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1C H A P T E R

Introduction

abstract

Tin oxide thin films are transparent conductive oxide films (TCOs) which are
transparent for visible light and have a relative low resistivity for electric current.
The method of choice to deposit tin oxide films is chemical vapor deposition
(CVD) because of its ability to deposit tin oxide films with a high through-put
and without extensive investments in equipment. This chapter provides an
introduction to tin oxide thin films and chemical vapor deposition, followed by
the aim of the performed research, and the outlook of this thesis.
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2 chapter 1

Figure 1.1: SnO2 rutile lattice.

1.1 tin oxide thin films

Tin oxide films are transparent conductive oxide films (TCOs) made of tin
(IV) oxide (also known as tin dioxide or SnO2) with thicknesses between a
few nanometers and a few micrometers. The most common form of SnO2
in these films is the tetragonal rutile form consisting of a unit cell with a
tin atom surrounded by six oxygen atoms in a octahedral coordination
and oxygen atoms surrounded by three tin atoms in a triangular fashion
(Figure 1.1). Pure SnO2 is generally regarded as an oxygen-deficient n-
type wide-band semiconductor but this effect can be enhanced by doping
where atomic impurities of i. e. Sb, F or Cl are incorporated in tin oxide
lattice [1, 2, 3]. Physical properties of SnO2 are summarized in Table I
which give tin oxide the following daily-life properties:

• low electrical resistance

• transparent for visible light but reflective for infrared light

• environmental stable

• high hardness

These properties make thin films of SnO2 good candidates for applica-
tions where transparency and conductivity of electricity are required.
Currently, tin oxide films are used as heterogeneous catalyst in oxidation
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Table I: Physical properties of tin dioxide [3, 10].

Property SnO2
Mineral name Cassiterite

Crystal structure Tetragonal, rutile

Space group D144h or P4
2

/mnm

Lattice constants [nm] a = 0.474

b = 0.319

Oxidation states Sn4+, O2−

Molar mass [g mol−1] 150.71

Density ρ [g cm−3] 6.85

Mohs hardness [-] 6.5

Melting point [ ◦C] 1630

Band gap [eV] 3.6

Common extrinsic Sb, F, Cl

n-type dopants

reactions [3, 4], as infrared reflector in low-energy glass and anti-static
layer [5], as transparent electrode in displays or solar cells [6], as protec-
tive layer on glass containers [2, 7] or as solid-state gas sensor for the
detection of a wide range of gasses [8, 9].

1.2 chemical vapor deposition of thin films

Chemical vapor deposition (CVD) is a process in which gaseous reactants
dissociate and/or react in an activated environment (i. e. CVD reactor)
followed by the formation of a solid product [11, 12, 13, 14, 15]. Because
this process can be done on a large scale and in a continuous way, CVD

is the most used method to deposit thin films like SnO2 or ZnO on
substrates. A SnO2 thin film CVD process normally consist of four basic
ingredients: vapor of the so-called ‘precursor’ which is a tin-containing
molecule (i. e. SnCl4), an oxygen source (i. e. H2O vapor and/or O2), a
carrier gas (i. e. N2 or Ar) and a substrate. When these four ingredients
are brought together inside a CVD reactor a thin film can be synthesized.
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Figure 1.2 shows the basic steps involved in CVD processes [11], which
are:

1. Bulk transport towards the surface

2. (Possible) gas phase reactions

3. Mass transport towards the surface

4. Adsorption at the surface

5. Diffusion of adsorbents at the surface

6. Reaction at the surface

7. Oxide formation

8. Desorption of gaseous reaction products

9. Bulk transport from the surface

In the following sections an overview will be given focusing on different
CVD processes, CVD reactors and CVD precursors.

1.2.1 Types of chemical vapor deposition

1.2.1.1 Low Pressure CVD

Low pressure CVD (LPCVD) is a very broad definition for all CVD processes
operated at pressures lower than atmospheric pressure. This pressure
range is considered to be between 10−1 bar and the high vacuum regions
(10−9 mbar). LPCVD is applied in order to get more control over the pro-
cess parameters because chemical reactions are much slower at decreased
pressure. Examples of LPCVD are described by Suh et al. [16] and Chae et
al. [17, 18], and both apply stagnant flow reactors (SFR) to deposit thin
SnO2 films.

Besides of ‘basic’ LPCVD, there are many highly specialistic LPCVD

methods. Examples of these methods are photo CVD [19] and more par-
ticular laser-assisted CVD (L-CVD) [20, 21, 22, 23] which uses photon
radiation to activate molecular bonds in precursor to increase the de-
position rate. Plasma-enhanced CVD (PECVD, also called plasma-assisted
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Figure 1.2: Reaction steps involved in CVD processes for thin SnO2 films.

CVD (PACVD)) is also a method where precursor is activated but here a
plasma is used for this activation [24, 25, 26].

A third form of LPCVD is atomic layer deposition (ALD), in which pre-
cursor and the other reactants are purged into the reactor separately from
each other, resulting in a layer-for-layer growth. The biggest advantage of
this method is the high degree of control during the deposition process
with very uniform oxide layers as a result. Disadvantages of this method
are the low film growth rates and expensive vacuum equipment and is
therefore less often applied in industrial processes [11, 27, 28]. A solution
to this last problem could be spacial ALD. This method can be applied in
a continuous way without large investments in ALD equipment [29].

1.2.1.2 Atmospheric Pressure CVD

Atmospheric pressure CVD (APCVD) is a deposition method at atmo-
spheric pressure (∼ 1 bar). This process is predominantly used in industry
using a so-called ‘moving belt reactor’ (Figure 1.3). The advantage of this
method is the possibility to deposit very large surfaces and continuous
deposition. A significant drawback of this method is the lack of control
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Figure 1.3: Example of an APCVD moving belt reactor.

due to high grow rates and complex temperature and concentration pro-
files [30]. Because of this, controlling the film thickness and morphology
is difficult and implementation of APCVD-produced films in high-tech
applications not yet possible [7, 31, 32].

Another reactor which can be used is a stagnation flow reactor (SFR).
This type of reactor can only be used in a batch-like manner and is
therefore mainly used in research purposes to study kinetics [17, 18],
thermodynamics [33], chemistry [34, 35] or film morphology [36, 37].
This type of reactor is also used during the research described in this
thesis. Further details on this method can be found in Section 3.2.2.

1.2.2 CVD precursors

Nowadays, a large range of precursors is available for all sort of CVD

processes. Every precursor has to meet certain criteria in order to get
a successful film deposition. Examples of these precursor criteria are
stability at room temperature, vaporization temperature, reactivity at
deposition temperature, toxicity,availability and cost efficiency [11].

The majority of the precursors for depositions of SnO2 thin films
consist of tin alkyl compounds (R4Sn, R = CH3, C4H9, etc.), tin halide
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(a) Tin tetrachloride
(TTC)

(b) Dimethyl tin dichlo-
ride (DMTC)

(c) Monobutyl tin trichloride (MBTC)

Figure 1.4: The most common industrial tin precursors.

compounds (SnX4, X = Cl, Br, I), or a combination of these (RxSnX4−x).
Despite this broad range of precursors only a couple are used on large
(industrial) scale which are; tin tetrachloride (TTC, SnCl4) [35, 38, 39,
40], monobutyl tin trichloride (MBTC, n-C4H9SnCl3) [17, 41, 42] and
dimethyl tin dichloride (DMTC, (CH3)2SnCl2) [34, 43]. Figure 1.4 shows
the molecular structures of these three precursors.

1.3 aim and outline of the thesis

Thin films of transparent conductive oxide (TCO) like F-doped SnO2 can
be deposited in a quick and economical efficient way using atmospheric
pressure chemical vapor deposition (APCVD). Therefore, APCVD can be
an interesting candidate to lower production costs of for example thin
film solar cells or organic light-emitting diodes (OLEDs) [5, 44, 45]. APCVD

depositions are used at industrial scale employing moving-belt reactors to
deposit large areas of glass with a SnO2 thin film for energy-conserving
Low-E glass and anti-static films [31]. To optimize the deposition process
to make APCVD suitable for high-tech applications, detailed information
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Figure 1.5: Graphical abstract of the approach to study thin film growth.

about the chemistry during CVD processes and its relation with the result-
ing film morphology is needed. The research described in this thesis aims
to understand these chemical and morphological details by employing
surface science techniques like X-ray photoelectron spectroscopy (XPS)
and electron microscopy (SEM, TEM). Figure 1.5 shows the project set-up
in summary.

To better understand the chemistry and morphology of SnO2 we investi-
gated the following:

• Surface chemistry investigations of a range of tin precursors
(RxSnCl4−x) adsorbed on partly hydrolyzed silica surfaces. This
involves the following steps:

– Adsorption of single components (precursors) only

– Reactivity of precursors with H2O

– Adsorption under reaction conditions

– ALD-alike reaction conditions; dynamic swing of reaction gas
composition
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• Morphology studies using TEM. This method enables easy sample
preparation, top view images, atomic resolution and the possibility
to investigate nucleation and growth. This involves the following:

– Crystalline phases/Preferred orientation

– Grain growth

– Nucleation density

– Surface reconstruction/annealing

These investigations have resulted in large amounts of useful informa-
tion about CVD chemistry and related morphology information which is
described in the following chapters:

chapter 1 is introduces thin tin oxide films and why they are impor-
tant. We identify the major questions in thin film research and
provide the project aim.

chapter 2 aims to give a literature review on the current understand-
ing of surface chemistry and material science of SnO2 thin films.
Both CVD chemistry and film analysis are described in detail with
examples from literature.

chapter 3 gives an overview of all experimental details and analysis
techniques used (except morphological visualization by TEM). The
chapter describes sample pre-treatment, film depositions at low
pressure and atmospheric pressure, reactor set-ups and all analysis
techniques used: SEM, TEM, AFM, XPS and QMS.

chapter 4 describes a method to visualize initial thin film growth. The
chapter describes a special type of TEM membranes and the explains
the advantages of this method over other film analysis methods
with examples from the TEM analysis of early stage film growth
during CVD film growth.
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chapter 5 describes a TEM study on the initial thin film morphology
of SnO2 films during APCVD. TEM membranes were employed to
visualize the morphology changes during the growth of nano-scaled
SnO2 before an actual film is grown. Two types of tin precursors
were used and the influence of methanol during the deposition
process was investigated.

chapter 6 describes a XPS study on the adsorption of tin precursors
TTC, MBTC and DMTC on hydrolyzed SiO2 under low pressure
conditions.

chapter 7 describes a XPS study on the surface chemistry involved in
CVD growth of SnO2 under low pressure conditions. Controlled
adsorption of the tin precursor MBTC on hydrolyzed SiO2 was
studied followed by ALD-like multilayer growth. Some selected
multilayer samples were investigated by TEM to find a relation
between the surface chemistry found and the resulting morphology.

chapter 8 gives a summary of all findings, conclusions derived from
these findings and recommendations for further research.
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2C H A P T E R

Literature review on tin oxide thin films made
by chemical vapor deposition

abstract

Tin oxide thin films made by chemical vapor deposition or atomic layer deposition
can have a wide variety of properties depending on their synthesis, composition
and appearance. In the open literature, a large number of studies are available
that deal with all aspects of the production of these thin films and their properties.
This chapter aims to give an overview of the most important results on the
chemistry and material science related to tin oxide thin films made by chemical
vapor deposition and atomic layer deposition.
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2.1 chemistry of chemical vapor deposition processes

Research questions in chemical vapor deposition chemistry

Chemistry involved in CVD and ALD processes can be a very complex
network of reactions between precursor, oxidant and substrate. Studies on
the deposition process have tried to find reaction limiting steps but also
reaction mechanisms based on kinetic data. In these studies a number of
questions are important:

• Are there gas-phase reactions present and what kind of species are
present?

• Are these gas-phase reactions essential in the mechanism?

• What is the absorbing tin species?

• Where does the tin species absorb?

• How does the absorbed species react to form SnO2?

• What is the rate limiting step in the whole process?

In the next section research studies of tin precursors are split in three
parts: (a) decomposition of the pure tin compounds, (b) decomposition
with O2, and (c) decomposition with H2O. Most of these combinations are
reported in literature and will be discussed for common tin pre-cursors
tetramethyl tin (TMT), tin tetrachloride (TTC), dimethyl tin dichloride
(DMTC) and monobutyl tin trichloride (MBTC).

2.1.1 Tetramethyl tin

One of the first articles investigating the chemistry of tetramethyl tin
((CH3)4Sn, TMT) is an article of Waring et al. [1] describing the thermal
decomposition of gaseous TMT in a reactor vessel at pressures between 10

and 250 mbar. In this article, vaporized TMT was heated up to 440–500
◦C

and mainly Sn, CH4, C2H4 and H2 were found as products. From this,
a radical reaction scheme was suggested but due to technical limitation
this could not be verified.
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Years later, Taylor et al. [2] published a paper in which he described the
pyrolysis of tetramethyl-metal species including TMT. In this study, Taylor
uses a ‘wall-less reactor’ in which a flow of TMT vapor traveled through
a protective cylinder of inert flowing gas at p = 1 bar and T = 475–750

◦C
to study gas-phase reactions without the presence of a surface. Again,
radical driven gas-phase reactions were proposed:

(CH3)4Sn → (CH3)3Sn + CH3· (1)

(CH3)3Sn → (CH3)2Sn + CH3· (2)

(CH3)2Sn → CH3Sn + CH3· (3)

CH3Sn → Sn + CH3· (4)

etc. . .

Larciprete et al. [3, 4] also discussed the decomposition of TMT but this
time in a laser-assisted CVD (L-CVD) process at pressures of p ≈ 10−8

bar. In these experiments an ArF laser with 193 nm photons was used to
activate the homolytic dissociation of the Sn–C bound. Reaction (1) and
(2) are present in both mechanisms but Larciprete also suggest reactions
between two tin species ((6) and (9)) and radical induced β-H-elimination
((7) and (8)):

2 (CH3)3Sn → (CH3)3Sn-Sn(CH3)3 (6)

(CH3)4Sn + (CH3)4Sn → (CH3)3SnCH2 + (CH3)3SnH (7)

CH3· + (CH3)4Sn → CH4 + (CH3)3SnCH2 (8)

(CH3)3SnCH2 + (CH3)3Sn → (CH3)3SnCH2Sn(CH3)3 (9)

In the article, no more details are given about the deposition species of
oxidation processes needed for the SnO2 film formation.

2.1.2 Tetramethyl tin + O2

Ghoshtagore et al. [5] was the first publication about the CVD chemistry
of TMT with O2. In this paper, vaporized TMT was mixed with O2 and
led in a cold wall quartz reactor with silicon as a deposition substrate



18 chapter 2

at temperatures 425–575
◦C and pressures in the range of 10

−2–10 mbar.
From these experiments they found the following rate equations:

R ∝ (pO2)
0.5pTMT for low pO2 (10)

R ∝ pTMT for high pO2 (11)

Ghoshtagore derived from these data a mechanism where oxygen is
present as adsorbed atomic oxygen and TMT reacts with this oxygen
according the Eley-Rideal mechanism. No details are given about the
further oxidation of reacted TMT molecules or SnO2 formation. Above
490
◦C, TMT starts to decompose in the gas-phase before hitting the

surface so both gas-phase and surface reactions are involved in this CVD.
Ten years later, Harrison et al. [6] studied the oxidative thermolysis of

TMT and O2 with FTIR (T = 260–340
◦C and p ≈ 10 mbar) and started

with two proposed overall reaction equations:

(CH3)4Sn + 2 O2 → SnO2 + 3 CH4 + CO2 (12)

(CH3)4Sn + 8 O2 → SnO2 + 4 CO2 + 6 H2O (13)

From his FTIR data he concluded that the reaction proceeds according to
reaction (12) rather than reaction (13), which indicates a kinetic rather
than thermodynamic controlled reaction. Based on the observation of
zero-order kinetics, a low activation energy and the dependence of the
rate on the surface available, a surface-mediated process is very likely
with a reaction between TMT and surface oxygen to form –OSn(CH3)3
and –OCH3 absorbed groups. The reaction mechanism can be found in
Figure 2.1.

In contrast with studies performed at lower pressures (p = 10 mbar)
as discussed above, Borman et al. [7] investigated the reaction of TMT

with O2 at p = 1 bar and T = 350–600
◦C and concluded that the reaction

mechanism was mainly free radical gas-phase driven. This was later
supported by the work of Zawadzki et al. [8] who published a computer
calculated reaction mechanism of TMT and O2 at the same conditions.
In this mechanism a large number of radical driven gas-phase reactions
are involved which all lead to the key intermediate (CH3)3SnOH. This
intermediate then adsorbs at the surface and further reacts towards SnO
and SnO2 as shown in Figure 2.2.
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methanol was readily deuterated but the methane remained 
unchanged. 

Discussion 
Even in the presence of excess of oxygen, the oxidative ther- 
molysis of tetramethyltin proceeds essentially according to 
the stoichiometry 

(1) Me,Sn + 2 0 ,  + SnO, + 3CH, + CO, 

Me,Sn + 80, -+ SnO, + 4 c o 2  + 6 H 2 0  

rather than that expected for exhaustive oxidation (eqn. 2) 

(2) 
demonstrating kinetic rather than thermodynamic control of 
the reaction under the experimental conditions employed. 

In contrast to the unimolecular, gas-phase pyrolysis of neat 
tetramethyltin, the zero-order kinetics, the low activation 
energy, and the dependence of the rate on the available 
surface area observed for the oxidative thermolysis indicate a 
surface-mediated process. The rate-determining step is pro- 
posed to be the dissociative chemisorption of a tetramethyltin 
molecule at two adjacent surface oxygen sites giving a surface 
trimethylstannyloxy, -OSnMe, , species and surface methox- 
ide, -0Me (eqn. 3): 

(CH,),Sn-C H, ( C ti,), S n 
I C"3  I 

0 0 -  0 0 (3) 

//////I////////// 

Subsequently, the predominant process is the stepwise elec- 
trophilic cleavage of the tin-carbon bonds of the surface tri- 
methylstannyloxy species by surface hydroxyl groups 
producing methane, analogous to the oxidative cleavage of 
organic groups from surface-coordinated ketones on tin@) 

This process is made extremely facile by base assist- 
ance of neighbouring surface oxide (scheme l), and is cor- 
roborated by the observation in the products of CH,D when 
D20 (giving rise to surface -OD groups) is added to the reac- 
tion mixture. The observation of methanol in the gas phase 
shows that the surface methoxide readily undergoes 
reversible protolytic desorption. Our previous studies 

CH3 

7fT 
Scbeme 1 

have 

7fT 
Scheme 2 

CH3 H 
CH3OH 

0 

Scheme 3 
L 
shown that surface methoxide is very rapidly oxidized via 
surface-coordinated formaldehyde (which again in the present 
study reversibly desorbs) to surface formate.' This species is 
known to convert to surface carbonate at the temperatures 
employed in the present study, which in turn undergoes 
decomposition with the desorption of carbon dioxide (scheme 
2).'09" That more carbon dioxide is produced than expected 
from the strict stoichiometry demanded by eqn. 1 would 
strongly suggest that tin-carbon bond cleavage of the surface 
trimethylstannyloxy species may also occur by the pathway 
shown in scheme 3, thereby forming additional surface 
methoxide. 

The dramatic increase in rate observed on the addition of 
high-surface-area silica is readily understood since this 
material would contain a much higher abundance of surface 
protonic hydroxyl groups, and hence the demethylation re- 
actions shown in scheme 2 would be significantly promoted. 

We thank the SERC for support. (a) Mechanism I
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(b) Mechanism II

Figure 2.1: Mechanisms of tetramethyl tin (TMT) on SiO2 for T = 260–340
◦C and

p ≈ 10 mbar according to Harrison et al. Figure taken from [6].

Figure 2.2: Modeled reaction pathways of the oxidation of tetramethyl tin (TMT)
with O2 for T = 370–480

◦C and p = 1 bar proposed by Zawadzki et al.
Figure adapted from [9] based on [8].
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2.1.3 Tin tetrachloride + O2

Oxidation of tin tetrachloride (SnCl4, TTC) can be defined with the overall
reaction equation [5, 10, 11, 12]:

SnCl4 + O2 → SnO2 + 2 Cl2 (14)

Ghoshtagore et al. [5] investigated the mechanism of TTC + O2 in a
CVD process at pressures around 1 mbar and found the following rate
equations:

R ∝ (pO2)
0.5(pTTC)

0.26±0.01 for low pO2 (15)

R ∝ (pTTC)
0.26±0.01 for high pO2 (16)

Based on these equations Ghoshtagore suggested a Eley-Rideal mecha-
nism with adsorbed and dissociated atomic oxygen reacting with TTC at
the surface in order to form SnO2. He also found that at temperatures
below 490

◦C surface reactions were dominant to gas-phase reactions.
Xenidou et al. [12] also investigated the mechanism of TTC and O2 at

p = 1 bar and based on kinetic experiments he came to the conclusion
that a Langmuir-Hinshelwood mechanism is involved in two reactions:

SnCl4 (g) → SnCl2 (a) + Cl2 (g) (17)

SnCl2 (a) + O2 → SnO2 + Cl2 (g) (18)

First, SnCl4 undergoes a gas-phase reaction/adsorption (17) with further
oxidation to SnO2 afterwards (18). No chemical analysis of surface and
gas-phase are given to proof this mechanism.

2.1.4 Tin tetrachloride + H2O

Formation of SnO2 from TTC and H2O can be defined with the overall
reaction equation [5, 13]:

SnCl4 + 2 H2O → SnO2 + 4 HCl (19)

Again, Ghoshtagore et al. [5] investigated the mechanism of TTC + H2O at
T = 400–807

◦C and p ≈ 10
−2–10 mbar. He found the following reaction

rate equations:
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R ∝ (pH2O)(pTTC) for low pH2O (20)

R ∝ (pTTC) for high pH2O (21)

Based on these equations he concluded a Eley-Rideal type of mecha-
nism where water is undissociatedly adsorbed at the surface and TTC

as gas species, reacting with this water at the moment it reaches the
surface. These results were confirmed by Advani et al. [14], who used a
thermodynamic analysis to verify Ghoshtagore’s work.
In addition to CVD research, also ALD research is available in the literature
which confirms this mechanism. Both Meng et al. [13] and Du et al. [15]
did ALD-type experiments with TTC and H2O and deposition pressures
between 0.3–3 mbar. They came to the same conclusion that H2O first
adsorbs at the surface and TTC reacts with the generated OH-groups via
an Eley-Rideal reaction mechanism under formation of HCl.

2.1.5 Tin tetrachloride + H2O + CnH2n+1OH

Matsui et al. [16, 17] investigated the addition of alcohol during deposi-
tions with TTC and H2O. The most important conclusion from this work
was that alcohol addition (especially methanol) resulted in smoother
films with smaller crystals and a higher nucleation density. The reason
for this effect was addressed to the removal of absorbed HCl which is
produced during deposition (eq. 19) via the following reaction:

HCl + CnH2n+1OH → CnH2n+1Cl + H2O (22)

Removal of absorbed HCl leads to an increase in adsorption sites for
TTC and H2O, and consequently an increase in the micro-grain density
and decreased grain size simultaneously. Unfortunately, no experimental
evidence for mechanism (22) was given.

2.1.6 Dimethyl tin dichloride

Price et al. [18] published a paper about the pyrolysis of gaseous dimethyl
tin chloride ((CH3)2SnCl2, DMTC) using the toluene carrier technique.
In this study, a radical mechanism is suggested according to the overall
reaction:
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(CH3)2SnCl2 → SnCl2 + 2 CH3· (23)

Experiments were carried out at temperatures between 554–688
◦C and

at pressures around 20 mbar. The reactions were predominant gas-phase
reactions. A comparable mechanism (23) was observed by van Mol et
al. [9, 19] who studied the decomposition of DMTC in pure N2 using a
continuous stirred tank reactor (CSTR) at T = 370–630

◦C and p = 1 bar.
He observed methane, ethane, ethylene and propane production with
FTIR and QMS during a decomposition of DMTC at 500

◦C and found no
evidence for the presence of HCl and CH3Cl. Based on these observations
van Mol came to the conclusion that a radical mechanism is the best
mechanism to describe the results.

