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Chapter 1

General Introduction

1.1 Nanoscale Devices and Materials Control

The continuous downscaling in size in microelectronics manufacturing allows us to have
more inexpensive and more powerful electronic devices each year. This is possible due to
efforts in many research fields to keep up with Moore’s Law which over the past decades
has dictated a roadmap aiming at a number of integrated devices on the same chip area
roughly doubling every two years [1]. Advances in the technological processing steps
employed, such as photolithography, dry etching and the employment of new materials
have enabled smaller feature sizes for many years. However, with the scaling approach-
ing sub-20nm nodes many issues are brought up since various technologies find their
final limitations in this range. For these reasons efforts are being made to find alternative
solutions to continue with the roadmap envisioned by Moore’s Law. In particular, in-
novative 3-D structures and more complex new materials are continuously introduced to
achieve smaller and better performing nanoscale devices. The most prominent examples
can be found in the complementary metal-oxide-semiconductor (CMOS) transistor and
dynamic-random-access-memory (DRAM) technologies.

In CMOS manufacturing MOS field-effect transistor (MOSFET) scaling has been
achieved over the last decade by new technologies and designs as illustrated in Figure
1.1 from Intel [2][3]. First, strained silicon channels were introduced to achieve higher
electron mobility. Next, SiO2 gate oxides were replaced by hafnium-based high-k oxides
in the 45 nm node. The high relative permittivity (k-value) of this new gate dielectric al-
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90 nm 65 nm 45 nm 32 nm 22 nm

Strained Silicon channel

High-k gate oxide

Tri-Gate

Figure 1.1: Illustration of the technological solutions implemented by Intel to keep up

with Moore’s Law for sub-100 nm nodes in CMOS technology [2][3].

lows further scaling with enough oxide thickness to suppress the tunneling current from
the gate to the active channel. Recently, 3-D FinFET (or Tri-gate) transistors were in-
troduced by Intel to overcome issues related to the 22 nm node [3]. For future nodes
other technological solutions such as III-V semiconductors or nanowire-based channels
are currently being investigated.

Figure 1.2.a shows the evolution in the design of the DRAM capacitor in a one-
transistor-one-capacitor (1T-1C) DRAM cell to meet the requirements of the continu-
ous downscaling [4]. Planar capacitor structures have been replaced over the years by
semi-planar and, subsequently, by 3-D structures with increasing aspect ratios, such as
trenches, crowns and pillars, to achieve sufficient capacitance values.

Also the electrode and dielectric materials have been replaced over the different tech-
nology nodes to improve the electrical performance. The capacitor electrodes were at
first made of poly-Si but have now been replaced by more conductive TiN films. Even
more effort has been spent to find new materials for the dielectric layer and to tailor its
properties. Figure 1.2.b shows the cross-section of a TiN/ZrO2/Al2O3/ZrO2/TiN metal-
insulator-metal (MIM) capacitor employed nowadays in DRAM technology [5]. This
figure clearly shows the complexity reached in the capacitor structure where multiple
layers have to be deposited with excellent conformality over high aspect ratio structures.
Furthermore, the three layers forming the capacitor dielectric in Figure 1.2.b have been
chosen and designed to achieve a high permittivity value (due to the high-k material of
polycrystalline ZrO2) and low leakage current (due to the superior insulating properties
of the amorphous Al2O3 interlayer). In this manner, a sufficient capacitance value could
be maintained by employing high-k dielectrics, while keeping the leakage current below
the required specifications for DRAM cells. To achieve such structure a thermal treat-
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a) b)

Figure 1.2: Evolution over the years of the capacitor design and of the material em-

ployed in a typical 1T-1C DRAM cell (adapted from [4]) (a) and transmission electron

microscopy cross-section of a TiN/ZrO2/Al2O3/ZrO2/TiN MIM capacitor structure [5]

(b).

ment is applied to guarantee the crystallization of the ZrO2 films. However, the thermal
budget has to be limited due to compatibility issues. In particular, relatively low temper-
atures should be used to avoid damage to the capacitor structure such as oxidation of the
TiN electrodes and interdiffusion between the thin films that make up the MIM device.

This example shows how important it is to control the different films employed in
advanced structures in terms of material properties. Furthermore, control over the thin
films’ dimensions is becoming more and more critical due the continuously thinner films
employed and the good step coverage required on the 3-D structures illustrated above.
For controlling all these film properties in the fabrication of electronic devices two main
aspects have to be considered.

Firstly, the deposition process of the thin film itself. To achieve the required thickness
and composition control of the thin film and a good step coverage (for deposition over
non-planar structures) the most appropriate deposition technique and deposition condi-
tions have to be chosen. Further control on material properties such as the crystalline
phase and the morphology of the deposited film can also be achieved during deposition
since these properties strongly depend on the deposition process and on the deposition
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conditions. Moreover, the influence of the deposition process on the substrate/film in-
terface and its compatibility with the other processing steps (i.e. the thermal budget
employed) are additional parameters that one should take into account to select the de-
position conditions.

Secondly, modification of the material properties can be achieved by pre-treatment of
the substrate surface or by post-treatment of the film. Such treatments are employed to in-
duce changes and to tailor the substrate/film interface and the film properties when these
cannot be achieved by the deposition process alone. Furthermore, possible modifications
to the film and interface properties induced by the steps following the film deposition in
the process flowchart of the device have to be taken into account as well. For example,
the employment of high thermal budgets or reactive compounds in the following pro-
cessing steps can result in the damage of the film properties and therefore have to be
avoided.

The ultimate control of the two abovementioned processing steps combined, i.e. the
film deposition and the film/surface treatments, enables superior tuning of film and inter-
face properties. This is essential to achieve the required performance of future nanoscale
devices.

An example of such dual control of thin film material properties is presented in this
thesis. In this work these two aspects were addressed by focusing on the control of the
material properties of strontium titanate (STO, SrxTiyOz) thin films deposited by atomic
layer deposition (ALD), an emerging technique in semiconductor processing. STO is an
ultrahigh-k dielectric material (k≈ 300 for bulk STO) which finds application in memory
technology as the dielectric material for next generation DRAM or as the resistive switch-
ing layer in MIM capacitors. An introductory description of the material properties of
STO and of the memory concepts where STO thin films find application will be given in
Chapter 2.

To tailor the STO material properties the ALD technique was chosen as the depos-
ition process since it enables the required composition control of a ternary oxide, such as
STO, and it also gives superior thickness control needed to achieve ultrathin (< 10 nm)
STO films. The ability of ALD to control the growth and the material properties of thin
films will be described in the next section.

As an additional step to achieve the required functionality of the STO thin films rapid
thermal annealing, a thin film treatment, was applied. This film treatment is required to
crystallize the amorphous as-deposited STO films to achieve the desired dielectric per-
formance associated to the crystalline perovskite structure. Thus, the employment of such
a thin film treatment step opens the possibility to further tailor the material properties of
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a) b) c) d)

Figure 1.3: Schematic illustration of a cycle of the ALD process of Al2O3 where the

co-reactant doses, TMA (a) and water (c) are separated by purge/pump steps (b) and (d).

the STO thin films which will influence the MIM device performance.

1.2 Controlling Thin Film Growth by Atomic Layer
Deposition

Atomic layer deposition (ALD) is a vapor-phase technique for the synthesis of ultrathin
films. ALD is based on the alternating dosing of precursors and co-reactant gases separ-
ated by purge or pump steps. Thus the thin films are grown in a layer-by-layer fashion
due to the limited amount of a monolayer of precursor or gas that can either be adsorbed
or react with the substrate surface in each dose step. Due to this characteristic ALD al-
lows sub-nanometer thickness control, good uniformity and superior step coverage.

The reaction principle of ALD is illustrated in Figure 1.3 for the case of Al2O3. The
ALD process for Al2O3 consists of the alternate dosing of Al(CH3)3, trimethylaluminum
(TMA), precursor and H2O. In the first half-cycle the TMA precursor vapor is dosed into
the ALD reactor which then reacts with the -OH terminated sample surface. The TMA
molecules are chemisorbed on the substrate surface via a ligand exchange reaction where
the CH3 precursor ligands and the hydroxyl groups present on the substrate surface react
to form surface Al-O bonds and volatile CH4 molecules. Due to the finite amount of
-OH groups present on the substrate surface the number of TMA molecules that can be
chemisorbed is self-limited. When the surface is saturated with the adsorbed precursor
molecules the surface is -CH3 terminated and no more TMA molecules can adsorb. A
purge or a pump step is then used to remove the excess precursor and the by-products, in
this case CH4.
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In the second half-cycle H2O molecules are dosed and they react with the CH3 lig-
ands present on the surface. CH4 molecules are again formed as by-product during this
reaction and the CH3 ligands on the surface are replaced by hydroxyl groups. Also this
reaction is self-limiting due to finite amount of CH3 ligands on the surface. When vir-
tually all CH3 ligands have reacted with the water molecules a purge or pump step is
applied again to remove the volatile by-products. After one ALD cycle typically 0.1 nm
Al2O3, i.e., a submonolayer of material has formed and the surface is once again -OH
terminated. This increase in thickness achieved for each ALD cycle is called growth-per-

cycle (GPC). The ALD cycle can be repeated to obtain the desired final film thickness.
Sufficient amounts of precursor and co-reactant species should be supplied to the sur-

face to guarantee the saturation of the self-limited half-reactions. Generally, when this
condition is met the same amount of material is deposited all over the substrate per unit
surface including on high aspect ratio structures. Furthermore, purge or pump steps are
used to avoid any reactions between the precursor vapor and the co-reactant in the vapor
phase or on the surface. In this manner, an undesired chemical vapor deposition (CVD)
component in the growth process is avoided. Thus one can achieve high-quality thin films
with good uniformity over large deposition areas and superior conformality with respect
to other deposition techniques such as CVD and physical vapor deposition (PVD) where
the growth behavior is flux-dependent.

ALD gives superior thickness control but it also gives the possibility to precisely con-
trol the material properties and to achieve multi-component materials by controlling the
ALD dosing sequence. Figure 1.4 shows three different ALD dosing sequences. The reg-
ular AB approach (a) is the one employed in the deposition of Al2O3 described above and
consists of the dosing of two co-reactants separated by purging steps. The "multistep"
approach comprises the addition of one or more co-reactants, in this case one co-reactant
C, to the ALD cycle. This ABC or "multistep" approach (b) gives the possibility to fur-
ther tune the material properties of the film which is being deposited. For example, in
the deposition of Pt thin films at low temperature, where A is Me3(MeCp)Pt and B is an
O2 plasma, PtOx is usually obtained. By introducing another step, C, in the ALD cycle
consisting of an H2 plasma, the PtOx is reduced leading to pure Pt thin films [7]. Finally,
in the "supercycle" approach (c) two ALD processes, A1B1 and A2B2, are combined.
This approach gives the possibility to tune the number of A1B1 and A2B2 cycles, m and
n, respectively, in a supercycle. By tuning the m/n ratio it is usually possible to control
the incorporation of each individual component hence, it is possible to control the com-
position of the entire compound. This approach can be used to grow accurately doped
thin films. For example, to obtain Al-doped zinc oxide (ZnO:Al), ALD cycles of Al2O3
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purge

A1

B1

A2

B2

m cycles n cycles
time

purge

A

B

C

m cycles

(ABC)m

time
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A

B

m cycles

(AB)m

time

Regular Multistep Supercycle(a) (b) (c)

x supercycles

((A1B1)m(A2B2)n )x

Figure 1.4: Schematic illustration of the "regular" ALD mode (a) and of more advanced

ALD approaches: the "multistep" mode (b) and the "supercycle" mode (c). In the "mul-

tistep" approach (b) an additional co-reactant C is added to the ALD cycle and in the

"supercycle" (c) approach cycles of two "regular" ALD processes are mixed (with a ratio

= m/n) to obtain doping of a thin film or a multicomponent compound.

and ZnO are combined with the ratio between the two different cycles depending on the
doping level targeted [8]. Another application of this approach is the deposition of mul-
ticomponent compounds such as ternary oxides where the ALD processes of two oxides
are combined. This advantage of ALD will be the key feature in obtaining strontium
titanate (SrTiO3) thin films with different stoichiometries by combining TiO2 and SrO
ALD cycles with different ratios in an STO supercycle.

Furthermore, depending on the nature of the reactant activation during deposition, a
distinction can be made between the different ALD processes, namely "thermal ALD"
and "plasma-assisted ALD". When ALD reactions are purely thermally driven the ALD
process is usually referred to as "thermal ALD". For example, in "thermal ALD" of metal
oxides an H2O vapor or O2 gas is generally used in combination with a metal-precursor
where the chemical reactions are driven only by the substrate temperature (150-350 ◦C).
This is the case of the abovementioned example of ALD of Al2O3. In "plasma-assisted
ALD", additional reactive and energetic species are created in a plasma and used as
the co-reactant. By inducing a plasma discharge in a gas, electrons are accelerated in
the generated electric fields and radicals, ions and photons are created upon collision of
such electrons with the neutral gas species. The employment of these energetic species
enhances the chemical reaction rates at the surface. This permits deposition at lower
temperatures (in some cases down to room temperature) and the employment of precurs-
ors which are not reactive towards the regular co-reactant species employed in "thermal
ALD" processes [6].
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1.3 Controlling the Material Properties by Thin Film
Treatment

After the deposition process the thin films do not always show the desired properties.
In order to achieve the required film functionality more treatments can be applied to the
thin films. In most cases this involves a thermal treatment or the use of a plasma. Such
a treatment step is intended to modify the material and interface properties of the thin
films. Examples of applications of such treatments are the removal of contaminants and
defects, crystallization, densification of thin films and surface modification. Different
approaches can be used to control the material properties. Pre-treatments can be applied
to improve the properties of the interface between the substrate and the thin film and
to influence the subsequent growth behavior and the properties of the film, while post-
deposition treatments can be employed to modify the thin film properties as well as to
enhance the interface properties. Furthermore, film treatments can be applied both ex-situ

or in-situ. In-situ treatments are used to achieve the required film modification without
vacuum break to remove the sample. This can enhance the film and interface properties
since the specimen is not exposed to air, thus assuring a lower level of contaminants.
Furthermore, this approach gives more processing flexibility.

Figure 1.5 shows an example of a process flow for the fabrication of a MIM capacitor.
In this process flow both treatment and deposition steps are employed to obtain the MIM
structure with the required properties. Examples of surface/film treatments which are
commonly employed in such process flow are delineated in the process flow chart in the
second column. In particular, a pre-treatment step can be used prior to the dielectric de-
position to remove possible contamination on the bottom electrode surface for example
by means of an oxygen plasma.

Such step can also be employed to affect the growth behavior of the following de-
position step by changing the surface termination of the bottom electrode surface. Fur-
thermore, annealing steps can be applied after the deposition steps of the dielectric and
of the top electrode. In line with the study case presented in this thesis, the thermal an-
nealing step after the dielectric deposition is employed to crystallize the dielectric film
and to remove possible contaminants in the film. A cure anneal after the top electrode
deposition is usually employed to improve the interface between the dielectric and the
top electrode and to heal possible damages caused by the top electrode deposition to the
dielectric layer.

With the aim of tailoring the properties of the device the most appropriate processing
step has to be chosen for each of the manufacturing steps. For example in Figure 1.5 a
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thermal annealing step is envisioned to crystallize the dielectric film. For this purpose
different annealing approaches can be used (i.e. laser, soak and spike annealing) [9].
Furthermore, each annealing approach has specific parameters which can be tuned to
further optimize the microstructure and the morphology of the crystallized film. There-
fore, the final structure is the result of the tuning of each of these steps. Furthermore,
such an example also shows how the final structure is the result of the interplay of all
steps. For example, the properties of the bottom electrode are not influenced only by
the deposition process itself but can be affected by the subsequent dielectric deposition
and by the treatments employed. Thus, for tailoring the material properties of each thin
film composing the MIM structure and, consequently, optimizing the performance of the
device, the possible influence of each processing step on the overall structure has to be
taken into account.

1.4 Aim of the Research Project

As introduced in the previous sections there is a high demand for new functional ma-
terials which have to be implemented in future nanoscale devices. This calls not only
for the development of new processes for the preparation of thin films of such advanced
materials but also for the control of the properties of such thin films to achieve the re-
quired functionality of the material. Essential here is the tailoring of the processing steps
involved in the fabrication of a device such as the deposition processes and possible treat-
ment steps. Moreover, the interactions between the processing steps have to be taken into
account since the final structure and the properties of the thin films are the result of the
interplay of these steps.

This thesis work addresses these aspects by focusing on the control and tailoring
of the material properties of STO thin films. STO has been selected as a technological
relevant example since its material properties and performance, as a dielectric or res-
istive switching material, strongly depends on the fabrication steps. Furthermore, as a
perovskite STO represents a wide class of multicomponent oxides. Hence, the study
presented in this thesis gives insight in the details of tailoring the properties of this ma-
terial as well as other perovskite materials and ternary compounds. As introduced in the
previous sections, control over the material properties of STO thin films is obtained by
controlling both the deposition conditions and the treatment steps. The aim of this work
is to the tailor the properties of STO thin films by means of these two processing steps to
optimize the performance of STO-based MIM devices.

In this research project a plasma-assisted ALD process of STO thin films was first
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developed and characterized. Issues such as the control of the thickness and the compos-
ition of STO by ALD have been addressed. In particular, the influence of the cycle ratio
between SrO and TiO2 ALD cycles in an STO ALD supercycle on the growth behavior
and on the film composition has been studied. Here, spectroscopic ellipsometry was used
to determine the stoichiometry and the crystallinity on the STO thin films. These find-
ings will be presented in Chapter 4. Since the as-deposited STO thin films are amorphous
and need to be crystallized by a post-deposition thermal treatment to obtain the required
dielectric properties related to its perovskite structure, the crystallization behavior of STO
thin films was studied in detail by transmission electron microscopy. Chapter 5 discusses
the crystallization behavior of ALD STO thin films deposited on Si3N4 and Al2O3 focus-
ing on the influence of film composition and thermal budget on the morphology and the
microstructure of the crystallized films.

Since STO thin films are to be employed in MIM structures, the implementation of
MIM layer stacks with Pt as the electrode and STO as the dielectric material, respectively,
is discussed in Chapter 6. Both the crystallization behavior of STO when deposited on
Pt and the influence of the thermal annealing step on the MIM structure is addressed.

Once the relation between the process conditions, film composition, morphology and
microstructure had been established, it was possible to study the influence of these para-
meters on functional MIM devices where STO was employed either as the dielectric or
resistive switching material. In this context Chapter 7 focuses on the electric perform-
ance of Pt/STO/Pt MIM capacitor structures. In particular, the influence of the STO film
composition and morphology on the capacitor performance is discussed. Furthermore,
Chapter 8 discusses the influence of parameters such as film composition and thickness
and contact pad size on the resistive switching behavior of Pt/STO/TiN micro- and nano-
crossbar test structures.

