to be 3.3 eV, which agrees well with
values reported in literature [14;112;113;126]. As the tin composition fraction is increased, a widening
of the optical band gap is seen until the band gap stabilizes at approximately 3.55 eV for films with tin
composition fraction above 0.04. For amorphous ZTO films an indirect optical band gap of approximately
3.0 eV is measured.
In literature, the effect of tin composition fraction on the band gap of microcrystalline tin doped ZnO
films is controversial [34;133]; some authors observe a band gap narrowing [126;134] and other authors
report a widening of the band gap with increasing tin composition fraction [33;115;133]. If a widening of
the band gap is observed with increasing tin composition fraction of the ZTO films, this widening of the
band gap is often attributed to the Burstein-Moss effect which suggests that the optical band gap
widens as a result of the lowest energy states in the conduction band being occupied [14;33;115;133].
The Burstein-Moss effect is however not a likely explanation for the widening of the optical band gap
observed in figure 46 since a decrease in carrier density is observed with increasing tin composition
fraction in the range from 0.005 – 0.04, as is shown in figure 41. A narrowing of the optical band gap is
often attributed to the “many-body effect” on the conduction and valence bands [14;126;133]. There
are however many parameters that affect the optical band gap, according to Chahmat and coworkers:
“The bang gap, and more generally the electrical properties of thin films depend on film thickness,
crystalline orientation, defects and impurities, strains and grain boundaries.” This means that it is
difficult to identify a single cause for the trend observed in figure 46. The increase in direct band gap
with increasing tin composition fraction for the microcrystalline ZTO films does however resemble the
trend observed in figure 37 where the lattice spacing increases with increasing tin composition fraction.
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Figure 47 shows that the direct band gap and lattice spacing exhibit an identical trend with increasing tin
composition fraction of the ZTO films. This suggests that the increase in direct band gap with increasing
tin composition fraction is related to the lattice properties of the wurtzite ZnO crystallites in the ZTO
films. However, no examples could be found in literature where a correlation between band gap and
lattice spacing changing as a result of ZnO dopant concentration is discussed. Furthermore, literature
shows that the band gap of wurtzite films should decrease with increasing lattice spacing [135]. Further
research on the correlation between band gap and lattice spacing in ZTO films should therefore be
performed.
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Figure 47: Optical band gap and ZnO lattice spacing reported as function of tin composition fraction. A similar increase in band
gap and lattice spacing is seen in the region [Sn]/([Sn]+[Zn])= 0 – 0.04 after which the band gap and lattice spacing remain
approximately constant.