2.1.7 Dimethyl tin dichloride + O2

Calculated mechanisms based on DMTC with O2 are published by Giunta et
al. [20] and are done in the same way as Zawadzki et al. did it for TMT [8]
(Section 2.1.2). As shown in Figure 2.3, a complex network of pathways
towards SnO2 is calculated which is dominated by free-radical gas-phase
reactions. Like with TMT, again a hydroxyl-tin species (CH3SnCl2OH) is
the adsorbing species with further oxidation towards SnO2 afterwards.

Van Mol et al. [9, 19] also investigated the mechanism of DMTC with
O2 using a CSTR and substrate temperatures of 430–590

◦C and p = 1 bar.
He came to the same conclusion as Giunta that the oxidation of DMTC is
radical-driven and hydroxyl-tin species are the species that can absorb at
the surface.

Finally, Davis et al. [21] investigated the mechanism of DMTC and O2
with in-situ coherent anti-Stokes Raman scattering (CARS). Deposition
were done in a reactor at T = 645

◦C and p = 1 bar and methane is
observed in all spectra. Next to methane, no other species were detected
and no mechanism that explains the methane production.
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Figure 2.3: Giunta’s calculated reaction pathways for the oxidation of dimethyl tin
dichloride (DMTC) with O2 based on deposition experiments done at
T = 520–620

◦C and p = 1 bar [20]. Figure adapted from van Mol [9].
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Figure 2.4: Monobutyl tin trichloride (MBTC) + O2 reaction pathways with condi-
tion T = 300–700

◦C and p = 10–75 mbar. Figure adapted from Chae et
al. [22].
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2.1.8 Monobutyl tin trichloride + O2

Mechanistic studies with monobutyl tin trichloride (n-C4H9SnCl3, MBTC)
are relatively new in literature. One of the first papers was by Allendorf et
al. [23] which explains the ab initio BAC-MP4 method to predict the
thermochemistry of Sn–H–C–Cl compounds. Apart from a large number
of bond energies of these components, Allendorf also found theoretical
evidence for the high–low–high trend in bond energies for ligands in
(CH3)xSnCl4−x and SnX4.

A year later, Chae et al. [22, 24] worked on the CVD process with
MBTC together with van Mol [25] and Allendorf [26]. Experiments were
performed using a stagnation flow reactor (SFR) at pressures around
10–100 mbar and temperature range 300–700

◦C. Chae observed different
regimes during deposition: at T = 300–400

◦C, rate limiting surface reac-
tions were responsible for film growth whereas mass transfer limitation
is responsible for growth rates above 400

◦C. Based on these observations
two possible deposition models were proposed (Figure 2.4):

• MBTC adsorbs at the surface (S1) and oxygen from the gas-phase
reacts with these MBTC in order to form SnO2 (S2)(model 1A)

• Oxygen adsorbs at the surface followed by the dissociation (S3) to
form atomic oxygen with MBTC flying in from the gas-phase and
reacting with this oxygen resulting in SnO2 (S4)(model 1B)

Based on deposition rates ‘model 1B’ is the best fitting model. This is
not strange as model 1B is an Eley-Rideal based mechanism which is
also a good mechanism for reactions of other tin precursors with O2
(Section 2.1.2 and 2.1.3).

2.1.9 Monobutyl tin trichloride + O2 + H2O

For MBTC with O2 and H2O the mechanism is slightly different than that
of MBTC and O2. Chae, Allendorf and van Mol [22, 25, 26] have checked
four models for the reaction (Figure 2.5) under the same conditions as
reported in Section 2.1.8 but now also with H2O. These four mechanisms
are:
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• Absorbed MBTC (S5) reacts with O2 and H2O from the gas-phase
(S6) to form SnO2 (model 2A)

• Atomic absorbed oxygen (S7) reacts with MBTC and H2O from the
gas-phase (S8)(model 2B)

• MBTC forms a complex with H2O in the gas-phase (G9) followed
by a absorption and reaction of this complex with atomic absorbed
oxygen (S10 + S11)(model 2C)

• A complex of MBTC and H2O formed in the gas-phase adsorbs
at the surface (S13) and than reacts with O2 from the gas-phase
(S14)(model 2D)

Based on these models an increase in deposition rate must be observed
at higher MBTC concentrations. This was not the case, consequently mod-
els 2A and 2B were crossed-out leaving models 2A and 2D as the only
candidates. After changing partial pressures of H2O, O2 and MBTC, Chae
came to the conclusion that model 2D was best fitting based on his obser-
vations. The outcome of this study is compatible with the computational
fluid dynamic modeling study by Li et al. [27], also proposing a gas-phase
MBTC–H2O complex which reacts with absorbed atomic oxygen at the
surface and forms SnO2. During this study no actual analysis of gas-
phase and surface is performed and all results have been obtained by
computational calculations.

Lee et al. [28] also investigated the mechanism of MBTC with O2 and
H2O at p = 1 bar. The study does not give a reaction mechanism for
MBTC but investigated the influence of H2O on the deposition reaction.
Based on the experiment, H2O accelerates the deposition reaction for
depositions at relatively low temperatures (T = 450

◦C)(assists hydrolysis
of MBTC) but works as a ‘surface chlorine remover’ at higher temperatures
(T = 650

◦C).

2.1.10 Other mechanistic studies

Other research about the chemistry between tin compounds and silica
supports can be found in the area of organo-metallic chemistry. Basset et
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Figure 2.5: Monobutyl tin trichloride (MBTC) reaction pathways by Chae et al.
with reaction conditions: T = 300–600

◦C and p = 10–75 mbar. Figure
adapted from [25].1712 J.-M. Basset et al. / Coordination Chemistry Reviews 178–180 (1998) 1703–1723

Scheme 8.

pointing to divergent directions while on MCM-41, the surface is concave and so
the hydroxyl groups point to convergent directions. Naturally this is only a very
naive and oversimplified picture of the surface.

A molecular model of the (OSiNO)2SnBu2 surface species was made by reaction
of dibutyl dichloride tin with a silsesquioxane (Scheme 9) [26 ]. The corresponding
product was fully characterized and showed a particular behaviour. The remaining
hydroxyl group of the silsesquioxane was bonded to tin via van der Waals inter-
actions. This interaction, which was not strong, had no effect on the 119Sn chemical
shift (−34 ppm, a value quite comparable to that found for (RO)2SnR2 complexes
in which tin is teracoordinated). So, it cannot be excluded that such an interaction
exits on silica. Even if it is not the case, this complex can be considered as an
intermediate during the thermolysis of the surface species (see later).

On alumina, the behaviour was completely different from that observed on silica
or zeolites [10]. While the 119Sn NMR showed only the presence of tetracoordinated
tin, the spectra obtained after reaction with various aluminas showed, in addition
to a signal at ca. +80 ppm and attributed to a tetracoordinated tin species, numerous

Scheme 9.

Figure 2.6: Tetrabutyl tin (TBT) + SiO2 reaction pathways by Basset et al. with
reaction conditions: T = 150

◦C and p = 1 bar (in solution). Figure
taken from [29].
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al. [29] published a review paper about surface organo-metallic chemistry,
including tin compounds. He performed experiments in which tetra
butyl tin (n-C4H9Sn, TBT) reacted with silica at 150

◦C and analyzed the
product with elemental analysis, IR and 13C and 119Sn NMR. From this
analysis he concluded that the final reaction product depends on the
nature of the silica support. Where only one of the butyl of TBT reacts
with silica aerosil, TBT will react twice with the hydroxyl-rich MCM-41

silica. Figure 2.6 shows the reaction of TBT with the different surfaces.
Nédez et al. [30, 31, 32] also published a couple of articles about the
reactivity of organo-tin compounds towards silica surfaces. He could
form complexes of TBT or TMT with aerosil silica surfaces at temperatures
lower than 350 K, whereas the reaction product Si–O–SnR3 was stable up
to at least 200

◦C.

2.2 characterization of chemical vapor deposition films

Characterization of CVD-made SnO2 thin films is performed to identify
the intrinsic parameters in CVD processes and link these parameters to
overall film properties. The following list of questions deals with the
important research questions in literature.

Research questions in CVD film characterization

• What is the elemental composition of the film?

• What is the oxidation state of the elements in the film?

• What does the initial film morphology looks like?

• What are the preferred crystal orientations?

• How does crystal growth develop for increasing film thicknesses?

The following section aims to give an overview of the most commonly
used characterization techniques combined with the outcome of these
characterizations.
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Fig. 3. A scheme of the relative position of components of the core
level Sn3d and O1s peaks.5�2

From those assumptions, it directly follows that the
energy difference between the Sn3d and O1s peaks5�2
for the stoichiometric SnO equal to 43.6 eV is only 0.12

� �eV smaller than for the stoichiometric SnO 31,32 .
Thus, this parameter can be directly used as a possible
index of an oxidation state. The relative positions of
the components of core level Sn3d and O1s peaks5�2
are schematically drawn in Fig. 3. There is also one
additional component Sn�L, corresponding to the tin
atoms bonded to the TMT ligands in the deposited
films containing the residual carbon and hydrogen con-
taminations, as observed recently by Larciprete et al.
� �20 . However, it has been neglected in our further
analysis as unimportant.

Taking into account in our procedure that the ener-
getic distance between the components are fixed, one
can assume that all the components of XPS peaks are
shifted by the same value due to the shift of the
interface Fermi level position, which can be treated as
a fitted parameter.

Fig. 4 shows a set of the deconvoluted Sn3d and5�2
O1s peaks of as-deposited SnO thin films, the most2
reduced sample after exposure to 105 l H at 650 K,2

and the most oxidized sample after exposure to 108 l
O at 800 K, respectively. The registered Sn3d and2 5�2
O1s XPS peaks are drawn as the points, whereas the
deconvoluted components are drawn as the solid lines.
The main parameters used in the applied fitting proce-
dure for the Sn3d and O1s peaks are summarized in5�2
Table 2.

At the beginning one can easily note that in all cases
the Sn3d peaks have no distinct contribution due to5�2
a metallic tin. From the deconvoluted Sn3d peak of5�2
as-deposited SnO thin films one can determine that it2
is built-up as a mixture of two components correspond-
ing to the Sn2� and Sn4� ions, respectively, separated
by 0.7 eV as shown in Fig. 4a. Moreover, there is also a
third small component of highest BE, whose origin is
still unknown.

After both the molecular H and O exposure, the2 2
width of Sn3d peak decreases slightly. Moreover, in5�2
both cases, the Sn3d peak is built-up by mainly one5�2
component, as shown in Fig. 4b,c, respectively, corre-
sponding to the Sn4� and Sn2� ions, of the different
binding energy, as summarized in Table 2. It can be
interpreted by the fact that after O exposure, almost2
all the tin atoms become oxidized to Sn4� and, after
H exposure, almost all the tin atoms become reduced2
to Sn2�. That is why in the case of most reduced
sample, the Sn3d peak is built-up by only one com-5�2
ponent, Sn2�, whose energetic position corresponds
exactly with the center of gravity of all the peaks. This
is also confirmed by an average composition ratio for

� � � �the hydrogen exposed sample x� O � Sn �1.0.
In contrary to the Sn3d peak, the deconvolution5�2

of O1s XPS peak for the three above described SnO2
samples give the more complicated results.

The O1s peak of as-deposited sample is asymmetric
and exhibits an evident shoulder in the higher BE part,
as shown in Fig. 4a. The energetic distance between the
considered two components O�Sn4� and O�Sn2� is
too small to allow them to form such a distinct shoulder.

Table 2
Ž . Ž .The binding energy BE corresponding to the maximum value amplitude , the half width w and the relative surface area I of all the components

of Sn3d and O1s peaks used in the deconvolution procedure. All the components share a Gaussian-to-Lorentzian mixing ratio of 0.695�2

Sample Components of O1s peak Components of Sn3d peak5�2
treatment chem 4� 2� 4� 2�O O�Sn O�Sn Sn Sn

As deposited E �531.74 eV E �530.37 eV E �529.77 eV E �486.58 eV E �485.88 eVB B B B B
w�1.57 eV w�1.62 eV w�1.44 eV w�1.49 eV w�1.42 eV
I�0.13 I�0.56 I�0.31 I�0.71 I�0.29

Exposure to X X E �529.76 eV X E �485.88 eVB B
51�10 l H w�1.48 eV w�1.57 eV2

at 650 K I�1 I�1

Exposure to E �531.28 eV E �529.91 eV X E �486.13 eV XB B B
82�10 l O w�1.45 eV w�1.47 eV w�1.68 eV2

at 800 K I�0.19 I�0.81 I�1

Figure 2.7: X-ray photoelectron spectroscopy binding energies of components in
tin oxide films measured by Szuber et al. Figure taken from [33].

2.2.1 X-ray photoelectron spectroscopy studies

X-ray photoelectron spectroscopy (XPS) is an analysis technique based
on the photoelectric effect. Because photoelectrons can not travel large
distances through solid materials (1–10 nm), this technique is particularly
suitable to investigate the first few nanometers of these kind of materials
(more details in Section 3.3.1). This surface sensitivity is very useful in
research through this thesis and will be demonstrated with a few exam-
ples.

The first group of XPS-based work concentrated on the oxidation states
present in L-CVD prepared films. Larciprete et al. [3], Kwoka et al. [34],
El Khakami et al. [35], Lančok et al. [36], and Szuber et al. [33, 37] all
used XPS to analyze the oxidation state and amount for all elements
present in as-prepared L-CVD prepared coatings. These type of coatings
are typically made by leading a gas mixture of TMT vapor and O2 into
a vacuum reactor (10−9 mbar) and using a ArF laser (hν = 193 nm) for
TMT activation. XPS results of all authors showed atom ratio’s around
[O]/[Sn] ≈ 1.5, indicating that films were not fully oxidized to SnO2
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analytical procedure [12]) shows a [C]/[Sn] relative con-

centration of L-CVD SnO2 thin films equal to 0.27T0.11.
The same level of the [C]/[Sn] relative concentration was

determined for the L-CVD SnO2 thin films after their

subsequent exposure to 108 L of molecular oxygen O2 at

300 K and 800 K, as summarized in Table 1.

Our recent XPS experiments [8,9] already showed that

the stoichiometry of as-deposited L-CVD SnO2 thin films

evidently changed after subsequent cycles of exposure to the

molecular oxygen O2. That’s why a detailed analysis of the

relative concentration [O]/[Sn] of L-CVD SnO2 thin films

submitted to molecular oxygen O2 exposure has been

performed in this work from a quantitative analysis of the

XPS data shown in Fig. 2. There, the XPS Sn3d and O1s

spectral windows of the 20 nm L-CVD SnO2 thin films are

shown for as-deposited samples and after subsequent

oxidation at 300 K and 800 K.

For the as-deposited L-CVD SnO2 thin films it was equal

to 1.29T0.05. This value is almost 0.1 smaller than

previously reported using a simplified analytical procedure

[9]. Nevertheless, also this last value confirms an evident

nonstoichiometry of the as-deposited L-CVD SnO2 thin

films [9].

The room temperature oxygen exposure of as-deposited

L-CVD SnO2 thin films does not affect the relative [O]/[Sn]

concentration that remains substantially unaltered because

measured ratio is equal to 1.30T0.05.
After the oxidation of as-deposited L-CVD SnO2 thin

films at 800 K the relative concentration [O]/[Sn] reaches a

value of 1.95T0.05 corresponding to almost stoichiometric

SnO2 thin films (see the summary values reported in Table

1). However, it should be pointed out that this last value is

almost 0.25 smaller than previously reported using a

simplified analytical procedure [9].

This evident oxidation of as-deposited L-CVD SnO2 thin

films was independently confirmed by the shape analysis of

corresponding XPS Sn3d5/2 and O1s peaks using the

decomposition procedure.

In Fig. 3 (right side) the XPS Sn3d5/2 line of as-deposited

L-CVD SnO2 thin films is presented. Already a simple

visual shape analysis indicates that it is wide and asym-

metrical. Thus, it is evident that it should contain the

components corresponding to Sn atoms (ions) at various

oxidizing steps. Atoms of Sn in as-deposited L-CVD SnO2

thin films can exist at three oxidizing steps corresponding to

the following binding energy values: Sn0 (485.0 eV), Sn+2

(485.9 eV) and Sn+4 (486.6 eV) as taken from NIST data

base [13].

Accordingly, a procedure of decomposition of XPS

Sn3d5/2 line has been performed assuming the presence of

all these Sn components, corresponding to three types of Sn

Fig. 2. XPS O1s and Sn3d spectral windows of the as-deposited L-CVD

SnO2 thin films, as well as after subsequent exposure to molecular oxygen

O2 at 300 K and 800 K, respectively. Parameter x indicates the relative

concentration [O]/[Sn].

Fig. 3. Registered XPS Sn3d5/2 and O1s peaks (in circles) and decomposited components (solid lines) of the as-deposited L-CVD SnO2 thin films.

M. Kwoka et al. / Thin Solid Films 490 (2005) 36–4238

(a) XPS region scans of the as-prepared film

one above-mentioned component corresponding to Sn+4

having the same FWHM as for as-deposited samples. It

really confirms that as-deposited L-CVD SnO2 thin films

after exposure to 108 L O2 at 800 K contain mainly (98%)

tin dioxide SnO2. This is in a good correlation with a

relative concentration of [O]/[Sn] ¨1.95.

In Fig. 4 (left side) the XPS O1s line is presented. Also in

this case already a simple visual shape analysis shows that it

is slightly asymmetrical, and exhibits only a weak shoulder

at the high binding energy side of the spectrum. Accord-

ingly, in the decomposition procedure it has been taken into

account that it is built-up as a mixture of two components.

The main parameters used in the applied fitting procedure as

well as the best fitting parameters are summarized in Table

3. The main component located at BE about 530.5 eV

corresponds to the O–Sn4+ bonding, as taken from NIST

data base [13]. What is important it has the same FWHM as

for the as-deposited samples.

No evidence was observed from the O–Sn2+ bonding

contribution. However, as in Fig. 3, an additional small

component of BE at about 532 eV was observed of

unknown origin as discussed earlier for as-deposited

samples.

3.2. Ex situ XPS studies

Fig. 5 shows the XPS survey spectrum of the as-

deposited L-CVD SnO2 thin films of thickness at about

20 nm after long term ageing in dry air atmosphere at room

temperature and then after UHV annealing at 670 K,

according to the procedure by Maffeis et al. [17].

One can easily note that the XPS survey spectrum of the

as-deposited L-CVD SnO2 thin films after long term ageing

in dry air atmosphere consists of well recognized Sn3p, O1s,

C1s and double Sn3d and Sn4d XPS intrinsic peaks.

The relative [C]/[Sn] concentration of L-CVD SnO2 thin

films was determined as equal to about 3.2 (see Table 1),

almost one order of magnitude larger than the corresponding

value measured for the as-deposited L-CVD SnO2 thin

films. The increase of carbon contamination signal after

ageing results from the adsorption of CO and CO2 of the air

atmosphere. From the depth profiling we determined that

carbon is distributed only in the 3 topmost layers (1 nm)

because after short ion sputtering it was completely removed

from the surface. A more detailed information about the

distribution of carbon in L-CVD SnO2 thin films after

ageing will be published elsewhere [18].

Fig. 6 shows the XPS Sn3d and O1s spectral windows of

the as-deposited L-CVD SnO2 thin films after long term

ageing in air at room temperature and after UHV annealing

at 670 K.

The relative [O]/[Sn] concentration of L-CVD SnO2 thin

films was also determined. For the long term ageing of as-

deposited L-CVD SnO2 thin films in air the relative

concentration [O]/[Sn] was 1.56, as summarized in Table

1. It means that the as-deposited L-CVD SnO2 thin films

after exposure in air is more oxidised. However, it should be

noted that the amount of carbon in these L-CVD SnO2 thin

Fig. 4. Registered XPS Sn3d5/2 and O1s peaks (in circles) and decomposited components (solid lines) of the as-deposited L-CVD SnO2 thin films after

exposure to 108 L in molecular oxygen at 800 K.

Fig. 5. XPS survey spectra of as-deposited L-CVD SnO2 thin films after

long term ageing in air and after UHV annealing at 670 K.

M. Kwoka et al. / Thin Solid Films 490 (2005) 36–4240

(b) XPS regions scans after a oxidation treatment with O2

Figure 2.8: O 1s and Sn 3d5/2 X-ray photoelectron spectroscopy spectra of a L-CVD
prepared SnO2 film before and after an oxidation treatment with O2.
Figures taken from [34].
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and also contain SnO fractions. Peak deconvolution was used to identify
the different components in the Sn 3d5/2 and O 1s signals with binding
energies for Sn 3d5/2 (Sn4+) of 486.6 eV and Sn 3d5/2 (Sn2+) of 485.9 eV
(∆E = 0.73 eV). Figure 2.7 gives an overview of the obtained binding
energies for Sn 3d5/2 and O 1s, Figure 2.8a shows the deconvoluted
signal components in the XPS spectra of an as-prepared L-CVD film as
obtained by Kwoka et al. [34]. After the first XPS analysis, films were
subjected to oxidative and reductive treatments using O2 or H2 and
again analyzed with XPS. During these experiments [O]/[Sn] ratio’s
shift from ≈ 1.5 (as-prepared) to ratio’s of [O]/[Sn] ≈ 2 after oxidation.
This last value equals fully stoichiometric SnO2 [33, 34, 37]. Figure 2.8b
illustrates this increase in oxidation between the as-prepared film and the
oxygen-treated one. The other way around, reduction of the films with
H2 shifts the [O]/[Sn] ratio to values around 0.9 with SnO as a main top
layer component [33, 37].

Another interesting XPS study about oxidation states in tin oxide crys-
talline material is published by Themlin et al. [38] who made small single
crystals of SnO2 and SnO. These crystals were studied with XPS using
valence band signals O 2p and Sn 5s to follow reduction processes in
SnO2 films. Another high-resolution XPS study by Kövér et al. [39] and
also this study confirms the ability of using valence band signals to follow
oxidation in SnO2 films.

Finally, Gracin et al. [40] studied APCVD prepared tin oxide films made
from TTC. After an as-prepared XPS analysis he used hydrogen plasma
treatments to reduce the films and found an increase in SnO signals
following this reduction process.

A second category of XPS studies is XPS depth profiling. During this type
of XPS analysis an ion gun is used to etch away thin layers of material
between every cycle of XPS analysis. In this fashion a depth profile of a
film can be obtained which gives information like elemental composition
for every part of the film. To our knowledge only one depth profile
study with tin oxide thin films is available in literature. In this paper by
Kwoka et al. [41], L-CVD prepared films were alternatively sputtered with
an Ar+ ion gun and analyzed with XPS. Figure 2.9a shows the O 1s re-
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Figure 2.9: X-ray photoelectron spectroscopy spectra of the O 1s region and depth
profile of a 30 nm thick SnO2 film on a SiO2 substrate. Figures adapted
from [41].
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gion with decreasing signals related to O–Sn and increasing O–Si signals
which can translated to a depth profile as shown in Figure 2.9b.

The third category of XPS studies is synchrotron photoemission spec-
troscopy of tin oxide thin films. With this XPS-method, the energy of the
X-ray photons is variable and by using low energy X-rays, valence band
signals can be studied in more detail. This method has been used by
De Padova et al. [42, 43] to study oxidation processes in tin oxides. He
used a thin Sn film, oxidized with O2 to SnO2, while measuring the
valence bond signals. From these measurements he was able to follow
the oxidation process in great detail.

2.2.2 Ultraviolet photoelectron spectroscopy studies

Ultraviolet photoelectron spectroscopy (UPS) is a technique comparable
to XPS, however not X-ray but ultraviolet light is used to release photo-
electrons. UV sources are usually helium lamps (hν (He I) = 21.2 eV,
hν (He II) = 40.8 eV) but also variable UV photon energy sources like a
synchrotron can be used. Because ultraviolet light consist of photons with
a lower photon energy hν, only valence electrons are rejected. Therefore
UPS is a technique which can provide information about the electronic
properties of the measured sample [44].