This thesis work was carried out at the Plasma and Material Processing (PMP) group
of the Eindhoven University of Technology (TU/e) in The Netherlands. The combina-
tion of the extensive expertise on synthesis of materials by (plasma-assisted) ALD and
of the wide available choice of characterization techniques and diagnostics makes the
PMP group an unique research environment with the aim of controlling and tailoring the
material properties of thin films at the nanoscale.

The thesis project was part of the "Enhance" Marie Curie initial training network
project within the 7th Framework Programme (FP7/2007-2013) founded by the European
Commission, which focused on the fabrication, integration and characterization of new
materials. The results reported in Chapter 7 and 8 are the outcome of a close collaboration
with the partners within the "Enhance" network at the Institute of Electronic Materials
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(IEM) at the Peter Grünberg Institute at the Forschungszentrum Jülich, Germany.

1.5 Outline

This thesis is structured as follows:

• Chapter 2 describes the material properties of STO and the applications of STO
thin films in nanoscale devices. Furthermore, a review of the state-of-the-art of
ALD of STO is presented.

• Chapter 3 contains the experimental part. The experimental setups employed in
this work for the ALD process of STO and for the rapid thermal annealing (RTA)
of the thin films are described. The chapter also introduces the characterization
techniques which have been extensively employed in this dissertation work with
a particular focus on their application to determine the the material properties of
STO thin films.

• Chapters 4 to 8 present the results obtained in this thesis work. These five chapters
correspond to individual journal articles published or to be published in peer-
reviewed journals and conference proceedings. A list of these publications is given
at the end of this dissertation. Some of the chapters are presented with addenda to
present relevant additional information not reported in the published articles.

• Chapter 9 describes the main conclusions and outlook of the work.
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Chapter 2

Strontium Titanate: Material
Properties, Applications and Atomic
Layer Deposition

The aim of this chapter is to introduce the reader to the material properties of strontium
titanate (SrTiO3, STO) and to the applications of ALD STO thin films studied in this
thesis. With this goal, the perovskite crystal structure and material properties of STO
will be presented in the first section. An overview of the deposition techniques which
are commonly employed for the synthesis of STO thin films will also be given. The ap-
plication of ALD STO thin films as the dielectric material in the dynamic random access
memories (DRAM) and as the resistive switching material in resistive switching random
access memories (ReRAM) will be discussed in section 2.2. Finally, in section 2.3 a
review of the ALD processes of STO reported in the literature will be presented. The
different approaches adopted in the literature to achieve ALD STO thin films with per-
formance satisfying the requirements for sub-30 nm DRAM MIM capacitor technology
will also be presented in this section.
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a) b)

Figure 2.1: Representation of the cubic perovskite crystal structure of SrTiO3 with the

Ti-cations placed at the center (a) or at the corners (b) of the unit cell. Sr in green (large),

Ti in blue (blue), and O in red (small).

2.1 Strontium Titanate: Crystal Structure, Material Prop-
erties and Deposition Techniques

Strontium titanate is a complex oxide material which belongs to a class of materials
known as perovskites. Oxidic perovskite materials have the general unit formula ABO3,
where A and B are two different cations, with A being a larger cation than B. Two repres-
entations of the cubic perovskite crystalline structure of STO, belonging to the Pm3̄m

space group, are presented in Figure 2.1.a and b. Ideal perovskites have a cubic crystal-
line structure with, in the representation in Figure 2.1.a, the large cations A (Sr) sitting
at the corners of the cubic unit cell (0, 0, 0), B (Ti) cations sitting at the center of the
cube (1/2, 1/2, 1/2) and oxygen anions placed at the face centered positions of the cube
(1/2, 1/2, 0). In this crystal configuration, a Ti-atom at the center of the cubic unit cell, as
represented in Figure 2.1.a, has a 6-fold octahedral coordination with the oxygen anions
while a Sr-atom, when represented at the center of the unit cell as shown in Figure 2.1.b,
has a 12-fold coordination and is surrounded by a cuboctahedron of oxygen anions.

At room temperature STO shows this cubic crystalline structure with a lattice para-
meter a = 3.905 Å. At T ≈ 105 K, STO undergoes a second order phase transition and
below this temperature STO exhibits a tetragonal structure with space group I4/mcm
[1,2]. This phase transition is associated with a rotation of the oxygen octahedra, with
the octahedra of neighboring unit cells rotating in opposite directions [1,2]. STO is a so-
called incipient ferroelectric [3] which remains in the paraelectric state down to nearly
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Figure 2.2: Dielectric constant of SrTiO3 single crystals as a function of temperature.

Taken from [4]. The inset figure plots the inverse of the dielectric constant as a function

of temperature showing the Curie-Weiss behavior of SrTiO3.

0 K [4]. The dielectric permittivity, ε, of single-crystalline STO follows a Curie-Weiss
behavior:

ε ∝ 1

(T − T c)

with a Curie temperature Tc, for single-crystalline STO determined experimentally ≈ 35
K [4-6]. Figure 2.2 plots the dielectric function as a function of temperature for STO
single domains [4]. For temperatures approaching T = 0 K, ε reaches values of the order
of 2×104 depending on the crystallographic orientation in which the electric field is ap-
plied. Even if single crystalline STO is an incipient ferroelectric, strain, defects, doping
and oxygen vacancies have proven to be able to increase the Curie temperature of STO.
Therefore, STO films showing ferroelectric behavior can be achieved by inducing such
imperfections in the crystalline structure. Reports in the literature can be found where
STO thin films being ferroelectric at room temperature were achieved [7-9].

STO is a dielectric material which has an indirect and a direct band gap of 3.2 eV
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and 3.4 eV, respectively [10,11]. The optical properties of single crystalline and of poly-
crystalline STO thin films will be discussed in more detail in Chapter 4. At room temper-
ature single-crystalline STO exhibits a permittivity value ε ≈ 300 [4]. This is related to
the mobility of the Ti-cations with respect to the oxygen octahedral which is responsilbe
for the strong ionic polarizabilty and the paraelectric phase [12]. Due to the non-linear
polarizability, related to its paraelectricity, STO shows a non-linear dielectric behavior.

Although STO is regarded as an ultrahigh-k material, n-type semiconductor and even
metallic behavior can be induced by oxygen vacancies which can act as an electron donor
in SrTiO3 [13-15]. As will be described in more detail in the section dedicated to the res-
istive switching application of STO thin films, the oxygen vacancies are responsible for
the valence-change memory (VCM) behavior of STO. Oxygen vacancies can be induced
by controlling the incorporation of oxygen during the deposition of STO thin films or
by post-processing, i.e. annealing in reducing atmosphere. Furthermore, as in the case
of resistive switching, oxygen vacancies in perovskites can be induced by applying an
electrical field. Also doping by other cations, such as La and Nb, results in n-type semi-
conducting behavior [13,14,16]. Nb-doped STO is a common conductive substrate which
is used in the epitaxial growth of many perovskite materials with minimal lattice constant
mismatch. Furthermore, another parameter which can affect the electrical properties of
STO is the cation ratio [Sr]/([Sr]+[Ti]). The influence of this parameter on the dielectric
performance of ALD STO thin films will be discussed in section 2.3.3 as well as in the
following chapters.

Recently, STO has attracted a lot of attention due its interesting electronic properties.
In particular, due to its ultrahigh-k value STO has been regarded as a possible dielectric
material for gate oxides in metal-oxide-semiconductor field-effect transistor (MOSFet)
structures [17,18] and, as will be described in section 2.2.1, as the insulating layer in
MIM capacitors for memory applications. Furthermore, STO has recently been the focus
of research in the field of oxide electronics. STO shows a minimal lattice mismatch with
most of other perovskite oxides [19]. STO is therefore the preferred template for the pre-
paration of oxide heterostructures which exhibit various properties and applications [19].
Perovskite oxides show properties such as high temperature superconductivity (cuprates),
colossal magnetoresistance (manganites), ferroelectricity (titantes) and can be grown epi-
taxially on STO [20-22]. Moreover, in the last decade attention has been drawn on the
properties of STO surfaces and of the interface that STO forms with other oxides. In
literature various reports can be found on the 2-dimensional electron gas obtained at the
STO/LaAlO3 interface [23-28]. Moreover, reports have shown that STO is a topological
insulator, meaning that the STO surfaces contains conducting electronic states in contrast
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to the insulating "bulk" STO [29]. These peculiar properties make STO attractive for ap-
plications in various research fields.

Different reports can be found in the literature where deposition techniques such
as pulsed laser deposition (PLD) [20,21,30], molecular beam epitaxy (MBE) [31-33],
sputtering[17,22,34], sol-gel deposition [35,36], liquid phase deposition (LPD) [37] and
chemical vapor deposition (CVD) [38-40] have been employed for the synthesis of STO
thin films. Most of the efforts reported with the employment of such techniques are
aimed to achieve high-k STO thin films with low dielectric losses. The main applications
of STO thin films prepared with such techniques are in tunable microwave devices, due to
the non-linear dielectric behavior of STO and its high tunability, and as an high-k oxide
for MOS structures for different semiconductor substrates. Due to its lattice mismatch of
only 1.7 % upon an in-plane 45 ◦ rotation with respect to Si [19,41], STO can be used as
the buffer layer between the Si substrate and other functional perovskites [19]. For the
epitaxial growth of STO thin films directly on Si MBE is the preferred technique [32,33]
while the employment of PLD for this purpose is not well-established yet [30].

For the applications studied in this dissertation the abovementioned deposition tech-
niques cannot guarantee the required step coverage over high aspect ratio structures. As
introduced in Chapter 1, ALD is therefore the method of choice. The next section de-
scribes such applications where 3D topology are envisioned.

2.2 Applications of STO Thin Films Prepared by ALD

In this section an overview of the main potential industrial applications of ALD STO thin
films will be given. In the first part the employment of STO as the dielectric material in
MIM capacitors for future DRAM technology nodes is discussed. This discussion can be
extended to other applications where STO is to be employed as the dielectric in capacitor
structures. Furthermore, the physical limits of this technology and the need for new
memory concepts in the near future will be addressed. In the second part, the application
of STO thin films as the resistive switching material for ReRAM devices is discussed.
Since the working principle of resistive switching (RS) is rather complex compared to
that of DRAM (which is based on the charging and discharging of a capacitor) the RS
phenomena will be introduced in more detail. The proposed mechanism as reported in
the literature for the manifestation of such phenomena in the STO material will also be
described. Furthermore, a brief description of the possible cell structure and memory
architecture for ReRAM is given.
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Figure 2.3: Schematic representation of a 1T-1C DRAM cell. Such cell consists of a

MOSFET transistor, T, and a capacitor, C. The digital information stored in C is sensed

by the sense amplifier as a voltage change of the bit line due to a charge exchange between

C and Cb (bit line capacitance) when the T is accessed.

2.2.1 Dynamic Random Access Memory

The dynamic random access memory (DRAM) is a volatile capacitor-based memory type
which was introduced in the market in the early ’70s [42]. This technology is based on
a simple memory cell design which has guaranteed its success for many decades. The
schematic representation of a DRAM cell is depicted in Figure 2.3. The cell consists of
a capacitor, C, and a transistor, T, and is usually referred to as 1T-1C DRAM cell. The
gate contact of the transistor is connected to the word line while the bit line is connected
to the capacitor via the transistor. A representative illustration of a today’s 1T-1C DRAM
cell with a three-dimensional capacitor is shown in Figure 2.4.a [43].

The digital information, i.e. ’0’ or ’1’, consisting of the charge stored in the capacitor
is accessed through the transistor T. During a reading operation, T is accessed and the
stored charge is shared between the capacitor C and the capacitance of the bit line, Cb.
This results in a (positive or negative) voltage change of the bit line which is sensed by
the sense amplifier which determines the presence of a ’0’ or ’1’ in the accessed cell. The
capacitance of each cell has to be sufficient to store enough charge to induce a sufficient
change in voltage (∼ 100 mV) to be sensed. The DRAM is a volatile memory since the
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Figure 2.4: Illustration of a today’s 1T-1C DRAM cell and evolution of the capacitor

geometry over the technology nodes (a). ITRS trends of the feature size and equival-

ent oxide thickness (tox, EOT) over the years and proposed possible dielectric material

solutions to fulfill such requirements (b). Taken from [43].

charge stored in the capacitor cannot be kept indefinitely due to leakage and relaxation
currents. Therefore, the cell has to be designed to be able to retain the digital information
within a certain threshold for an amount of time (retention time) correspondent to the
interval between two refresh operations. Due to this constraint the leakage current has to
be limited to ∼ 1 fA per cell.

The architecture of the 1T-1C cell have been continuously upgraded over the years
to keep up with scaling dictated by Moore’s Law as already introduced in Chapter 1.
One of the most important issues encountered with scaling is the capacitance value of
each cell which has to be kept constant over the technological nodes (∼ 20-25 fF) [44].
For this reason three-dimensional capacitors have been used with their aspect ratio in-
creasing over the technological nodes to compensate for the decreasing cell area. With
the same objective, materials with increasing permittivity have been used as the dielec-
tric layer. Furthermore, transistion from semiconductor to metal (S and M, respectively
in Figure 2.4.a) electrodes have been accomplished over the technological nodes. As
shown in Figure 2.4.a, with scaling reaching feature sizes below 40 nm, capacitors with
a multi-structured bottom electrode have to be avoided since there is not sufficient space
to accommodate both the dielectric film and the inner top electrode. The only capacitor
structure which can be achieved on such reduced cell area consists of a singular pillar
where the metal electrodes and the dielectric material should be deposited with excellent
step coverage to form the MIM structure. The height of the capacitor pillars is limited by
the mechanical stability, therefore new ultrahigh-k materials are the escape route to keep
the capacitance constant while decreasing the device area. The employment of materials
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with higher permittivity comes along with a reduced band gap [45]. Therefore, in future
nodes TiN electrodes might not meet the DRAM requirements in terms of leakage cur-
rent due to their limited work function. Recent reports in the literature have evidenced
that high work function metals such as Ru or RuO2 will have to be employed as the elec-
trode material to increase the barrier height at the metal/dielectric interface [46]. The
choice of materials for the dielectric layer in future DRAM MIM capacitors is limited
due to the many requirements which have to be fulfilled. Details on the requirements
for DRAM technology nodes and possible material solutions are reported by the ITRS
roadmap [44,47]. In particular, to meet the requirements for 3x nm nodes the dielectric
material should have a permittivity value above 50-60 and an equivalent oxide thickness

(EOT) below 0.5 nm [44,47]. To achieve such ultrahigh-k values, crystalline materials
have to employed which usually require an additional thermal treatment step in the man-
ufacturing process to obtain this crystallinity. Due to compatibility issues between the
processing steps the material choice is limited to materials having crystallization tem-
peratures below 600 ◦C [48]. Furthermore, with writing times in the order of 1 ns the
selected dielectric material has to show a stable permittivity with frequencies up to the
GHz regime. Finally, the selected material has to show chemical and thermal stability, to
guarantee the lifetime of the device, and also be compatible with standard semiconductor
manufacturing processing.

As depicted in Figure 2.4.b the choice of dielectric materials satisfying these re-
quirements is restricted to TiO2 based material, especially Al-doped rutile TiO2 (ATO)
and perovskite materials, such as STO [47]. ATO thin films show an higher interfacial
Schottky barrier height with respect to undoped TiO2 enabling MIM devices with an
EOT = 0.5 fulfilling the leakage current requirements for DRAM [43]. It has been pro-
posed that ATO might be employed in future DRAM to fill the gap between the current
ZrO2/Al2O3/ZrO2 (ZAZ) dielectric and future nodes where materials with higher per-
mittivity must be used [43]. STO has been identified as the preferred candidate for the
dielectric material in future DRAM MIM capacitors. An up-to-date review of the pro-
cesses and performance of ALD of STO will be presented in section 2.3.

Despite its success which lasted for more than four decades, the DRAM technology
is approaching its final technological limits. In particular with the feature size F ap-
proaching the 20 nm node space will be very limited to accommodate all the layers that
make up the MIM capacitor while keeping the material properties of the layers within
the DRAM requirements. Figure 2.5 shows a schematic representation of pedestal MIM
capacitors with an ultimate cell area of 4F 2 (2F for the bit line and 2F for the word line;
for a detailed description of a DRAM cell design the reader is referred to [49]). In this
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F F/2F/2

Figure 2.5: Representation of pillar capacitors with a DRAM cell area of 4F 2. The

inner bottom electrodes consist of vertical pillars with diameter F . In this configuration

the dielectric film (dark) and the top electrode film are limited to a total thickness to F/2.

case the bottom electrode consists of a pillar with a diameter equal to F (limited by the
technology) and the dielectric and top electrode films must have a total thickness of F/2
(common top electrode). This means that for F = 20 nm the dielectric and the top elec-
trode films combined will have a total thickness of 10 nm. Thinner metallic electrodes
will have higher resistance due to enhanced electron scattering which limits the access
times of the cell. Furthermore, reducing the dielectric thickness results in increased leak-
age currents which is detrimental for the DRAM cell performance.

For these reasons alternative solutions are being investigated to find new memory
concepts for the future [50]. In the next section a new non-volatile memory concept for
which the STO thin films studied in this work have also been tested will be introduced.

2.2.2 Resistive Switching Random Access Memory

The resistive switching (RS) phenomenon consists of a sudden change in the resistance
of a dielectric material upon the application of an electric field or a current to the dielec-
tric itself. Generally, such a change in resistance is reversible and non-volatile. These
characteristics are the bases for resistive-switching random access memories (ReRAM
or RRAM) where the digital information stored in a cell consists of the resistance-state

of the dielectric layer. Such resistance-state is set by applying a certain voltage to the
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Figure 2.6: MIM structure employed in RS memories where the RS material is sand-

wiched between two metal electrodes (a). Schematic representation on the unipolar (b)

and bipolar (c) switching I-V curves.

cell. During the read operation, a non-destructive voltage (or current) can be applied to
determine the resistance state of the cell. A ReRAM cell usually consists of a metal-
insulator-metal structure (MIM) with the insulator being the RS layer as shown in Figure
2.6.a. Different materials can be employed as the RS layer. In particular this phenomenon
has been reported for a wide range of metal oxides, for chalcogenides, other ionic solids
as well as organic compounds [51,52].

Two different types of RS behavior, unipolar and bipolar, can be identified and their
representative I-V characteristics are shown in Figure 2.6.b and c, respectively. In the
unipolar switching (Figure 2.6.b) the dielectric layer can be switched between a highly
resistive state (off-state) and a low resistance state (on-state) by applying a voltage with
the same polarity. In the bipolar switching (Figure 2.6.c) the resistive state of the dielec-
tric layer is switched between the two states by applying voltages of opposite polarities.
For example, if the device is set in the on-state by a positive voltage, a negative voltage
has to be applied to reset the device in the off-state. Most of the abovementioned ma-
terials can be switched in both unipolar and bipolar modes depending on the symmetry
and electrode materials employed in the MIM device design and on the voltage/current
applied [52-56]. In both cases, the device is set on the on-state or off-state during a write

operation by applying a Set or Reset voltage, respectively, in order to store the digital
information (see Figure 2.6.b and c). During a read operation a small voltage is applied,
Vread in Figure 2.6.b and c, to determine the resistive state of the cell without altering it.