71

4.4

Conclusions

This chapter has discussed the structural, electrical and optical properties of the deposited zinc tin oxide
thin films. The correlation between these film properties and the composition of the deposited films has
been the main focus of this chapter. The ZTO films with tin composition fraction below 0.15 are found to
have a microcrystalline hexagonal wurtzite ZnO structure whereas films with tin composition fraction
above 0.15 are amorphous. Furthermore, the mean crystallite size of the ZTO films decreases as the film
composition approaches the crystalline-to-amorphous transition at [Sn]/([Sn]+[Zn]) = 0.15. An increase
in lattice spacing of the ZnO crystallites is observed as the tin composition fraction of the films increases.
This can be explained by the different ionic radii of zinc and tin ions. Since Sn4+ ions are slightly smaller
than Zn2+ ions and Sn2+ ions are significantly larger than Zn2+ ions, the observation of increasing lattice
distance suggests that at least a part of the tin in the ZTO films is in the Sn2+ state.
The resistivity of ZTO films with low tin composition fraction is found to be an order of magnitude lower
than the resistivity of intrinsic zinc oxide. This indicates that tin acts as a dopant in the ZTO films. From
this, it can be concluded that at least a part of the tin in the ZTO films is in the Sn 4+ state. From Hall
analysis of the samples it can be concluded that scattering of charge carriers at grain boundaries plays
an important role in the transport of charge carriers in the deposited ZTO films.
Both the amorphous ZTO films and films with low tin composition fraction (< 0.01) are highly
transparent to visible light. ZTO films with tin composition fraction of approximately 0.04 on the other
hand have a much lower transparency. XPS analysis has shown that this reduced transparency is not
caused by the presence of carbon or metallic tin in the ZTO films. Furthermore, XPS analysis confirmed
that all zinc in the ZTO films is in the oxidized (ZnO) state and that tin substitutes zinc positions in the
atomic structure of the films. Comparing the XPS analysis results to literature, suggests that tin is
present in the Sn4+ (SnO2) state, but the XPS signatures of Sn4+ and Sn2+ are very similar and it has to be
concluded that a mixture of Sn4+and Sn2+ is present in the ZTO films to explain all experimental
observations. Concerning the reduced transparency of certain ZTO films, the following hypothesis is
adopted: “The reduced transparency of ZTO films with tin composition fraction of approximately 0.04 is
likely caused by the presence of defect levels in the optical band gap which can absorb photons in the
visible light energy range. These defect levels are presumably the result of crystal defects created by the
incorporation of tin in the microcrystalline ZnO wurtzite structure.” This hypothesis was formulated in
accordance with literature and photoluminescence analysis of a selection of the ZTO samples supports
this hypothesis. The hypothesis could however not be definitively proven on the basis of the obtained
experimental data.
The optical band gap of the ZTO films has been determined from Tauc plots. In accordance with
literature it is found that the microcrystalline ZTO films have direct optical band gaps whereas the X-ray
amorphous films have indirect optical band gaps. With increasing tin composition fraction of the ZTO
films an increase in the direct optical band gap is observed from 3.3 eV for intrinsic zinc oxide to 3.55 eV
for films with tin composition fraction of 0.04. When the tin composition fraction of the ZTO films is
increased further, the band gap remains approximately constant until the films turned amorphous. Such
an increase in optical band gap with increasing doping concentration is usually attributed to the
Burstein-Moss effect but the carrier concentration determined from Hall analysis does not agree with
this explanation. It is suggested that the observed increase in band gap with increasing tin composition
fraction may be related to the lattice spacing in the ZnO crystallites.
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5

Conclusions and outlook

In this thesis, the deposition of zinc tin oxide thin films by spatial co-injection atomic layer deposition
has been investigated. Since no previous work has been published up to date on either spatial ALD of
ZTO or ZTO deposited by co-injection ALD, the following research goals have been addressed:

5.1

Conclusions

Can the composition of the deposited ZTO thin films be controlled?
In the co-injection ZTO ALD process proposed in this work, the DEZ and TDMA-Sn precursors are mixed
and the resulting gas mixture is injected into the spatial ALD reactor. In this co-injection ZTO ALD
process, the DEZ and TDMA-Sn precursors compete for the available surface sites in a process called
competitive adsorption. It has been shown that the tin composition fraction of the deposited zinc tin
oxide films can be tuned in the range from 0 – 0.26 by setting the bubbler temperatures and the argon
flow rates through the bubblers to the desired values. This shows that the composition of the deposited
zinc tin oxide films can be tuned by adjusting the relative amounts of DEZ and TDMA-Sn precursors in
the injected gas mixture.
What are the characteristics of the growth mechanism of the ZTO thin film?
Competitive adsorption is the basic process that describes precursor adsorption in co-injection ALD.
However, competitive adsorption alone has proven insufficient to explain the observed ZTO film growth
rate. Steric hindrance and a modulation of the reaction site density resulting from the TDMA-Sn ligand
exchange reactions have both been shown to play an important role in the surface reaction chemistry of
co-injection ZTO ALD. These two processes can help explain the observed ZTO growth rate, but they
cannot explain why the ZTO film growth is unsaturated at deposition conditions similar to the conditions
that result in saturated film growth of intrinsic zinc oxide. Poisoning of the ZTO film growth by HDMA
molecules that are physisorbed to the surface or by incomplete DMA ligand removal during the H 2O
exposure step can both explain why the ZTO film growth is unsaturated and help explain the observed
ZTO growth rate. The presence of carbon in ZTO films grown at high rotation frequencies has been
presented as supporting evidence for the poisoning process. Finally, it has been shown that etching of
deposited species does not occur in co-injection ZTO ALD.
How does the ZTO film composition influence the film morphology and opto-electronic film properties?
XRD analysis of the 200 nm thick ZTO films has shown that films with tin composition fraction below
0.15 have a microcrystalline hexagonal wurtzite ZnO structure whereas films with tin composition
fraction above 0.15 are X-ray amorphous. An increase in lattice spacing of the ZnO crystallites is
observed as the tin composition fraction of the films increased. This can be explained by the different
ionic radii of zinc and tin ions. Since Sn4+ ions are slightly smaller than Zn2+ ions (0.069 nm vs. 0.074 nm)
and Sn2+ ions are significantly larger than Zn2+ ions (0.093 nm vs. 0.074 nm), the observation of
increasing lattice distance suggests that at least a part of the tin in the ZTO films is in the Sn2+ state.
ZTO films with low tin composition fraction ([Sn]/([Sn]+[Zn]) < 0.01) exhibit resistivities down to 3
mΩ cm. This resistivity is comparable to the lowest ZTO resistivities reported in literature which proves
the potential of spatial co-injection ALD for depositing high quality ZTO films. Furthermore, this
resistivity is an order of magnitude lower than the resistivity of the deposited intrinsic zinc oxide films
(100 mΩ cm), indicating that tin acts as a dopant in the ZTO films. From this, it can be concluded that at
least a part of the tin in the ZTO films forms double donor states (Sn4+). Comparing the XPS analysis
results to literature suggests that tin is present in the Sn4+ (SnO2) state, but the XPS signatures of Sn4+
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and Sn2+ are very similar and it has to be concluded that a mixture of Sn4+and Sn2+ is present in the ZTO
films to explain both the increase in lattice spacing with increasing tin content and the role of tin as
dopant in ZTO. Hall analysis of the microcrystalline ZTO samples revealed that the charge carrier
transport in these films is dominated by grain boundary scattering.
Both the amorphous ZTO films and films with low tin composition fraction ([Sn]/([Sn]+[Zn]) < 0.01) are
highly transparent to visible light and absorb less than 10% of the incident light. ZTO films with tin
composition fraction of approximately 0.04 have a much lower transparency and absorb over 40% of the
incident light. XPS analysis has shown that this reduced transparency is not caused by the presence of
carbon or metallic tin in the ZTO films. Furthermore, XPS analysis confirmed that all zinc in the ZTO films
is in the oxidized (ZnO) state and that tin substitutes zinc positions in the atomic structure of the films.
Concerning the reduced transparency of certain ZTO films, the following hypothesis is adopted: “The
reduced transparency of ZTO films with tin composition fraction of approximately 0.04 is likely caused
by the presence of defect levels in the optical band gap which can absorb photons in the visible light
energy range. These defect levels are presumably the result of crystal defects created by the
incorporation of tin in the microcrystalline ZnO wurtzite structure.” This hypothesis has been formulated
in accordance with literature and photoluminescence analysis of a selection of the ZTO samples
supports this hypothesis. Further research is however needed to definitively prove this hypothesis.
With increasing tin composition fraction of the microcrystalline ZTO films an increase in the direct
optical band gap is observed from 3.3 eV for intrinsic zinc oxide to 3.55 eV for [Sn]/([Sn]+[Zn])>0.04.
Such an increase in optical band gap with increasing doping concentration is usually attributed to the
Burstein-Moss effect but the carrier concentration determined from Hall analysis does not agree with
this explanation. The direct band gap and lattice spacing exhibit an identical trend with increasing tin
composition fraction of the ZTO films, therefore it is suggested that the observed increase in band gap
with increasing tin composition fraction may be related to the lattice spacing in the ZnO crystallites.
Overall co-injection spatial ALD can be concluded to be a successful deposition method for the
production of high quality ZTO thin films with accurate control over film composition and thickness.