UPS studies on SnO2 films are mainly focused on changes in the valence
band region. This is done because identification of the two oxidation
states of tin –Sn2+ and Sn4+ – are difficult to identify using XPS due to the
small binding energy difference of 0.7 eV. Cox et al. [45, 46] and Egdell et
al. [47] both applied UPS to follow oxidation or reduction effects on single
crystal SnO2 (110) and concluded that UPS was a useful technique to
measure changes in the valence band. They also found that ion sputtering
can reduce SnO2 to SnO by removal of (bridging) surface oxygen atoms
at the surface of these oxides.

In addition to the applications of UPS on single crystal SnO2, other
studies focus on polycrystalline SnO2 films. Fang et al. [48] used such a
film and concluded that it was also possible to identify tin atoms with
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different oxidation states. It was also possible to reduce SnO2 by He+

and Ar+ bombardments as described above.
Comparably, Larciprete et al. [3, 49, 50] applied UPS to investigate the

oxidation states in her L-CVD prepared SnO2 films from TMT using an
ArF laser. One of the properties of these films is the high content of
organic (CHx) species. By using UPS, Larciprete was able to follow the
oxidation of SnO2 and the removal of organic groups with O2.

2.2.3 Auger electron spectroscopy studies

An effect closely related to the photoelectric effect is the release of the
so-called Auger electrons after creation of a core hole. A technique based
on this effect is known as Auger electron spectroscopy (AES) and is based
on these Auger electrons generated by beaming primary electrons on a
surface with energies between 1–10 keV. Like UPS, AES can give detailed
information about the electronic structure of the analyzed sample [44, 51],
but can also be used to define [O]/[Sn] and [C]/[Sn] ratios with increased
surface sensitivity compared to XPS.

Cox et al. [46] applied AES to follow the [O]/[Sn] during ion sputtering
of SnO2 (110) surfaces. AES was able to identify the decrease of bridging
oxygen during ion sputtering. Another study of AES was performed
by Larciprete et al. [3, 49, 50] who used AES in combination with Ar+

sputtering as a depth profiling technique to measure the amount of
carbon in L-CVD prepared SnO2 films.

2.2.4 Vibrational spectroscopy studies

The most commonly used form of vibrational spectroscopy is infrared (IR)
spectroscopy which uses IR photons which can be absorbed by molecules.
Figure 2.11 shows a range of different IR spectroscopy methods and in
the next sections some of these methods will be discussed.
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Figure 2.10: Auger electron spectroscopy spectra during (a) oxidation and (b) Ar+
sputtering of a L-CVD prepared SnO2 film. A clear evolution of the C
and O signals can be seen. Figure adapted from [3].

� The formation of a chemisorption bond between CaO and the substrate alters

the distribution of electrons over the molecular orbitals and weakens the CaO
bond, as explained in the Appendix.

� In case the adsorbed CO molecule is surrounded by other CO molecules in the

same bonding geometry, the dipoles couple, causing an additional upward shift

in the frequency.

Thus, one must be careful to interpret the frequency difference between ad-

sorbed and gas-phase CaO in terms of chemisorption bond strength only!

8.3

Infrared Spectroscopy

Currently, several forms of infrared spectroscopy are in general use, as illustrated

in Figure 8.4. The most common form of the technique is transmission infrared

spectroscopy, in which the sample consists typically of 10 to 100 mg of catalyst,

pressed into a self-supporting disk of approximately 1 cm2 and a few tenths of a

millimeter thickness. Transmission infrared spectroscopy can be applied if the

bulk of the catalyst absorbs weakly. This is usually the case with typical oxide sup-

ports for wavenumbers above about 1000 cm�1, whereas carbon-supported cata-

lysts cannot be measured in transmission mode. Another condition is that the

support particles are smaller than the wavelength of the infrared radiation, other-

wise scattering losses become important.

One major advantage of infrared spectroscopy is that the technique can be used

to study catalysts in situ, and several cells for such investigations have been de-

Fig. 8.4 Eight different ways to perform vibrational spectroscopy (for details, see text).

224 8 Vibrational Spectroscopy

Figure 2.11: Different forms of infrared spectroscopy used in IR spectroscopy
studies. Figure taken from [44].
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2.2.4.1 Transmission infrared spectroscopy studies

Transmission infrared spectroscopy is an IR technique where IR photons
are send through a sample while these photons can be absorbed by this
light at specific wavelengths. These wavelengths can be assigned to vibra-
tions of chemical bonds and it is therefore a suitable technique to monitor
changes in molecules through time.

Nédez et al. [30, 31, 32, 52] used IR spectroscopy to investigate the
grafting process of (n-C4H9)3SnH and (n-C4H9)2SnH2 on silica at
p = 10

−4 mbar. He used the ν(C-H) signal at 2958 cm−1 to monitor
the presence of butyl groups during the thermolysis of grafted Si–O–
Sn(n-C4H9)x from room temperature up to 500

◦C. He concluded that
grafted butyltin species are relatively stable up to 200

◦C.

Next to analysis of solids, Fourier transform infrared (FTIR) spec-
troscopy can also be used to monitor gas-phase reactions. Harrison et
al. [6] used FTIR spectroscopy to follow the thermolysis of TMT with O2 in
the gas-phase and concluded that TMT reacts with O2 and SiO2 to form
SnO2 and CH4 rather than SnO2 and CO2.

Ten years later, Alcott [53] and van Mol [9, 19] also used FTIR in
order to study gas-phase reactions during APCVD deposition of SnO2
with DMTC. Using FTIR, they were able to detect methane, ethane and
ethylene, indicating a radical-driven mechanism. Similar research is done
by Hopfe et al. [54, 55] who uses FTIR spectroscopy for in-situ monitoring
of CVD processes.

2.2.4.2 Reflection absorption infrared spectroscopy studies

Reflection absorption infrared spectroscopy (RAIRS) is not often applied
for thin SnO2 but is based on an IR technique where an IR beam is
reflected at a surface with absorbed species, and thereby giving specific
information about these absorbed species. Awaluddin et al. [56] used
this technique to study the absorption of SnCl4 and SnBr4 at oxygen-
sputtered SnO2 surfaces. From this study, they saw an absorption band
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studied extensively in the solution phase.45 There has also been
some work on this in the gas phase, for example, tandem MS
studies of a limited range of trialkyl- and tetralkyltin com-
pounds observed the formation of pentacoordinate water and
methanol adducts.46 Their presence in the FFGD mass spectra
may be indicative of ion–molecule reactions: nevertheless,
other reaction pathways based on excited state chemistry
should not be ruled out. The intensities of the adduct species
are o0.5% of the base peak in the mass spectrum and so are
minor reaction pathways.

Relative ion kinetic energies

Fig. 10 showed the degree of sample fragmentation increased
with increasing ion extraction potential, Vcone. The effect was
investigated further for tetramethyltin using a specially con-
structed vapour inlet system. Helium gas was used to transport
the sample vapour from above a liquid reservoir, contained
within a glass bulb, to the ion source. The resultant He–TMT
flow was then split in a ratio of 1 : 100 to give a plasma
concentration of 1–20 parts per million (of the Ar gas flow).
This arrangement provided a continuous flow of TMT, en-
abling the acquisition of data free from spectral skew.8 It also
allowed the relative kinetic energies (KE) of RxSn (x ¼ 0–3)
fragments as they emerge through the ion exit aperture to be
determined using the pole bias of the quadrupole mass filter as
a measure.
The pole bias voltage is used to adjust the ion energy to B5

eV; the optimum for ion transmission and mass separation
through the quadrupole. If the ions emerge with a kinetic
energy in excess of thermal, the pole bias is adjusted accord-
ingly. Thus, if the ions emerge with a KE 4 5 eV, they must be
decelerated and the pole bias voltage required for optimum
transmission is positive. The variation in the pole bias, adjusted
to maximise the ion intensity, as a function of Vcone for each
fragment ion is shown in Fig. 12. The absolute values measured
were subject to a large amount of variation (as indicated by the
error bars on Fig. 12) due to more than one combination of ion
optic tuning conditions that gave equivalent maxima in terms
of the ion intensity. However, the general trends observed were
reproducible and hence relative measurements were possible. It
can be seen that the ion KE for all the fragments increased with
increasing extraction voltage, consistent with the greater accel-
erating potential experienced by the free ions towards the cone.
For a fixed Vcone, the ion KE decreased with increasing ion
mass, indicating that the larger fragment ions are formed closer
to the extraction cone. This is the opposite trend to what may
be expected if collision induced dissociation (CID) in the
boundary layer were significant (as seen for example, in the
orifice-skimmer field of electrospray ion sources47).
Fig. 13 shows that there is a clear correlation between the

appearance potentials48 of the TMT fragment ions and their
optimised Vcone values. The optimised value for Sn1 is not
known because its intensity maximum is at Vcone 4 �60 V
(and therefore it is shown with an upward arrow). The relative
ion kinetic energies measured and the observed correlation
between appearance potentials (APs) and Vcone are consistent
with dissociation by electron bombardment. In the ‘secondary

Fig. 11 Mass spectra for (a) tetramethyltin, (b) tetraethyltin, (c)
propylated triethyltin and (d) propylated tributyltin when P ¼ 1.00
Torr, F ¼ 376 sccm, t ¼ 1.5 ms, Vd ¼ 700 V, Id ¼ 1.2 mA and Vcone ¼
�5 V (wrt anode), 13 ng ‘on-column’ (as Sn).

Fig. 12 Optimum pole bias for each of the fragment ions as a function
of ion extraction voltage for tetramethyltin.

8 Similar spectra were obtained from the GC experiments and using a
continuous flow of sample for TMT: however, spectral skew will be
more significant for heavier analytes covering a wider range of m/z
values.
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Figure 2.12: Mass spectrogram of tetramethyl tin (TMT) in the gas-phase at p =

10−3 bar. Figure taken from [57].

at 355 cm−1 for both tin precursors, and at lower temperatures (120 K),
this is accompanied by multi-layer absorption.

2.2.5 Mass spectrometry studies

Mass spectrometry (MS) gives information about molecules and ions
present in the gas-phase (more details can be found in Section 3.3.4).
Since the number of fragments after ionization of organo-tin precursors is
complex, this technique is not much described in tin oxide CVD literature.

Van Mol et al. [9, 19] used mass spectrometry to detect gas species
during CVD processes with DMTC. He followed the decomposition of
DMTC at APCVD conditions (T = 773 K, 1 bar) and found methane, ethane,
ethylene and propane instead of HCl and CH3Cl. Newman et al. [57]
also used mass spectrometry but in combination with a fast flow glow
discharge ion source to apply fast flow glow discharge mass spectrometry
(FFGD-MS), which has an extremely low detection limit for tin ions. Fig-
ure 2.12 shows a spectrum of different organo-tin species in the gas-phase.
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2.2.6 Atomic force microscopy studies

Atomic force microscopy (AFM) is a technique which is suitable to scan
the structure of thin films because it generates a topographical map of
the film on a nanometer scale (more details can be found in Section 3.3.3).
In the following paragraph several different AFM studies are discussed
which are available in the open literature.

Korotkov et al. [58] used AFM to study the effect of the type of shape
of crystalline SnO2 films grown on glass with a substrate temperature
around 620

◦C. Figure 2.13 shows different AFM images, with MBTC yield-
ing a nice homogeneous film, whereas TBT resulted in a broad distribution
of small and large SnO2 crystals.

Sundqvist et al. [59] used AFM to study the influence of substrate
morphology on film surface morphology. Figure 2.14 shows the AFM

images of ALD-grown SnO2 films on the substrates α-Al2O3 (012) (a and
c) and SiO2/Si (100) (b and d). Temperatures were 600

◦C (a and b) and
750
◦C (c and d) and the tin precursor was SnI4. Clearly visible is the

difference in SnO2 film morphology using different substrates.
Murakami et al. [60] used AFM to investigate the early stage morphology

during the growth of SnO2 films. He made ultra-thin films using spray
pyrolysis with DBTA and TBT as precursors at glass with an unknown
substrate temperature and used AFM to analyze the produced samples.
Figure 2.15 shows the morphology evolution during the growth of the
first nanometers of a tin oxide film, resulting in an hypothesis about the
early-stage growth for SnO2 as depicted in Figure 2.16.

A last example is a article by Szanyi et al. [61] about the influence of
surface morphology on the haze of films. In the paper, fluorine- and
antimony-doped SnO2 thin films are deposited using APCVD at 650–
660
◦C with MBTC as tin precursor. Afterwards, the deposited films were

studied with AFM.

2.2.6.1 Scanning tunneling microscopy studies

Scanning tunneling microscopy (STM) is comparable with AFM in the
way of producing topographical maps of surface structures and shapes
but this technique uses change in electric tunneling current instead of
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the range 18–30 cm2/V s and 2–4�1019 cm�3, respec-

tively. These electrical characteristics are quite typical for

polycrystalline undoped SnO2 where the conductivity is

defined by the concentration of oxygen vacancies [11].

The polycrystalline cassiterite (tetragonal) structure of

SnO2 grown on glass for all metal organic (MO) precursors

used in this study was confirmed by X-ray measurements,

see Fig. 1. There were no additional peaks for SnO or Sn

phases observed in the X-ray diffraction patterns of the films

studied (MBTC, DBTA, TBT and TVT) suggesting that

these films were fully oxidized. However, one of the 1-Am-

thick SnO2 samples deposited with PTTC had a very weak

Sn3O4 (02ı̄) reflection [14]. The intensities of major X-ray

reflectance peaks varied to a large degree from sample to

sample deposited with different precursors. For example,

strong (110) and (200) X-ray intensities were observed for

the films deposited with MBTC with full width at half

maximum (FWHM) of 677 and 659 arcsec, respectively. At

the same time, the X-ray pattern of the films grown using

DBTA was dominated by a strong (200) reflection with

FWHM of 760 arcsec, as seen in Fig. 1, sample RK320.

Two predominate X-ray peaks, (211) and (301), were

observed for a TBT grown sample, RK322, with FWHM

of 980 and 990 arcsec, respectively. SnO2 samples deposited

from PTTC and TVT showed somewhat weaker X-ray peak

intensities suggesting a lower degree of crystallinity than

that for the samples deposited with DBTA, TBT and MBTC.

The X-ray patterns of all SnO2 samples were compared with

that for a tin oxide powder sample. Powder intensities were

used to calculate texture coefficients using Eq. (1) and are

presented in Table 2. It can be seen from this table that there

is a considerable amount of texture observed in the films

Table 2

Texture coefficients of SnO2 films grown on glass from Table 1

# (110) (101) (200) (211) (310) (301) Predominant orientation RMS, nm

TVT 0.147 0.054 0.224 0.24 0.092 0.241 211, 301 –

MBTC 0.139 0.0018 0.74 0.007 0.1 0.012 200 17

DBTA 0.01 0.0049 0.78 0.0116 0.16 0.029 200 50.3

TBT 0.024 0.008 0.05 0.28 10�5 0.64 301 17.4

PTTC 0.02 0.055 0.264 0.0447 0.034 0.58 301,200 21

Powder 1 0.75 0.21 0.57 0.11 0.14 – –

Relative X-ray intensities of SnO2 powder sample are also presented for comparison.

Fig. 2. AFM images (5 Am�5 Am) of selected 1-Am-thick SnO2 surfaces for the samples deposited with MBTC, DBTA, TBT and PTTC. Electrical and

crystallographic properties for these samples are collected in Tables 1 and 2.

R.Y. Korotkov et al. / Thin Solid Films 502 (2006) 79–87 81

Figure 2.13: Atomic force microscopy images of SnO2 films on glass substrates
made with different tin precursors and a temperature around 620

◦C.
Note the repeating particle shape which indicates an un-sharp AFM-
tip. Figure taken from [58].
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was dissolved in a dehydrated ethanol. Apparatus used in the
present study is illustrated schematically in Fig. 1a. The ethanol
solution containing the starting compound was atomized by a
pneumatic spraying system. The droplets were transported by

the spraying onto a heated Corning 7059 glass substrate mea-
suring 25 mm×25 mm×1 mm. Since a substrate temperature
was lowered by the spraying air, the solution was atomized not
consecutively but intermittently. It thus took several seconds for
the next spray until the substrate temperature had recovered,
although the period of one spray was 0.1 s. The substrate was
mounted on a cordierite ceramic holder (Fig. 1b), and a sheath-
type thermocouple was inserted between the substrate and the
holder to control the substrate temperature. The spray pres-
sure and distance were fixed to be 0.3 MPa and 450 mm,
respectively.

2.2. Characterization of SnO2 thin film

Film thickness was determined by a stylocontact method
(Dektak IIA, Sloan). The film thickness, however, of very thin
films in a range of several nm was determined by the calculation
as follows. In general, the film thickness of deposited film, D
[nm] is proportional to a product of concentration, C [wt%] and
a total volume, V [ml] of the spraying solution in the SPD
method,

D ¼ kCV ð1Þ

where k is a constant depending on the substrate temperature
and determined from a relation between the total volume and the
film thickness at the constant substrate temperature. The film
thickness determined from Eq. (1), D is called as a calculated
film thickness hereafter.

In order to investigate the initial film growth process,
surface morphologies of the film were observed by using the

Fig. 1. Schematic drawings of (a) SPD apparatus and (b) substrate and holder.

Fig. 2. AFM images of SnO2 thin films. The calculated film thicknesses are (a) 0.5 nm, (b) 2.0 nm, (c) 5.0 nm and (d) 50 nm. The scan area is 500 nm×500 nm. The
substrate temperature is 475 °C and the DBTDA concentration is 2.0 wt%.

8633K. Murakami et al. / Thin Solid Films 515 (2007) 8632–8636

Figure 2.15: AFM images of early stage SnO2 film growth during a spray pyrolysis
process on glass substrates. Figure taken from [60].

Figure 2.16: Model of early stage growth of thin SnO2 as proposed by Murakami et
al. Figure adapted from [60].

(a) (b)

Figure 2.17: STM images of a thin SnO2 film used to determine the surface rough-
ness before (a) and after (b) STM patterning. Figures taken from [62].
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a moving tip to scan the surface as with AFM. Because the tunneling
current depends of the distance between the STM tip and the sample,
atomic resolution is achievable.

Maffeïs et al. published several papers about the topography of SnO2
films. The papers investigates of surface roughness in relation with gas
sensor response [63] and the STM patterning [62]. Figure 2.17 shows a
high resolution STM image of a tin oxide film.

2.2.7 Electron microscopy studies

Electron microscopy is generally applied technique to image nano-scale
structures. The principle of electron microscopy is based on an electron
beam which has typical wave length smaller than an Ångström and is
directed at a grounded sample. The electron beam will create a range of
signals with secondary electrons used for secondary electron microscopy
(SEM) and transmission electrons for transmission electron microscopy
(TEM). More details on these techniques can be found in Section 3.3.2.

2.2.7.1 Scanning electron microscopy studies

Scanning electron spectroscopy (SEM) is together with AFM a frequently
used technique to image surfaces in SnO2 film research. The reason for
this is the relative quick and straight-forward sample analysis. However,
although valuable information about film morphologies can be obtained,
SEM is usually an additional technique next to XPS, AES or XRD. In the
following part a couple of studies using SEM will be discussed.

Huang et al. [64] who studied the relation of the film morphology with
varied deposition time lengths. In this study, produced SnO2 thin films
with plasma enhanced CVD (PECVD) using dibutyl tin acetate (DBTA) as
precursor and a SiO2/Si (100) wafer as substrate. Figure 2.18 shows SEM

images of PECVD prepared SnO2 films with different deposition times
ranging between 20 and 80 minutes. One of the main conclusions in the
study is that longer deposition times resulted in thicker films with bigger
SnO2 grains.
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Dep. time = 20 min 300 nm

Dep. time = 60 min 300 nm

Dep. time = 40 min 300 nm

Dep. time = 80 min 300 nm

(a)

Dep. time = 20 min 300 nm

Dep. time = 60 min 300 nm

Dep. time = 40 min 300 nm

Dep. time = 80 min 300 nm

(b)
Dep. time = 20 min 300 nm

Dep. time = 60 min 300 nm

Dep. time = 40 min 300 nm

Dep. time = 80 min 300 nm
(c)

Dep. time = 20 min 300 nm

Dep. time = 60 min 300 nm

Dep. time = 40 min 300 nm

Dep. time = 80 min 300 nm
(d)

Figure 2.18: Scanning electron microscopy images of PECVD produced SnO2 on
SiO2/Si (100) with deposition times between 20 min and 80 min.
Figures adapted from [64].

structures are formed in the temperature range 500–600

-C, whereas a porous structure is obtained at 700 -C.
Although distinct morphologies are observed in the SEM

images, the XRD analysis confirmed that only one SnO2

phase is present in all the samples. Fig. 5 shows the typical

XRD pattern of SnO2 film obtained at 700 -C.
The operation principle of SnO2-based gas sensors relies

on conductivity changes due to the chemical reaction of

surface chemisorbed oxygen with reducing gases, such as

CO. Therefore, the concentration of adsorbed O� and O2�

species controls the surface and grain boundary resistance of

the oxide. As the gas adsorption occurs on the surface of

SnO2 films, nanocrystalline structures are preferred because

of their high specific surface area which offers a higher

sensitivity. The gas sensitivity of three samples (deposited at

500, 600 and 700 -C) was recorded at constant CO gas

concentration (15 ppm) with operating temperature ranging

Fig. 4. SEM images of SnO2 coatings on quartz at different deposition temperatures.

Fig. 5. XRD pattern of SnO2 film on quartz at 700 -C.

Fig. 6. Temperature dependent CO gas sensitivity of SnO2 films on quartz

at different deposition temperatures (CO concentration: 15 ppm).
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Fig. 4. SEM images of SnO2 coatings on quartz at different deposition temperatures.

Fig. 5. XRD pattern of SnO2 film on quartz at 700 -C.

Fig. 6. Temperature dependent CO gas sensitivity of SnO2 films on quartz

at different deposition temperatures (CO concentration: 15 ppm).

S. Mathur et al. / Thin Solid Films 502 (2006) 88–93 91

(c) 700
◦C

Figure 2.19: Scanning electron microscopy images of SnO2 films produced with
Sn(OtBu)4 as precursor and quartz as substrate at different deposition
temperatures. Figures adapted from [65].
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Another SEM study is reported by Mathur et al. [65]. In this paper, SnO2
films from Sn(OtBu)4 were prepared at substrate temperatures between
500–700

◦C and deposited on glass and quartz. Figure 2.19 shows the SEM

images were the differences between the samples is clearly visible; higher
temperatures resulted in rougher surfaces with larger SnO2 grains.

2.2.7.2 Transmission electron microscopy studies

Transmission electron microscopy (TEM) is not as widespread in thin film
research as scanning electron microscopy. The reason for this is a the
maximum sample thickness of ≈ 20–30 nm, necessary to be thin enough
to be electron transparent. In the following section an overview of several
interesting TEM studies on SnO2 thin films present in literature will be
presented.

Ben-Shalom et al. [66] deposited a 50 nm thick SnO2 film on glass using
vacuum arc deposition with pure Sn. After growth this amorphous film
was removed from the substrate with acetone and sequentially placed
on a molybdenum TEM grid. Using this method, Ben-Shalom was able to
follow the crystallization process with Figure 2.20 as example of a TEM

analysis after crystallization and annealing at 500
◦C.

Another example is published by Zhou et al. [67], investigating the
influence of amorphous regions on the conductivity of thin films. The
study shows an TEM image of a thin SnO2 film prepared by ultrasonic
spray deposition but gives no details about the TEM analysis.

In addition to standard TEM analysis, cross-section TEM (XTEM) can be
used to investigate films. Samples must be cut with special laser equip-
ment to get an useful cross-section of the material before the samples can
be analyzed.