Usually, an initial electroforming process is required in order for the insulating layer
to exhibit RS properties [49,51,52]. The electroforming process generally consists in ap-
plying to the insulating layer higher voltages/currents for longer times compared to the
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working parameters employed during the normal RS process. During this treatment the
insulating layer undergoes a soft-breakdown which results in the formation of a conduct-
ive path that is responsible for the switching process. To avoid a hard-breakdown of the
insulating layer and to control the properties of the conductive path a current compli-

ance is used during electroforming. This consists in limiting the current flowing throw a
device to a set amount. Typically, the conductive path obtained during the electroforming
process consists of a so-called filament generated across the dielectric. In this case, the
low resistance state, Ron, is in principle independent of the area of the MIM device since
the resistance of the filament is much lower compared to the surrounding unperturbed
dielectric. In this scenario, the device area can be scaled to enhance the ratio between
the resistance in the off-state (Roff) and on-state (Ron) since Roff increases with smaller
device feature size. However, RS showing a dependence of Ron on the device area has
also been reported [57,58]. This is related to a homogenous RS phenomenon which in-
volves changes in the whole film or in the interface between the dielectric and the metal
electrodes. In this case, the RS phenomenon is related to a field-induced change in the
Schottky-barrier or tunnel barrier height at one of the electrode/dielectric interfaces [49].
As will be shown later for the case of STO, the coexistence of a filamentary and homo-
genous switching has been reported. Furthermore, in between these two extreme cases,
filamentary and homogenous switching, there are other types of RS such as multifilament
or inhomogeneous (or localized) interface-type switching [49].

Two main aspects are responsible for the processes which leads to a RS event: the
electric field applied to the RS material and the Joule heating due to the high current
densities [52]. In general, the electric field and Joule heating are present in all kinds
of RS, however, their importance is highly dependent on the device structure and RS
mechanism. Yang et al. proposed a classification of the different switching processes for
metal oxides depending on the relative importance of the electric field or Joule heating
[52]. In their report, the authors showed that the electric field plays a key role in bipolar
switching while for unipolar switching Joule heating is more important. Other import-
ant parameters which determine the switching behavior and the associated conduction
mechanism are the gradients in temperature, electric field and composition. For a more
detailed description of the influence of these parameters on the RS the reader is referred
to reference [52].

Different switching mechanisms can be distinguished depending mainly on the RS
material and electrode material(s) employed in the fabrication of the MIM device and on
the electroforming process. Although the mechanisms at the microscopic level of the RS
are still under debate, a classification of the main switching phenomena is given here-



26 STO: Material Properties, Applications and ALD

after with a brief description for each one. For a more detailed description the reader is
referred to reference [49].

Three main kinds of RS memory have been distinguished:

• The electrochemical metallization memory (ECM), also called conductive bridge
(CB) or programmable metallization cell (PCM): In this case the MIM structure
is usually composed of one electrochemically active metal electrode (usually Ag
or Cu), a chemically inert metal electrode and an ion conductive insulating layer
in between. This kind of memory exhibits a bipolar switching behavior. Ions of
the electrochemically active electrode drift towards the inert electrode to form a
"metallic bridge" in the insulator reaching both electrodes (on-state). This metallic
filament is disrupted by applying a reverse electric field, hence causing drift of the
electrochemically active ions in the opposite direction (off-state) [59,60].

• The thermochemical memory (TCM): For this kind of memory the RS material
usually consists of a metal oxide which shows higher resistivity in the highest ox-
idized state. The two metal electrodes are usually composed of one and the same
material as asymmetry in the cell structure is not needed for TCM memory [52].
In this kind of memory the RS shows a unipolar behavior and thermochemical pro-
cesses are dominant. During the electroforming process a conductive filament con-
sisting of reduced oxide is formed in a thermoelectric breakdown setting the device
in the on-state. During the Reset operation, Joule heating due to the high current
density in the filament results in temperature gradients. This leads to changes in
stoichiometry and the subsequent rupture of the filament leading to the off-state
[61].

• The valence change memory (VCM): This is the type of memory which will be
addressed in Chapter 8. Since this is the RS mechanism mainly observed in STO
it will be described in more in detail here.

In the VCM usually an asymmetric MIM structure is employed with one of the two elec-
trodes being ion-conducting. This kind of memory exhibits a bipolar switching. Many
variants of this kind of memory are known but in order to remain consistent with the
electronic properties of the material studied in this work, STO, and with the kind of RS
behavior presented in Chapter 8, the case of a filamentary VCM for a dielectric with
n-type behavior is presented hereafter. In the case illustrated in Figure 2.7, the STO is
sandwiched between a Pt and a TiN electrode, with the TiN being the ion-conductive
electrode able to accommodate the oxygen anions due to its high oxygen affinity. In this
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Figure 2.7: Schematic illustration of the working principle of a STO-based VCM MIM

cell with Pt and TiN electrodes. During Set operations a positive voltage is applied to the

TiN electrode and oxygen vacancies (Vö) are attracted to the Pt electrode (a), thus forming

a filamentary conductive path which results in a sudden decrease of the resistance. The

device is then in the on-state (b). During a Reset operation a negative voltage is applied

to the TiN electrode (c). The oxygen vacancies are repelled from the Pt resulting in

the dissolution of the filament at the Pt/STO interface, thus resetting the device in the

off-state (d).
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Figure 2.8: Local conductive atomic force microscopy (LC-AFM) scan of an STO(10

nm)/SrRuO3 structure obtained with a Pt/Ir coated AFM tip (a). Higher resolution LC-

AFM scan and current values over a conductive filament (b). Resistive switching I-V

curves of two different filaments with current compliance of 600 nA (blue) and 1 µA

(red) leading to non-linear and linear behavior, respectively (c). Taken from [62].

scenario, a filament consisting of reduced STO (high concentration of oxygen vacan-
cies, Vö) obtained after electroforming of the device, is responsible for the resulting RS.
Usually after forming, the device is reset to the off-state by applying a sufficient voltage
with opposite polarity with respect to the forming voltage. Figure 2.7.a shows the fila-
ment during the Set operation where a positive voltage is applied to the TiN electrode.
Oxygen vacancies are therefore attracted to the Pt electrode. Due to the local reduction
process the height and width of the barrier at the STO/Pt interface are lowered and a sud-
den increase in current is achieved. The device is therefore in the on-state (Figure2.7.b).
In Reset operations (Figure2.7.c) a voltage with opposite polarity is applied (negative
voltage applied to the TiN electrode). The oxygen vacancies are repelled from the Pt
electrode resulting in the progressive dissolution of the conductive filament and the re-
oxidation of the STO in the proximity of the Pt electrode. When the filament is disrupted
the device is in the off-state (Figure2.7.d) characterized by lower current values.

The description of the switching process just given is rather simplified. In fact, since
the RS mechanism is related to the movement of oxygen vacancies, temperature plays a
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crucial role in the switching kinetics. In particular, the drift of the ions responsible for
the formation and rupture of the filament is strongly temperature dependent. During Set
and Reset operations, the velocity of the oxygen vacancies depends on the local electric
field and temperature gradients which are constantly changing due to the evolution of
the conductivity and the geometry of the filament. This complicates the full understand-
ing and simulations of the RS kinetics. The strong influence of the temperature on the
RS mechanism can also be understood in the case of metal oxide, where, typically both
VCM and TCM can occur. As mentioned above, thermal heating enhances the motion of
oxygen vacancies, however due to temperature gradients motion of ions is achieved not
only perpendicular to the electrode surface. Therefore, depending on the amount of heat
(hence, the amount of current) also thermally-driven disruption of the filament can take
place. This is the reason why for many oxides both VCM and TCM, and therefore bipolar
and unipolar switching, respectively, can be achieved by employing different values of
leakage compliance [49]. The coexistence of VCM and TCM has been reported for STO
thin films. It was proposed that the coexistence of these two RS modes is related to a dif-
ferent conduction mechanism with a homogenous interface-type VCM bipolar behavior
and a filamentary TCM unipolar behavior [55,56].

Usually, in VCM the off-state does not show a linear behavior due to the presence of
a Schottky contact between the metal and the dielectric. The linearity of the I-V curve in
the on-state is dependent on the nature of the conducting path responsible for the switch-
ing. In particular, if the conducting path in the on-state makes an ohmic contact with both
electrodes, a linear I-V dependence will be present. On the other hand, the on-state will
exhibit a non-linear behavior if a residual Schottky or tunnel barrier is still present at the
metal/insulator interface. The electroforming process and the current compliances em-
ployed during RS are of fundamental importance on determining the linearity of the on-
state behavior. Figure 2.8 shows local conductive atomic force microscopy (LC-AFM)
results from the literature obtained for STO(10 nm)/SrRuO3 employing at Pt/Ir coated
AFM tip [62]. As it can be seen many conductive filaments were formed while scanning
the sample area (Figure2.8.a). Such filaments with a 2-4 nm diameter showed higher
conductivity compared to the surrounding matrix (Figure 2.8.b). In this report it was
shown how the current compliance employed during Set operations strongly influences
the linearity of the conduction in the on-state [62]. Figure 2.8.c shows that by using a
current compliance of 600 nA a non-linear I-V behavior was achieved (blue curve), while
by increasing the compliance to 1 µA a linear I-V behavior was obtained (red curve). It
was suggested that this difference in I-V behavior was due to the different nature of the
filaments. Only by applying a sufficient current flow the filament was completely re-
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Figure 2.9: Schematic illustration of the nano-crossbar design. Taken from [63].

duced resulting in an ohmic contact at both metal interfaces, while for the lower current
compliance the filament remained partially semiconducting resulting in a non-linear I-V

curve [62].
For the design of the ReRAM cells the employment of nano-crossbar structures is en-

visioned. The design of a nanocrossabr is shown in Figure 2.9 [63]. and consists of two
metallic lines positioned perpendicular to each other corresponding to the bottom and
top electrode. The resistive swithcing material is placed in between these two electrode
at their cross-point. Considering an array consisting of many bottom and top electrode
lines, each cross-point consists in a resistive switching memory cell. With this design,
high integration density can be achieved with each memory cell consisting of a 4F 2 two-
terminal passive element. Micro and nano-crossbar devices were employed in this work
to study the RS behavior of ALD STO thin films (see Chapter 8). ALD was the preferred
technique to deposit STO to obtain conformal deposition over the bottom electrode bars.
For a more detailed description of the nano-crossbar design, and possible architectures
the reader is referred to [64].

2.3 ALD of STO: Precursors, Processes and Material Prop-
erties

For the applications presented in the previous section STO thin films have to be deposited
on structures with 3D topology. For this reason ALD is the technique of choice to be
employed for the deposition of STO thin films. Most of the research presented in the
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literature on the preparation of STO thin films by ALD focuses on the performance of
STO as the dielectric layer in MIM capacitors for DRAM applications. A review of the
precursors employed, ALD processes, thin film properties and dielectric performance of
STO thin films deposited by ALD is reported hereafter.

The first paper reported in the literature concerning ALD of STO was published in
1999 by Vehkamäki et al. [65]. Since then, the interest in the development of new ALD
processes of STO was raised due to the increased attention on STO as a possible high-
k dielectric material for future DRAM nodes. An up-to-date list of the publication on
ALD of STO reported in the literature is reported in Table 2.1 which lists the year of
publication, precursors, co-reactants and the deposition temperatures employed.

2.3.1 Strontium and Titanium Precursors for ALD of STO

When selecting a precursor(s) for the development of an ALD process, generally, the
following requirements have to be fulfilled:

• Volatility: the precursor needs to have a sufficient vapor pressure (typically a few
mTorr) at the temperature at which it is kept in order to obtain a sufficient precursor
delivery to the reactor at reasonable dosing times.

• Reactivity: the precursor should be reactive towards the surface groups involved
in the ALD process and also towards the co-reactant employed in order to achieve
film growth.

• Stability: the precursor needs to be chemically stable at the deposition temperat-
ures used in order to avoid spontaneous decomposition, a condition that could lead
to undesired reactions and CVD-like growth.

• Availability: for mass production the precursor elements (e.g. Sr, Ti) should be
abundantly present in the Earth’s crust. This is the case for both Sr (0.036 %) and
(Ti 0.66 %). Also, the processes for the synthesis of the precursors need to be well
established.

Another issue concerning the choice of the precursors is that for the deposition of a tern-
ary compound such as STO both, Ti and Sr in this case, precursors need to be stable
at the selected substrate temperature. Furthermore, the ALD processes for the single
binary oxides, in this case TiO2 and SrO, have to be chemically compatible with each
other. The precursor choice for the development of ALD processes of STO thin films
is limited due to the scarcity of precursors for alkaline rare earth metals. Until recently
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the choice of ALD Sr precursors was limited to β-diketonates, such as Sr(thd)2 (thd
= 2,2,6,6-tetramethyl-3.5-heptanedione, also referred to as tmhd or dipivaloylmethane
(DPM)), which are successful precursors for metallorganic-chemical-vapor-deposition
(MOCVD) of SrTiO3 [66]. However, these precursors show low volatility and relatively
high temperatures (> 300 ◦C) are usually required due to the limited reactivity towards
water and oxygen gas [66,67]. Furthermore, when O3 is used as the oxidizing agent in
combination of Sr β-diketonates the resulting films contain mainly SrCO3 [68]. With the
employment of a (H2O or O2) plasma the growth of SrO and STO films is possible with
β-diketonates precursors at relatively low temperatures 250 - 280 ◦C achieving mostly
carbonate-free films [69-71].

Cyclopentadienyl-based (Cp-based) precursors for Sr were first developed at the Uni-
versity of Helsinki and the first report of their utilization as a precursor for ALD of
STO thin films dates back to 1999 [65]. However, the precursor employed in that work,
Sr(iPr3Cp)2, has not been widely available for years until the interest in such precurs-
ors increased since STO was considered as the most prominent candidate for the high-k
dielectric material in MIM capacitors in future DRAM nodes. Recently, Cp-based Sr pre-
cursors have been made available by chemical suppliers [72] and most of the papers pub-
lished in the literature since then report the employment of such Cp-based Sr precursors.
This family of precursors shows good reactivity toward ozone and oxygen plasmas [72].
Cp-based Sr precursors also exhibit an improved thermal stability and higher volatility
compared to the β-diketonates which makes them more suitable as ALD precursors [72].
In this thesis work the HyperSr

TM
precursor, namely bis(tri-isopropylcyclopentadienyl)

strontium with the 1,2-dimethoxyethane adduct (Sr(iPr3Cp)2(DME)), from Air Liquide
has been employed as the Sr precursor.

The choice for the Ti precursor has not been as limited as for the Sr case but some
issues can be brought up when an ALD TiO2 process has to be combined with an SrO
process to obtain STO. For example Ti halides, such as TiCl4, which are commonly used
in ALD for the deposition of TiO2 and TiN, have to be avoided due to their reactivity
toward Sr [67]. Consequently, Ti alkoxides have first received much attention as Ti pre-
cursors for ALD of STO. The first published papers on ALD of STO reported the use of
Ti(OiPr)4 [65,66,68-71,73-78], which is a well-known precursor for the ALD process of
TiO2. However, Ti alkoxides have a relatively limited thermal stability which makes them
incompatible to thermal ALD processes concurrently with Sr β-diketonates which need
higher temperatures to be reactive with common oxidizing sources. Nevertheless, due
to its relatively high volatility Ti(OiPr)4 has been successfully used in depositing STO
by ALD in combination with Sr β-diketonates and oxygen plasma or water plasma [69-
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71,73,75-78] or in combination with Sr Cp-based precursors and water [65,66,79]. Also
Ti(OMe)4 has been widely used in ALD of STO, in combination with Sr Cp-based pre-
cursors and water, due to its increased thermal stability compared to Ti(OiPr)4. However,
Ti alkoxides cannot be employed at high substrate temperatures (> 300 - 350 ◦C) due to
their limited stability. In order to achieve in-situ crystallization employing a seed-layer
(see section 3.3) higher temperatures (∼ 400 ◦C) have to be used. For this reason, Ti pre-
cursors with increased thermal stability such as Ti(iOPr2)(thd)2 and Ti(tBuO)2(thd)2 have
been employed [43,80-84]. Furthermore, Ti Cp-based precursors have been developed to
achieve a wide ALD temperature window [43,72,84-86]. One of this type of precursors,
namely (pentamethylcyclopentadienyl)trimethoxy-titanium, Ti(CpMe5)(OMe)3 (Ti-Star,
Air Liquide) has been employed in this work and can be employed as ALD precursor at
temperatures as high as 400 ◦C.

2.3.2 ALD of STO: different approaches to thin film growth

To obtain a ternary oxide such as STO by ALD the most common approach is to combine
the two ALD processes of the single binary oxides, in the case of STO SrO and TiO2, by
mixing them to obtain an STO ALD supercycle (see Figure 1.4.c). The incorporation of
each of the two binary oxides and hence the two different cations should depend on the
relative number of ALD cycles of each of the two oxides in the ALD supercycle of the
ternary oxide and on the GPC of the binary processes. However, the growth behavior is
ruled by the surface chemistry which changes every time the process switches between
TiO2 and SrO ALD cycles. The surface reactions are determined by the precursors and
the oxidizing source employed in each of the two binary oxide ALD processes. When
TiO2 is grown on SrO (or vice versa) the growth behavior is usually different compared
to when TiO2 (SrO) ALD cycles are executed on a TiO2 (SrO) surface. This usually af-
fects the GPC of the binary oxides when switching between SrO and TiO2 ALD cycles.
Consequently, this results in the enhanced (or reduced) incorporation of one of the two
components. For example, it has been reported that when employing Ti(tBuO)2(thd)2 the
maximum [Ti]/([Ti]+[Sr]) ratio obtained in the films, irrespective of the ratio between
SrO and TiO2 ALD cycles, was 0.20 [43]. This was imputed to the steric hindrance of
the precursor. For these reasons, when developing an ALD STO process based on mix-
ing cycles of ALD processes established for the preparation of TiO2 and SrO, the growth
behavior has to be investigated to establish the relation between the (SrO)/(TiO2) ALD
cycle ratio and the achievable STO composition (see Chapter 4).
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Most of the reports in the literature regarding ALD of STO are based on the super-
cycle approach (see the "ALD approach" column in Table 2.1). However, a few other
papers have been published where more singular methods have been used to obtain STO
thin films by ALD.

Riedel et al. reported the preparation of STO thin films by depositing TiO2/SrO
superlattices using ALD and then applying a thermal annealing step [87]. During the
annealing step the mixing of the two oxides is achieved by thermal diffusion and with
the proper thermal budget applied full crystallization of the STO thin films is achieved.
Using this approach the composition of the STO thin films is determined by the relative
amount of TiO2 and SrO that have been incorporated in the superlattice stack [87].