5.2

Outlook

No reliable data is currently available on the vapor pressure of the TDMA-Sn precursor and the vapor
pressure could not be determined experimentally due to the toxic nature of the precursor. Further
research should aim to accurately determine the vapor pressure of TDMA-Sn in order to evaluate the
ratio of DEZ and TDMA-Sn partial pressures in the reactor.
In this work no films have been deposited with tin composition fraction in the range between 0.26 and 1
due to technical limitations of the bubblers and mass flow controllers used in this research. Further
research should try to verify that this range of ZTO compositions can also be deposited by co-injection
spatial ALD.
Previous research has shown that the use of H2O2 instead of H2O as counter reactant to TDMA-Sn in the
tin oxide ALD system yields higher SnOx growth rates and similar film properties [83;84]. H2O2 has also
been used successfully as counter reactant in super cycle ZTO ALD using DEZ and other tin precursors
[50;51]. It would therefore be interesting to test the use of H2O2 as counter reactant in the ZTO coinjection spatial ALD technique introduced in this work.
In order to further investigate the surface reaction processes occurring in co-injection spatial ALD of ZTO
using DEZ and TDMA-Sn precursors, one should perform co-injection ZTO ALD in a conventional
temporal ALD reactor equipped with in situ diagnostics such as quartz crystal microbalance (QCM) and
quadrupole mass spectrometry (QMS). Conventional ALD would allow one to independently vary the
precursor exposure time and the purging time which could provide insight into the surface reaction
chemistry. For example the influence of poisoning of the ZTO film growth by HDMA molecules that are
physisorbed to the surface could be investigated by varying the purging time while keeping the other
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deposition parameters constant. This decoupling of the precursor exposure and purging times could also
be achieved in the spatial ALD reactor used in this work by implementing a start-stop system where the
substrate table would stop for a specified amount of time after each 180ᵒ rotation of the substrate [81].
QMS analysis could also be performed on the exhaust gas of the spatial ALD reactor used in this
research, but QCM analysis is not feasible due to the rotation of the substrate. The hypothesis of
incomplete DMA ligand removal during the H2O exposure step could be tested by varying the H2O
exposure time and evaluating the QCM and mass spectrometry analysis. Following the examples of Elam
and coworkers and Tanskanen and coworkers, QCM and QMS analysis can be used to prove that the
TDMA-Sn ligand exchange reactions cause a reduction in reaction site density in co-injection ZTO ALD
[60;83]. For example the saturated growth of ZnO on ZTO and ZnO films deposited under similar
deposition conditions can be compared to provide insight into the reaction site density at the ZnO and
ZTO surfaces. Subsequent TDMA-Sn and DEZ exposures (without an H2O exposure step in between)
could be used to definitively prove that etching does not play a role in co-injection ZTO ALD.
Furthermore, if the QCM and QMS analysis of such a deposition reveals that the TDMA-Sn exposure step
is saturated but DEZ does react with the surface during the subsequent DEZ exposure without the
release of TDMA-Sn reaction products, then this is further proof of the role of steric hindrance in coinjection ZTO ALD. The reasoning behind this is that steric hindrance caused by TDMA-Sn molecules that
have reacted with the surface prevents certain surface hydroxyl groups from reacting with new TDMASn molecules but these same surface hydroxyl groups may be able to react with DEZ molecules during
the subsequent DEZ exposure because DEZ molecules are smaller than TDMA-Sn molecules. If the QCM
analysis is sensitive and accurate enough, one could even try to compare the reactivity of surface
hydroxyls bonded to Sn and Zn by comparing the time resolved QCM signals of DEZ and TDMA-Sn
exposures on zinc oxide and tin oxide surfaces.
Further research on ZTO should also investigate the suggested correlation between band gap and lattice
spacing.
Synchrotron-based X-ray absorption and emission spectroscopy techniques could be used to study the
density of states of the ZTO films in an attempt to test the hypothesis suggesting that the reduced
transparency of certain ZTO films is caused by the presence of defect levels in the optical band gap
created by the incorporation of tin in the wurtzite ZnO structure [42].
With the knowledge obtained in this work, future research could start incorporating ZTO layers
deposited by co-injection spatial ALD into devices.
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