Alfonso et al. [68] reported sub-oxide nucleation in thin SnO2 films
using XTEM. Films were deposited on Si (100) or SiO2 at 350

◦C using
dibutyl tin acetate (DBTA) and annealing at 550

◦C for 24 h. Cross-sections
were analyzed with XTEM (Figure 2.21). From the electron diffraction
patterns the study found evidence for the presence of Sn2O3 in addition
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to SnO2 and this is believed to be a result of the interaction of the
deposing tin precursor with the substrate during nucleation.

Sundqvist et al. [69] used XTEM for analysis of ALD and CVD prepared
with SnI4 and O2. In this analysis, the samples were prepared with an
ALD process at 600

◦C using SnI4 and O2 as alternating reagents and
α-Al2O3(012) as substrate. For the CVD samples, also SnI4 and O2 was
used but now at 375

◦C using the same α-Al2O3(012) substrate. After the
synthesis, the samples were analyzed using XTEM, shown in Figure 2.22a
and 2.22b. The difference between the extremely ordered ALD made film
and the much more rough film made using the CVD process are clearly
visible.

Tsuchiya et al. [70] used XTEM to investigate films made by epitaxial
thin film deposition on MgO substrates, using an organic di-n-butylbis
(2,4-pentanedionate) tin precursor and a deposition temperature of 300

◦C.
Films were irradiated with a KrF laser, whereas the formed SnO2 crystals
were analyzed by XTEM. Figures 2.23a and 2.23b show TEM images of the
films with small SnO2 crystals visible.

2.2.8 X-ray diffraction studies

X-ray diffraction (XRD) is a very commonly used characterization tech-
nique to study crystalline material. Based on recording the diffraction
patterns while exposing a crystalline sample with X-ray photons, the
diffraction pattern can give information about the type on crystallo-
graphic phases present in samples. Since SnO2 thin films are mostly
crystalline, XRD is a commonly used technique in thin film analysis. Crys-
tallinity can be confirmed and the crystalline phase identified. XRD can
also be used to investigate the crystal size using the Sherrer equation.

For example, Korotkov et al. [58] investigated the influence of the type
of tin precursor on the preferred orientation. He used MBTC, DBTA, TBT

and some other more exotic tin precursors and made thin films on soda
lime glass at a temperature of 620

◦C. Using XRD, he found differences
in dominant orientation between the samples (Figure 2.24). From these
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TEM image Electron
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(a) TEM image

TEM image Electron

 

diffraction500 nm
(b) Electron diffraction of the SnO2 film

Figure 2.20: Transmission electron microscopy images of a 50 nm thick SnO2 film
on a Mo TEM grid after annealing at T = 500

◦C. Figure adapted
from [66].
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Figure 2.21: Cross-section transmission electron microscopy images of a 150 nm
thick SnO2 films on different substrates. Figure adapted from [68].
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(a) ALD prepared SnO2 thin film from SnI4 and O2 at 600

◦C
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(b) CVD prepared SnO2 thin film from SnI4 and O2 at 375
◦C

Figure 2.22: Cross-section transmission electron microscopy images of SnO2 films
by Sundqvist et al. Figure adapted from [69].
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(a) XTEM image of the film

25 nm50 nm

(b) Detail of 2.23a

Figure 2.23: Cross-section transmission electron microscopy images of a film made
by epitaxial film deposition. Figure adapted from [70].
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predetermined rates using Harvard Apparatus syringe

pumps. Pre-heated (170 -C) nitrogen (99.998), dry air or

pure oxygen (99.995) were used to transfer tin precursors

toward substrates heated at 620T20 -C. Sodalime silicate

glass, 2.5 mm thick, was utilized as the substrate during the

depositions. Glass substrates were cleaned with an NH4OH

solution and blown dry with N2. Cleaned substrates were

heated for 10 min in air at 400 -C.
The precursors for this work were monobutyltintri-

chloride (MBTC) (ATOFINA Chemicals), dibutyltindi-

acetate (DBTA) (Aldrich), tetrabutyltin (TBT) (Aldrich),

phenyltintrichloride (PTTC) (ATOFINA Chemicals) and

tetravinyltin (TVT) (ATOFINA Chemicals). The precursor

purities were 98.7, 97.1, 95.8, 95 and 95 mol%, respec-

tively, as determined by gas chromatographic mass spectro-

scopy measurements.

The film thickness was measured using profilometry. To

prepare the step pattern, SnO2 layers were masked and

etched with 10% HCl in the presence of zinc powder [12].

Room temperature Hall effect measurements were con-

ducted using the 5-probe method [13]. Magnetic field and

current were 0.9–1.0 Tl and 2–15 mA, respectively. Sheet

resistance was measured with an Alessi 4-point probe with

0.051 mm tip radii, spaced 1.02 mm apart.

The X-ray studies were conducted on a Philips APD

3720 X-ray diffractometer with fixed slit optics where CuKa

(k =0.1542 nm) was used under the following conditions:

35 mA and 45 kV tube current and voltage, respectively.

The receiving slit width of 0.2-, step size of 0.02-, and dwell
time (2s) were kept constant during the measurements. The

X-ray patterns were corrected for the background substrate

signal and Ka2. For deconvolution, one amorphous and one

crystalline phase were taken into account. The relative

prominence of the preferred orientation [hkl] with respect to

the other observed reflections was expressed in terms of

unnormalized texture coefficient, TC, as [14],

TC hklð Þ ¼ I hklð Þ=I0 hklð Þ
~N I hklð Þ=I0 hklð Þ ð1Þ

where I0(hkl) and I(hkl) are the standard X-ray intensity of

the SnO2 powder and measured X-ray intensity. N is the

reflection number. Note, that powder-like reflections have

TC(hkl)=0.1667. At the same time, samples oriented along

one direction would have TC(hkl)=1. The standard devia-

tion, r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
~N TC hklð Þ � < TC >2 Þð =N

p
of the texture

coefficients is used to illustrate the average degree of

deviation of the crystallographic direction from that of

powder diffraction. It varies from r =0 for powder diffraction

to 0.408 for single crystal samples.

AFM images were taken in a contact mode. A silicon

nitride cantilever with a spring constant of 0.12 N/m was

used. The lateral size of all imageswas 5 Am�5 Am. The scan

angle was always 0-. The roughness analysis was performed

by the standard software tool package of the Digital Instru-

ment AFM.

3. Results and discussion

3.1. Effect of the nature of tin precursors on the growth

orientation of SnO2

Series of SnO2 films were grown on glass substrates by

APCVD to investigate the effect of the nature of tin

precursor on the overall crystallinity and surface morphol-

ogy. Precursors, such as MBTC, DBTA, PTTC and TVT,

were injected into vaporizers heated at 170 -C where they

were picked up by dried air carrier gas at a flow rate of 20 L/

min. The mole flow rate of the precursors (6–9 mmol/min)

was kept below the vaporizer saturation point. The growth

temperature was fixed at 620T20 -C.
Basic electrical properties and some of the growth

parameters for undoped SnO2 layers are shown in Table 1.

It can be seen from this table that average electron mobilities

and concentrations for the undoped SnO2 samples vary in

Table 1

Growth conditions and electrical properties of selected SnO2 samples on glass with 20 L/min of air as a carrier gas at T=615T10 -C

# Metal organic nm nm/s FR V/sq V cm�10�3 l, cm2/V s n�1019 cm�3

RK8 TVT 503 27 9 260 13 18 2.6

RK271 MBTC 987 13.2 6 125 12 18.2 2.34

RK320 DBTA 1135 21.6 6 96.3 10.9 19.1 2.3

RK322 TBT 1224 16.3 6 89.4 10.9 28.7 2

RK417 PTTC 1040 2.6 6 55 5.85 29 3.7

FR—Sn-precursor flow rate, mmol/min.

Fig. 1. X-ray diffraction patterns measured for the SnO2 films presented in

Table 1. Texture coefficients are shown in Table 2.
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Figure 2.24: X-ray diffraction scans of SnO2 films prepared with different tin
precursors. Figure taken from [58].
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Figure 2.25: X-ray diffraction scans of a thin SnO2 film with increasing thickness
(a)→ (d). Figure adapted from [71].
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findings he concluded that differences in precursors will lead to promote
or repress crystal growth of certain orientations.

Javier Yusta et al. [71] recorded XRD scans of films made with SnCl2 as
precursor and temperatures around 450–500

◦C. With increasing thick-
ness, the study showed a change in preferred orientation: very thick film
showed a range of orientations [110], [101], [200] [211], [220], [002] and
[301] with [211] as strongest reflection whereas much thicker films only
show the [200] and [301] reflections with [200] as dominant reflection
(Figure 2.25). Javier Yusta beliefs that the reflections [110], [211] and
[301] as electron trapping orientations and therefore are thin film have
lower conductivity compared to thicker films. This idea is based on a
study done by Bélanger et al. [72]. Elangovan et al. [73] found the same
dominant orientations after a study on F-doped SnO2 made by the same
precursor (SnCl2) and temperature (675 K) but has no explanation for the
change in conductivity by increasing thickness. Viirola et al. [74] prepared
thin film with SnCl4 and also saw this change in preferred orientation
but concluded that this was not only depending on film thickness but
also on deposition temperature. In the same fashion Chae et al. [24] saw
differences in preferred orientation but now caused by the addition of
H2O during growth.

2.3 conclusions

Generally speaking, chemistry involved in CVD processes represents a
complex network of reactions and side-reactions, finally leading to a
SnO2 film. In this chapter we have reviewed a wide variety of different
tin precursors, CVD reaction conditions, morphologies, and analysis tech-
niques. The main conclusions from this review are:

CVD chemistry is a complex network which can involve gas-phase
and/or surface reactions. The first group of CVD reaction conditions –pure
precursor– gave results suggesting radical-driven reaction mechanisms.
This was observed for gas-phase decomposition of TMT or DMTC vapors.
For the second group of CVD reaction condition –precursors with O2–
the situation is different. Studies on systems with TMT, TTC or MBTC with
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O2 concluded that a Eley-Rideal reaction mechanism was best describ-
ing the mechanism (although is type of mechanism is not entropically
favorable), whereas a study on DMTC with O2 found more evidence for a
radial-driven mechanism. For CVD conditions –MBTC with O2 and H2O–
it is even more difficult. MBTC first forms a complex with H2O in the gas-
phase, than absorbs on the surface with afterwards oxidation with oxygen.
From these studies we can learn that pure precursors in general react via
a gas-phase radical-driven mechanism whereas systems with oxygen are
more of the Eley-Rideal type of mechanism which is a surface mechanism.

CVD films and their morphology are investigated with wide range
of analysis techniques. Results of XPS, UPS and AES studies have been
discussed, all showing the ability to give information about the oxidation
states of tin in the films, trace element contamination in the films and
fundamental information about the electronic structure of the thin film
surface. IR studies provide information about grafted tin-precursors on
silica or absorbed precursors on surfaces and finally QMS is shown to be
a useful technique to follow gas compositions during CVD depositions.
In the section about film morphology, we discussed techniques like AFM,
STM and SEM which can give information about the early-stage of the film
like crystal size, height and shape but can also be used for comparison
of fully grown films. More advanced is the use of TEM for film analysis
which can give information about the internal structure of crystals in the
film. Finally, X-ray diffraction showed to be an optimal technique to find
the preferred orientation in CVD film growth.

Based on this review we can conclude that CVD chemistry and morphol-
ogy is complex and that numerous variations with precursor, substrate
temperature, substrate type, etc. can be made. Therefore, it is difficult
to find find intrinsic parameters valid for all CVD system directly and
research needs to be done for every specific system. In the following
Chapters, CVD systems with TTC or MBTC and H2O are described focus-
ing on low pressure systems (p = 10

−6 mbar) and atmospheric pressure
system (p = 1 bar). Obtained results are compared with examples from
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literature and the final conclusions are given.
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3C H A P T E R

Experimental & analytical details

We investigated the chemistry and the resulting morphology of thin tin oxide film
samples on SiO2 wafer material made by chemical vapor deposition using organo-
tin precursors (RxSnCl4−x, R = aliphatic group) and H2O. In this chapter,
we describe substrate pre-treatments followed by the deposition reactor set-ups
at low and atmospheric pressure. In addition, we discuss all characterization
techniques used to investigate the chemistry and morphology of the prepared film
samples to better understand the overall chemical vapor deposition process.

55



56 chapter 3

3.1 substrate pre-treatment

3.1.1 Low pressure depositions

Si(100) wafers were cut into samples of 20 × 20 mm2 and calcined in air
at 750

◦C for 24 hours to grow a thin SiO2 layer of several nanometers.
After cooling down, the samples were placed in a 1:1 volumetric mixture
of NH4OH (25%) and H2O2 (35%) to remove carbon contamination and
etch away the first mono-layers of SiO2 (Figure 3.1). The mixture solution
was stirred for 10 minutes, after which the wafers were submerged in hot
water (80

◦C) for 30 minutes in order to fully hydrolyze the SiO2 surface.
Subsequently, wafers were blown dry with clean N2 gas and brought into
the vacuum (1 · 10

−8 mbar) of the XP spectrometer for drying purposes.
After drying the samples were analyzed by XPS to confirm the quality of
the cleaning procedure. The same procedure is used for the TEM grids
used in the low pressure experiments.

Figure 3.1: Etching the SiO2 wafers and grids from transmission electron mi-
croscopy analysis.
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3.1.2 Atmospheric pressure depositions

Atmospheric pressure deposition experiments were mainly done using
electron transparent TEM grids (described in detail in Chapter 4). However,
in some cases also Si(100) wafer was used. In both cases, substrate were
calcined in air at 750

◦C for 24 hours to grow a thin SiO2 layer of several
nanometers. Prior to a deposition experiment the substrates were made
dust-free using clean compressed air.

3.2 reactor set-ups

3.2.1 Low pressure reactor

Low pressure deposition experiments were carried out in a stainless
steel ultra high vacuum (UHV) reactor, custom-build for this research
project. Figure 3.2a shows a schematic representation of the reactor, and
Figure 3.2b gives an impression of the set-up. The base pressure of the
reactor (1 · 10

−8 mbar) was maintained using a turbo pump and an
in-house built liquid nitrogen cooled cryo-pump to keep the background
pressures of water and oxygen in the reactor as low as possible. Substrates
inside the reactor could be heated to temperatures up to 600

◦C using
a PID controlled heating system, whereas gas-dosing of tin pre-cursor
vapors was performed using two interdependent leak valves connected
to small glass flasks filled with tin precursor and water. Monitoring of the
gas-phase was done with a quadruple mass spectrometer (QMS) (more
detail in Section 3.3.4) and substrates were transferred in and out of the
reactor with a transfer cell (Figure 3.2c). This transfer cell made vacuum
transfers between the reactor and the XPS possible, and so quasi in-situ
XPS analysis (more details in Section 3.3.1). The reactor was wrapped in
heating tape and isolated with aluminum foil used to bake-out the reactor
at 150

◦C. This bake-out was performed between deposition experiments
with the purpose of removing traces of absorbed gas species (i. e. water
and HCl) from the inside walls of the reactor.
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experimental & analytical details 59

N2

ΔTSnRx

 

Cl4-x

H2

 

OCH3

 

OH

Stagnant 
flow reactor

Injector

Substrate

Exhaust

Heater1 bar

(a) Schematic representation of the stagnant flow reactor set-up

(b) Stagnant flow reactor in detail (c) Water bath-heated bubblers

Figure 3.3: Stagnant flow reactor set-up in the labs of TNO.
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3.2.2 Atmospheric pressure stagnant flow reactor

For the atmospheric pressure deposition experiments a so-called stagnant
flow reactor (SFR) set-up was used (Figure 3.3). The reactor consisted of a
quartz glass bell-shaped top-part with an vapor injector pipe (diameter
ø = 12.7 mm) lead into the reactor from the top at a distance of 25 mm
from the substrate. This injector directs a pre-mixed vapor towards of a
heated metal substrate target in a perpendicular manner and is controlled
by a PID controller to keep the temperature at 570 ± 20 (Figure 3.3b). The
exhaust of the reactor was located at the bottom of the reactor, connected
to a gas-treatment system for cleaning. The vapor mixture for the reactor
was made using separate bubbles for tin precursor, water and methanol
(Figure 3.3c). For the first two –tin precursor and water– water baths
were used to keep the liquids at the required temperature, whereas the
methanol bubbler was placed in an ice bath to keep the temperature at
a constant level (0 ◦C). Tubing was heated with heating tape to prevent
condensation inside the tubes. Typical experimental conditions are listed
in Table II, which are similar to the conditions used by Volintiru et al. [1]
in comparable deposition experiments.

Table II: Typical experimental conditions used for all atmospheric pressure film
depositions with TTC and MBTC and H2O in the stagnant flow reactor.

Deposition parameter Value

TTC bubbler temperature [ ◦C] 30

TTC vapor pressure [Pa] 3832.5

MBTC bubbler temperature [ ◦C] 125

MBTC vapor pressure [Pa] 3225.0

N2 flow (TTC / MBTC bubbler) [slm] 0.008

H2O bubbler temperature [ ◦C] 40

H2O vapor pressure [Pa] 7382.4

N2 flow (H2O bubbler) [slm] 0.122

Ratio H2O/TTC or H2O/MBTC 30.4

Ratio CH3OH/TTC or CH3OH/MBTC 0.1
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Figure 3.4: The principle of X-ray photoelectron spectroscopy is based on the
photoelectric effect. Figure adapted from Niemantsverdriet [2].

3.3 analytical details

3.3.1 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a class of electron spectroscopy
based on the photoelectric effect. This photoelectric effect can be observed
when a bundle of X-ray photons is pointed towards the surface of a
sample (Figure 3.4) [2, 3, 4, 5]. The frequency of the photons ν and the
kinetic energy Ek of the photoelectrons are related and can be expressed
using the following equation:

hν = Eb + ϕ+ Ek (3.1)

in which:

h is Planck’s constant

ν is the frequency energy of the absorbed photons

Eb is binding energy of the photoelectron before release

ϕ is the work function of the spectrometer

Ek is the kinetic energy of the released photoelectron
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If we rewrite equation 3.1 we get:

Eb = hν − Ek − ϕ (3.2)

Equation 3.2 can be used to calculate the binding energy Eb if the the
frequency ν of the X-ray photons and the kinetic energy Ek of the pho-
toelectrons are known. As XPS set-ups are equipped with X-ray sources
of known wave lengths –Al Kα (1486.6 eV) and/or Mg Kα (1253.6 eV)–
binding energies can be calculated from the measured kinetic energies.
These energies can be plotted against the amount of counts per energy
step and labeled according to the quantum numbers of the level from
which the electron originates (Figure 3.5) [2, 3]. Binding energies are
influenced by oxidation states of atoms, therefore XPS can also be used to
identify these states and quantify them. In addition, penetration depths
are in the range of 1.5–6 nm and depend on the inelastic mean free path
(IMFP) of electron through the material analyzed. Based on the ability
to identify oxidation states together with the small penetration depth,
makes XPS an ideal technique to investigate tin oxide surfaces.

For our XPS studies, we used a Kratos AXIS Ultra spectrometer (Fig-
ure 3.6), equipped with a monochromatic Al Kα X-ray source and a
delay-line detector (DLD). Spectra were obtained using this aluminum
anode (Al Kα = 1486.6 eV) operating at 150 W and spectra were recorded
with a background pressure in the analysis chamber of 2 · 10

−9 mbar.
Binding energies were calibrated with the standard Si 2p = 103.30 eV
or C 1s = 284.5 eV [6]. However, for some specific studies we used gold
as calibration standard with Au 4f7/2 = 84.00 eV [6] as known binding
energy. XPS film coverages were estimated using XPS Sn 3d and Si 2p
intensities and the following equation: ΘSn,XPS = (ISn/FSn)/(ISn/FSn
+ ISi/FSi) with ΘSn,XPS as tin coverage, Ix as XPS intensities and Fx
as sensity factors obtained from [6]. Calculations regarding monolayer
coverage can be found in Appendix B.
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Figure 3.5: Examples of X-ray photoelectron spectra; region scans of the O 1s and
Sn 3d regions at the top and a survey scan of SnO2 on SiO2 at the
bottom.

(a) XPS set-up in the lab (b) Detail of the sample chamber

Figure 3.6: Kratos AXIS Ulta X-ray photoelectron spectroscopy set-up.
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3.3.2 Electron microscopy

Electron microscopy is a common technique to investigate nano-scale
structures. The principle of electron microscopy is comparable with that
of a light microscope with the differences of a light source being replaced
by an electron beam source and the optic lenses by electro-magnetic ones.
Electrons in the electron beam have a typical wavelength of λ = 5–10 pm,
small enough to image nanometer-sized structures but too small for wave
lengths of visible light (λ = 400–800 nm) [2, 4, 5, 7]. Figure 3.7 shows
the range of signals which are generated when the primary electron
beam is pointed towards a sample. These response signals can be used
for all kinds of characterization techniques. In the next sections the two
most commonly used electron microscopy techniques will be described
in more detail.

3.3.2.1 Scanning electron microscopy

Scanning electron microscopy (SEM) is a microscopy based on secondary
and back-scattered electrons (Figure 3.7a). By manipulating the electron
beam with electro-magnetic lenses the beam can scan over a sample and
locally generate secondary and back-scattered electrons. These generated
electrons can subsequently be used to construct an image of the sample
and gives detailed information about the structure, roughness and con-
ductivity of the sample. As all these properties are highly informative
in SnO2 thin film research, this technique was used for a large range of
experiments [2]. During these studies, a FEI Quanta 600 SEG environ-
mental scanning electron microscope was used in high vacuum mode
(base pressure 3 · 10

−5 mbar). Acceleration voltages were normally 10 kV
or 20 kV and samples were mounted on the SEM holder using conductive
carbon tape. Figure 3.8a shows the FEI SEM set-up used and Figures 3.8b
and 3.8c show some examples of SEM images of SnO2 films analyzed.

3.3.2.2 Transmission electron microscopy

Similar to SEM, transmission electron microscopy (TEM) also uses a fo-
cused primary electron beam to radiate the sample but in TEM electrons
with a much higher kinetic energy are used (100–300 keV). These electrons



experimental & analytical details 65

transmission e-

Primary e-

 

beam

secondary e-back scattered e-

Auger e-

diffracted e-

loss e-

X-rays

transmission e-

Primary e-

 

beam

secondary e-back scattered e-

Auger e-

diffracted e-

loss e-

X-rays

(a) Signals used for scanning electron mi-
croscopy

transmission e-

Primary e-

 

beam

secondary e-back scattered e-

Auger e-

diffracted e-

loss e-

X-rays

transmission e-

Primary e-

 

beam

secondary e-back scattered e-

Auger e-

diffracted e-

loss e-

X-rays

(b) Signals used for transmission electron
microscopy

Figure 3.7: The signals generated by a electron beam in electron microscopy.
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Figure 3.8: Scanning electron microscopy analysis on SnO2 films.
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have such a high kinetic energy that samples thinner than 50 nm become
partly electron transparent and the so-called transmission electrons will
travel through the sample generating a shadow-image (Figure 3.7b). This
shadow-image gives detailed information about the internal structure of
the materials (crystal lattices, stacking faults, etc.) and can reach nano-
meter resolution under the right conditions (Figure 3.9) [2, 7]. The most
common method to get electron transparent samples in thin film research
is cutting out a cross-section of the material using a focused ion beam [7].
However, since this method is labor-intensive and can not be used for
extremely thin films like a thin film nucleation layers, we used in-house
developed TEM grids as substrates [8]. More details about these TEM

grids can be found in Chapter 4 which also shows some examples of
plan-view TEM samples. The analysis of samples were carried out on a
FEI Tecnai G2 Sphera microscope operating with a 200 kV LaB6 filament
and a bottom mounted 1024 × 1024 Gatan CCD camera. All images
were measured using the TEM in the bright field mode. Next to images,
also electron diffraction patterns of species were obtained which can be
used to determine the crystalline phases present in the samples. For all
analyzed samples the (110) reflection of tetragonal SnO2 was the most
dominant reflection.