Another approach found in the literature consists of dosing the Sr and Ti precurs-
ors at the same time [70]. Lee et al. reported on an ALD process for STO thin films
where the Sr and Ti precursors were dissolved in tetrahydrofuran to form two separate
solutions. The solution were then evaporated and dosed in the reactor chamber simul-
taneously. The GPC of this process showed a saturation behavior with increasing dosing
of the solution of the precursors. Furthermore, for the solution concentration employed
close-to-stoichiometric STO thin films were achieved [70]. However, this approach does
not give the same process flexibility as in the supercycle approach since the composition
of the films cannot be tuned by simply changing the ratio between SrO and TiO2 ALD
cycles.

2.3.3 ALD of STO: Different Approaches to Optimize STO Thin
Film Properties

To avoid thermal decomposition of the precursors and consequently a CVD growth
component, relatively low temperatures (< 400 ◦C) have to be employed during ALD
processing of STO. As a consequence the as-deposited STO thin films are usually in
the amorphous state. To achieve the ultrahigh-k values needed to obtain high density
capacitance values the films need to be crystallized into the perovskite crystal struc-
ture. The most problematic issue encountered during the crystallization of STO thin
films is that when a post-deposition annealing step is employed, cracks and voids are
formed, due to film densification and shrinkage, especially at the grain boundaries. These
have been reported to serve as leakage paths for currents which is detrimental for the
MIM devices where an STO thin film is implemented as the dielectric layer [43,75,80-
82,85,88,89,Chapter 7]. Different research groups have tried to find solutions to this
problem with the common aim of containing the leakage current below the requirements
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for MIM capacitors for DRAM technology (1×10-8 A cm-2 at 1 V) while keeping an
ultrahigh-k value of the thin film. In particular, most of the reports in the literature on
this matter have been published by the Interuniversity Microelectronics Centre, imec, in
Belgium and by the group Prof. C. S. Hwang at the Seoul National University, Korea.

In their first reports of ALD of STO the imec authors focused on the deposition of
STO thin films on TiN substrates to characterize the process and to the determine the STO
thin film dielectric properties. They employed a Cp-based Sr precursor, Sr(tBu3Cp)2,
Ti(OMe)4 as the Ti precursor and water vapor to deposit the STO thin film with the
supercycle approach achieving various film stoichiometries [67,88,91]. In these first re-
ports single STO thin films were deposited and then crystallized by post-deposition rapid
thermal annealing (RTA). It was shown that the highest permittivity was achieved for
the stoichiometric STO thin films. By increasing the Sr-content the crystalline thin film
showed a decrease in k-value, however, the leakage current was also decreased which
is beneficial for the MIM capacitor performance [67,88,91]. Furthermore, it was shown
that all compositions obtained (0.45 < [Sr]/([Sr]+[Ti]) < 0.67) could be crystallized into
the perovskite structure with an increased cell parameter for the Sr-rich films suggesting
that the excess Sr may be dissolved in the STO [67,88,91]. However, the crystalliza-
tion temperature was not independent of the composition with the lowest value obtained
for stoichiometric STO (∼ 540 ◦C). Sr-rich films could be crystallized with slightly
higher temperature even for highly non-stoichiometric STO ([Sr]/([Sr]+[Ti]) = 0.67),
while the crystallization temperature increased in a more abrupt fashion for Ti-rich films
[67,88,91]. Further research carried out by the imec group focused on determining the
impact of the crystallization behavior of the STO thin films on the electric properties of
TiN/STO/TiN MIM stacks [88-90]. It was shown that the stoichiometric STO thin films
crystallized by an RTA step at 600 ◦C showed nano-cracks at the grain boundaries result-
ing in relatively high leakage current densities. The Sr-rich films however showed a more
compact morphology after crystallization with a reduced average grain size (∼ 50 nm)
which resulted in a decreased leakage current [89]. Yet, the k-value was reduced from
∼ 210 for the stoichiometric STO thin films to ∼ 60 for Sr-rich ones ([Sr]/([Sr]+[Ti])
= 0.62) resulting in higher equivalent oxide thickness (EOT) [88]. To obtain both an
ultrahigh-k value and low leakage current the imec group developed a new approach,
illustrated in Figure 2.10. In this approach a TiO2 interlayer is first deposited on the bot-
tom electrode (RuOx/Ru/TiN) substrate before the Sr-rich STO deposition (Figure 2.10
(a)) [46,92,93]. During the RTA step the thin film showed a crystallization behavior
comparable to the Sr-rich film with no cracks formation (Figure 2.10 (d)). Furthermore,
during the thermal treatment Ti atoms diffuse from the TiO2 interlayer in the STO, thus
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Figure 2.10: Illustration of the MIM stack sequence adopted by the imec group to reduce

the leakage current. A thin TiOx layer is placed between the RuOx bottom electrode and

the Sr-rich STO film (a). During the RTA step the TiOx and STO films intermix (b)

to achieve a close-to-stoichiometric STO film with superior dielectric properties (c). A

cross-section transmission electron microscopy image of the final stack is shown in (d).

Taken from [93].

compensating the off-stoichiometry of the Sr-rich film (Figure 2.10 (b)). Research was
carried out to determine the optimal thickness of the TiO2 interlayer to achieve the low-
est EOT [46,92,93]. Pawlak et al. employed this TiO2 interlayer in combination with a
RuOx/Ru bottom electrode (Ru prepared by ALD on TiN substrates). The use of a RuOx

thin layer (obtained by oxidizing the ALD Ru bottom electrode) was essential in achiev-
ing the best electrical performance. It was proposed that during the RTA step the RuOx

thin layer avoids oxygen scavenging from the STO film (i.e. oxidation of the TiN or Ru
electrode) which results in oxygen vacancies in the STO and, consequently, in electron
traps which are detrimental for the leakage current [92,93]. The employment of such a
thin RuOx layer, serving as an oxygen reservoir during RTA, results in improved insu-
lating properties of the STO film. The contribution of the high work function of the Ru
metal electrode, the employment of the RuOx and TiO2 interlayers resulted in leakage
current values as low as ∼ 1×10-7 A cm-2 for an EOT = 0.4 nm, which is the record
value reported so far in the literature [93].

In other publications the imec group also reported on the seed-layer approach which
consists of first depositing an ultra-thin STO film (3 - 5 nm) and then crystallizing it
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by RTA before the STO main layer deposition [85,90,94]. In particular, it was reported
that when a crystalline Sr-rich seed layer was employed this serves as a template during
crystallization (by post-deposition annealing) leading to crack-free films with reduced
grain size [90]. Furthermore, Menou et al. reported on the influence of a 5 nm seed
layer (stoichiometric STO) on the crystallization temperature. It was shown that by us-
ing the crystalline seed the crystallization temperature was decreased to 420 ◦C which is
100 ◦C less than that for a single STO film with similar thickness (∼ 520 ◦C) [94]. In-situ
crystallization was also achieved by the imec group employing a crystalline seed layer
and Ti-Star (Ti(Me5Cp)(OMe)3) as the Ti precursor which shows an enhanced thermal
stability (up to ∼ 400 ◦C) [85]. Employing a 3 nm Sr-rich crystalline seed layer and
then depositing on top a stoichiometric STO main layer (10 nm) at 370 ◦C, Popovici et
al. showed that the STO film was crystalline in the as-deposited state and showing sup-
pressed crack formation [85]. However, the electrical measurement of Pt/STO/TiN stacks
evidenced that the in-situ crystallized STO showed higher leakage current compared to
the STO thin film crystallized by post-deposition RTA on a crystalline seed-layer. This
was ascribed to the incorporation of carbon impurities in the in-situ crystallized STO
caused by the high deposition temperature [85].

A particular effort in optimizing the STO thin film properties employing a crystal-
line seed-layer has been carried out by the group of Prof. Hwang at the Seoul National
University, Korea. The first papers on ALD of STO published by this group focused
on the developing an ALD process of STO employing Sr(thd)2, Ti(OiPr)4 and a remote
H2O plasma to obtain conformal thin STO thin films over contact holes both in terms of
thickness and composition [71,73]. It was shown that despite the fact that the Sr(thd)2

precursor starts decomposing at ∼ 200 ◦C it was possible to achieve excellent thickness
conformality and composition uniformity at a deposition temperature of 250 ◦C (see Fig-
ure 2.11). This was achieved by keeping the Sr precursor bubbler at 180 ◦C, thus avoiding
the oligomerization of the precursor and, consequently, widening the ALD window of the
process to higher temperature [71,73]. The seed-layer approach was then employed to
try to reduce the high leakage values due to the cracks obtained after a post-deposition
annealing [75]. By employing the same precursors and H2O vapor, a 5 nm seed was
deposited at 250 ◦C and then annealed at 650 ◦C. The main STO layer (15 nm) was
then deposited under the same process conditions [75]. The crystallization of the main
layer by post-deposition annealing was possible at temperature as low as 400 ◦C due to
the seed-layer which supplies nucleation sites for the crystallization process. The form-
ation of cracks was reduced with the seed-layer approach [75]. However, shrinkage of
the main layer remains dependent on the main layer deposition temperature and was still
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Figure 2.11: (a) Cross-sectional TEM images of a STO film deposited by plasma-

assisted ALD on a SiO2 contact hole (aspect ratio 1:8) and (b) elemental composition

over the SiO2 and Ru contact holes. Taken from Kwon et al. [73].

evident after the annealing step. This resulted in relatively high leakage currents [75]. To
improve the electric properties of the STO thin films a process to obtain in-situ crystalliz-
ation was developed. Lee et al. employed Ti(thd)2(OiPr)2 as the Ti precursor which has
an increased thermal stability (∼ 400 ◦C) compared to the previously employed Ti(OiPr)4

(∼ 280 ◦C) [80-82]. Consequently, they could extend the ALD temperature window up
to 390 ◦C. ALD of STO employing such Ti precursor, Sr(thd)2 and H2O carried out at
370 ◦C resulted in amorphous films without using a crystalline seed layer. These films
exhibited reduced shrinkage and crack formation upon post deposition annealing thus
yielding improved dielectric performance compared to the results presented previously
[43,80-82]. When a crystalline seed-layer (3 - 5 nm) was employed, in-situ crystalliz-
ation was achieved by depositing the main layer (∼ 10 nm) at 370 ◦C. The crystalline
film obtained with this approach showed a small grain size (< 50 nm) [80-82]. The tem-
perature of the RTA step employed to crystallize the seed-layer proved to be a critical
parameter to obtain in-situ crystallization of the main layer. In particular, when high
temperatures were employed (> 700 ◦C) the oxidation of the Ru bottom electrode and
the formation of strontium ruthenate (SRO) phases resulted in a seed layer which led
to a partial crystallization of the main layer [80,82]. By crystallizing the seed-layer at
650 - 700 ◦C optimal leakage current densities of the in-situ crystallized STO film were
achieved (∼ 1×10-7 A cm-2 at 0.8 V for an EOT = 0.72 nm) [81].

In order to achieve an ALD process for STO with a GPC compatible with mass
production Lee et al. used the Sr(iPr3Cp)2 precursor, which exhibits higher GPC com-
pared to the previously employed Sr(thd)2 [43,81]. The authors reported that even if
the Sr(iPr3Cp)2 precursor starts decomposing at ∼ 320 ◦C it was possible to extend the
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ALD window of the STO ALD process by selecting the optimum ALD sequence of the
precursors and of the oxidizing sources. It was demonstrated that by using H2O as the
oxidizing source for the Ti(thd)2(OiPr)2 and ozone for Sr(iPr3Cp)2 it was possible to de-
posit STO thin films in a genuine ALD mode up to 370 ◦C with a seven-fold higher GPC
compared to their previous work [83]. However, they reported that for such a combin-
ation of precursors the composition of the STO thin films was not reproducible due to
an in-situ oxidation and subsequent reduction of the Ru substrate. This resulted in an
excessive supply of oxygen atoms and consequent CVD-like growth of the SrO layer
at the onset on the growth [83,84]. To overcome this issue, a thin (≤ 5 nm) TiO2 or
Al2O3 interlayer was employed to prevent this substrate/film interaction thus, achieving
a better composition control [83,95]. Despite the fact that the TiO2 interlayer has a lower
permittivity value which increases the total EOT of the dielectric stack, improved leak-
age current performance was achieved (∼ 3×10-8 A cm-2 at 0.8 V for an EOT = 0.57
nm) [83]. In their latest published work, Lee et al. reported that the increased Sr in-
corporation at the substrate/film could be avoided by employing the Ti(Me5Cp)(OMe)3

precursor [84]. The enhanced CVD-like growth behavior shown by this precursor in the
early stages of the deposition was beneficial in preventing the increased Sr incorporation
early on in the deposition process. Consequently, the TiO2 or Al2O3 interlayer could be
removed and lower EOT values could be achieved [84]. With this approach the authors
achieved excellent dielectric properties (8×10-8 A cm-2 at 0.8 V for an EOT = 0.43 nm)
[84].

The group of Prof. Hwang is the only one which has also reported results in the lit-
erature concerning the conformality of ALD STO thin films over high aspect ratio struc-
tures. Kwon et al. showed excellent thickness conformality and composition uniformity,
for a contact hole with aspect ratio 1:8 as shown in figure 2.11 [73]. Remarkably, these
results were obtained when a remote H2O plasma was employed as the oxygen source
showing the possibility of achieving excellent conformality by using a plasma-assisted
ALD process [73]. In another report, Lee et al. showed excellent thickness and compos-
ition conformality (∼ 95 %) of the STO thin films deposited by thermal ALD at 370 ◦C

over a contact hole with aspect ratio 1:10 (see figure 2.12) [84]. This result suggests that
the film was grown in self-limited ALD fashion even for this relatively high deposition
temperature [83].

The other reports pubblished in the literature by other research groups on ALD of
STO which are not reviewed here are also listed on Table 2.1. It should be noted that the
research reported in this thesis is the continuation of the work iniated by Langereis et al.
[86] at the Plasma and Material Processing group of the Applied Physics department of
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Figure 2.12: Cross-sectional TEM images of an STO film deposited at 370 ◦C on a

contact hole with aspect ratio 1:10 (a,c) and energy dispersive spectroscopy elemental

compositional profile along the contact hole. Taken from [84].

the University of Eindhoven.
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Chapter 3

Experimental Equipment and
Characterization of STO Thin Films

In this chapter, the experimental equipment used for the ALD and for the rapid thermal
annealing (RTA) processing of the STO thin films will be described. A short description
of the RTA working principle will also be given. Furthermore, four techniques which
have been extensively used in this work to characterize the structure and the composition
of the STO thin films will be introduced. These are: Spectroscopic Ellipsometry (SE),
X-ray Photoelectron Spectroscopy (XPS), X-ray Diffraction (XRD) and Transmission
Electron Microscopy (TEM). In particular, SE has been used to determine the thickness
and optical constants of the STO films. Furthermore, as it will be discussed in Chapter 4,
this technique has proven to be an non-intrusive and fast method to determine the cation
stoichiometry and the crystallinity of the STO films. XPS has been used to determine
the STO film composition and to confirm the cation stoichiometry values obtained by SE
measurements. Moreover, XPS depth profiling analysis has been used to determine the
elemental concentrations and possible phase segregations throughout the STO films and
to investigate the interfaces between STO and the other thin films comprising the film
stacks analyzed in this work. XRD measurements were used to determine the crystalline
phase and possible texture of the STO films. Finally, TEM was employed to study the
crystallization behavior of STO thin films. Several TEM techniques were utilized and
these will be briefly described in this chapter. A description of these techniques, with a
particular focus on their application on the characterization of STO films, will be given.
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a) b)

Figure 3.1: Picture (a) and schematic illustration (b) of the Oxford Instruments’

FlexAL
TM

ALD reactor employed in this thesis work.

3.1 ALD Equipment

The experimental equipment employed in this work for the deposition of the STO films
(and Pt) by ALD is an Oxford Instruments’ FlexALTMreactor. A picture and a schem-
atic of this reactor are shown in Figure 3.1.a and 3.1.b, respectively. The reactor can
accommodate wafers with diameter up to 200 mm and it has a load-lock chamber for
loading and unloading the samples without the need of venting the main reactor cham-
ber. Both the load-lock and the main reactor chamber are equipped with turbomolecular
pumps. The base pressure in the reactor chamber is typically in the order of 10-7 Torr.
However, during processing the pressure in the reactor is in the order of a few tens mTorr.

The delivery of the precursor is achieved through dedicated ALD valves (Swagelok R©)
which can close and open in a few ms. Such valves are placed close to the reactor cham-
ber and are connected through stainless steel delivery lines to the precursor canisters
which are stored in heated pods. Usually, the temperature of the delivery lines is 20-
30 ◦C higher than the temperature of the pods in order to avoid condensation of the
precursor vapors in the lines. The delivery of a precursor to the reactor chamber can
be achieved either by simply opening the ALD valve connected to the relative delivery
line, and therefore drawing the precursor vapor, or by "bubbling". The latter consists of
"bubbling" an inert gas (i.e. Ar) through the liquid precursor and, therefore, delivering
a mixture of the precursor vapor and the inert gas to the reactor. This method usually
guarantees a more stable and reliable delivery over time and, for this reason, it was the
method of choice employed in this work. For the preparation of the STO films presented
in this thesis the substrate was usually treated by an oxygen plasma (generally 1 minute)
prior to deposition in order to remove surface contamination and the ALD process was
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then started by first dosing the Sr-precursor.
The FlexALTMreactor employed in this work can accomodate four different chem-

ical precursors in four separated pods. Separate inlets and delivery lines are used for
each precursor. Furthermore, various co-reactant sources are available such as water and
ozone (through an ozone generator). Furthermore, the reactor is equipped with a remote
inductively coupled (ICP) plasma generator placed above the main reactor chamber. This
source consists of a cylindrical inductor coil wrapped around an Al2O3 discharge tube.
The plasma generated in such source is usually referred as "remote plasma" since the
plasma source is not placed in the close vicinity of the substrate and the substrate is not
involved in the generation of the plasma. Various gases are available for the generation
of the plasma in this setup (i.e. Ar, O2, N2, H2, NH3, SF6). In this work a remote O2

plasma was used as the oxidizing agent. For a detail description of the ion flux and ener-
gies, photon flux, electron density and temperature in this setup the reader is referred to
reference [1].

The substrate holder can be set to temperature values up to 400 ◦C. However, due to
the low pressure in the reactor the actual temperature of the heated samples is 20-25 %

lower (in ◦C) as confirmed by calibration measurements. The reactor walls are usually
heated (up to 120 ◦C) during deposition to avoid condensation of the precursors and of
the co-reactants employed (i.e. water) and to guarantee reasonable purge times.

This setup is equipped with dedicated ports and windows for in-situ characterization
of the ALD processes. For example, as depicted in Figure 3.1.b, quadrupole mass spec-
trometry (QMS) and spectroscopic ellipsometry (SE) measurements can be performed
during the deposition of thin films. The employment of in-situ characterization tech-
niques enables the monitoring and the control of the deposition process and, therefore,
allows a deeper understanding of the growth mechanism.

For the preparation of STO and Pt thin films in this reactor the growth-per-cycle of
the different processes (SrO, TiO2, STO and Pt) were monitored by in-situ and ex-situ
SE to confirm the reproducibility of the depositions. Furthermore, the composition of
the STO films was also monitored by SE with the same aim. It should be noted that
the reactor walls need to be conditioned by performing a few hundred ALD cycle of the
desidered process in order to obtain reproducibile results when switching between dif-
ferent processes in the reactor. This was for example the case for the preparation of the
Pt/STO/Pt stacks studied in Chapter 6.