3.3.2.3 Energy-dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy (EDS, also known as EDX) is an
technique related to electron microscopy to determine elemental com-
positions of samples. The technique is based on the ‘by-product X-rays’,
generated by the electron beam in both SEM and TEM (Figure 3.7), and
specific for every element. The most convenient way of analyzing these
emitted X-rays is with an energy-dispersive X-ray detector connected to
an electron microscope which converts the incidental X-rays into an elec-
tronic signals giving both the photon energy and the amount of counts
for every photon energy. This information can be converted into a EDS

spectrum as seen in Figure 3.10 and ultimately into a chemical composi-
tion [2, 7]. The EDS used in this study was an EDAX EDS unit connected
to the FEI Tecnai G2 Sphera microscope described in Section 3.3.2.2, with
manual processing of the data afterward.
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3.3.3 Atomic force microscopy

Atomic force microscopy (AFM) is a technique which uses a cantilever
with a extremely sharp tip to scan surfaces of samples. By using a laser
beam and a photo cell unit the movement of the cantilever can be recorded
and reconstructed into a 3D map of a sample (Figure 3.11). Although
nano-meter resolution is hard to achieve with AFM, this technique can
give valuable information about the height of features in films [2, 4, 5, 9].
Figure 3.11 shows AFM images of a thin film which was analyzed to
determine the height of the crystals in the film. This information was
then combined with the 2D images obtained with TEM analysis and
resulted in the conclusion that the crystals had same length scales for
height and diameter (aspect ratio ≈ 1). For AFM analysis described in this
thesis, a NT-MDT Solver P47H microscope was used in tapping mode
and under atmospheric pressure conditions.

3.3.4 Mass spectrometry

Mass spectrometry (MS) is a form of spectroscopy which can give infor-
mation about elemental composition of gas phases. During this project
gas phase compositions were analyzed by quadruple mass spectroscopy
(QMS). Within this technique gas molecules are ionized in the vacuum
(< 10−5 mbar), sent through a quadruple filter and detected at the end by
a detector. (Figure 3.12). The quadruple mass filter consisted of four metal
bars connected to a system generating a DC voltage for ion acceleration
and an AC voltage for the filtering based on resonating ions. Ions which
are in resonance can pass the filter and be detected. By changing the reso-
nance frequency ions with different masses can be separated and detected
and masses can be plotted against the ion current they generate [10]. In
our experiments we used a Pfeiffer PrismaPlus QME220 quadruple mass
spectrometer to follow changes in the gas-phase composition. This QMS

was able to detect gas-phase species with masses up to 300 amu.
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4
C H A P T E R

Visualization of early-stage nucleation and
morphology development during chemical
vapor deposition processes: transmission elec-
tron microscopy study of SnO2 films on SiO2

membranes1

abstract

The properties of crystalline films are strongly dependent on the morphology
development during the first stages of growth that is the nucleation and growth
of the first crystallites. The ideal method to investigate crystalline films at atomic
resolution is transmission electron microscopy (TEM). However this technique
usually requires extensive sample preparation. In this study we present a simple
method to investigate thin film morphology with TEM. Key to this approach is
the use of TEM membranes as growth substrates. As an illustration we describe
fine grains of SnO2 deposited on these TEM membranes by atmospheric pressure
chemical vapor deposition (APCVD).

1 Parts of this work have been published as: G. J. A. Mannie, J. van Deelen, J. W. Niemantsver-
driet, P. C. Thüne, Transmission electron microscopy of transparent conductive oxide films made by
atmospheric pressure chemical vapor deposition. Applied Physics Letters, 98 (5), 051907 (January
2011). 10.1063/1.3551523
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4.1 introduction

Thin metal oxide films like F-doped SnO2 and Al-doped ZnO are the ma-
terial of choice as transparent conductive oxide (TCO) for the production
of cheap solar cell due to their relatively low production costs and easy
deposition. The morphology of transparent conductive oxide films is an
important factor for their optical and electrical properties [1, 2, 3, 4, 5]. In
literature, TCO morphology is mostly probed using secondary electron
microscopy (SEM) [5, 6, 7, 8] and atomic force microscopy (AFM) [4, 5, 9].
Although SEM and AFM give topographical information about deposited
films they give limited information about morphology with respect to
crystal orientation and cannot reveal information on the atomic level.
X-ray diffraction (XRD) is generally applied as technique to investigate
film orientation [9, 10]. A drawback of this technique is that XRD requires
relatively thick films in order to get enough signal. Therefore the in-
vestigation of film growth at the early-stages is difficult. A technique
very suitable to investigate crystalline films at atomic resolution is trans-
mission electron microscopy (TEM). This technique requires very thin
samples in order to be transparent for electrons. To achieve suitable sam-
ples from deposited films small slices are (diamond) cut and polished by
a focused ion beam. The work of Alfonso et al. [11], Sundqvist et al. [12]
and Mitchell et al. [13, 14] represent elegant examples of this approach in
the field of TCOs. Using this method the morphology of the film-substrate
interface can be investigated in cross-sectional view and the overall film
morphology determined. However, this approach meets its limits when
investigating the earliest stages of TCO film growth i. e. the nucleation and
growth of first TCO crystallites. We have therefore developed a method
to achieve plan view TEM images of pristine nano-structures on oxide
substrates with TEM employing window etched TEM wafers described
below. This methodology has already successfully been applied for model
catalysts with iron oxide nano-particles in morphology studies related to
carbon nano-tube growth [15] and Fischer-Tropsch catalysis [16].
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Figure 4.1: Schematic representation of the CVD substrate. (a) TEM wafer consist-
ing of 36 fused TEM grids with windows (b). Cross-sectional view
of an individual TEM grid with the electron transparent membrane
suspended in a silicon frame.

4.2 experimental section

4.2.1 TEM grids

The tin oxide films discussed here were deposited on custom-made
TEM wafers (Figure 4.1) which feature a relatively large surface area
(20 × 20 mm2) to allow an unperturbed film growth. The TEM wafers
consist of 36 individual TEM grids that are arranged into a square pattern
and stabilized by a silicon frame. The central part of each TEM grid
is etched away to create a 15–20 nm thick silicon nitride ‘membrane’
window (typical dimensions 100 × 100 µm2) through which the electron
beam can pass, enabling imaging of the supported particles on an sub
nanometer length scale. After calcination at 750

◦C for 24 hours in dry
air the silicon nitride forms a 3 nm thick surface layer of silicon oxide.
More details about sample pre-treatment can be found in Section 3.1.2 in
Chapter 3.
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4.2.2 Stagnant flow reactor

Tin oxide films were deposited directly on the TEM wafers by APCVD in a
stagnant flow reactor (more details in Section 3.2.2). The reactor set-up
consist of two heated bubblers filled with tin tetra chloride (SnCl4, TTC)
at 30

◦C and water (H2O) at 40
◦C respectively. Nitrogen (N2) is used as

carrier gas. The gas flow through the TTC bubbler was 8 mLn ·min−1 and
was diluted with 94.4 mLn · min−1 N2. The gas flow through the H2O
bubbler was 123.3 mLn · min−1 and was diluted with 1.17 mLn· min−1

N2. The total gas flow was lead into the reactor perpendicular to a heated
substrate and is held at 570

◦C during the experiment. The total gas flow
was lead into the reactor perpendicular to a heated substrate that was
held at 570

◦C during the deposition. After deposition the TEM wafers
were broken into 36 TEM grids for analysis. More details about the reactor
set-up can be found in Section 3.2.2 in Chapter 3.

4.2.3 Analysis details

SEM images were taken using a FEI Quanta 600 SEG environmental scan-
ning electron microscope and TEM studies were carried out on a FEI
Tecnai 20 (type Sphera). AFM images were taken with a NT-MDT Solver
P47H microscope in tapping mode under atmospheric conditions. X-ray
Photoelectron Spectra (XPS) were taken in a Kratos AXIS Ultra spectrome-
ter, equipped with a delay-line detector (DLD) using the monochromatic
aluminium source (Al Kα = 1486.6 eV) operating at 150 W. Spectra were
recorded with a background pressure of 2 · 10

−9 mbar. Binding energies
were calibrated with C 1s peak at 284.5 eV. A more detailed description
of the techniques used can be found in Chapter 3.

4.3 results and discussion

Figure 4.2 show plan view SEM images of early-stage film growth of
a SnO2 film grown with APCVD. Figure 4.2a shows a SnO2 film after
only 1 s on deposition while Figure 4.2b and Figure 4.2c show images
of films after 4 s and 60 s respectively. The deposited material in all
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Figure 4.2: Plan view SEM images of early stage film growth of SnO2 film de-
posited by APCVD with variable deposition times; (a) 1 s deposition
time, (b) 4 s deposition time, (c) 60 s deposition time. During growth
SnO2 crystals become larger with longer depositions times.
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samples is uniformly distributed over the substrate surface. The increase
in crystal size is clearly visible starting with crystals of around 5–15 nm
in diameter (Figure 4.2a) up to 100 nm (Figure 4.2c) in diameter. The tin
oxides crystals in Figure 4.2a appear not to form a closed film on the silica
surface. This is confirmed by XPS which give a tin coverage – measured
as the (Sn/Si+Sn atomic ratio) – of 61.9% after 1 s deposition. Since the
inelastic mean free path (IMFP) of Si 2p photoelectrons through SnO2 is
around 2.3 nm [17] and the size of the smallest particles is around 5 nm,
the Sn coverage will be underestimated slightly as the silica substrate
can still be detected through the thinnest SnO2 crystallites. The longer
deposition times give complete tin coverages of 100% (Spectra not shown
for brevity).

For a more detailed view on the morphology of tin oxide nano-crystals
at the initial stages of film growth we turn to TEM. Figure 4.3a shows
an intermediate resolution plan view image of a tin oxide film after 1 s
APCVD deposition. The image shows a random distribution of irregular
shaped tin oxide crystals ranging between 5–20 nm in diameter. The bare
silica membrane remains visible and the tin oxide coverage derived from
this image is about 64%, which is in excellent agreement with the XPS

results. The electron diffraction pattern (Figure 4.3a inlay) of the sample
shows a typical tetragonal SnO2 pattern with the (110), (101) and (211)
as most intense diffraction rings. This pattern indicates the high degree
of crystallinity of the measured samples.

Figure 4.3b shows an AFM image of same sample and with the same
magnification as Figure 4.3a. Note the large different in resolution be-
tween the TEM image and the AFM image; whereas Figure 4.3a shows
small and large particles, AFM only reveals the large particles with parti-
cle sizes between 20–40 nm. This difference with the TEM image is due to
the tip-shape, which is a known drawback of AFM. On the other hand,
measuring height with AFM is very informative. The line scan of the AFM

image indicate an average particle height of 5–10 nm with some larger
particles with heights around 25–30 nm. This corresponds to the lateral
dimensions of the particles in the TEM image of Figure 4.3a and indicates
a particle aspect ratio around 1.
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Figure 4.3: Plan view TEM images of early stage film growth of SnO2 film de-
posited by atmospheric pressure chemical vapor deposition (APCVD).
(a) overview with clusters of small SnO2 crystals grown on top the
SiO2 membrane with an electron diffraction pattern of the same area,
(b) AFM image of the sample with a line-scan (c) zoom-in on a typical
cluster of SnO2 grains. The non-crystalline area between the grains is
bare SiO2 substrate as confirmed by XPS, (d) Top-view TEM image of
twinning in a SnO2 crystal.
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In order to reveal more morphological detail of the particles high-
resolution TEM images were taken. Figure 4.3c and Figure 4.3d shows
high-resolution plan view TEM images of the same sample as Figure 4.3a.
The rough surface of the SnO2 crystallites is clearly visible. Lattice fringes
of individual crystals as well as disturbances in their crystal structure can
be visualized in detail. The lattice fringes in Figure 4.3c and Figure 4.3d
have a d-spacing of 3.35 Å which corresponds to the most intense (110)
diffraction signal from SnO2.

Figure 4.3d shows a clear example of twinning in a SnO2 crystal. These
figures show the added value of this TEM method by clearly displaying
the nucleation of SnO2 crystals and the subsequent growth behavior.

4.4 conclusions

Deposition of micro-crystalline thin films on electron transparent mem-
branes offers a convenient means to visualize the pristine film morphol-
ogy at atomic resolution. We have demonstrated this approach on tin
oxide films grown by APCVD from tin chloride precursors. We are cur-
rently employing this method to systematically investigate the influence
of substrate pre-treatment and deposition parameters on film morphology
and electrical properties.
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5C H A P T E R

Transmission electron microscopy study on
early-stage tin oxide film morphology grown
by atmospheric pressure chemical vapor de-
position1

abstract

Nucleation and morphology development during the early stages of chemical
vapor deposition (CVD) processes are believed to be of major importance for
the overall film properties. Here, the authors have investigated the nucleation
of tin oxide films, comparing different tin precursors (tin tetrachloride and
monobutyl tin trichloride) and focusing on the effect of methanol addition on the
film morphology. Employing electron transparent silicon oxide membranes as
substrates and combining transmission electron microscopy (TEM), scanning
electron microscopy (SEM) and x-ray photoelectron spectroscopy (XPS) analysis
on the same set of samples, we were able to create a detailed picture of nucleation
behavior and film growth during early stages of film formation. Based on our
results, we propose a film growth model to explain morphology differences in tin
oxide films resulting from methanol addition.

1 Parts of this work have been submitted to Thin Solid Films as G. J. A. Mannie, J. van Deelen,
J. W. Niemantsverdriet, P. C. Thüne, Transmission electron microscopy study on early-stage tin
oxide film morphology grown by atmospheric pressure chemical vapor deposition. (February 2013)
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5.1 introduction

Atmospheric pressure chemical vapor deposition (APCVD) is a form of
chemical vapor deposition (CVD) which is used to deposit large areas
with thin films of transparent conductive oxides (TCOs) [1]. One of these
TCOs, F-doped SnO2, is used as anti-static films, Low-E glass and thin film
photovoltaics [2]. Because APCVD is relatively cheap and straight-forward
compared with low pressure CVD or ALD, applying this method in the
production of high-tech applications like OLEDs would increase the speed
of deposition and so, would result in lower production costs [3]. The
reason why APCVD is not yet a common deposition technique for hi-tech
applications is the difficult optimization of the process because of fast
grow rates and high temperature [4, 5]. To make a better optimization
possible, detailed knowledge about the chemistry and morphology forma-
tion during CVD processes is needed [6]. In literature, TCO morphology
at the nucleation stage of thin film growth are typically analyzed by
scanning electron microscopy (SEM) [5, 7, 8, 9], atomic force microscopy
(AFM) [10, 11, 12, 13], and X-ray diffraction (XRD) [14, 15, 16]. The first two
techniques give topographical information about the nanometer-sized
structures but are limited in providing information about the internal
structure of the crystals. XRD is able to give detailed information about
crystal orientations but this can only be done for relatively thick films
(>20–50 nm) otherwise signals are too weak. A technique more suitable
for high-resolution imaging and structure analysis of nanometer-sized
early stages of thin films is transmission electron microscopy (TEM). Both,
TEM [17] and cross-section TEM (XTEM) [18, 19, 20, 21] are used in mor-
phology studies, but since these techniques normally require extensive
sample preparation (TEM) or thicker films (> 50 nm)(XTEM), its use in
studies on nucleation behavior in film growth is non-existing. To over-
come these drawbacks, we developed a method to achieve plane view
TEM images of pristine nano-structures that grow on electron transparent
oxide substrates without the need of elaborate sample preparation [22].
Using this approach we have investigated the nucleation of tin oxide films,
comparing different tin precursors (tin tetrachloride (TTC) and monobutyl
tin trichloride (MBTC)) and focusing on the effect of methanol addition
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on the film morphology. Combining transmission electron microscopy
(TEM), scanning electron microscopy (SEM) and x-ray photoelectron spec-
troscopy (XPS) analysis on the same set of samples, we were able to create
a detailed picture of nucleation behavior and film growth during early
stages of film formation.

5.2 experimental details

5.2.1 TEM wafers

The tin oxide films discussed here were deposited on custom-made TEM

wafers which we described elsewhere in detail [22]. Substrate samples
feature a relatively large surface area (20 × 20 mm2) to allow an unper-
turbed film growth. A SiO2 surface layer of about 3 nm was formed by
calcining the wafer in an oven at 750

◦C for 24 h. The electron transparent
window size of an individual silicon membrane is 100 × 100 µm2, which
ensures stability during the APCVD process and an adequate TEM imaging
area.

5.2.2 Deposition of films

For the atmospheric pressure deposition experiments a so-called stagnant
flow reactor (SFR) set-up is used (Figure 5.1). The reactor consist of a
quartz glass bell-shaped top-part with a vapor injector pipe (diameter
ø = 12.7 mm) lead into the reactor from the top at a distance of 25 mm
from the substrate. This injector directs a pre-mixed vapor mixture in a
direction of a heated metal substrate target in a perpendicular manner
and is controlled by a PID controller to keep the temperature at a constant
570
◦C. The exhaust of the reactor is located at the bottom of the reactor

and is connected to a gas-treatment system for cleaning. The vapor
mixture for the reactor is made using separate bubbles for tin pre-cursor,
water and methanol. For the first two – tin precursor and water – water
baths were used to create vapor (details in Table III) whereas the methanol
bubbler was placed in an ice bath to keep the temperature at 0

◦C. Tubing
was heated with heating tape to prevent condensation inside the tubes.
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Figure 5.1: Schematic representation of the stagnant flow reactor set-up

Typical experimental conditions are listed in Table 1, which were similar
to the conditions used by Volintiru et al. [23] in comparable deposition
experiments.

5.2.3 Deposition process

Tin oxide (SnO2) is grown by APCVD as a result of the following reactions:

SnCl4 + 2 H2O → SnO2 + 4 HCl (1)

C4H9SnCl3 + 2 H2O → SnO2 + 3 HCl + by-products (2)

with hydrocarbons, CO and CO2 as by-products. All films were deposited
using the deposition conditions summarized in Table III.

5.2.4 Film analysis

After the depositions, TEM grid substrates were broken into 36 TEM grid
windows and analyzed by SEM, TEM, XPS and TEM-EDS. SEM images were
taken using a FEI Quanta 600 SEG environmental scanning electron
microscope in high vacuum mode operating at 10 or 20 kV. TEM studies
were carried out on a FEI Tecnai G2 Sphera microscope operating with
a LaB6 filament at 200 kV and a bottom mounted 1024 × 1024 Gatan
CCD camera. After SEM and TEM, brightness/contrast of the images was
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Table III: Typical experimental conditions used for all atmospheric pressure film
depositions with TTC and MBTC and H2O in the stagnant flow reactor.

Deposition parameter Value

TTC bubbler temperature [ ◦C] 30

TTC vapor pressure [Pa] 3832.5

MBTC bubbler temperature [ ◦C] 125

MBTC vapor pressure [Pa] 3225.0

N2 flow (TTC / MBTC bubbler) [slm] 0.008

H2O bubbler temperature [ ◦C] 40

H2O vapor pressure [Pa] 7382.4

N2 flow (H2O bubbler) [slm] 0.122

Ratio H2O/TTC or H2O/MBTC 30.4

Ratio CH3OH/TTC or CH3OH/MBTC 0.1

adjusted to increase visibility of smaller crystals. TEM-EDX was measured
during TEM sessions using a EDAX connected to the TEM in the 200 kV
mode. During these measurements multiple measuring point per sample
were used resulting in an accuracy of about ± 3%. XPS was measured with
a Kratos AXIS Ultra spectrometer, equipped with a monochromatic Al Kα
X-ray source and a delay- line detector (DLD). Spectra were obtained using
the aluminium anode (Al Kα = 1486.6 eV) operating at 150 W. Spectra
were recorded with a background pressure of 2 · 10

−9 mbar. Binding
energies were calibrated with Si 2p signal (Si 2p (SiO2) = 103.30 eV [24]).

Based on the film analysis results, XPS film coverages were estimated
using XPS Sn 3d and Si 2p intensities and the following equation: ΘSn,XPS

= (ISn/FSn)/(ISn/FSn + ISi/FSi) with ΘSn,XPS as tin coverage, Ix as
XPS intensities and Fx as sensity factors obtained from [24]. Tin cover-
age from TEM image analysis (ΘSn,TEM) were derived from contrast
analysis with ImageJ. Using TEM-EDX, tin loadings were calculated using
ΘSn,TEM−EDX = (ISn/KSnSi)/(ISn/KSnSi + ISi) with ΘSn,TEM−EDX

as tin loading, Ix as TEM-EDX intensities and KSnSi as Kα factor for tin
at 200 kV obtained from [25]. These tin loadings were later expressed as
nominal film thicknesses, assuming that the SnO2 material lies on top of
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a SiO2 membrane of 15 nm. In the TEM and SEM images, we have added
the tin coverage derived from XPS in red (top), the tin coverage derived
from the TEM image analysis in yellow (middle) and the nominal film
thickness derived from TEM-EDX in green (bottom).

5.3 results

5.3.1 Surface morphology at low magnification with SEM

At first, SEM analysis of some selected films prepared with both TTC and
MBTC and with or without additional methanol. Figures 5.2a (TTC/H2O
– 4s) and 5.2b (TTC/H2O/MeOH – 4s) show SEM images of samples
prepared with an exposure time of 4s. Grain shapes seems affected by the
methanol additive as Figure 5.2a show grains with sharp edges whereas
Figure 5.2b, with additional methanol, show more smoothly shaped
smaller crystals with a higher grain nucleation density. The same effects
can be seen for the 8s exposure time samples in Figures 5.2c (TTC/H2O –
8s) and 5.2d (TTC/H2O/MeOH – 8s). Grain shapes, nucleation densities
and coverages are comparable with the 4s samples but grain sizes and
film thicknesses have slightly increased for both samples due to longer
exposure times. Also here, smaller grains with a higher grain density
can be observed for the sample prepared with the methanol additive
(Figure 5.2d), in accordance with previous findings [23]. Figures 5.2e and
5.2f show non-closed films prepared with MBTC and exposures times of
4s. Grain shapes and sizes are hard to distinguish at this resolution but
are much smaller than for the TTC-prepared samples at similar exposure
times (Figure 5.2a and 5.2b). It seems that there is a broad grain size
distribution for both the samples but with a slightly higher nucleation
density for the MBTC/H2O/MeOH – 4s sample compared with the non-
methanol-added sample. Coverages and film thicknesses of the MBTC

samples in these figures are much lower than for the TTC samples.
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5.3.2 Morphology of early SnO2 grains on SiO2 prepared from TTC

After observing the relatively low resolution SEM images in Figure 5.2, we
switch to TEM analysis for a more detailed view on the nucleation behav-
ior in the early-stages of growing films, which makes analysis of thinner
films possible as displayed in the following figures. In figure 5.3, we com-
pare the morphology of SnO2 films deposited from the TTC precursors
in the presence (bottom) and absence (top) of methanol. The exposure
time increase from left to right as indicated on the images. Figures 5.3a
(TTC/H2O – 1s) and 5.3b (TTC/H2O/MeOH – 1s) show first grains on
the support with coverages of about 50%. Differences in average grain
sizes can be seen with larger grains for TTC/H2O – 1s sample (20–40 nm)
and smaller grains (5–10 nm) for the TTC/H2O/MeOH – 1s sample. It
also shows that the TTC/H2O sample have a relatively small fraction
of small grain (5 nm) next to a large fraction of bigger particles (20 nm)
whereas the TTC/H2O/MeOH sample seems to have a large fraction of
small grains (5 nm) and a smaller fraction of large grains (15 nm). The
grain density of the methanol-added sample seems higher than for the
non-methanol sample but here we need to understand that small grains
in non-methanol samples can be present underneath larger ones, and so,
an overestimation of the increase in nucleation density must be taken in
account. What also can be noted is the difference in grain shape, with
somewhat more jagged crystals in the TTC/H2O sample (Figure 5.3a)
and more smoothly shaped crystals in the TTC/H2O/MeOH. XPS cover-
ages are around 50% for both the samples but the methanol-added film
seems thicker. Figures 5.3c (TTC/H2O – 4s) and 5.3d (TTC/H2O/MeOH
– 4s) show TTC samples after an exposure time of 4s, with almost fully
covered TEM membranes, in which individual crystals are hard to dis-
tinguish. Grain sizes for the TTC/H2O – 4s sample sample are clearly
larger (50–75 nm) thanfor the TTC/H2O/MeOH – 4s sample (15–20 nm)
and, as observed in Figure 5.3a and 5.3b, a higher grain density for the
sample with additional methanol can be seen. As exposure times are
four times longer than for the samples in Figures 5.3a and 5.3b, thicker
films with larger grains are the result with XPS coverages approaching
100% and also loadings are much higher. Figures 5.3e (TTC/H2O – 8s)
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and 5.3f (TTC/H2/MeOH – 8s) show films with multi-layers of grains,
which almost fully cover the substrate, as confirmed by the XPS coverage
of 92–93%. Film thicknesses and grains sizes have increased compared
with the 4s samples. Figure 5.3e displays grains with a maximum size of
80–100 nm and Figure 5.3f shows grains with a maximum size of only
50 nm. Again, smaller grains for the samples with methanol can be seen
with comparable grains shapes.