Another aspect which should be noted is the limited temperature at which the Hyper-
Sr precursor could be heated. Since the reactor walls cannot be heated above 120 ◦C,
the temperature of the delivery lines and of the precursor pod of the Hyper-Sr precursor



52 Experimental Setups and Characterization

Lamps

Susceptora) 1/Temperature (K-1)

ln
(r

)

b)

Desired reaction

Undesired reaction

Tset

Figure 3.2: Arrhenius plot of the rates of a desired process, for which a thermal treatment

is employed, and of a representative undesired reaction (a). By rapidly ramping up to

Tset the desired reaction rate will be accelerated while suppressing any of the undesired

reaction rate. Picture of the Jipelec Jetfirst equipment employed in this work for the RTA

of STO thin films (b). The lamps and the susceptor are indicated.

were kept at 150 ◦C and 120 ◦C, respectively, in order to avoid condensation and clog-
ging. This resulted in a ALD dosing time of the Hyper-Sr precursor of 15 s. However,
this dosing time could be probably reduced if higher temperature could be employed.

3.2 Rapid Thermal Annealing Equipment

Rapid thermal annealing (RTA) is a thermal treatment widely used in the semiconductor
industry. It involves the short-time radiative heating of a sample, usually, by means of
infrared lamps (tungsten-halogen) with ramp rates up to 100 ◦C/s. Due to the radiative
heating, during RTA the sample is not in thermal equilibrium with the flowing gas ambi-
ent which is introduced at lower temperature. Furthermore, the RTA equipment itself is
not intentionally heated (cold wall). In contrast, during furnace annealing heating of the
sample is achieved through resistive heaters. In this configuration, the sample is heated
through convection and it is in (semi-)equilibium with the gas ambient and the furnace
walls (hot walls). In semiconductor manufacturing RTA has taken over furnace anneal-
ing due to the reduced treatment durations, hence, reduced thermal budget necessary to
achieve the same thermally-activated process. This can greatly reduce non-intended side-
reactions related to the prolongated heating of the sample. This concept is illustrated in
Figure 3.2.a where the Arrhenius plots of two different processes are shown. The desired
reaction is the thermally-activated process for which the thermal treatment step is inten-
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ded (e.g. crystallization of amorphous films) while the undesired reaction consists in one
or more unwanted side-reactions (e.g. inter-diffusion between different films, dopant dif-
fusion, etc.). To activate the desired reaction more selectively a certain thermal budget
must be applied, for example by reaching and keeping the sample at a desired temper-
ature, Tset for a certain amount of time. Undesired effects can be reduced by rapidly
ramping the sample temperature to Tset for which the desired reaction has a much higher
rate, r, than the undesired reactions. However, in furnace annealing, where the furnces
are usually large multi-wafer (batch) reactors, the temperature ramp time is significant
(up to 30 minutes) due to the large amount of heat required to bring the entire system
(gas ambient and walls) to the required temperature. This leads to pronounced unwanted
reactions compared to RTA. RTA is therefore preferred in a variety of semiconductor
processes such as activation of dopants, the repair of damages from ion implantation,
removal of contaminants and the modification of thin films and interface properties [2].

Figure 3.2.b shows a picture of one of the RTA reactors employed in this thesis work
(Jipelec Jetfirst 100). The susceptor which serves as the substrate holder and the infrared
lamps are indicated in the figure. In this work RTA has been employed to crystallize
the amorphous as-deposited STO thin films into the perovskite structure and to tailor
their crystallization process. In particular, heat ramps in the range of 55-60 ◦C/s have
been employed to quickly reach the required crystallization temperature (550-700 ◦C,
see Chapter 5). After reaching the required value, the temperature is kept constant for a
certain amount of time before the sample is radiatively (i.e. exponentially) cooled down
to room temperature. This temperature profile is that of the "soak" annealing shown in
Figure 1.5. In this study annealing times up to 10 minutes have been employed to study
the crystallization process of STO thin films. This is rather long compared to standard
RTA treatment duration employed in semiconductor manifucaturing. Yet, the term RTA
will still be used to describe the radiative annealing employed in this work.

3.3 Spectroscopic Ellipsometry

Spectroscopic ellipsometry (SE) is an optical technique which can be employed to de-
termine the thickness and the optical properties of thin films [3]. The working principle is
illustrated in Figure 3.3. A light source is used to shine polarized light (linearly polarized
in Figure 3.3) onto the sample at an angle θ with respect to the sample surface normal,
set to maximize the sensitivity of the measurement (typically 70-80 ◦ for Si substrates).
With the polarization of the incident light known, the changes in polarization upon re-
flection on the sample can be measured by a detector. For example linear polarization
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Figure 3.3: Schematic illustration of the working principle of spectroscopic ellipso-

metry. Polarized light is incident onto the sample at an angle θ with respect to the surface

normal. Changes in light polarization are measured upon reflection on the sample as the

ellipsometric angles Ψ and ∆.

can be achieved for the incident light by a fixed polarizer, while for determining the po-
larization of the reflected light a rotating polarizer (analyzer) can be used. In particular,
the ellipsometric angles, Ψ and ∆ can be measured in this way. Ψ and ∆ represent the
amplitude ratio and the phase difference of p-polarized and s-polarized light upon re-
flection, respectively. These two parameters are measured over the spectral range of the
optical system (usually in the visible/UV range). For the data analysis of spectroscopic
ellipsometry data, a model comprising the thicknesses and optical constants of the layers
constituting the examined sample is used. The thickness and the optical properties of the
thin film of interest are then obtained through a fitting procedure to minimize the error
between the measured Ψ and ∆ values and those calculated with the model. From a SE
measurement the dielectric function or the complex refractive index of a thin film can
be determined. As will be shown in Chapter 4, from the dielectric function information
such as the refractive index, the optical band gap and the band structure of the thin film
material can be derived.

To determine the thickness and the dielectric function of the STO thin films studied
in this work a two-step procedure was employed.

First, the ellipsometric angles were fitted by employing a so-called Cauchy model for
the optical constants of STO. The Cauchy model is generally used for semi-transparent
films in their transparency range (e.g. below the band gap). Therefore, the absorption
coefficient, k, or the imaginary part of the dielectric function, ε2, are equal to zero in this
range, while the dispersion of the refractive index, n, is expressed by:

n(λ) = A+B/λ2 + C/λ4 + ...
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Figure 3.4: Experimental Ψ and ∆ values from a spectroscopic ellipsometry measure-

ment of a STO thin film deposited on Si (a). The experimental data are compared with

Ψ and ∆ values obtained using a Cauchy model or a B-spline parameterization for the

STO thin film (a). Dielectric functions, ε1 and ε2, obtained by the Cauchy model and by

the B-spline parameterization for the STO thin film (b).

where A, B and C are the fitting parameters used during data analysis and λ is the light
wavelength. In this work, a Cauchy model was used up to photon energies of 3 eV (STO
band gap > 3 eV).

Secondly, the fit was extended to the entire spectral range of the measurement (in this
work, 1.25-6.5 eV) employing a B-spline or Basis-spline parameterization. This proced-
ure consists of parameterizing the dielectric function by a recursive set of polynomial
splines. Therefore, during data analysis the optical constants are determined by using as
fitting parameters the polynomial coefficients of the B-splines. Furthermore, the optical
constants of a film can be ensured to remain physically relevant since with B-splines
Kramers-Kronig consistency can be guaranteed. This also reduces the number of fitting
parameters by 50% since the real part of the dielectric function, ε1, can be calculated
from the imaginary part, ε2, through a Kramers-Kronig transformation. For a more de-
tailed description of B-spline parameterization the reader is referred to [4,5].

Figure 3.4.a shows the fit results of the two-step process employed in the determin-
ation of the thickness and dielectric function of an amorphous STO thin film deposited
on Si. The figure shows the data for the ellipsometric angles Ψ and ∆ as measured and
as fitted with a Cauchy model and a B-spline parameterization. In both cases, a Si/native
oxide/STO/air stack model was employed. It can be seen that both the Cauchy model
and B-spline parameterization fitting procedures give Ψ and ∆ which properly describe
the experimental values. Figure 3.4.b shows the dielectric function as determined by
employing the Cauchy model and the B-spline parameterization. As mentioned above,
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ε2 was kept equal to zero for the fit with the Cauchy model. The slight difference in ε1
between the two models is related to the more accurate and physical representation of the
dielectric function by the B-spline parameterization since Kramers-Kronig consistency
is not guaranteed by the Cauchy model.

In this thesis work this fitting procedure has been widely used to determine the thick-
ness and the dielectric function of amorphous and crystalline STO thin films. Further-
more, SE has been used to determine the stoichiometry of STO amorphous films as will
be described in Chapter 4.

3.4 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive characterization technique
for quantitative elemental composition and chemical analysis. In XPS, the examined
specimen is irradiated by an X-ray beam and electrons are photoemitted from the sample.
Considering the mean free path length of electrons, photoemitted electrons can escape
the sample without loss of kinetic energy (due to scattering) only from the region of < 10
nm below the surface. Hence, the surface sensitivity of XPS. The electrons which escape
from the sample surface are collected and their kinetic energy is measured. The kinetic
energy EK depends on the binding energy EB in their bond-state and on the energy, hν,
of the X-ray radiation. In particular,

EB = hν − EK − φ

where φ is the so-called spectrometer work function. The binding energy is specific to
the orbital and the atom from which the electron is photoemitted. Therefore, it is possible
to determine the elemental composition of a sample. Moreover, quantitative analysis can
be performed since the amount of detected electrons for a certain binding energy is pro-
portional to the presence of a certain element in the sample. The binding energy of the
photoemitted electrons is dependent on the chemical environment and on the oxidation
state. Therefore, with XPS it is also possible to distinguish between different compounds
representing different chemical environments. The quantitative elemental analysis is per-
formed by determining the relative intensities of the peaks corresponding to the different
elements present in the examined specimen. In particular, the intensity of a peak (usually
the peak area) is divided by the sensitivity factor (SF) corresponding to the element and
orbital of the peak, to quantify the presence of such element. This quantification gives
the relative intensities of the detected elements (i.e. atomic percentages).

In this work XPS has been mainly used to determine the elemental composition of
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Figure 3.5: [Sr]/([Sr]+[Ti]) ratio as a function of etch time of a stoichiometric single-

crystalline STO sample with calibrated and uncalibrated sensitivity factors and different

Ar ion energies.

the STO thin films. In particular, the cation ratio [Sr]/([Sr]+[Ti]) and the presence of
contaminants, such as carbon, have been determined by XPS.

In addition to conventional XPS, depth profiling was performed to determine the
elemental composition throughout the film and any possible side-reaction at the sub-
strate/film interface (i.e. interdiffusion). To carry out a depth profile Ar+ ions are accel-
erated by an ion gun (∼ 100-5000 eV) and focused on the spot (∼ 50-500 µm2) where
the XPS analysis is performed. In this way a layer of material is etched off the sample
surface, with the amount of material removed being dependent on the kinetic energy and
the flux of ions. After each etch step an XPS analysis is performed to obtain composi-
tional data points as a function of depth in the film.

To determine the elemental composition of the STO films the SF values for the Sr3d,
Ti2p and O1s were first calibrated. With this aim, XPS analysis was carried out on a
single-crystalline STO sample (20 x 20 mm2, Crystal GmbH). Depth profile analysis of
the single-crystalline STO was performed to remove surface contamination and to de-
termine if undesired preferential etching (i.e. selective etching of different elements)
takes place during Ar ion exposure. Figure 3.5 shows the cation ratio [Sr]/([Sr]+[Ti])
for the uncalibrated (i.e. software database values) and calibrated SF as a function of
etch time for the single-crystalline STO sample. For the calibration of the SF, values
guaranteeing a [Sr]/([Sr]+[Ti]) ≈ 0.50 throughout the depth profile were used. The
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is indicated in red. θ is the angle of incidence of the X-ray radiation and d the spacing

between the lattice planes.

[Sr]/([Sr]+[Ti]) was also independent of the Ar ion energy employed. The sensitiv-
ity factors calibrated for the single-crystalline STO proved to be also accurate for the
amorphous as-deposited ALD STO thin films, as confirmed by Rutherford backscatter-
ing spectrometry analysis (see Table 4.1).

3.5 X-ray Diffraction

X-ray diffraction (XRD) is a characterization technique employed to determine the crys-
talline structure of a sample. This technique is based on the detection of constructive
interference of X-rays elastically scattered from the examined specimen. With this aim,
the examined sample is exposed to a coherent X-ray radiation beam which, depending
on the microstructure of the sample, is diffracted in specific directions. By moving an
X-ray detector it is possible to determine the directions of the diffracted beams and their
intensities to form a diffraction spectrum. Figure 3.6 shows a schematic illustration of
the condition that has to be met to achieve constructive interference from a set of lat-
tice planes. In this figure, an X-ray beam hits the sample with an incident angle θ. As
can be seen, the X-ray reflected from the lower lattice plane traverses a longer distance
compared to the X-ray reflected from the top lattice plane. The difference between the
distance covered by the two X-rays is highlighted in red in Figure 3.6. This amounts
to 2dsinθ, where θ is the angle of incidence of the X-ray beam and d is the spacing
between the two lattice planes. If this difference in distance is equal to a multiple of the
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values (< 2 ◦). The bisectors are represented by the dashed arrows. In both configurations

the grains of a non-textured polycrystalline sample which can give raise to diffraction are

highlighted in red.

wavelength of the X-ray radiation (1.54 Å when using a Cu Kα source), constructive in-
terference between the two X-rays will occur. This condition for interference is referred
to as Bragg’s law and is described by the following equation:

2dsin(θ) = nλ

For each crystal structure, the characteristic spacing dhkl between planes for a generic
set of lattice planes identified by the so-called Miller’s indices h,k,l can be used in the
above formula. In this way the condition for the detection of interference from such set
of planes is met.

In a so-called θ/2θ scan measurements both the incident X-ray beam and the detector
make an angle θ with respect to the sample surface as shown in Figure 3.7.a. By scan-
ning over a range of 2θ values during the measurement, various sets of lattice planes can
produce constructive interference for different θ values. In this measurement configura-
tion only the lattice planes oriented parallel to the sample surface of a randomly oriented
polycrystalline sample will contribute to the diffraction spectra, as shown in Figure 3.7.a.
Since the penetration depth of Cu Kα X-rays is usually in the range of 10-100 µm, for
thin films with thicknesses in the nanometer range a strong contribution of the substrate
on the diffraction spectra is usually an issue [6]. For this reason another measurement
configuration should be employed to gain more information on the crystalline structure
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Figure 3.8: GI-XRD spectra of a (111) textured and non-textured STO thin films. The

powder reference spectrum for perovskite STO is included as a reference.

of a thin film minimizing the substrate contribution. This configuration, called grazing-

incidence XRD, will be described in the next section.

3.5.1 Grazing-Incidence XRD

In grazing-incidence XRD (GI-XRD) the X-ray beam hits the sample with a very low
incident angle, ω (usually < 2 ◦) which, however, must be larger than the so-called crit-

ical angle, characteristic of the material under analysis, to avoid total reflection. The
angle of incidence is fixed and a diffraction spectrum is collected by moving the detector
along the 2θ circle as shown in Figure 3.7.b. The maximum path length that an X-ray can
travel in the thin film before reaching the substrate is t/sin(ω), where t is the thickness
of the examined film. By decreasing ω to such low values, the length of the X-ray path
in the film can be increased to values much larger than the film thickness. This strongly
decreases the intensity of X-rays reaching the substrate and, therefore, its contribution to
the signal. Furthermore, due to the assymetry of the GI-XRD measurement, the reflection
component is eliminated, thus, the background is reduced. This results in an increased
signal-to-noise ratio of the diffraction peaks corresponding to the thin film. Due to the
thickness of the STO thin films studied in this work (12-30 nm) GI-XRD has been widely
employed in the determination of their crystalline phase.

As shown in Figure 3.7.b, the bisector between the incident and reflected X-ray is
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not perpendicular to the sample surface as in the case of a θ/2θ scan. The lattice planes
giving raise to diffraction are those perpendicular to such bisector and are highlighted in
Figure 3.7.b. In the GI-XRD configuration the direction of the bisector is constantly chan-
ging due to the fixed incidence angle. Therefore, by scanning over the 2θ range during
the measurement, lattice planes having different orientations with respect to the surface
normal are brought into diffraction conditions. For a non-textured polycrystalline film
where grains are randomly oriented, the diffraction pattern as measured by GI-XRD will
in principle reproduce the ratio between the peaks as in the reference powder spectrum,
since for any 2θ value corresponding to a diffraction peak, there will be corresponding
lattice planes perpendicular to the bisector. However, for a textured film the orientation of
the crystallites is not randomly distributed. In this case, the crystalline grains are present
in one or more preferred orientations with respect to the sample surface. In case of a
θ/2θ scan as discussed above, the presence of such texture(s) can be easily recognizable.
Since the XRD peaks in the θ/2θ configuration originate from the planes perpendicular
to the surface, if a set of lattice planes is preferentially parallel to sample surface, its peak
intensity is strongly increased while the other peaks will be reduced. However, during
the GI-XRD measurement of a textured film, for the 2θ value corresponding to the dif-
fraction of a certain set of planes, such lattice planes are not necessarily perpendicular to
the bisector corresponding to that 2θ value. Hence, the lattice planes will not be access-
ible and the corresponding diffraction peak will not be detected. The absence of intensity
of this specific reflection acquired at a specific off-normal bisector angle cannot directly
be related to a specific preferential orientation of lattice planes parallel to the substrate
surface. Thus, GI-XRD measurements of textured thin films can be rather difficult to
interpret and further XRD analysis is usually needed to determine the crystalline phase
and preferred orientation of the thin film.

Figure 3.8 shows GI-XRD spectra of a randomly oriented and a (111) textured STO
film. It can be clearly seen that the randomly oriented film replicates the peak ratio of the
reference powder spectrum of perovskite STO. The GI-XRD of the textured film shows
only the (220) peak. As will be also explained in Chapter 7, the angle between the <111>
orientation (which is perpendicular to the sample surface) and the <220> orientation is
35.26 ◦. Therefore, for 2θ = 67.8 ◦ ((220) diffraction peak) and for the angle of incidence
used in these measurements, ω = 0.324 ◦, the bisector presents an offset of only 1.684 ◦

with respect to the <220> direction. Due to the width of the orientation distribution func-
tion (ODF), (220) planes could still be accessible and result in the (220) peak seen in
the GI-XRD spectra in Figure 3.8. For the other perovskite crystallographic orientations,
the angle offset that they form with the bisector when 2θ satisfies Bragg’s law for such
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Figure 3.9: Schematic illustration of texture XRD analysis measurements where the

angles ψ and φ are varied (a) and representation of a (111) fiber textured STO film.

orientations, makes it not possible to detect the relative diffraction peaks.

3.5.2 Ψ-Scan Measurement

In order to confirm the texture and determine the ODF of a thin film XRD measurement
can be performed where the angles Ψ and Φ (Figure 3.9.a) are varied. During this meas-
urement the angle of incidence (ω), and 2θ are fixed and set to satisfy Bragg’s condition
for a specific set of lattice planes. In this manner, the diffraction intensity corresponding
to that set of lattice planes is detected while scanning Ψ and/or Φ. If texture is present in
the examined thin film the lattice planes are aligned along specific directions. By scan-
ning over Ψ and Φ during the XRD measurement it is possible to detect the presence
of diffraction peaks along such directions and determine the orientation distribution for
that specific set of planes, hence, the texture of a sample. By combining Ψ and Φ scans
a so-called pole figure is obtained. The reader is addressed to reference [6] for a more
detailed description on texture analysis. In the case of a thin film presenting fiber texture,
where a certain set of lattice planes is oriented parallel to the substrate (i.e. textured in
the out-of-plane direction and randomly oriented in the in-plane directions), Ψ scans may
be sufficient to determine the film texture. In fact, in this case the diffraction intensity is
independent of Φ.

For fiber textured STO thin films with the <111> direction perpendicular to the
sample surface ((111) planes parallel to the sample surface), the <110> direction will
be oriented with an offset of 35.26 ◦ with respect to the surface normal (Figure 3.9.b).
Since Pt and STO both present a cubic crystalline structure with similar lattice paramet-
ers, the (110) peak was chosen for the Ψ scan of STO/Pt structures since it is not an
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allowed reflection for Pt. Therefore, by fixing 2θ = 32.42 ◦ (and ω = 16.21 ◦) and tilting
the sample by varying Ψ during the measurement, the (110) peak should be detected for
Ψ = ± 35.26 ◦.

Figure 7.4 shows Ψ scans of fiber textured STO films where peaks at ≈ ± 35 ◦ were
detected. The assumption of fiber textured films is corroborated by the symmetry of
the scan shown in Figure 7.4 where the peaks at ± 35 ◦ had comparable intensities. In
the case of a textured film having both an out-of-plane texture, i.e. the <111> direction
aligned along the surface normal, as well as an in-plane preferential orientation, the (110)
peak should show a 3-fold symmetry. Therefore, the presence of diffraction peaks for the
same positive and negative values of Ψ would not be possible.

3.6 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a microscopy technique which employs
electrons with a high kinetic energy (up to 300 keV) to obtain a high-resolution im-
age of a sample. In TEM, the highly energetic electron beam is transmitted through a
sample, therefore, only ultra-thin samples (< 100-200 nm) can be examined by TEM.
Since different TEM modes and imaging techniques can be employed, various types of
information can be gained. In the following sections the TEM imaging techniques em-
ployed in this work will be briefly introduced and their application to the imaging of STO
thin films will be described. Furthermore, electron diffraction (ED), a technique which
makes use of the electron beam of the TEM to determine the crystal structure and orient-
ation of one or more crystals in a sample, will also be introduced. For the analysis of STO
thin films by TEM and ED the films were deposited on thin (≈ 15 nm) Si3N4 membranes
which are transparent to the electron beam. Furthermore, cross-sectional TEM analysis
was also performed on a thin (50-100 nm) lamella taken from a Pt/STO/Pt film stack
prepared by ALD (see Chapter 6). The preparation of this thin lamella was performed
using a Focused Ion Beam (FIB).

3.6.1 Bright-Field and Dark-Field TEM

The working principles of the imaging TEM mode, which is used in both bright-field
(BF)-TEM and dark-field (DF)-TEM imaging, is illustrated in Figure 3.10.c. In this con-
figuration the electron beam is collimated by a set of condenser lenses before reaching
the sample. After passing through the sample the electron beam can be diffracted. There-
fore, not only the transmitted electron beam (direct beam) is present but also a series of
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diffracted beams. These beams are then condensed by the objective lenses. In the back
focal plane, the primary and diffracted beams are spatially separated, forming the elec-
tron diffraction pattern. The objective aperture (3.10.a and b) can be inserted in the back
focal plane to choose the beam which will form the image. Projector lenses are then
used to highly magnify the image which is then projected on a fluorescent screen and
recorded by a CCD camera. The difference between BF and DF-TEM consists of the
different beam(s) selected by the objective aperture in the back focal plane. In particular,
in BF-TEM (3.10.a) the direct beam is selected while in DF-TEM (3.10.b) one or more
diffracted beams are chosen by moving the objective aperture in the back focal plane
of the objective lenses. However, in both cases the resulting image is a projection of a
selected region of the sample.

Since in BF-TEM the image is formed by the transmitted primary beam, the contrast
is determined by the amount of electrons which passes through the sample. Therefore,
regions with a higher average atomic number (Z) or thicker regions of the sample will
result in a darker contrast compared to thinner regions or with atoms with lower Z. Fur-
thermore, the contrast depends on the crystalline structure of the sample. In BF-TEM a
crystal which is oriented in a strongly diffracting orientation with respect to the incoming
electron beam will result in the image as a darker region. Upon tilting the sample away
from this strongly diffracting orientation, the crystal will appear brighter in the resulting
BF-TEM image. In the case of a randomly oriented polycrystalline thin film the contrast
of each single grain in BF-TEM will depend on its own crystallographic orientation with
respect to the electron beam. Therefore, differently oriented grains will display different
grey scales in the images despite the fact that the same material and thickness is uni-
formly present all over the examined region.

In DF-TEM the objective aperture is positioned in such way that a diffracted beam
is selected to form the image. Therefore, only regions of the sample which contribute
to that specific diffracted beam will give raise to brightness in the image. Usually, only
regions (i.e. crystalline grains) of the sample having the same crystallographic orienta-
tion will show as brighter regions in DF-TEM images. Therefore, this technique can be
employed to resolve single-crystalline grains or to identify grains with the same crystal-
lographic orientation.

The differences in contrast between BF-TEM and DF-TEM just described can be un-
derstood from the images of the Pt/STO/Pt lamella studied in Chapter 6. Figure 6.3.a
and b show BF and DF-TEM images of the lamella, respectively. In the BF-TEM image
(Figure 6.3.a) the contrast is dominated by the differences in composition of the three
layers (Pt or STO) resulting therefore in electron density contrast. However, DF-TEM
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images of the same lamella region revealed other features of the sample. The light con-
trast regions in the Pt layers in Figure 6.3.b correspond to single Pt grains. Therefore,
differences in average grain size of the two Pt films could be identified. Furthermore,
the STO grain indicated by the arrow in Figure 6.3.a could be identified in DF-TEM by
tilting of the lamella and therefore bringing the grain in a strongly diffracting orientation
with respect to the electron beam.

3.6.2 High-Angle Annular Dark Field Scanning TEM

High-Angle Annular Dark Field Scanning TEM (HAADF-STEM) is a technique mainly
used to obtain images of a sample providing Z (atomic number) contrast. While for
BF-TEM and DF-TEM the images are formed as a projection of the sample, in STEM
techniques the sample is scanned by a focused electron beam. The working principle
of STEM is shown in Figure 3.11. The electron beam is focused on a narrow spot of
the sample and after passing through it, electrons are collected by the detector(s). By
scanning the focused electron beam on the sample and assigning the detected number of
electrons to each (x,y) scanning position a STEM image is formed.

Both BF and DF detectors can be used in STEM. In particular, the circular BF de-
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tector is positioned in order to collect the primary beam while annular DF (ADF) de-
tectors are positioned in order to collect electrons diffracted and scattered by the sample
(Figure 3.11). The advantage of using ADF-STEM compared to DF-TEM is that many
more electrons are collected by an annular detector compared to the number of electrons
passing through the objective aperture. Furthermore, by removing the BF-STEM de-
tector during ADF-STEM, the direct beam can be collected by an electron energy loss
spectroscopy (EELS) detector to simultaneously acquire images as well as spectral in-
formation.

For HAADF imaging an annular DF detector is placed at a high angle with respect to
the direct beam in order to collect electrons scattered (and diffracted) by the sample.
Z contrast generally dominates HAADF images since the angular distribution of the
scattered electrons strongly depends on the atomic number of the atom from which they
are incoherently scattered. Moreover, the amount of scattered electrons from a location
on the sample depends also on the local density (e.g. film thickness). In the optical plane
where the HAADF detector is placed the diffraction pattern is formed. By changing the
magnification of the diffraction pattern in this plane, hence, the camera length (defined
as the effective distance between the sample and the optical plane where the detector is
placed), the portion of the diffraction pattern which falls on the HAADF detector can
be changed. In particular, for short camera lengths (i.e. low magnification) the image is
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dominated by density and Z contrast while for longer camera lengths (i.e. higher magni-
fication) also diffraction contrast can be visualized in the image. In Chapter 5 and 6 an
intermediate camera length was employed, hence, both density and diffraction contrast
were imaged.

Figure 3.12.a and b show a BF-TEM and a HAADF-STEM image of the same crystal-
lized STO thin film, respectively. While for the BF-TEM image the contrast is dominated
by diffraction, visualizing the strongly diffracting star-shapes characteristic of transrota-

tional crystals (see addendum of Chapter 5), the HAADF image gave a clearer morpho-
logical contrast. In particular, with HAADF-STEM imaging it was possible to clearly
identify the cracks at the grain boundaries but also nano-voids (few nanometers in dia-
meter) within single grains (see also Figure 5.4).

3.6.3 Electron Diffraction

Apart from the imaging techniques described above, a TEM microscope also offers the
possibility to perform diffraction analysis on the sample in order to gain information on
its microstructure and crystallinity. Electron diffraction (ED) analysis can be performed
in the TEM configuration shown in Figure 3.10.d. Similarly to BF and DF-TEM, the
collimated electron beam passes through the sample to form a diffraction pattern in the
back focal plane. However, during ED the magnetic lenses positioned below the sample
are used to project the diffraction pattern on the screen (and on the CCD camera) instead
of creating a projected image of the sample. Similarly to the case of XRD, where X-ray
diffraction patterns are collected, in ED the diffraction pattern caused by Bragg scattered
electrons, can be used to determine the microstructure of the sample. In the case of a
polycrystalline sample the diffraction pattern is formed by diffraction rings which cor-
respond to different sets of lattice planes, while ED of a single crystal will result in
localized diffraction spots. The distance of the diffraction ring (or spot) to the centre of
the pattern is characteristic for the probed interplanar distance, in analogy to the 2θ angle
in XRD spectra. Furthermore, information on the texture of thin films can be gained.

Figure 6.5.a and b show ED images of an ALD Pt thin film before and after a RTA
step. While for the as-deposited film (Figure 6.5.a) all Pt diffraction rings characteristic
for the Pt crystal structure were detected, indicating a mostly randomly oriented nature of
the grains, the annealed film showed enhanced intensity for some diffraction rings while
some other diffraction rings disappeared. This indicates that recrystallization occurred
after the annealing step, leading to a textured film. Furthermore, the fact the diffraction
rings of the annealed sample are discontinuous suggests that a larger average grain size is
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achieved after RTA, as the sampled area corresponding to the ED pattern is only several
tens of µm2, allowing only a limited number of crystals to contribute to this pattern.

Electron diffraction and XRD apply the same basic principle for detecting crystal-
lographic information. In the present study, these techniques are both used because of
their complementary nature: XRD has a much higher precision in determining lattice
parameters and provides an average over a large sampled volume, while the strength of
ED is the possibility to locally probe both crystal structure and orientation (distribution)
and to directly correlate this information to high magnification image information.
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Chapter 4

Plasma-Assisted Atomic Layer
Deposition of SrTiO3: Stoichiometry
and Crystallinity Studied by
Spectroscopic Ellipsometry∗

Abstract Strontium titanate (SrTiO3, STO) films were deposited by plasma-assisted ALD

using cyclopentadienyl-based Sr- and Ti-precursors with O2 plasma as the oxidizing agent. Spec-

troscopic ellipsometry (SE) was employed to determine the thickness and the optical properties

of the layers. As determined from Rutherford backscattering spectrometry (RBS), [Sr]/([Sr]+[Ti])

ratios ranging from 0.42 to 0.68 were achieved for 30-40 nm thick films by tuning the [SrO]/[TiO2]

ALD cycle ratio. Films deposited at 250 ◦C were amorphous and required post-deposition anneal-

ing to crystallize into the ultrahigh-k perovskite structure. The crystallinity of the films after rapid

thermal annealing strongly depended on the film composition as observed by X-ray diffraction

measurements. Using RBS data for a set of as-deposited samples, an optical constant library was

built to determine the film stoichiometry from SE directly for the amorphous as-deposited films.

After rapid thermal annealing the crystalline phase could be determined from the position of crit-

ical points of the measured dielectric function and the estimation of the stoichiometry was also

possible for crystallized layers. These results open up a new way to use SE as a real-time charac-

terization method to monitor and tune the STO film composition and crystallinity.

∗Published as: V. Longo, N. Leick, F. Roozeboom, and W.M.M. Kessels, ECS J. Solid State Sci. Technol.,
2(1), N15 (2013).
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4.1 Introduction

Strontium titanate (SrTiO3, STO) is a perovskite material which has attracted consid-
erable attention in recent years due to its various properties. Stoichiometric SrTiO3 is a
dielectric material, however oxygen vacancies and doping can be used to obtain semicon-
ductive and conductive STO [1-3]. Furthermore, STO shows other interesting properties
such as paraelecriticity and ferroelectricity, also when deposited as a thin film [4,5].
Resistive switching behavior has been reported for metal-insulator-metal (MIM) struc-
tures where STO was employed as the dielectric material [6]. However, among all STO
properties, its ultrahigh permittivity value (theoretically k ≈ 300) has attracted most in-
terest. For next generation dynamic random access memories (DRAM), high-density
MIM trench capacitors having an equivalent oxide thickness (EOT) < 0.4 nm and a low
leakage current are needed [7]. To meet such requirements ultrahigh-k dielectric layers (k
>100) need to be deposited conformally over high aspect-ratio structures. Furthermore,
the processing temperature has to be < 600 ◦C due to process integration constraints [8].
For these reasons STO appears to be the favorite candidate as dielectric material due to
its high permittivity and its relatively low crystallization temperature (≈ 550 ◦C). To
deposit STO thin films over high aspect ratio structures, atomic layer deposition (ALD)
is the method of choice since its characteristic layer-by-layer growth results into high-
quality layers and excellent step coverage. A common approach to deposit ternary oxides
by ALD consists in alternating ALD cycles of the binary oxides, with a certain ratio, to
obtain the desired material [9-14]. In this way, not only the thickness, but also the film
composition can be precisely controlled by ALD.

To achieve the required ultrahigh-k values, STO films must be crystallized into the
perovskite structure by post-deposition thermal annealing or they have to be deposited at
relatively high temperatures on crystalline seed layers [15-19]. The stoichiometry of the
STO films strongly affects the crystallization temperature, crystalline microstructure after
annealing and the dielectric constant [20]. Recent developments on ALD of STO showed
that Sr-rich films have a smaller grain size after annealing resulting in lower leakage cur-
rent values [19,21]. For these reasons monitoring the stoichiometry and crystallinity of
STO films is necessary to tune the processing conditions such that the requirements for
the application envisioned are met.

In this work, we report on the plasma-assisted ALD of STO films from cyclopenta-
dienyl-based precursors for both, TiO2 and SrO. The oxidizing agent was an O2 plasma
generated in a remote inductively coupled plasma (ICP) source. In our previous work,
STO films were deposited with the same precursors in a home-built reactor [22]. In
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this work the process was scaled-up in a commercial Oxford Instruments FlexAL
TM

tool
which can accommodate wafers up to 200 mm in diameter. It was demonstrated that the
film stoichiometry is related to the [SrO]/[TiO2] ALD cycle ratio. Using X-ray diffrac-
tion (XRD) and Rutherford backscattering spectrometry (RBS) data as a cross-reference
it was shown that it is possible to probe directly the stoichiometry and crystallinity of
thin STO films by spectroscopic ellipsometry (SE). In addition, we present a pragmatic
approach to determine the stoichiometry of amorphous STO films by means of an optical
constant library that was built with the CompleteEASE R© software (J.A. Woollam). Since
SE measurements can also be taken in-situ this could provide a means for monitoring the
film properties during processing.

4.2 Experimental Details

The STO thin films were deposited in an Oxford Instruments’ FlexAL
TM

reactor on 100
and 200 mm Si (100) wafers with native oxide. This reactor was upgraded during this ex-
perimental work, leading to slightly different results before and after the upgrade. Here-
after, we will indicate the system before the upgrade as FlexAL-A and after the upgrade
as FlexAL-B. The precursors employed were Ti-Star, (pentamethylcyclopentadienyl)-
trimethoxy-titanium, CpMe5Ti(OMe)3 and Hyper-Sr, bis(tri-isopropylcyclopentadienyl)-
strontium with the 1,2-dimethoxyethane adduct, Sr(iPr3Cp)2DME, both from Air Li-
quide. Since the Ti-Star precursor is not reactive towards H2O in an ALD process, an
O2 (>99.999 % purity) plasma generated by an inductively coupled plasma (ICP) source
was used as the oxidizing agent. The precursors were stored in stainless steel canisters
heated to 70 ◦C and 120 ◦C for Ti-Star and Hyper-Sr, respectively. For both precursors,
the delivery to the deposition chamber was achieved with a 100 sccm Ar (>99.999 %

purity) bubbling flow. The delivery lines were kept at a temperature 30 ◦C higher than
the precursor canisters to avoid condensation and clogging. As confirmed by calibration
measurements, the actual sample temperature is lower than the set value (by 20-25 % in
◦C). We will hereafter report this set value and refer to it as "set temperature".

Rapid thermal annealing (RTA) for 10 minutes in flowing N2 was employed to crys-
tallize the STO layers into the perovskite structure using an AST SHS100 system. The
crystalline phase of the films was determined by grazing incidence X-ray diffraction (GI-
XRD) at an incidence angle of 0.5 ◦ with respect to the substrate plane. X-ray diffracto-
metry was performed using a Panalytical X’Pert PRO MRD employing Cu Kα (1.54 Å)
radiation.

The thickness and the dielectric function of the films were measured in the spectral
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range 1.25-6.5 eV with an M2000D spectroscopic ellipsometer from J.A. Woollam. The
measurements were performed ex-situ on a goniometric stage for measurements under
variable angles. Acquisition and fitting of the ellipsometry data were performed with the
CompleteEASE R© 4.64 software (J.A. Woollam). For the fitting of the SE data a model
comprising the Si substrate, native oxide and deposited film were used. The thickness of
the native oxide was determined with a Cauchy model before the STO deposition. With
the film deposited, the data were first fitted using a Cauchy model in the transparent re-
gion of the STO layers (< 3 eV), from which the thickness of the film was extracted. The
fit was then extended to the entire measured spectral range using a B-spline parameter-
ization. This means representing a dielectric function with a spline curve defined as a
linear combination of Basis-splines (B-splines). B-splines are a recursion set of poly-
nomial splines that can ensure Kramers-Kronig consistency and reduce the number of
fitting parameters [23,24]. This method was chosen due to its versatility to accurately
parameterize the dielectric functions of STO films having different stoichiometries. Fur-
thermore, the library that was built in CompleteEASE R© makes also use of the B-spline
parameterization.