5.3.3 Morphology of early SnO2 grains on SiO2 prepared from MBTC

In figure 5.4, we compare the morphology of SnO2 films deposited
from the MBTC precursors in the presence (bottom) and absence (top) of
methanol. The exposure times increase from left to right, like in Figure 5.3,
but here we see much thinner films compared with the TTC-prepared
ones. Figures 5.4a (MBTC/H2O – 1s ) and 5.4b (MBTC/H2O/MeOH –
1s ) both show smoothly shaped small nuclei with sizes between 2 and
4 nm. Furthermore, samples have a comparable grain size distribution
and an equivalent nucleation density. Interesting to see are the large
differences between the XPS coverages (red, top) and the image cover-
ages (yellow, middle). A possible explanation for this phenomenon can
be an overestimation of the Si signal with due to small grains, thinner
than 5 times the inelastic mean-free path for photoelectrons in SnO2
(≈ 2.3 nm [26]). Another effect which can be seen is the relative large
XPS coverage value (16%) compared with the nominal film thickness for
sample MBTC/H2O/MeOH – 1s (Figure 5.4a). Because XPS is a surface
sensitive technique and TEM-EDX a bulk technique, monolayer forma-
tion covering the substrate before nucleation could be an explanation
and since we calculated that a XPS coverage around 16% is equal to
about one tin atom per three silicon atoms, we can say that we have
a monolayer of tin present. Figures 5.4c (MBTC/H2O – 4s) and 5.4d
(MBTC/H2O/MeOH – 4s) show early stages of MBTC depositions with
exposure times of 4s. Again. a difference in average grain sizes; larger
grains for the MBTC/H2O – 4s sample (max. 25 nm) and smaller grains
(max. 10 nm) for the MBTC/H2O/MeOH – 4s sample. Similar to the
TTC/H2O/MeOH – 1s sample, the MBTC/H2O/MeOH – 4s sample
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have on average smaller grains. Also here, the MBTC/H2O sample have
only a small fraction of small grain (5 nm) next to a large traction of
bigger particles (20 nm) whereas the MBTC/H2O/MeOH sample seems
to have a large fraction of small grains (5 nm) but a smaller fraction of
larger grains (10 nm). A slightly higher grain density can be seen for
the methanol-added sample in Figure 5.4d when compared with the
non-methanol-added sample in Figure 5.4c, but smooth grain shapes can
be observed in both the samples. XPS coverages have increased signifi-
cantly with respect to the 1s samples (Figures 5.4a and 5.4b), which could
be expected after an increase of exposure times of four times, but film
thicknesses are still below 1 nm. Differences between the XPS coverages
and image coverages are smaller than in Figures 5.4a and 5.4b because
grains are thicker and less silicon is detected. Figure 5.4e shows grains of
two sizes: a smaller fraction of small grain (5 nm) next to a larger fraction
of bigger particles (15 nm). For Figure 5.4f (MBTC/H2O/MeOH – 8s) the
opposite is true with a large fraction of small grains (5 nm) and a smaller
fraction of large grains (15 nm). This specific grain size distribution is
identical to the one seen in samples in Figure 5.3. Also here, a higher
grain nucleation density is observed for the methanol-added sample
but grain shapes are comparable for the two samples. Like with the 4s
samples, XPS coverages and film thicknesses have increased but not as
much as during the first 4s of the deposition. Remarkable is the lower
film thicknesses for all methanol-added samples, an indication of slower
growth due to methanol addition.

5.3.4 TTC versus MBTC depositions

As observed in Figures 5.2 and 5.3, MBTC films seems to grow at much
slower rate than the films TTC films with comparable exposure times. To
make a fair comparison between the TTC-films with an exposure time
of 1s, MBTC samples with a much longer exposure time were needed
to compensate for this slower growing process. Based on XPS coverages
and film thicknesses, MBTC samples with exposure times of 8s were
chosen for this comparison with Figure 5.5 as result. The displayed early
stage films made with TTC or MBTC have similarities regarding grain



transmission electron microscopy study... 93

(a) TTC/H2O - 1 s 

(b) TTC/H2O/MeOH - 1 s 

(c) MBTC/H2O - 8 s (e) TTC/H2O - 8 s 

(d) MBTC/H2O/MeOH - 8 s (f) TTC/H2O/MeOH - 8 s 
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Figure 5.5: TEM images of tin tetra chloride (TTC) and monobutyl tin trichloride
(MBTC) prepared early stage films with similar loading. (a+c) samples
prepared without and (b+d) with methanol addition. Film analysis:
XPS coverage (top, red), image coverage (middle, yellow) and nominal
film thickness (green, bottom).
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size distribution and grain nucleation: samples made without methanol
(Figures 5.5a and 5.5c) have more large grains (> 15 nm) next to smaller
grains (< 5 nm), whereas samples made with methanol (Figures 5.5b and
5.5d) have larger portions of small grains but less large grains. As a result,
higher grain nucleation densities can be observed for samples made with
added methanol, regardless the type of precursor. Notable differences
between the TTC and MBTC samples are the grain shape, which is frayed
for TTC/H2O samples but more smoothly shaped for TTC/H2O/MeOH
and all MBTC samples.

5.3.5 HRTEM on early stage SnO2 films

To have a more detailed view on individual crystals, high magnifi-
cation TEM images were taken of the same samples as discussed in
Figures 5.3 and 5.4. First of all, Figures 5.6a (TTC/H2O – 1s) and
5.6b (TTC/H2O/MeOH – 1s) show grains of two sizes; small grain
(4–5 nm) and larger grain (10–15 nm), an observation also seen in
Figure 5.3. Also notable is the difference in grain shape, with frayed
grains for the TTC/H2O – 1s sample but more smoothly shaped grains
for TTC/H2O/MeOH – 1s. Secondly, high magnification TEM analy-
sis enables visualization of individual grains and even inner-crystal
structures can be investigated. Figures 5.6b (TTC/H2O/MeOH – 1s)
and 5.6c (MBTC/H2O – 4s) show crystalline grains with a d spacing
of 3.35 Å, which corresponds with the (110) reflection of tetragonal
SnO2. Remarkably, nearly all crystals contain stacking faults, even very
small ones (< 10 nm), and single crystals are scarce. Finally, Figure 5.6d
(MBTC/H2O/MeOH – 1s) shows very small crystalline nuclei with sizes
of 2–4 nm.
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Figure 5.6: High magnification TEM images of TTC and MBTC prepared early
stage films with exposure times between 1 and 4s. (a+c) samples
prepared without methanol addition. (b+d) samples prepared with
methanol addition.
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5.4 discussion

To summarize the observation, we have seen differences between TTC-
prapared films and MBTC-prepared films. Differences in film thickness
are clear, with much thicker films in the case TTC was used, compared
with MBTC-prepared films. Also grain shapes are slightly more smoothly
shaped for MBTC than for TTC. In the case methanol was used as an
additive, on average, smaller grains and a higher nucleation density can
be observed for both TTC and MBTC. Similarities between TTC and MBTC

sample are the bimodal grain sizes in the early stages of film growth.
Slower film growth when using MBTC is not surprising, bearing in mind

that metal halides and organotin halides represented by RxSnCl4−x have
decreasing Lewis acidity with increasing values for x [27]. Since we
believe that hydrolysis mechanism (1) and (2) are responsible for film
growth [28] and the fact that stronger Lewis acids are more reactive
in hydrolysis reactions, TTC, which is a stronger Lewis acid than MBTC,
should be more reactive and a faster film growth should be the result.
Our observation of the larger material load in the case of TTC confirms
this.

A reason behind differences in film morphology between TTC and
MBTC can be the result of the large difference in growth rate. However,
we believe that methanol also plays a decisive role in the morphology
development, which we believed to be the result of a different growth
mechanism. We therefore propose a model which describes the influence
of methanol in terms of the relative surface energies of the growing grains
and the substrate. This model consists of four stages: (I) nucleation stage,
(II) initial growth stage, (III) intermediate growth stage and (IV) film
closure stage. Due to the difference in reactivity of TTC and MBTC, we
only observed stage I to III for the MBTC-samples, but not for the much
faster growing TTC-samples, in which we could only observe stage III
and IV. Figure 5.7 shows a schematic representation of these stages for
samples made with and without additional methanol.

Stage I, the nucleation stage, represents a stage in which a monolayer
of tin oxide is formed with the first nuclei of tin oxide on top of it, similar
to observation done by us before [28]. Nucleation densities are similar for
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samples made with methanol and without methanol. Examples of this
stage are samples MBTC/H2O – 1s (Figure 5.4) and MBTC/H2O/MeOH
– 1s (Figure 5.4b).

Stage II, the initial growth stage, is the stage where nuclei start to grow.
Without methanol addition, growth of grains dominates over nucleation
but with methanol nucleation and growth occur together.

Stage III, the intermediate growth, is a stage characterized by growth
of a group of larger particles but no growth for a second group of small
particles. Growth of the large grains made with methanol addition is
slower than for large grains made without methanol so size differences
between the grains in the methanol added samples are smaller than
in the samples prepared without methanol. Examples of this stage are
TTC/H2O – 1s (Figure 5.3a) and TTC/H2O/MeOH – 1s (Figure 5.3b).

Stage IV, the film closure stage, is the stage where only the large grains
grow and in the meantime cover the smaller grains. For the non-methanol
samples this is done by relative large grains with holes in between, while
the samples prepared with methanol show a more equally distribution
film of grains with on average smaller grain sizes than for the non-
methanol prepared samples. Examples of this stage are TTC/H2O – 8s
(Figure 5.3e) and TTC/H2O/MeOH – 8s (Figure 5.3f).

An explanation for the fact that some grains stay small while other
nuclei become larger could be found in heterogeneous nucleation theory
which stated that under certain conditions, nuclei smaller than a critical
radius r∗ do not grow after nucleation but nuclei larger that this r∗ do.
The reason for this is the equilibrium between the Gibbs energy per
volume and the surface energy, which has it maximum of free Gibbs
energy at the critical radius r∗ [29, 30].

The effects of methanol addition of film growth can be explained if
methanol is considered as a surfactant in the deposition process, lowering
the surface energies of both the SnO2 and SiO2 surfaces [31, 32]. By
doing so, nucleation of all surfaces becomes easier, critical radii become
smaller and growth rates become more similar for all crystals. As a result,
films made with methanol addition are smoother with smaller grains
than without the use of methanol. This is exactly was can be observed
for the samples in Figures 5.2b, 5.2b, 5.2e and 5.2f and also in accordance
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Figure 5.7: Schematic representation of grain growth during the grain grow stages
in film growth. In the beginning, all grains have the same size but after
some time one part of the grains stop growing whereas other part grow
further. This effect can be influenced by methanol addition.

with the observations of Matsui et al. [11, 12] and Yates et al. [33] in CVD

processes with TTC, H2O and methanol.

5.5 conclusions

The effect of methanol addition and precursor reactivity on the morphol-
ogy of APCVD-prepared films at the initial stages of film growth were
investigated by a combination of TEM and XPS. Based on this study, we
can conclude that the reactivity of TTC is much higher than reactivity
of MBTC and therefore very early stages of film growth could only be
observed for MBTC samples. Furthermore, we believe that during these
very early stages a monolayer of tin oxide is formed which acts as a
nucleation layer for grain formation. When grains grow larger, TTC give
frayed crystals whereas MBTC gave smooth crystals, due to kinetic limited
crystal growth. Methanol chemisorbtion lowers the surface free energy of
the crystals and so, changes the thermodynamics of the film growth with
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slightly slower film growth but increased nucleation density. As a result,
less porous, flatter films are grown with smoother shaped crystals. More
research is needed to understand these thermodynamics under realistic
CVD conditions so that better tuning of the deposition process in possible.

The effects of methanol addition and precursor reactivity on the mor-
phology of APCVD-prepared films at the initial stages of film growth were
investigated by a combination of TEM and XPS. Based on this study, we
can conclude that the reactivity of TTC is much higher than reactivity
of MBTC and therefore very early stages of film growth could only be
observed for MBTC samples. Furthermore, we believe that during these
very early stages a monolayer of tin oxide is formed which acts as a
nucleation layer for grain formation. When grains grow larger, TTC give
frayed crystals whereas MBTC gave smooth crystals, due to kinetic limited
crystal growth. Methanol addition can act as a surfactant, lowering the
surface energies of the substrate and the growing grains. As a result,
nucleation of all surfaces becomes easier, critical radii become smaller and
growth rates become more similar for all crystals, resulting in smoother
films.
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6C H A P T E R

X-ray photoelectron spectroscopy study on
surface chemistry of RxSnCl4−x compounds
with hydrolyzed silica1

abstract

Literature examples of mechanistic studies describing the reactions of RxSnCl4−x
compounds with water and/or oxygen during chemical vapor deposition (CVD)
reactions are scarce and inconclusive. Therefore, the authors describe here a sys-
tematic study on the reaction mechanism of these RxSnCl4−x compounds using
three most commonly used industrial CVD precursors; tin tetrachloride (x = 0),
monobutyl tin trichloride (x = 1) and dimethyl tin dichloride (x = 2). X-ray
photoelectron spectroscopy XPS was used to detect surface species and in-house
made tin-containing polyhedral oligomeric silsesquioxanes (POSS) compounds
were used as reference compounds.

1 Manuscript in preparation as: G. J. A. Mannie, A. K. Skowron, J. van Deelen, J. W. Niemantsver-
driet, P. C. Thüne, X-ray photoelectron spectroscopy study on surface chemistry of RxSnCl4−x

compounds with hydrolyzed silica.
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6.1 introduction

Mechanistic insight in the chemistry of RxSnCl4−x compounds in chem-
ical vapor deposition (CVD) processes of SnO2 thin films can help to
understand the complex system of thermodynamics and kinetics in-
volved in these process and this level of detail is essential for its opti-
mization [1]. Detailed spectroscopic studies on CVD chemistry are scarce,
and mainly focused on gas-phase reactions rather than surface reactions.
Examples are published by Gordon and co-workers, describing radical-
driven gas-phase mechanisms involving tetramethyl tin (TMT, (CH3)4Sn)
or dimethyl tin dichloride (DMTC, (CH3)2SnCl2) with oxygen [1, 2]. A
number of surface chemistry studies with RxSnCl4−x compounds are
available but most of the time not cover common CVD precursors and/or
are done under non-CVD reaction condition, and therefore not directly
applicable in CVD research. An example is a study published by Harri-
son et al. [3], who investigated the chemistry of TMT with hydrolyzed
silica surfaces using FTIR. Another study is reported by Chae et al. [4, 5],
who investigated the kinetics of the CVD process of n-butyl tin trichloride
(MBTC, n-C4H9SnCl3) with O2 and H2O as oxygen sources. As a result
of their kinetic study, the author present simplified reaction mechanisms
to describe the CVD process but unfortunately the model lacks molecular
insight.

Driven by this lack of detailed surface chemistry insight and inspired
by the work of Basset et al. on the surface chemistry of organometallic
compounds with hydrolyzed silica (SiO2)([6] and references therein), we
investigated the surface chemistry of three commonly used tin precur-
sors, tin tetrachloride (TTC, SnCl4), monobutyl tin trichloride (MBTC) and
dimethyl tin dichloride (DMTC), summarized as RxSnCl4−x species (x =
0, 1, 2), with hydrolyzed silica using a low-pressure reactor set-up, dis-
played in Figure 6.1. The low pressure (10

−8–10
−6 mbar) is necessary to

slow down reaction rates, allow detection of intermediate species and to
rule out any gas-phase chemistry. X-ray photoelectron spectroscopy (XPS)
was employed to distinguish surface species, and reference compounds
made from open-cage polyhedral oligomeric silsesquioxane (POSS) com-
pounds were used to identify surface species (Figure 6.2).
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Figure 6.1: Schematic presentation of the low pressure reactor with a base pressure
of 10

−8 mbar. The reactor is equipped with two vacuum gauges each
connected to a flask with MBTC and H2O respectively. The reactor is
also equipped with a QMS for gas-phase analysis and a cryo-pump for
keeping water and oxygen levels as low under control.
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6.2 experimental details

6.2.1 Substrate preparation

Si(100) wafers were cut into samples of 20 × 20 mm2 and calcined in
air at 750

◦C for 24h to grow a SiO2 layer of several nanometers. After
cooling down, the samples were placed in a 1:1 volumetric mixture of
NH4OH (25%) and H2O2 (35%) to remove carbon contamination and
etch away the first monolayers of SiO2. The mixture solution was stirred
for 10 min, and then, the wafers were submerged in hot water ( 80

◦C)
for 30 min in order to fully hydrolyze the SiO2 surface. Subsequently,
wafers were blown dry with clean N2 gas and brought into the vacuum
(1 · 10

−8 mbar) of the XP spectrometer for drying purposes. After drying,
the samples were analyzed by XPS to confirm the quality of the cleaning
procedure.

6.2.2 Low pressure reactor

Low pressure deposition experiments were carried out in a stainless steel
(ultra) high vacuum (UHV) reactor, custom-build for this research project.
Figure 6.1 shows a schematic representation of the reactor. The base pres-
sure of the reactor (1 · 10

−8 mbar) was maintained using a turbo pump
and a liquid nitrogen cooled cryo-pump. Substrates inside the reactor
could be heated to temperatures between room temperature and 600

◦C.
The gas-phase was monitored with a quadruple mass spectrometer (QMS).
The substrates were transferred to and from of the reactor with a stagnant
vacuum transfer cell.

6.2.3 Deposition experiments

After substrate preparation and XPS analysis, substrates were transferred
to the low pressure reactor and exposed to pure RxSnCl4−x vapor at a
pressure of 5 · 10

−6 mbar for a time period of 5 min (equal to 1150 L).
During these experiments, substrates were kept at RT or heated to 200

◦C.
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After deposition, samples were transferred to the XPS using a stagnant
vacuum transfer cell.

6.2.4 X-ray photoelectron spectroscopy

XPS was measured with a Kratos AXIS Ultra spectrometer, equipped with
a delay-line detector (DLD) and a monochromatic Al Kα X-ray source
(Al Kα = 1486.6 eV) operating at 150 W. Spectra were recorded with
a background pressure of 2 · 10

−9 mbar and pass energies of 160 eV
for survey scans and 40 eV for region scans. XPS measurements of the
grafting experiments of SiO2 were calibrated using the Si 2p signal of the
SiO2 wafer (Si 2p (SiO2) = 103.30 eV [7]). Binding energies for Sn 3d were
compared with the Sn 3d binding energy of tin-containing polyhedral
oligomeric silsesquioxane reference compounds, which were synthesized
in-house and described below (Figure 6.3). XPS measurements of this Sn-
POSS compound were calibrated using the Au 4f7/2 signal of sputtered
gold on the POSS material (Au 4f7/2 (Au) = 84.00 eV [7]).

6.2.5 Chemicals

n-butyltin trichloride (n-C4H9SnCl3) (95%) and dimethyltin dichloride
((CH3)2SnCl2) (99%) were obtained from Aldrich and Merck respectively
and used as received. Diethyl ether and acetonitrile were all obtained
from Biosolve and were dried using calcined alumina and molesieves,
respectively. Ammonia (25%), hydrogen peroxide (35%) and triethylamine
(99%) were all obtained from Merck and all used as received except
triethylamine which was dried with KOH (Merck, 99%). Trisilanol-hepta-
isobutyl-POSS ((i-C4H9)7Si7O9(OH)3) was kindly donated by Hybrid
Catalysis BV and re-crystallized in heptane (Biosolve, 99%) before use.

6.2.5.1 Synthesis of n-butyl-Sn-heptaisobutyl-POSS (NB-Sn-POSS)

To a cooled (-40
◦C) solution of (i-C4H9)7Si7O9(OH)3 ((OH)3-POSS)

(24.70 g, 31.2 mmol) and liquid n-C4H9SnCl3 (9.45 g, 33.5 mmol) in dry
diethyl ether (110 mL) was added triethyl amine (14.0 g, 138 mmol). The
suspension was stirred overnight at RT and filtered to remove the majority
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of triethyl ammonium chloride. Acetonitrile (± 80 mL) was added to
the filtrate, which was allowed to cool slowly to 0

◦C. The solids were
obtained by filtration, and washed with acetonitrile (± 50 mL), yielding
the product (21.8 g, 22.6 mmol, 72%) as a white powder (MP = 217

◦C)
after vacuum drying. 1H-NMR (CDCl3) δ 1.847 (m, 7H, CH isobutyl)
1.759 (m, 3H, CH3), 1.449 (sextet, 3JHH = 7.4 Hz, CH2 butyl), 13C-NMR

{1H}(CDCl3) δ 26.15, 26.13 (C2+C3 butyl), 25.81, 25.78, 25.75, 25.68 (CH3
isobutyl), 24.15, 23.92, 23.90, 23.54, 22.85, 22.60, 19.37 (Sn-CH2 butyl),
13.29 (CH3 butyl). MALDI-TOF (m/z): 791.32 (i-C4H9)7Si7O9(OH)3, 793.32

[(i-C4H9)7Si7O9(OH)3 + H]+, 963.32 (i-C4H9)7Si7Si7O12Sn(n-C4H9),
965,31 [(i-C4H9)7Si7O12Sn(n-C4H9) + H]+.

6.2.5.2 Synthesis of dimethyl-Sn-heptaisobutyl-POSS (DM-Sn-POSS)

To a solution of (i-C4H9)7Si7O9(OH)3 (OH)3-POSS)(18 g, 22.74 mmol)
and triethyl amine (12.6 mL, 90.98 mmol) in 300 mL of toluene, (CH3)2SnCl2
(5 g, 22.74 mmol) in a 50 mL toluene solution was added drop wise over
a period of 30 min at RT. The solution was stirred overnight at RT and
filtered in vacuum to remove the majority of triethyl ammonium chloride.
Addition of 100 mL n-hexane to filter insoluble traces of the ammo-
nium chloride and subsequent thorough evaporation to remove traces of
toluene, yielding the product (19 g, 20.47 mmol, 90%) as a white pow-
der (MP = 81.1–81.6 ◦C) after vacuum drying. 1H-NMR (CDCl3) δ 5.29

(s, 1H, OH), 1.90-1.78 (m, 7H, CH, isobutyl), 0.98-0.89 (m, 42 H, CH3,
isobutyl), 0.82 (s, 3H, Sn-CH3), 0.76 (s, 3H, Sn-CH3), 0.61-0.54 (m, 14H,
CH2, isobutyl). 13C-NMR {1H}(CDCl3) δ 25.89, 25.82, 25.76, 25.71, 25.63

(CH3, isobutyl), 24.25, 24.22, 23.95, 23.90 (CH, isobutyl), 22.83, 22.50, 22.22

(CH2, isobutyl), 0.88 (Sn-CH3), 0.21 (Sn-CH3). MALDI-TOF (m/z): 938.25

(i-C4H9)7Si7O9(OH)Sn(CH3)2, 939.25 [(i-C4H9)7Si7O9(OH)Sn(CH3)2 +
H]+.
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Figure 6.3: Synthesis of the reference compounds.
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Table V: XPS binding energies of TTC grafting experiments.