Rutherford backscattering spectroscopy (RBS) was used to determine the elemental
composition and atomic areal densities of the films using 2 MeV 4He+ ions (AccTec BV,
The Netherlands). X-ray photoelectron spectroscopy measurements were also performed
on a Thermo Scientific K-Alpha KA1066 spectrometer using monochromatic Al Kα X-
ray radiation (hν = 1486.6 eV). Photoelectrons were collected at a take-off angle of 60 ◦.
A 400 µm diameter X-ray spot was used in the analysis and the samples were neut-
ralized using an electron flood gun to correct for differential or non-uniform charging.
For cross-referencing the atomic composition from XPS measurements, a stoichiometric
SrTiO3 substrate (20 mm x 20 mm, Crystal GmbH) was measured and the sensitivity
factors for the Sr3d, Ti2p and O1s peaks were tuned accordingly to obtain stoichiometric
SrTiO3 from the detected relative amounts of the single elements. This procedure was
executed after surface contamination removal by Ar+ ion (500 eV) sputtering. Ar+ ion
sputtering was also employed for depth profiling of the stoichiometric STO sample to ex-
clude the possibility of preferential sputtering. The analysis confirmed that the sensitivity
factors were accurate throughout the depth profile.
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4.3 Results and Discussion

4.3.1 Plasma-Assisted ALD of TiO2 and SrO

The deposition processes of the individual binary oxides, TiO2 and SrO, were first de-
veloped to determine the growth-per-cycle (GPC), the appropriate purge times and the
saturation behavior for both the precursor doses and the O2 plasma exposure in the
FlexAL-A reactor. For the TiO2 process a dosing time of 2 s for the Ti-Star precursor
and an exposure time of 8 s for the O2 plasma were required to achieve saturation. For
the SrO process the Hyper-Sr precursor dosing time and the exposure time of O2 plasma
were 15 s and 8 s, respectively. Purge times required to avoid any CVD-like growth, were
2 s and 10 s after the Ti- and Sr-precursor step, respectively. After the O2 plasma, the
purge step times were 2 s and 15 s for the TiO2 or SrO process, respectively. With these
settings saturation was reached for both processes at a set temperature of 250 ◦C. The
GPC, as determined by SE, was 0.036 and 0.11 nm/cycle for TiO2 and SrO, respectively.
These values deviate from those reported previously by Langereis et al. for the home-
built ALD-I reactor [22], in which the GPC for TiO2 and SrO were 0.054 and 0.051
nm/cycle, respectively. Differences in GPC between these two setups have previously
been reported for plasma-assisted ALD process of Ta2O5 [25], and were ascribed to the
differences in the reactor designs. Differences in precursor delivery and plasma source
design can result in different radical and ion fluxes in the two reactors [25]. The value
recorded in this work for the GPC of SrO is, however, in good agreement with a GPC
of ≈ 0.1 nm/cycle reported for Hyper-Sr and O3, and 0.11 nm/cycle for Hyper-Sr and
H2O [26]. In one of the first reports on ALD of STO, the GPC for the SrO process us-
ing Sr(C5

iPrH2)2 (Hyper-Sr without the DME adduct) and H2O was also 0.11 nm/cycle
[9]. The GPC of TiO2 is comparable to those reported in the literature, with values ran-
ging from 0.022 nm/cycle [27] to ≈ 0.03 nm/cycle [26] for the combination of Ti-Star
and O3. These values show the variation in GPC reported in the literature for ALD pro-
cesses employing the same precursors but developed in different equipment, showing the
sensitivity of ALD processes to the varying reactor design and experimental conditions.

4.3.2 Plasma-Assisted ALD of STO

ALD of STO was achieved by combining ALD cycles of the two binary oxides to obtain
one STO supercycle. In this way an STO supercycle is composed of x SrO cycles and
y TiO2 cycles and the [SrO]/[TiO2] ALD cycle ratio is defined as x/y. The STO films
were deposited with various ALD [SrO]/[TiO2] cycle ratios in the FlexAL-A reactor at a



76 Plasma-Assisted ALD of STO: Composition and Stoichiometry Studied by SE

125 150 175 200 225 250 275 300 325 350 375 400
0.12

0.16

0.20

0.24

0.28

0.32

0.36

 

 

G
ro

w
th

 p
er

 s
up

er
cy

cl
e 

(n
m

/s
up

er
cy

cl
e)

Deposition temperature (°C)

Figure 4.1: Temperature dependence of the growth per supercycle of STO films depos-

ited with a [SrO]/[TiO2] ALD cycle ratio of 1:3 in the FlexAL-B reactor.

set temperature of 250 ◦C. Two different approaches to combine the binary oxides were
employed. The first consisted in executing the SrO cycles followed by the TiO2 cycles
(indicated hereafter as "consecutive" or simply by "2:5"), e.g. a supercycle with cycle ra-
tio [SrO]/[TiO2] = 2:5 corresponds to 2 cycles SrO followed by 5 TiO2 cycles. The other
approach consisted of intermixing the TiO2 and SrO cycles (indicated hereafter with the
notation "2:5 mixed"), e.g. a supercycle with cycle ratio [SrO]/[TiO2] = 2:5 correspond-
ing to the sequence 1 SrO, 2 TiO2, 1 SrO and 3 TiO2 cycles.

The ALD temperature window of the STO process was also investigated. For this
purpose films were deposited in the FlexAL-B reactor with a [SrO]/[TiO2] cycle ratio
1:3. The growth per supercycle, obtained by dividing the total thickness of the film by
the number of STO supercycles, (Figure 4.1) was nearly constant from 150 ◦C to 350 ◦C.
A slight decrease in growth with increased temperature is most likely due to desorption
of surface groups and/or to densification of the film at higher temperatures. At a set tem-
perature of 375 ◦C a higher growth per supercycle was observed as well as an enhanced
non-uniformity and higher Sr-concentration in the layers, suggesting the decomposition
of the Hyper-Sr precursor. The difference between the decomposition temperature of the
Hyper-Sr precursor (300 ◦C) reported by Katamreddy et al. [26] and our data is most
likely due to the difference between the set and the actual wafer temperature.
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Table 4.1: Influence of the [SrO]/[TiO2] ALD cycle ratio on the elemental composition

of STO films determined by RBS. The relative errors in the atomic density are 3% for Sr,

Ti, and O. Also the [Sr]/([Sr]+[Ti]) content ratios obtained from XPS measurements are

listed. The relative errors in the [Sr]/([Sr]+[Ti]) ratios from RBS and XPS are 6% and

5% respectively. The thickness of the films was determined by ex-situ SE. The error in

thickness is ± 0.5 nm.

[SrO]/[TiO2] Thickness Sr atomic Ti atomic O atomic [Sr]/([Sr]+[Ti]) [Sr]/([Sr]+[Ti])
ALD (nm) density density density content content

cycle ratio (1022 at/cm3) (1022 at/cm3) (1022 at/cm3) from RBS from XPS

2:10 31.4 1.06 1.46 4.36 0.42 0.43
2:9 32.6 1.16 1.24 4.39 0.48 0.49
2:8 29.4 1.21 1.16 4.41 0.51 0.52
1:4 30.5 1.31 1.06 4.10 0.55 0.56
1:3 35.1 1.33 0.78 4.27 0.63 0.63
2:4 40.5 1.42 0.67 4.35 0.68 0.68

2:5 mixed ∗ 30.1 1.18 1.12 4.22 0.51 0.51

4.3.3 Film Composition and Cation Incorporation

RBS measurements were performed to determine the composition of the STO films and
to establish a relation between the stoichiometry of the film and the [SrO]/[TiO2] cycle
ratio. XPS measurements were performed on the same set of samples after surface con-
tamination removal by Ar+ ions sputtering. XPS composition analysis results were in
excellent agreement with the RBS results (Table 4.1). These measurements confirmed
that by changing the [SrO]/[TiO2] cycle ratio different compositions could indeed be
deposited. The [Sr]/([Sr]+[Ti]) ratio for the examined films ranged from 0.42 to 0.68.
Near-stoichiometric values of 0.51 for [SrO]/[TiO2] cycle ratios 2:8 and 2:5 "mixed",
were obtained for the FlexAL-A and the FlexAL-B reactors, respectively. The differ-
ence in the ALD cycle ratio yielding stoichiometric STO can be attributed to a slightly
decreased GPC of the SrO process after the upgrade of the reactor. In general, the SrO
process seemed to be very sensitive to the reactor conditions.

The relation between the film growth and the cation incorporation was investigated.
Figure 4.2 shows the [Sr]/([Sr]+[Ti]) content ratio calculated from the RBS data reported
in Table 4.1. The horizontal axis was weighted taking into account the two different GPC
values for the single processes. In this way the expected Sr-content is represented by a
straight line connecting the two extremes corresponding to the two binary processes. The

∗Film deposited in the FlexAL-B reactor. In the "mixed" approach TiO2 and SrO ALD cycles were inter-
mixed (i.e. the [SrO]/[TiO2] ALD cycle ratio = 2:5 mixed corresponds to the sequence 1 SrO, 2 TiO2, 1 SrO
and 3 TiO2 cycles).
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Figure 4.2: [Sr]/([Sr]+[Ti]) content ratio as extracted from the RBS measurements. The

[SrO]/([SrO]+[TiO2]) ALD cycle ratio (horizontal axis) was weighted by the GPC values

of the individual SrO and TiO2 processes. The straight line represents the expected Sr-

content, based on the GPC of the binary oxides and the ALD cycle ratio.

Sr-content resulting from RBS analysis was higher than expected, thus suggesting an en-
hanced incorporation of Sr cations into the film. Furthermore, when films were deposited
with the same [SrO]/[TiO2] cycle ratio but with different cycle sequences, the Sr-content
was higher when single SrO cycles were intercalated between TiO2 cycles, i.e. in the
mixed approach. This is evident for cycle ratios 1:4 and 2:8, where the [Sr]/([Sr]+[Ti])
content ratio was 0.55 and 0.51, respectively. This implies that SrO growth is slightly en-
hanced by the underlying TiO2 surface. Earlier, we already reported that the deposition
of SrO could be enhanced after TiO2 ALD cycles, resulting also in a higher Sr-content
than simply expected from the cycle ratio [22]. A strong dependency of the metal cation
on the ligand removal and on the hydroxylation of the surface during the precursor and
oxidizing steps was found for different ternary oxide compounds deposited by ALD from
β-diketonate precursors [28]. The concentration of -OH groups on the surface is there-
fore dependent on the previous reactant step and thus influences the number of precursor
molecules that react with the surface in the following dosing step.

Taking into account that not only the [SrO]/[TiO2] ALD cycle ratio but also the se-
quence in which the precursors are dosed influences the cation incorporation, it is pos-
sible to precisely tune the film composition both by adjusting the cycle ratio as well as
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Figure 4.3: Dielectric function of bulk stoichiometric SrTiO3 (100) measured by spec-

troscopic ellipsometry in this work (solid line) and from Zollner et al. (dashed line) [29].

by choosing the cycle sequence in an STO supercycle.

4.3.4 Optical Properties of STO

The optical properties of crystalline bulk STO have been investigated by various tech-
niques such as valence electron energy-loss spectroscopy, vacuum ultraviolet spectro-
scopy, reflectivity and spectroscopic ellipsometry measurements [29,30]. Studies have
been also reported on the optical properties of thin crystalline STO films [29]. Zoll-
ner et al. extracted the dielectric function of bulk STO from spectroscopic ellipsometry
measurements in the spectral range 0.74-8.7 eV [29]. In this work we performed SE
measurements on an STO (100) bulk sample. Figure 4.3 shows the dielectric function
of the STO from our measurement and it is compared to the results from Zollner et al.
showing an excellent agreement. In their work, the so-called critical points related to in-
terband optical transitions were identified from the dielectric function and assigned to the
electronic band structure of crystalline STO. For this purpose the electronic structure was
calculated within the local-density approximation (LDA). Other works can be found in
the literature on the calculation of the electronic structure and density of states (DOS) of
STO using different approximations [29-31]. Independently of the approximation used
for the ab initio calculation, all authors reported that the top valence bands are related
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to O2p orbitals and that the lowest conduction bands consist of Ti3d orbitals. Sr-related
bands were found at higher energies. Calculations also predicted that crystalline STO
has an indirect and direct band gap. The calculated band gap values can vary depending
on the approximation used and can be corrected to reproduce the experimental band gap
[29]. These calculation results are in agreement with optical measurements where the
indirect and direct band gap values were reported to be 3.2 eV and 3.4 eV respectively
[29,33]. The critical points in the dielectric function at 3.8, 4.3, 4.8 and 6.2 eV repor-
ted by Zollner et al. were then assigned to transitions from the O2p valence bands to
Ti3d conduction bands. Features in the dielectric function in the spectral range 7-9 eV
were assigned to Sr5d orbitals and sp-antibonding orbitals [29]. As a result of its critical
point structure, STO, as evident in Figure 4.3, has its maximum in the real part of the
dielectric function, ε1, at 3.9 eV. This feature is a fingerprint of the crystallinity of STO
and, as will be shown below, can be used to discriminate between amorphous and crys-
talline thin films. Regarding the optical properties of amorphous STO, calculations of
the band structure and its relation to the dielectric function, cannot be found in literature
to our knowledge. In the next sections we will show how the dielectric function of both
amorphous and crystalline layers is affected by the film stoichiometry. Also the influence
of the film thickness on the dielectric function will be discussed.

4.3.5 Spectroscopic Ellipsometry Measurements of Amorphous STO
Films

The dielectric functions, ε1 (real part) and ε2 (imaginary part), of the TiO2 and SrO
films, as well as those of STO films deposited in the FlexAL-A reactor with different
[SrO]/[TiO2] cycle ratios were measured by spectroscopic ellipsometry. Figure 4.4 shows
the dielectric functions of the as-deposited STO films for which RBS was performed.
The dielectric functions of TiO2 and SrO films are given for comparison. The optical
band gaps of the two binary oxides, ∼ 3.3 eV for TiO2 and > 5 eV for SrO, were in
good agreement with the values reported in the literature [34,35]. Figure 4.4 shows
that the dielectric functions of the as-deposited STO films are all distributed in a logical
compositional order, and lie between the dielectric functions of TiO2 and SrO indicating
that mixtures of the two binary oxides were deposited in the amorphous phase. The
values for the refractive index n (at 1.96 eV) of all STO films deposited in the FlexAL-
A reactor with different [SrO]/[TiO2] cycle ratios are shown in Figure 4.5.a and were
obtained from the dielectric function values through the relations:

ε1 = n2 − k2
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ε2 = 2nk

where k is the extinction coefficient. Values are distributed between those of the two
binary oxides (also shown) and n increases when the relative number of TiO2 cycles in-
creases. Values of n for the near-to-stoichiometric STO films deposited in this work were
1.88 and 1.89 for the FlexAL-A and FlexAL-B reactors, respectively ([Sr]/([Sr]+[Ti])
ratio of 0.51). These values are in agreement with our previous work, where the film
with [Sr]/([Sr]+[Ti]) ratio of 0.52 had n = 1.91 [22], and with literature results, where as-
deposited stoichiometric STO films ([Sr]/([Sr]+[Ti]) = 0.5) with n = 1.86 were obtained
from Sr(tBu3Cp)2 and Ti(OMe)4 [36].

The indirect band gap values, Eg, for the STO films were determined by plotting
(αhνn)1/2 versus the photon energy, where α = 4πk/λ is the absorption coefficient, n

and k are the real and imaginary part of the complex refractive index, and hν is the incid-
ent photon energy. The linear part of this function above the transparent region is fitted
with a straight line. The band gap value corresponds to the intercept value of this line
with the horizontal axis [37,38]. This procedure for the determination of Eg is illustrated
in the inset of Figure 4.5.b for a film deposited with a [SrO]/[TiO2] ALD cycle ratio
of 2:8. The band gap values are plotted in Figure 4.5.b and a decrease in Eg is evident
with increased relative number of TiO2 cycles. The refractive index and band gap values
are plotted in Figure 4.6.a and 4.6.b, respectively, as a function of the [Sr]/([Sr]+[Ti])
ratio for samples which were analyzed by RBS. The figure clearly shows that the film
composition can also be estimated by probing the refractive index and/or the band gap
of the deposited film. A distinction can be made between samples deposited with the
mixed and consecutive approach in Figure 4.5. For the mixed approach SrO cycles were
always intercalated in between TiO2 cycles while in the consecutive approach the SrO
cycles were deposited before the TiO2 cycles. The assumption for enhanced strontium in-
corporation on a TiO2-terminated surface was corroborated by these results, where STO
films deposited with the mixed approach showed a lower refractive index and a higher
band gap. This confirms our observation that SrO deposition is slightly enhanced in the
mixed growth mode.

The results confirm that the dielectric function of STO is strongly related to the film
stoichiometry. Optically determined parameters, such as refractive index and band gap,
can be used to determine the [Sr]/([Sr]+[Ti]) ratio of amorphous STO films. For this
purpose, RBS results were used to determine the relation between the optical properties
and the elemental composition of a set of samples with different stoichiometries. Once
this was done the [Sr]/([Sr]+[Ti]) ratio can be directly derived from the SE data.