Experimental Sn 3d5/2 O 1s Si 2p Au 4f7/2
conditions [eV] [eV] [eV] [eV]

Lit refs [8, 9] 487.5 - - -

RT – 1 487.77 532.58 103.30 -

RT – 2 487.67 532.58 103.30 -

RT – 3 487.54 532.59 103.30 -

6.3 results and discussion

6.3.1 TTC grafting

XPS results of analyzed samples after grafting are shown in Figure 6.4,
with Table V summarizing the binding energies of the most important
elements after calibration using the Si 2p signal. XPS binding energies
of the samples made at RT are given with the first two samples (RT
– 1 and RT – 2) giving a Sn 3d5/2 binding energy of 487.77 eV and
487.67 eV, respectively, which is much higher than the expected Sn 3d5/2
binding energy of 487.5 eV reported for Sn–O–Si species by Jiménez et
al. [8] and Wang et al. [9]. The binding energy shift possibly the result of
multilayer depositions due to higher TTC reactivity compared with other
tin precursors. To get monolayer deposition, the exposure time of the
experiment (RT – 3) was reduced from the standard 5 min vapor exposure
to only 5 s, which resulted in a Sn 3d5/2 binding energy of 487.54 eV,
comparable with the literature value of 487.5 eV, mentioned before. Based
on these results we propose a reaction mechanism as shown in Figure 6.5
where TTC reacts with the Si–OH groups under the formation of HCl,
directly followed by a reaction of the Sn–Cl group with residual water
from the reactor atmosphere forming a grafted Sn–OH species.
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Figure 6.4: XPS analysis of the tin compounds: XPS Sn 3d region scans of the
grafted TTC species on etched SiO2 wafer at room temperature (RT).
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Figure 6.5: Proposed reaction mechanism during the grafting of TTC on hydrolyzed
silica: hydrolysis reaction of the chlorine groups of the TTC with the
Si–OH groups followed by a reaction of water to form a Sn–OH species.
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Table VI: XPS binding energies of MBTC grafting experiments.

Experimental Sn 3d5/2 O 1s Si 2p Au 4f7/2
conditions [eV] [eV] [eV] [eV]

NB-Sn-POSS 487.27 - - 84.00

RT – 1 487.28 532.57 103.30 -

RT – 2 487.28 532.63 103.30 -

50
◦C 487.52 532.56 103.30 -

100
◦C 487.39 532.58 103.30 -

200
◦C 487.52 532.58 103.30 -

6.3.2 MBTC grafting

XPS results of MBTC grafting are displayed in Figure 6.6 and Table VI,
showing the binding energies of Sn, O and Si after calibration using the
Si 2p signal. The Sn 3d5/2 binding energy of the first sample made at RT

(RT – 1) is 487.28 eV, which is similar to the Sn 3d5/2 of the NB-Sn-POSS

reference compound, which suggests the presence of a grafted Sn-butyl
on the hydrolyzed silica surface. After this first RT experiment, we were
able to repeat this experiment with comparable binding energies for
all compounds (RT – 2), indicating the accuracy of the calibration step.
Binding energies of the experiments done with substrate temperatures
of 50

◦C, 100
◦C and 200

◦C showing an increase of about 0.2 eV for the
Sn 3d5/2 signal but no changes for the other elements. We expect that
this increase is the result of a conversion of the Sn-butyl group into a
Sn-OH group, activated by the increased substrate temperature and a
results of a reaction with water present as trace in the atmosphere of
the reactor, as reported before for the TTC case. Based on these results,
we propose a reaction mechanism as displayed in Figure 6.7, with the
first step the reaction of the chlorine groups of MBTC with the surface
Si–OH groups under the formation for HCl (detected by QMS). In the case
that the substrate temperature is 50

◦C or higher, a second reaction can
happen with the butyl group being converted into a Sn–OH, as a result
of a reaction with residual water vapor.
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Figure 6.6: XPS analysis of the tin compounds: XPS Sn 3d region scans of the NB-
Sn-POSS and the grafted MBTC species on etched SiO2 wafer at room
temperature (RT) and 200

◦C.
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Figure 6.7: Proposed reaction mechanism during the grafting of MBTC on hy-
drolyzed silica: hydrolysis reaction of the chlorine groups of the MBTC
with the Si–OH groups followed by a reaction of water to form a
Sn–OH species.
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Table VII: XPS binding energies of DMTC grafting experiments.

Experimental Sn 3d5/2 O 1s Si 2p Au 4f7/2
conditions [eV] [eV] [eV] [eV]

DM-Sn-POSS 487.11 - - 84.00

RT – 1 487.05 532.55 103.30 -

RT – 2 487.22 532.57 103.30 -

RT – 3 487.46 532.58 103.30 -

200
◦C 487.44 532.58 103.30 -

6.3.3 DMTC grafting

XPS results of MBTC grafting are displayed in Figure 6.8 and Table VII,
showing the binding energies of Sn, O and Si after calibration using the
Si 2p signal. The Sn 3d5/2 binding energy of the first sample made at
RT (RT – 1) is 487.04 eV, which is close to the Sn 3d5/2 binding energy
of the DM-Sn-POSS reference compound of 478.11 eV, which suggests
the presence of a grafted Sn-dimethyl species on the hydrolyzed silica
surface. After this first RT experiment, two similar experiments were
done with Sn 3d5/2 binding energies of 487.22 and 487.46. Like with the
MBTC experiments an increase of about 0.2 eV is found between binding
energies. We expect that this increase is the result of a conversion of
the Sn-methyl group into a Sn-OH group, and since there are two of
those methyl groups present, two steps of about 0.2 eV can be detected.
Based on these results, we propose a reaction mechanism as displayed
in Figure 6.9, with the first step the reaction of the two chlorine groups
of DMTC with the surface Si–OH groups under the formation for HCl
(as detected by QMS). This reaction can be followed by a second group
of reactions, in which the methyl group is converted into a Sn–OH, as a
result of a reaction with residual water vapor.
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Figure 6.8: XPS analysis of the tin compounds: XPS Sn 3d region scans of the DM-
Sn-POSS and the grafted DMTC species on etched SiO2 wafer at room
temperature (RT) and 200

◦C.
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Figure 6.9: Proposed reaction mechanism during the grafting of DMTC on hy-
drolyzed silica: hydrolysis reaction of the chlorine groups of the DMTC
with the Si–OH groups followed by a reaction of water to form a
Sn–OH species.
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Figure 6.10: XPS binding energies of all species encountered as intermediates and
reference compounds.

6.3.4 Binding energy shift and group electronegativity

The XPS results of the grafting experiments of TTC, MBTC and DMTC

suggest acid-base hydrolysis reactions between the RxSnCl4−x (x = 0, 1,
2) compounds and the hydrolyzed silica surfaces. Results are summarized
in Figure 6.10, showing the Sn 3d5/2 binding energies of all experiments.

As discussed before, a 0.2 eV binding energy shift for the Sn 3d5/2
signal can be detected when aliphatic groups like n-butyl and methyl are
converted into Sn–OH groups. A possible explanation for this effect could
be the influence of the electronegativity of the groups on the electron
configuration of the tin atom, and so the binding energy of Sn 3d elec-
trons. This effect is described by Swartz et al. [10] for hexahalostannates
(((C2H5)4N)2SnX6 compounds with X = F, Cl, Br and I) and he reports
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an linear relation between the binding energy of Sn 3d electrons and the
electronegatovity of side groups of the tin atom.

6.4 conclusions

A XPS study was performed on grafted RxSnCl4−x (x = 0, 1, 2) com-
pounds on hydrolyzed silica surfaces. Based on the results we concluded
that an acid-based hydrolysis mechanism between the chlorine groups of
the tin species and the silica surface is responsible for the grafting of the
tin species and that other groups of the tin compounds can reacts with
water to form Sn–OH groups.
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7C H A P T E R

X-ray photoelectron spectroscopy study on
the chemistry involved in tin oxide film growth
during chemical vapor deposition processes1

abstract

The chemistry of atmospheric pressure chemical vapor deposition (APCVD)
processes is believed to be complex and detailed reports on reaction mechanisms
are scarce. Here, we investigated the reaction mechanism of monobutyl tin
trichloride (MBTC) and water during SnO2 thin film growth using X-ray
photoelectron spectroscopy (XPS) and transmission electron microscopy (TEM).
XPS results indicate an acid-base hydrolysis reaction mechanism, which is tested
with multilayer experiments, demonstrating self-terminating growth. In-house
developed TEM wafers are used to visualize nucleation during these multilayer
experiments and results are compared with TEM results of APCVD samples.
Results show almost identical nucleation behavior implying that their growth
mechanism is identical. Our experiments suggest that in APCVD, when using
MBTC and water, SnO2 film growth occurs via a heterolytic bond splitting of
the Sn–Cl bonds without the need to invoke gas-phase radical or coordination
chemistry of the MBTC precursor.

1 Parts of this work have been published as: G. J. A. Mannie, G. Gerritsen, H. C. L. Abbenhuis,
J. van Deelen, J. W. Niemantsverdriet, P. C. Thüne, X-ray photoelectron spectroscopy study on
the chemistry involved in tin oxide film growth during chemical vapor deposition processes. Journal
of Vacuum Science & Technology A, 31 (1), 01A105 (January 2013)(Published online October
2012). 10.1116/1.4756898
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7.1 introduction

Thin films of transparent conductive oxide (TCO) like F-doped SnO2 can
be deposited in a quick and economical efficient way using atmospheric
pressure chemical vapor deposition (APCVD). Therefore, APCVD can be
an interesting candidate to lower production costs of for example thin
film solar cells or organic light-emitting diodes (OLEDs) [1, 2, 3]. APCVD

depositions are used at industrial scale employing moving-belt reactors to
deposit large areas of glass with a SnO2 thin film for energy-conserving
Low-E glass and anti-static films [4]. To optimize this deposition process
to make APCVD suitable for high-tech applications a detailed reaction
mechanism towards film growth is needed in order to tune the intrinsic
parameters of the deposition process. Literature on the growth mech-
anism of APCVD with RxSnCl4−x compounds is scarce and inconclu-
sive. CVD mechanisms towards SnO2 film growth that are proposed in
literature can be derived into three groups: gas-phase-driven mecha-
nisms, surface-driven mechanisms or a combination of both. In the first
group, Gordon and co-workers published radical-driven mechanisms
involving tetramethyl tin (TMT, (CH3)4Sn) or dimethyl tin dichloride
(DMTC, (CH3)2SnCl2) with oxygen [5, 6]. Based on kinetic data from both
literature and their own experiments they postulated a radical-driven
gas-phase mechanism with RxSnOx species as a key intermediates that
have to form in the gas phase before deposition could take place with
SnO2 as result. Many years later, van Mol et al. claimed to have seen
evidence for these intermediates by in situ Fourier-transformed infrared
spectroscopy [7]. The second group is represented by the surface reaction-
driven mechanisms of tin tetrachloride (TTC, SnCl4) with oxygen or water,
described by Ghoshtagore [8]. These Eley-Rideal-type of mechanisms
are based on kinetic data and describes the deposition mechanism in
two steps: first tin tetrachloride adsorbs at the surface of the substrate
followed by a reaction with oxygen or water coming from the gas-phase.
Although reactions of tin tetrachloride with water and oxygen are rela-
tively fast, Eley-Rideal mechanisms are not very likely since the loss of
entropy and the minimal chance that molecules collide in the exact config-
uration needed for a reaction will give an extremely low pre-exponential
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factor, and so reaction rate [9]. The last group is represented by Chae et
al. [10, 11] who interpreted their results also in terms of an Eley-Rideal-
type of mechanism during his study on monobutyl tin trichloride (MBTC,
n-C4H9SnCl3) with oxygen. However, for the deposition of MBTC with
oxygen and water the authors proposed that first a gas-phase complex
of MBTC with water must be formed before the complex can adsorb at
the surface and react with oxygen in an Eley-Rideal-type of reaction.
Because of these different types of mechanisms described in literature
we decided to start our own investigation of the mechanism of MBTC

with water. Supported by the publications of Basset et al. (Ref [12] and
references therein) and our experience with reactive halogen-containing
organo-metal compounds, we believe that an acid-base hydrolysis mech-
anism involving the cleavage of the Sn–Cl bonds at the film surface may
play an important role. In order to investigate the importance of this
surface chemistry in CVD deposition processes of RxSnCl4−x species
with water we built a low-pressure reaction set-up (Figure 7.1). The low
pressure (1 · 10

−8–1 · 10
−6 mbar) is necessary to slow down reaction

rates, to allowing the detection of intermediate species and to rule out
any gas-phase chemistry between the tin precursor and the oxygen source
(water). X-ray photoelectron spectroscopy (XPS) was employed to detect
surface species present and transmission electron microscopy (TEM) in
combination with our self-developed TEM membranes were used to visu-
alize nucleation during the first stages of film growth [13]. In this work
we will present our findings about these investigations and present a
reaction mechanism which is in good agreement with our XPS data.

7.2 experimental details

7.2.1 Substrate preparation

Si(100) wafers were cut into samples of 20 × 20 mm2 and calcined in
air at 750

◦C for 24h to grow a SiO2 layer of several nanometers. After
cooling down, the samples were placed in a 1:1 volumetric mixture of
NH4OH (25%) and H2O2 (35%) to remove carbon contamination and
etch away the first monolayers of SiO2. The mixture solution was stirred
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Figure 7.1: Schematic presentation of the low pressure reactor with a base pressure
of 10

−8 mbar. The reactor is equipped with two vacuum gauges each
connected to a flask with MBTC and H2O respectively. The reactor is
also equipped with a QMS for gas-phase analysis and a cryo-pump for
keeping water and oxygen levels as low under control.
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Table VIII: Labeling of the low pressure experiments.
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for 10 minutes and then the wafers were submerged into hot water
(±80

◦C) for 30 minutes in order to fully hydrolyze the SiO2 surface.
Subsequently, wafers were blown dry with clean N2 gas and brought
into the vacuum (1 · 10

−8 mbar) of the XP spectrometer for drying
purposes. After drying, the samples were analyzed by XPS to confirm the
quality of the cleaning procedure. TEM wafers used during experiments
are described elsewhere ([13] and Chapter 4) and were treated is the same
way as the wafer samples described above.

7.2.2 Low pressure reactor

Low pressure deposition experiments were carried out in a stainless
steel (ultra) high vacuum (UHV) reactor, which was custom-build for
this research project. Figure 7.1 shows a schematic representation of the
reactor. The base pressure of the reactor (1 · 10

−8 mbar) was maintained
using a turbo pump and a liquid nitrogen cooled cryo-pump. Substrates
inside the reactor could be heated to temperatures between room temper-
ature and 600

◦C. The gas-phase was monitored with a quadruple mass
spectrometer (QMS). The substrates were transferred to and from of the
reactor with a stagnant vacuum transfer cell.

7.2.3 MBTC deposition experiments

7.2.3.1 Adsorption of MBTC onto silica

After substrate preparation and XPS analysis, substrates were transferred
to the low pressure reactor and exposed to pure MBTC vapor at a pressure
of 5 · 10

−6 mbar for time periods between 5 and 15 minutes (equal
to 1150–3450 L). Experiments were labeled ‘5’ and ‘15’ as displayed
in Table VIII. During these experiments, substrates were kept at room
temperature (RT) or heated to 500

◦C. After deposition, samples were
transferred to the XPS using a stagnant vacuum transfer cell.
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7.2.3.2 Sequential adsorption of MBTC and water at low pressure

Experiments with MBTC and water are similar to single component ex-
periments apart from the water vapor step in between every MBTC vapor
step. The water step was kept constant for all experiments and consists
of water vapor at a pressure of 5 · 10

−6 mbar for 2 minutes (equal to
450 L) and was labeled ‘w’ so that a sample made with 5 minutes MBTC

vapor followed by 2 minutes of water vapor and again 5 minutes of
MBTC vapor is labeled ‘5w5’. Detailed sample labeling can be found
in Table VIII. During these experiments substrates were kept at room
temperature (RT). After deposition, samples were transferred to the XPS

using a stagnant vacuum transfer cell.

7.2.3.3 SnO2 deposition by atmospheric pressure CVD

Atmospheric pressure CVD experiments were done using a stagnant-flow
reactor connected to two bubblers containing MBTC and H2O, heated
to 125

◦C and 40
◦C respectively, using oil baths. Details of this reactor

set-up are described elsewhere [14]. As substrate, silica TEM wafers were
pre-treated, transferred to the stagnant flow reactor, heated to 570

◦C and
exposed for 1 s to the MBTC/H2O vapor. After deposition, samples were
analyzed by TEM.

7.2.4 X-ray photoelectron spectroscopy

XPS was measured with a Kratos AXIS Ultra spectrometer, equipped with
a delay-line detector (DLD) and a monochromatic Al Kα X-ray source
(Al Kα = 1486.6 eV) operating at 150 W. Spectra were recorded with
a background pressure of 2 · 10

−9 mbar and pass energies of 160 eV
for survey scans and 40 eV for region scans. XPS measurements of the
grafting experiments of SiO2 were calibrated using the Si 2p signal of
the SiO2 wafer (Si 2p (SiO2) = 103.30 eV [15]). Binding energies for Sn 3d
were compared with the Sn 3d binding energy of a tin-butyl-containing
polyhedral oligomeric silsesquioxane (Sn-POSS) reference compound (n-
butyl-Sn-heptaisobutyl-POSS) which was synthesized in-house and de-
scribed below (Figure 7.2). XPS measurements of this Sn-POSS compound
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were calibrated using the Au 4f7/2 signal of sputtered gold on the POSS

material (Au 4f7/2 (Au) = 84.00 eV [15]).

7.2.5 Chemicals

n-butyl tin trichloride (n-C4H9SnCl3) (95%) was obtained from Aldrich
and used as received. Diethyl ether and acetonitrile were all obtained
from Biosolve and were dried using calcined alumina and molesieves,
respectively. Ammonia (25%), hydrogen peroxide (35%) and triethylamine
(99%) were all obtained from Merck and all used as received except
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triethylamine which was dried with KOH (Merck, 99%). Trisilanol-hepta-
isobutyl-POSS ((i-C4H9)7Si7O9(OH)3) was kindly donated by Hybrid
Catalysis BV and re-crystallized in heptane (Biosolve, 99%) before use.

7.2.5.1 Synthesis of n-butyl-Sn-heptaisobutyl-POSS

To a cooled (−40
◦C) solution of (i-C4H9)7Si7O9(OH)3 (24.70 g, 31.2 mmol)

and liquid n-butyl tin trichloride (9.45 g, 33.5 mmol) in dry diethyl ether
(110 mL) was added triethyl amine (14.0 g, 138 mmol). The suspension
was stirred overnight at room temperature (RT) and filtered to remove
the majority of triethyl ammonium chloride. Acetonitrile (± 80 mL) was
added to the filtrate, which was allowed to cool slowly to 0

◦C. The
solids were obtained by filtration, and washed with acetonitrile (± 50

mL), yielding the product (21.8 g, 22.6 mmol, 72%) as a white powder
(MP = 217

◦C) after vacuum drying. 1H-NMR (CDCl3) δ 1.847 (m, 7H,
CH isobutyl) 1.759 (m, 3H, CH3), 1.449 (sextet, 3JHH = 7.4 Hz, CH2
butyl), 13C-NMR {1H}(CDCl3) δ 26.15, 26.13 (C2+C3 butyl), 25.81, 25.78,
25.75, 25.68 (CH3 isobutyl), 24.15, 23.92, 23.90, 23.54, 22.85, 22.60, 19.37

(Sn-CH2 butyl), 13.29 (CH3 butyl). MALDI-TOF (m/z): 791.32, 793.32 (i-
C4H9)7Si7O9(OH)3, 963.32, 965,31 (Sn-POSS).

7.3 results and discussion

7.3.1 Deposition from MBTC with and without H2O

Which group of the MBTC (alkyl or chloride groups) reacts first with the
silica surface, i. e. which surface species are present during the forma-
tion of the SnO2 film? Figure 7.3 shows a series of Sn 3d spectra after
adsorption of MBTC at substrate temperatures between room temperature
(RT) and 500

◦C. Briefly, we conclude from these experiments that surface
grafted Sn-butyl species, as depicted in Figure 7.3c, are present at room
temperature. For temperatures of 50

◦C and higher, only Sn-hydroxy
species, as in Figure 7.3d, were observed. Careful analysis reveals that
MBTC adsorbed at silica below 50

◦C results in a Sn 3d5/2 peak with
a binding energy of 487.28±0.05 eV (Figure 7.3c), which is very simi-
lar to the Sn 3d5/2 binding energy of 487.27±0.05 eV of the reference
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compound n-butyl-Sn-heptaisobutyl-POSS (Sn-POSS)(Figure 7.3b). Open-
cage POSS compounds are known as good models for surface silanol
groups [16, 17, 18, 19] and therefore ideal as XPS reference compound,
similar to the work of Nédez et al. who used Sn-POSS compounds as
reference in nuclear magnetic resonance (NMR) and infrared (IR) spec-
troscopy [20]. Since matrix-assisted laser desorption-ionization time of
flight (MALDI-TOF) experiments and nuclear magnetic resonance (1H-NMR

and 13C-NMR) all confirm the structure of the n-butyl-Sn-heptaisobutyl-
POSS (Sn-POSS) as the only compound present, and the fact that both
Sn 3d5/2 binding energy values are identical we believe in the presence
of n-butyl-Sn–(O–Si))3 species anchored to the SiO2 substrate surface.
This is also supported by binding energy values given by Behra et al.
who measured sorbed MBTC on quartz sand [21]. XPS analysis of ad-
sorbed MBTC at SiO2 with substrate temperatures above 50

◦C resulted
in a Sn 3d5/2 peak at 487.48±0.05 eV, which is about 0.2 eV higher than
the binding energy for n-butyl-tin species discussed before. We suggest
that this shift to higher binding energies is a result of a reaction of the
n-butyl-Sn–(O–Si)3 species with small traces of residual water present in
the reactor set-up and leads to the formation of HO–Sn-(O–Si)3 species
as displayed in Figure 7.3d. To test this hypothesis we did a room tem-
perature experiment with MBTC followed by water and indeed the same
binding energy shift of about 0.2 eV was observed.

This mechanism of HO–Sn–(O–Si)3 formation is supported by binding
energy values found in literature as Jiménez et al. investigated very thin
SnO2 films on SiO2 and found a Sn 3d5/2 binding energy of 487.5 eV
for an Sn–O–Si system [22]. The same value is also found by Wang et
al. during his research on SnO2 impregnated SiO2 spheres [23]. Both
groups explain this 1 eV increase in binding energy compared with bulk
SnO2 (Sn 3d5/2 (bulk SnO2) = 486.7 eV [15, 24]) by pointing towards
interactions with the SiO2 and the first layers of SnO2. This effect of the
electronegativity of atoms on binding energy values is described in more
detail by Swartz et al. [25]. The results of these deposition experiments
with MBTC are supporting our idea of an acid-base hydrolysis reaction
mechanism without the need of gas-phase reactions. The lack of any
evidence for grafted Sn–Cl species using XPS nor for a MBTC-H2O complex
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using mass spectrometry, together with the fact that reaction of the tin
precursor with the substrate is already possible at room temperature
are strong indications that the Sn–Cl bonds in MBTC are highly reactive
towards surfaces, without the need to invoke any secondary tin species,
by radical chemistry or complexation of water molecules. Instead, we
propose an acid-base hydrolysis reaction mechanism in SnO2 film growth
similar to the reaction mechanism reported by Basset et al. [12] and
mechanisms reported for atomic layer deposition (ALD) processes [26, 27,
28]. Figure 7.4 shows the different steps in our film growth mechanism:
Figures 7.4a, 7.4b and 7.4c are based on the single component experiments
described previously and Figures 7.4d and 7.4e are a repetition of the
grafting and hydrolysis steps, but now Sn–OH groups are available for
grafting instead of the Si–OH groups. A more schematic representation
of this mechanism is shown in Figures 7.4f-7.4i.

7.3.2 Depositions with MBTC and H2O

In order to test the mechanism outlined above, we continued with multi-
layer film growth by alternating exposures of the substrate to MBTC and
H2O. Figure 7.5 shows the XPS results of a series of multi-component
experiments using alternating MBTC and water steps. Figure 7.5a shows
the XPS Sn 3d region of a clean SiO2 wafer and Figures 7.5b, 7.5c and 7.5d
show the XPS Sn 3d region of samples made with respectively zero (‘5’),
one (‘5w5’) and two (‘5w5w5’) water steps in between the MBTC steps (see
Table I). The linear increase in XPS signal indicates a step-by-step increase
in deposited tin, which is in agreement with our film growth mechanism
of Figure 7.5. When MBTC reacts with surface hydroxyl groups and forms
a layer of anchored butyl tin species, followed by a water vapor step,
which converts the butyl groups into hydroxyl groups, one extra layer of
tin is deposited. As a control experiment, we removed the water steps
between the MBTC steps but left the MBTC deposition time unchanged
(‘15’ instead of ‘5w5w5’). Without the water steps, the formation of
surface hydroxyl groups should stop and further growth of the film
should not be possible. This is indeed what happened. Figure 7.5e shows
the XPS Sn 3d intensity of a sample made with a total exposure time
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of 15 minutes MBTC vapor (‘15’). As the XPS Sn 3d signal intensity is
equal to that of the 5 minutes sample (Figure 7.5b, ‘5’) and not to the
15 minutes sample (Figure 7.5d, ‘5w5w5’) we can conclude that the water
steps between the MBTC steps are essential for the formation of surface
hydroxyl groups — and so for film growth. This limitation effect between
the precursor step and the oxidation step is commonly known as self-
limiting or self-terminating growth [26, 27] and is very common in ALD

processes. To double-check this effect we also did an experiment in which
we first growth a film of 3 cycles MBTC and water and than separately
exposed this film to 5 minutes MBTC vapor (‘5w5w5w5’) and 15 minutes
MBTC vapor (‘5w5w5w15’) respectively. The outcome was the same: both
samples gave a linear increase in XPS signal equal to that of one monolayer
of tin.

To compare the morphology of the SnO2 films produced in this study,
we used specially designed TEM wafers employing electron transparent
SiO2/SiNx membranes as described by us before [13]. We prepared two
SnO2 films by sequential MBTC/H2O deposition in high vacuum (6 cycles
of MBTC/H2O and 12 cycles of MBTC/H2O) and compared these films
with a film made with MBTC/H2O under APCVD conditions. Figure 7.6
shows some representative TEM results, with Figure 7.6a showing a TEM

image of the 6-cycle sample. In this sample, randomly distributed mostly
SnOx particles were present with sizes around 3–4 nanometers. This
was also true for the TEM images of the 12-cycle samples (Figure 7.6c).
However, here we were able to find a small number of crystals with one of
them displayed in Figure 7.6c. This crystal was about 20–30 nanometers in
lateral dimensions and has a lattice spacing of 3.35 Å, which corresponds
to the most intense SnO2 (110) reflection [28]. Even though we were able
to resolve the lattice fringes of some large particles in the 12-cycle samples
all samples appeared completely amorphous in electron diffraction. For
comparison, we also prepared a sample using a stagnant flow reactor
with MBTC/H2O at 1 bar and a very short deposition of only 1 second.
Figure 7.6b shows a TEM image of this sample and the first thing which
can observed is the similarity between the low pressure ALD-like sample
of Figure 7.6a and the APCVD-made sample of Figure 7.6b. This similarity
supports the idea that both films were produced according same reaction
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low pressure (5 · 10

−6 mbar) (b) Image of a sample grown with a 1s
APCVD deposition. (c) High magnification image of a sample grown
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−6 mbar).



134 chapter 7

mechanism, implying that only surface reactions are essential for film
growth and no gas-phase reactions are needed since these reactions are
very unlikely at pressures of 10

−6 mbar.

7.4 summary and conclusions

Based on our XPS and TEM results, we conclude that SnO2 films produced
by APCVD are formed by direct adsorption of MBTC onto the film sur-
face. We see no indication for gas-phase reactions playing any role of
significance. We investigated the surface chemistry of MBTC and water
at low pressure (10

−6 mbar) and proposed an acid-base type of reaction
mechanism, which fully describes our XPS findings. TEM analysis gave
some insight into the first nucleation of film growth during ALD-like
film growth, which was similar to the nucleation behavior observed in
APCVD processes and supports our idea of the surface reaction-driven
film growth.
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8C H A P T E R

Summary and Outlook

Surface chemistry and morphology of tin
oxide thin films grown by chemical vapor
deposition

8.1 summary

Properties of transparent conductive oxide (TCO) films made by chem-
ical vapor deposition CVD) highly depend on their morphology. Since
early-stage morphology is an important factor, nucleation behavior and
morphology of the initial stages of film morphology were investigated
using transmission electron microscopy (TEM) to visualize grain growth at
nanometer resolution [1]. In addition to morphology, the CVD chemistry
itself is believed to be an important factor for film properties. Therefore
surface chemistry experiments were conducted, using X-ray phoelectron
spectroscopy (XPS) to better understand the decomposition of CVD pre-
cursors and the subsequent oxide formation [2]. Figure 8.1 summarizes
our approach with on the left hand side XPS analysis for surface species
identification and TEM analysis to visualize the formed oxide grains. In
the next two sections these subjects will be discussed in more detail.
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Figure 8.1: Graphical abstract of the approach to study thin film growth.

8.1.1 Morphology and initial growth of thin tin oxide films

To fully investigate morphology of thin film growth, a facility to visualize
the initial stage of film growth is essential. Until recently, this type of
research was mainly done using scanning electron microscopy (SEM) and
atomic force microscopy (AFM) but limitations in spacial resolution of
these two techniques make transmission electron microscopy (TEM) a
much desired option. For TEM, samples need to be electron transparent,
so films thinner than 20–30 nm are needed before actual analysis is
possible. To make TEM analysis of thin films less labor intensive and
suitable for visualization of the very early-stages of film growth, we used
electron transparent membrane TEM substrates (Figure 8.2) to deposit
thin films with the capability of direct TEM analysis (Chapter 4).

Using this method, we were able to study early-stages of film growth
of a CVD-made tin oxide film with nanometer resolution. Figure 8.3a
shows an example of a TEM image made of these early stage films. Small
crystals can be recognized and even the internal structure of crystals can
be visualized to investigate for example stacking faults. To demonstrate
the increase in spacial and lateral resolution, an AFM image (Figure 8.3b)
of the same sample was taken. It only displays the large crystals but lacks
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Figure 8.2: Schematic representation of the CVD substrate. (a) TEM wafer consist-
ing of 36 fused TEM grids with windows (b). Cross-sectional view
of an individual TEM grid with the electron transparent membrane
suspended in a silicon frame.
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Figure 8.3: Plan view TEM images of early stage film growth of SnO2 film de-
posited by atmospheric pressure chemical vapor deposition (APCVD).
(a) overview with clusters of small SnO2 crystals grown on top the
SiO2 membrane with an electron diffraction pattern of the same area,
(b) AFM image of the sample with a line-scan .
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the resolution for visualization of the small crystals in between the larger
ones.

Having displayed the advantages of this TEM membrane method, we
used it, together with SEM, to investigate the initial growth during CVD

film stages of tin oxide films made from tin tetrachloride (TTC) and
monobutyl tin trichloride (MBTC) as metal precursor, water as oxygen
source and methanol as possible additive to influence the film growth
process (Chapter 5).

Figure 8.4 shows early-stage films made under different CVD conditions
with their resulting differences in morphology. First of all, we found
that MBTC-prepared films grow much slower than TTC-prepared films,
which we attribute to the lower reactivity of the MBTC precursor in
hydrolysis reactions, the mechanism we believe is leading in these CVD

reactions. Secondly, we saw differences in grain shapes and nucleation
in the cases methanol was added to the deposition process. We interpret
this as a result of a lowering of surface free energy of the crystals by
chemisorbed methanol, leading to a thermodynamic change, and so
film growth mechanism. Finally, we proposed a film growth mechanism,
displayed in Figure 8.5, which summarizes the different steps during the
early-stages of film growth.

8.1.2 Surface chemistry during growth of thin tin oxide films

Chemistry involved in CVD reactions is complex and detailed mechanistic
studies are scarce. Since molecular insight is believed to be a key-feature
in the optimization of CVD processes, we have investigated fundamental
surface reactions of common tin precursors with silica substrates, using
X-ray photoelectron spectroscopy (XPS) to investigate the resulting surface
species (Chapter 6).

During experiments, hydrolyzed silica was exposed to vapors of tin
tetrachloride (TTC), monobutyl tin trichloride (MBTC) and dimethyl tin
dichloride (DMTC), at pressures around 10

−6 mbar. This low pressure
was applied to slow down the reaction rate and enable afterward analysis
by XPS. Later on, XPS results of these depositions were compared with XPS
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Figure 8.4: TEM images of tin tetra chloride (TTC) and monobutyl tin trichloride
(MBTC) prepared early stage films with similar loading. (a+c) samples
prepared without and (b+d) with methanol addition. Film analysis:
XPS coverage (top, red), image coverage (middle, yellow) and nominal
film thickness (green, bottom).
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Figure 8.6: Experimental approach to identify surface species.

of in-house made polyhedral oligomeric silsesquioxine (POSS) reference
compounds to identify the species on the surface (Figure 8.6). Results
of the deposition experiments are displayed in Figure 8.7, suggesting
acid-base-type hydrolysis reactions instead on the gas-phase reactions
mentioned in a number of literature studies [2, 3].

Based on the results of the surface reaction experiments described in
Chapter 6, we decided to further investigate the chemistry of the MBTC

reaction for a detailed study of precursor-substrate and subsequent film
growth (Chapter 7).

During this part of the research, we investigated multi-layer growth by
simplifying the CVD process to an atomic layer deposition (ALD) type of
reactor operation with alternating exposure of metal precursor and water.
With the use of XPS, we were able to follow the film growth process in a
step-by-step fashion. This led to the reaction mechanism for film growth,
proposed in Figure 8.8. We concluded that surface reactions were the
only reactions responsible for film growth, with no role for gas-phase
reactions at all.
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Figure 8.7: XPS binding energies of all species encountered as intermediates and
reference compounds.
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8.2 outlook

Research projects are never really completed, which is also the case for
the work described in this thesis. If more time was available we would
like to further investigate the following:

• Investigate morphology of thicker films made under the same con-
ditions as the early-stages investigated by TEM to better understand
how the morphology of such films develop.

• Investigate further the influence of methanol by varying its concen-
tration during film deposition.

• Investigate nucleation and morphology of F-doped SnO2 films.

• Investigate the influence of substrate temperature on the nucleation
behavior during film growth.

• Investigate the chemistry of CVD reaction at pressures between
10

−6 mbar and 1 bar to close the gap between low pressure and
atmospheric pressure CVD reactions.

• Investigate the chemistry for F-doped CVD processes to better un-
derstand the role of this dopant.
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AA P P E N D I X

Samenvatting en Vooruitblik

Oppervlaktechemie en morfologie van tinox-
ide dunne films gegroeid door middel van
chemische damp depositie

a.1 samenvatting

Eigenschappen van transparante geleidende oxidelagen, gemaakt met
behulp van chemische dampdepositie, zijn zeer afhankelijk van hun mor-
fologie. Omdat vroege-groei-morfologie een belangrijke factor in dit alles
is, zijn nucleatiegedrag en morfologie tijdens de eerste fases van filmgroei
onderzocht met behulp van transmissieelectronmicroscopie om zo kiem-
groei op nanometerresolutie in beeld te kunnen brengen [1]. Naast de
morfologie wordt de oppervlaktechemie van chemisch dampdepositiepro-
cessen gezien als bepalend voor de uiteindelijke filmeigenschappen. Om
het decompositieproces van de precursor en de daarop volgende oxide-
vorming beter te begrijpen zijn oppervlaktechemie-experimenten gedaan
met behulp van Röntgenfotoelectronspectroscopie [2]. Figuur A.1 vat de
projectaanpak samen met aan de linkerzijde fotoelectronspectroscopie
voor oppervlaktechemieanalyse en aan de rechterzijde transmissie-electron-
microscopie voor het in beeld brengen van nucleatie. In de hiervolgende
paragrafen worden beide onderwerpen in detail beschreven.
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Figure A.1: Grafische samenvatting van de aanpak voor het bestuderen van laag-
groei.

a.1.1 Morfologie en begingroei van dunne tinoxide films

Om morfologieontwikkeling tijdens dunnelaag filmgroei grondig te kun-
nen onderzoeken is het in beeld brengen van de nucleatiefase essen-
tieel. Tot voor kort werd dit soort onderzoek gedaan met behulp van
rasterelectronmicroscopie en atoomkrachtmicroscopie, maar beperkingen
in de spatiale resolutie van deze twee technieken maken transmissie-
electronmicroscopie een veel gewenstere optie. Om transmissie-electron-
microscopie toe te kunnen passen zijn electrontransparante monsters
nodig welke dunner dienen te zijn dan circa 20–30 nm voordat gede-
tailleerde analyse mogelijk is. Om analyse met transmissie-electron-
microscopie minder arbeidsintensief te maken en geschikt voor het in
beeld brengen van erg vroege stadia van laaggroei, hebben we deposities
gedaan op transparante membranen welke daarna geanalyseerd konden
worden met transmissie-electronmicroscopie (Figuur A.2)(Hoofdstuk 4).

Gebruikmakend van deze methode waren we in staat om vroege stadia
van tinoxidefilmgroei, gemaakt met chemische dampdepositie, te bestu-
deren met een nanometerresolutie. Figuur A.3a laat een voorbeeld zien
van een transmissie-electronmicoscopieplaatje van deze vroege stadia.
Kleine kristallen en zelfs interne structuren van deze kristallen kun-
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Figure A.2: Schematisch voorstelling van de dampsubstraat. (a) substraat bestaand
uit 36 electron-transparante membranen in raamwerk (b). dwars-
doorsnede van een individueel membraan in een raamwerk.
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Figure A.3: Bovenaanzicht van transmissie-electronmicroscopieplaatjes van vroege
filmgroei van SnO2 gemaakt met behulp van atmosferische druk
chemische dampdepositie. (a) overzicht van clusters met kleine SnO2
kristallen gegroeid bovenop een membraan met een electronendefrac-
tiepatroon van de zelfde gedeelte, (b) atoomkrachtmicroscopieplaatje
van hetzelfde samlple met een lijnscan.
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nen in beeld gebracht worden om bijvoorbeeld kristalfouten te kunnen
bestuderen. Om de verbetering in resolutie te laten zien, hebben we een
atoomkrachtmicroscopieplaatje toegevoegd (Figuur A.3b) van hetzelfde
monster als dat van de transmissie-electronmicroscoop. Het plaatje toont
alleen de grote kristallen maar laat de kleine kristallen tussen de groterere
kristallen achterwege.

Na het presenteren van de membraanmethode hebben wij deze meth-
ode, samen met rasterelectronmicroscopie, gebruikt om vroege stadia van
filmgroei te bestuderen, welke gemaakt zijn met chemische dampdeposi-
tie. Hierbij gebruikten we tin tetrachloride (TTC) en monobutyl tin trichlo-
ride (MBTC) als metaalprecursors, water als zuurstofbron en methanol als
additief om het filmgroeiproces te beïnvloeden (Chapter 5).

Figuur A.4 laat vroege stadia van filmgroei zien, gemaakt met verschil-
lende chemische dampdepositiecondities met de daarbij horende ver-
schillen in morfologieverschillen. Allereest constateerden wij een aanzien-
lijk tragere groei voor MBTC-films vergeleken met TTC-films. Dit verschil
schrijven wij toe aan een lagere reactiviteit van de MBTC-precursor in
hydrolyse reacties, welke wij zien als leidende reactiemechanisme in
chemische dampdepositiereacties. Ten tweede constateren wij een ver-
schil in kiemvormen en nucleatie voor de gevallen waarbij methanol
was toegevoegd aan het depositieproces. Wij interpreteren dit verschil
als een gevolg van een verlaging van de oppervlaktevrije energie van
de kristallen door gechemisorbeerd methanol, waardoor de thermody-
namica en het groeimechanisme veranderen. Tenslotte stellen wij een
filmgroeimechanisme voor dat is afgebeeld in Figuur A.5 en verschillende
stappen in vroege stadia filmgroei samenvat.

a.1.2 Oppervlaktechemie tijdens groei van dunnen tinoxide films

De chemie van chemische dampdepositieprocessen is complex en gede-
tailleerde mechanismestudies die hierover rapporteren zijn schaars. Om-
dat deze gedetailleerde reactiemechanismes nodig zijn voor een verdere
optimalisatie van chemische dampdepositieprocessen hebben wij funda-
mentele oppervlaktereacties van algemeen gebruikte tinprecursoren met
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(b) TTC/H2O/MeOH - 1 s 
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Figure A.4: Transmissie-electronmicroscopieplaatje van een met tin tetracloride
and monobutyl tin trichloride gemaakte vroege stadia films met
vergelijkbare beladingen. (a+c) samples gemaakt zonder en (b+d)
met toegevoegd methanol. Film analyse: fotoelectronspectroscopie-
belading (top, rood), afbeeldingsbelading (midden, geel) and nominale
filmdikte (groen, onder).
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Figure A.5: Schematische voorstelling van de kiemgroeifases tijdens filmgroei.
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Figure A.6: Experimentele aanpak om oppervlakteverbindingen te kunnen identi-
ficeren.

silica oppervlakken onderzocht, gebruikmakend van Röntgenfotoelectron-
spectroscopie (Chapter 6).

Tijdens de experimenten werden gehydrolyseerde silica-oppervlakken
blootgestelt aan dampen van tin tetrachloride (TTC), monobutyl tin
trichloride (MBTC) en dimethyl tin dichloride (DMTC) bij drukken rond
10

−6 mbar. Deze lage druk is toegepast om reactiessnelheden te verla-
gen zodat Röntgenfotoelectronspectroscopie naderhand mogelijk is. Na
deze analyses werden de resultaten vergeleken met Röntgenfotoelectron-
spectroscopieresultaten van zelfgemaakte polyhedral oligomeric silsesquiox-
ine (POSS) referentieverbindingen om zo oppervlakteverbindingen te kun-
nen identificeren (Figure A.6). Resultaten van de depositie-experimenten
zijn te zien in Figuur A.7. welke suggesteren dat zuur-base hydrolysatiere-
acties verantwoordelijk zijn voor depositie, in plaats van gasfasereacties
zoals beschreven in enkele literatuurstudies [2, 3].

Na aanleiding van de resultaten van de oppervlaktereactie-experimenten,
beschreven in Hoofdstuk 6, besloten we om het reactiemechanisme van
MBTC en water nader te bestuderen om zo meer over de precursor-
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Figure A.7: Röntgenfotoelectronspectroscopie bindingsenergieën van alle gevon-
den verbindingen en referentieverbindingen.
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Figure A.8: Voorgesteld reactiemechanisme van monobutyl tin trichloride (MBTC)
en water op SiO2: (a-b) zuur-basereactie van MBTC met silanolgroepen
(c) verwijdering van de butylgroep (d-e) zuur-basereactie van MBTC
met Sn–OH-groepen.
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substraat interactie en daaropvolgende filmgroei te weten te komen
(Hoofdstuk 7).

Tijdens dit deel van het onderzoek bestudeerden we multi-laaggroei
door het chemische dampdepositieproces te versimpelen tot een atoomlaag-
depositieproces (ALD), met afwisselende blootstellingen van metaalprecursor-
en waterdamp. Met behulp van Röntgenfotoelectronspectroscopie waren
we in staat om het filmgroeiproces stap voor stap te volgen. Deze resul-
taten leidden tot een reactiemechanisme dat we presenteren in Figuur A.8.
We concluderen dat alleen oppervlaktereacties verantwoordelijk zijn voor
filmgroei en dat hierin geen rol is weggelegd voor gasfasereacties.

a.2 vooruitzichten

Onderzoek is nooit helemaal af en dat is ook het geval voor het onderzoek
beschreven in dit proefschrift. Wanneer er meer tijd voor experimenten
was geweest hadden we de volgende experimenten nog willen doen:

• Bestuderen van de morfologie van dikkere lagen gemaakt onder
dezelfde condities als de vroege stadia beschreven in deze thesis
om beter te begrijpen hoe morfologieverschillen zich doorzetten in
deze lagen.

• Bestuderen wat ariaties in methanolconcentraties voor invloed
hebben op de filmdepositie.

• Bestuderen van nucleatie en morfologie van fluorgedoopte SnO2
lagen.

• Bestuderen wat variaties in de substraattemperaturen hebben op
het nucleatiegedrag tijdens filmgroei.

• Bestuderen van de reactiemechanismes tijdens chemische dampde-
posities bij drukken tussen 10

−6 mbar en 1 bar om zo het gat tussen
lagedrukdeposities en atmosferischedrukdepositie te dichten.

• Bestuderen van het reactiemechanisme van fluordgedoopte dampde-
posities om zo de rol van de dopant beter te begrijpen.
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Calculating monolayer coverage using XPS

Layer A (SnO2) on top on layer B (SiO2).

Intensities for A and B are:

IA = I∞A
[
1− exp

(
−d

λA,Acosθ

)]
(B.1)

IB = I∞B
[
exp

(
−d

λB,Acosθ

)]
(B.2)

with λB,A as attenuation length in layer A for electrons from layer B.

IA
IB

=
I∞A
I∞B
1− exp

(
−d

λA,Acosθ

)
exp

(
−d

λB,Acosθ

) (B.3)

IA
IB

=
I∞A
I∞B

[(
−d

λB,Acosθ

)
−

(
−d

cosθ

[
1

λB,A
−

1

λA,A

])]
(B.4)

IA
IB

=
I∞A
I∞B

[(
−d

λA,Acosθ

)
− 1

]
(B.5)
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Acronyms

AC Alternating Current

AES Auger Electron Spectroscopy

AFM Atomic Force Microscopy

ALD Atomic Layer Deposition

APCVD Atmospheric Pressure Chemical Vapor Deposition

CARS Coherent Anti-Stokes Raman Scattering

CSTR Continuous Stirred Tank Reactor

CVD Chemical Vapor Deposition

DBTA Dibutyl Tin Diacetate, n-(C4H9)2Sn(OOCCH3)2

DC Direct Current

DLD Delay Line Detector

DMTC Dimethyl Tin Dichloride, (CH3)2SnCl2

EDS Energy Dispersive X-ray Spectroscopy

EDX Energy Dispersive Analysis of X-rays

FTIR Fourier Transform Infrared

IMFP Inelastic Mean Free Path (of electrons)

IR Infrared

L-CVD Laser-assisted Chemical Vapor Deposition

Low-E Low-energy

LPCVD Low Pressure Chemical Vapor Deposition
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MALDI-TOF Matrix-assisted Laser Desorption/ionization–Time Of Flight

MBTC Monobutyl Tin Dichloride, n-C4H9SnCl3

MP Melting Point

MS Mass Spectroscopy

NMR Nuclear Magnetic Resonance

OLED Organic Light-emitting Diode

PECVD Plasma-enhanched Chemical Vapor Deposition

PID Proportional-Integral-Derivative

POSS Polyhedral Oligomeric Silsesquioxane

QMS Quadruple Mass Spectrometry

RAIRS Reflection Absorption Infrared Spectroscopy

RT Room Temperature, 25
◦C

SEM Scanning Electron Microscopy

SFR Stagnation Flow Reactor

STM Scanning Tunneling Microscopy

TBT Tetrabutyl Tin, n-(C4H9)4Sn

TCO Transparant Conductive Oxide

TMT Tetramethyl Tin, (CH3)4Sn

TTC Tin Tetrachloride, SnCl4

TEM Transmission Electron Microscopy

UHV Ultra High Vacuum, pressure <10−6 Pa

UPS Ultraviolet Photoelectron Spectroscopy

XPS X-ray Photoelectron Spectroscopy

XRD X-ray Diffraction

XTEM Cross-section Transmission Electron Microscopy
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