For the determination of the film composition directly from the ellipsometry data, the
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Figure 4.4: Real and imaginary part of the dielectric functions ε1 (a) and ε2

(b),respectively, of as-deposited TiO2, SrO and of STO films. The corresponding

[Sr]/([Sr]+[Ti]) content ratio from RBS and [SrO]/[TiO2] cycle ratio are indicated for

the STO films.
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Figure 4.5: Refractive index, n, at 1.96 eV (a) and bandgap, Eg, (b) for STO films

deposited with different [SrO]/[TiO2] cycle ratios. The results are plotted versus

[SrO]/([SrO]+[TiO2]) cycle ratio. Both consecutive (SrO cycles followed by TiO2 cycles

in an STO supercycle) (circles), and mixed (SrO and TiO2 cycles intermixed in an STO

supercycle) (squares) approaches were employed for the depositions. Refractive index

values are also shown for TiO2 and SrO. The inset shows how the bandgap Eg is obtained

by plotting (αhνn)1/2 as a function of the photon energy and by extrapolation of the

linear part of the curve.
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Figure 4.6: Refractive index, n, at 1.96 eV (a) and bandgap, Eg, (b) for STO films de-

posited with different [SrO]/[TiO2] cycle ratio versus [Sr]/([Sr]+[Ti]) content ratio from

RBS measurements. Refractive index values are also shown for TiO2 and SrO.
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CompleteEASE R© software (J.A. Woollam) offers the possibility to build composition- or
temperature-dependent B-spline-based optical constant libraries. A set of dielectric func-
tions parameterized by B-splines corresponding to samples of known compositions (or
temperatures), are loaded into the software by the user. The library is then built by inter-
polating these dielectric functions. The interpolation is based on the critical point shift-
ing algorithm described by Snyder et al. for AlxGa1-xAs optical constants [39], where
the dielectric function of a film with unknown composition is estimated by shifting the
closest two dielectric functions of known compositions in energy to align their critical
points. The unknown composition is then determined by taking a weighted average of
the two dielectric functions of known composition. For this purpose, CompleteEASE R©

makes use of polynomials to shift the reference dielectric functions in energy accordingly
to their known composition. In contrast to the approach by Snyder et al., who calculated
the wavelength shifts to accurately align the critical points of the reference dielectric
functions, the CompleteEASE R© software calculates polynomials using a non-linear re-
gression fit to minimize the error between two adjacent reference spectra when shifted in
energy to the average of the two known compositions (called hereafter "mid-point com-
position"). Snyder et al. used a linear interpolation for the wavelength shift algorithm for
AlxGa1-xAs optical constants [39]. Parameters such as the resolution (i.e. the B-spline
node spacing) and the maximum degree of the polynomials should be optimized accord-
ingly to the case to obtain the best results. In our case, the library was built using the
B-spline parameterization of the dielectric functions of the films for which RBS was per-
formed ([Sr]/([Sr]+[Ti]) from 0.42 to 0.68). Here, we used a resolution of 0.05 eV, and
for the calculation of the polynomials the reference spectra were shifted by a constant
(polynomial degree of 0 for the wavelength) and linearly interpolated for the calculation
of the composition (polynomial degree of 1 for the composition). The absence of sharp
features in the dielectric function of amorphous STO makes it possible to keep the degree
of the polynomials low. Higher polynomial degrees can result in interpolation artifacts
due to the algorithm. In our case, increasing the degree of the polynomials resulted in
higher values of the shifts. Since the dielectric function of the mid-point composition
is calculated as a weighted average of the two shifted adjacent dielectric functions of
known compositions, high values of shifts resulted in misalignment of the transparent
region of the two shifted spectra. This led to small non-zero values absorption below
the band gap for the interpolated spectra. Figure 4.7 displays the B-spline parameterized
dielectric functions of STO of known compositions (solid lines) and of the mid-point
compositions calculated by the CompleteEASE R© library (dashed lines), showing the ac-
curacy of the algorithm. Also a library including the dielectric function of TiO2 and SrO
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Figure 4.7: B-spline parameterized dielectric functions of STO films measured by RBS

(symbols), and of "mid-point compositions" (average compositions between two adja-

cent known compositions) calculated by the optical constants library in CompleteEASE

(dotted lines).
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has been built. However, the difference in composition between the dielectric functions
of STO films which are the richest in Ti- and Sr- as measured by RBS and the dielec-
tric functions of TiO2 and SrO is much larger than the difference between the single
dielectric functions of the STO layers (Figure 4.4). The accuracy of the library depends
on the difference between the dielectric function of known compositions and a poor fit
was therefore obtained for layers having [Sr]/([Sr]+[Ti]) < 0.42 or > 0.68. Consequently,
more dielectric functions of known compositions are required to have an accurate library
also in these ranges. Once the library is built, the ellipsometry data from an as-deposited
STO layer with unknown composition can be modeled using only the thickness and the
[Sr]/([Sr]+[Ti]) ratio as fit parameters. To test the accuracy of the optical constant library,
samples deposited with different [SrO]/[TiO2] cycle ratios were measured by XPS and
by SE. The SE data were fitted using this library, and the extracted [Sr]/([Sr]+[Ti]) ratio
from SE and XPS were compared. For all samples measured (with 0.42 < [Sr]/([Sr]+[Ti])
< 0.68) the difference in [Sr]/([Sr]+[Ti]) ratio obtained from SE and XPS was < ± 0.02,
confirming the accuracy of the optical constant library.

4.3.6 Spectroscopic Ellipsometry and XRD Measurements of
Annealed STO Films

STO films deposited with different [SrO]/[TiO2] cycle ratios were annealed in flowing
N2 atmosphere to achieve crystallization. After an RTA of 10 minutes at 600 ◦C, samples
were measured by GI-XRD to determine their crystallinity. GI-XRD spectra of STO films
with different compositions are given in Figure 4.8. Diffraction peaks corresponding to
the cubic perovskite structure are clearly observed for films with [Sr]/([Sr]+[Ti]) ratio
ranging from 0.48 to 0.63. The relative intensities of the diffraction peaks were compar-
able to the powder reference standards [40], indicating that there is no preferred crystal
orientation. The intensity of the peaks decreased as the composition deviated from the
stoichiometric value evidencing that a more pronounced crystallization is achieved for
more stoichiometric films. Films deposited with [SrO]/[TiO2] cycle ratios 2:3 and 2:10
were found to be mainly amorphous, suggesting that for Sr-rich and Ti-rich compositions
a higher thermal budget is required for crystallization or that full crystallization into the
perovskite structure is not achievable for such compositions. When comparing the spec-
tra of the films with [Sr]/([Sr]+[Ti]) ratios 0.63 and 0.42 it is evident that Sr-rich films
are more easily crystallized than Ti-rich films. This is in good agreement with the results
of Menou et al. who reported higher crystallization temperatures for Ti-rich films [19].
Figure 4.9.a shows ε1 as determined by SE for films that were also analyzed by GI-XRD.
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Figure 4.8: GI-XRD spectra of STO films after RTA at 600 ◦C for 10 minutes in N2.

The corresponding [SrO]/[TiO2] cycle ratio and [Sr]/[Sr]+[Ti] content ratio from RBS

(when available) are indicated. The powder diffraction spectrum for crystalline STO is

plotted as a reference [40].

Figure 4.9.b displays the real part of the dielectric function (ε1) for bulk STO and crystal-
line STO films of 10 and 20 nm deposited by pulsed laser deposition as a reference [29].
As discussed above, the critical points of crystalline perovskite STO at low energies (<
7 eV) are related to transitions from the O2p valence bands to the Ti3d conduction bands
[29] and they result in a maximum in ε1 at ∼ 4 eV. The presence of this maximum was
clearly observed to coincide with the appearance of the diffraction peaks in the GI-XRD
spectra. Films deposited with a [SrO]/[TiO2] cycle ratio of 2:3 and 2:10 showed a peak at
higher energies indicating an incomplete crystallization process. Comparing the dielec-
tric functions of the as-deposited films (Figure 4.4.a) and of the annealed samples (Figure
4.9.a) a transition in ε1 can be noticed. This suggests that after RTA these films are par-
tially crystalline. This hypothesis is corroborated by GI-XRD that revealed weaker peaks
for these films.

The intensity of the peak at ∼ 4 eV in ε1 can also be used to estimate the stoi-
chiometry of the crystallized films. As evident from Figure 4.9.a, the intensity of this
peak is maximum for the more stoichiometric film ([SrO]/[TiO2] = 2:8) and decreases
gradually when deviating from the stoichiometric composition. This demonstrates that
SE can be used to estimate the crystallinity of the STO films as well as the stoichiometry
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Figure 4.9: Real part (ε1) of the dielectric function of STO films. Data of deposited films

after RTA at 600 ◦C for 10 minutes in N2 (a). Reference data from literature (b), ε1 of

bulk STO and of crystalline 10 nm, 20 nm STO films prepared by pulsed laser deposition

[29].



90 Plasma-Assisted ALD of STO: Composition and Stoichiometry Studied by SE

1 2 3 4 5 6 7
2

3

4

5

6

7

8

9

D
ie

le
ct

ric
 fu

nc
tio

n 

Photon energy (eV)

 40 nm
 20 nm
 10 nm

Figure 4.10: Real part (ε1) of the dielectric functions of STO films with different thick-

nesses. Films were deposited with a [SrO]/[TiO2] ALD cycle ratio of 1:3 in the FlexAL-B

reactor.

of both as-deposited and crystallized films.

4.3.7 Film Thickness Influence on Dielectric Function

Films with different thicknesses (10-40 nm), deposited at 250 ◦C with a [SrO]/[TiO2]
cycle ratio 1:3 in the FlexAL-B reactor, were annealed at 650 ◦C for 10 min. The real
parts of the dielectric functions of these layers are shown in Figure 4.10. Compared to the
real part of the dielectric function of bulk STO the peaks are broadened and the amplitude
is reduced. Furthermore, thinner films showed lower amplitudes of ε1 and decreased
refractive indices at 1.96 eV (2.35, 2.13, 2.12 and 2.08 respectively for bulk, 40 nm,
20 nm and 10 nm thick STO). This is an important consideration to take into account
when comparing the dielectric function of thin films to estimate their composition. To
establish an accurate relation between dielectric function and stoichiometry, layers with
the same thickness should be used. In this work all layers were ∼ 30 nm in thickness. A
similar trend for STO films deposited on Si was also reported by Zollner et al. [29] as
illustrated in Figure 4.9.b. The broadening of the peaks at the critical points compared to
the reference dielectric function of bulk STO was ascribed to the polycrystalline structure
and defects in the film [29]. The decrease in refractive index films can be explained by
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the more prominent influence of the low refractive index interfacial oxide (formed at the
Si/STO interface) on the dielectric function of thinner STO films. The influence of the
interfacial oxide is also increased upon annealing the STO films. XPS depth profiles (not
reported here) showed Si diffusion into the STO film after the annealing step leading
to silicate formation. This could also explain the lower amplitude of ε1 for crystalline
STO reported in this work (∼ 30 nm thick, Figure 4.9.a and 4.10) compared to the one
reported by Zollner et al. (20 nm thick STO, Figure 4.9.b) [29]. In the latter case the
STO films deposited by pulsed laser deposition (PLD) were crystalline as-deposited and
did not require an annealing step. This probably limits the formation of silicates, thus
yielding a better quality interface between the STO and the Si substrate.

4.4 Conclusions

Strontium titanate films were deposited by plasma-assisted ALD from Ti-Star [(penta-
methyl-cyclopentadienyl)trimethoxy-titanium], Hyper-Sr [bis(tri-isopropylcyclopentadie-
nyl)-strontium-DME] and O2 plasma. The ALD temperature window for this process
was found to be between 150 ◦C to 350 ◦C. RBS analysis confirmed that the stoi-
chiometry of the STO film is determined by the ALD cycle ratio employed and that
the Sr-content is higher than expected from the [SrO]/[TiO2] ALD cycle ratio. This was
imputed to a slightly enhanced growth of SrO on a TiO2 surface. Spectroscopic ellip-
sometry was employed to determine the dielectric functions of the STO films in the as-
deposited state and after RTA. Using an optical constants library, built in the SE software
(CompleteEASE R©), it was proven possible to determine the composition of amorph-
ous STO thin films from the ellipsometric angles using RBS measurements as a cross-
reference for the Sr and Ti content in the compositional range examined ([Sr]/([Sr]+[Ti])
from 0.42 to 0.68). It was also demonstrated how the composition of as-deposited films
can be derived from the refractive index and band gap values. GI-XRD was employed to
determine the crystallinity of the layers after RTA in N2 for 10 minutes at 600 ◦C. Dif-
fraction peaks corresponding to the cubic perovskite structure were observed for films
with [Sr]/([Sr]+[Ti]) ratio ranging from 0.48 to 0.63. SE analysis of annealed films evid-
enced also that only films appearing as crystalline from GI-XRD measurements, showed
also a pronounced peak at ∼ 4 eV in the real part of the dielectric function (ε1). This im-
plies that SE, in addition to being an in-situ film growth monitoring tool, is an effective
technique to determine the crystallinity of STO films and also to probe the stoichiometry
of as-deposited and crystalline STO films.
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4.5 Addendum: Conformality over 3D Structures

A first attempt to determine the conformality (step coverage) of the STO thin films was
performed on 3D structures. Figure A.4.1.a shows a cross-section of a sample with tripod
structures. On the tripods a ∼ 50 nm thick (at the top of the tripods) STO thin film and a
∼ 500 nm thick poly-Si film were deposited. The STO was deposited by plasma-assisted
ALD and the poly-Si by low-pressure chemical vapor deposition (LPCVD). The height
of the tripods and the interspace between the tripods were ∼ 12 µm and ∼ 2.3 µm,
respectively, while the width of a tripod was ∼ 1.1 µm (see Figure A.4.1.a). Therefore,
the aspect ratio of this structure is ∼ 5 (2.3 µm:12 µm). A top view of the tripod sample
showing the direction in which the sample was sectioned is shown in Figure A.4.1.b while
also the structure of the tripods before poly-Si deposition is schematically indicated.
Figures A.4.1.c-f show the thickness of the STO thin film at different locations on the
tripod structure. The STO film thickness was ∼ 46 nm and ∼ 33 nm at the top and the
bottom of the side-wall of the tripods, respectively. Therefore, the conformality of the
STO film on these structures was estimated to be ∼ 70 %. SEM analysis on trenches
with aspect ratios up to 15 revealed a conformality of ∼ 50 %. It should be noted that
the deposition conditions were not optimized for this purpose, in particular the dose and
the purge times were only simply doubled compared to the values for planar substrates.
In a recent work from Knoops et al. [41] it was shown how the recombination of radicals
on the trench walls can have an influence on the step coverage of films deposited by
plasma-assisted ALD. The thickness profiles of our STO films over the trench structures
suggest that this process is recombination-limited [41] and optimization of the plasma
conditions and exposure could improve the step coverage. However, also the diffusion of
the precursors down the trench could be a limiting factor for the step coverage. Therefore,
also the delivery of the precursors should be optimized.
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Figure A.4.1: SEM images of the tripods onto which an ALD STO thin film (∼ 50 nm)

and a thick poly-Si film (∼ 500 nm) have been deposited. (a) Cross-section in which the

depth (∼ 12 µm) and the width (∼ 2.3 µm) of the interspace between the tripods as well

as the width of a tripod (∼ 1.2 µm) have been indicated. (b) Top-view of the tripods

in which the direction of the sectioning of the sample and the structure of the tripods

before the poly-Si film have been indicated. SEM images of the STO thickness profile

at different depths (the thickness is indicated at various locations) over a side-wall of a

tripod: (c) top of the tripod, (d) 2 µm deep, (e) 8 µm deep and (f) bottom of the tripod

(12 µm deep).
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Chapter 5

Crystallization Study by Transmission
Electron Microscopy of SrTiO3 Thin
Films Prepared by Plasma-Assisted
ALD∗

Abstract The crystallization behavior of thin strontium titanate (SrTiO3, STO) films with ≈
15 nm thickness was studied by Transmission Electron Microscopy (TEM). Amorphous STO films

with [Sr]/([Sr]+[Ti]) ratio ranging from 0.50 to 0.63 were deposited at 350 ◦C by plasma-assisted

ALD and subsequently treated by rapid thermal annealing in flowing N2 for crystallization. Differ-

ent temperatures and annealing durations were employed to fully characterize the crystallization

process. TEM analysis showed that transrotational crystals were formed and evidenced the influ-

ence of the STO composition and of the thermal budget applied on the grain size, crack and void

formation. In particular, Sr-rich layers ([Sr]/([Sr]+[Ti] ≥ 0.59) showed a finer crystalline structure

which was imputed to a higher nucleation probability at the onset of the crystallization process.

Crystallization into the perovskite structure was confirmed for all the film compositions studied.

By tuning the STO composition and the thermal budget of the annealing step it was demonstrated

that it is possible to control the microstructure of the crystallized film as a further step in optimizing

the STO film properties.

∗Published as: V. Longo, M.A. Verheijen, F. Roozeboom, and W.M.M. Kessels, ECS J. Solid State Sci.
Technol., 2(5), N120 (2013).
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5.1 Introduction

Strontium titanate (SrTiO3, STO) has received a lot of attention due to its properties
that are related to its perovskite crystal structures. Among these, ferro-electricity, para-
electricity, resistive-switching behavior and oxygen sensing have been reported for thin
STO layers deposited by various techniques, such as physical vapor deposition (PVD),
chemical vapor deposition (CVD) and pulsed laser deposition (PLD) [1-9]. Furthermore
STO is an ultrahigh-k material with a theoretical k-value≈ 300 for bulk STO. This prop-
erty combined with a good thermal stability and relatively low crystallization temperature
makes STO the dielectric material of choice for next generation dynamic random access
memories (DRAM) [10-12]. STO high-k dielectric films have been deposited by ALD,
especially since the application in deep trenches in silicon wafers calls for extremely con-
formal layers in such 3D structures. As ALD is the preferred technology of choice, the
thermal budget used during the deposition needs to be limited to prevent decomposition
of the metal-organic precursors typically employed. At low deposition temperatures the
as-deposited STO films are amorphous and a thermal treatment is required to crystallize
the films afterwards in order to obtain STO with the high dielectric constant targeted.
Crystallization into the perovskite structure is achieved also for non-stoichiometric STO
thin films. It has been shown that excess Sr is accommodated in the crystalline STO in
a solid solution and it is only expelled out of the STO grains during high temperature
annealing (> 700 ◦C) [13,14]. Increasing the Sr-content results in lower k-values com-
pared to the stoichiometric films [15-17]. However, Sr-rich layers are to be used in next
generation DRAM due to their superior dielectric properties and microstructure leading,
amongst others, to lower leakage currents [10,11].

The thermal budget applied during annealing as well as specific parameters such as
film composition and thickness are of crucial importance as they determine the crys-
tallization behavior and the consequent final microstructure and electrical properties of
the crystallized STO films. Crystallization of the film leads to in-plane and out-of-plane
densification of the film. Because of the in-plane directional crystal growth, densific-
ation will eventually lead to void formation. Depending on the density of nuclei, the
growth morphology and rate, voids will be either homogeneously distributed or concen-
trated at the grain boundaries, the latter leading to networks of so-called "nano-cracks"
[14]. These lower density regions are detrimental if the STO is employed as a dielec-
tric material. The cracks at the grain boundaries can be either formed due to densific-
ation caused by solid-state diffusion or to tensile stress between grains [13,14]. Recent
studies showed that, when crystallized, Sr-rich layers ([Sr]/([Sr]+[Ti]) = 0.62) develop a
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smaller grain size than stoichiometric films. This finer microstructure results in reduced
crack formation, thus improved leakage current performance and dielectric properties
[10-13,18]. This example shows the importance of resolving the correct process and
temperature window to obtain the desired film properties for the specific application tar-
geted. In recent literature, TEM studies have been published on STO films deposited by
ALD and crystallized by rapid thermal annealing (RTA) with the aim of determining the
STO microstructure and its relation to electrical properties [13,14,18,19]. However, to
date a comprehensive study has not been reported on the relation between film compos-
ition, thermal budget and the crystalline microstructure of thin STO films. Since STO
thin films are likely candidates for the above-mentioned applications, an in-depth under-
standing of their crystallization behavior will be vital.

In this work, we report on the crystallization behavior of STO thin films deposited
by plasma-assisted ALD. The microstructure of the thin crystallized films was studied by
TEM. To investigate the eventual influence of the underlying surface on the crystalliz-
ation behavior, the 15 nm thin STO films were deposited at 350 ◦C both on bare Si3N4

and on Al2O3-coated Si3N4 TEM windows. These two materials show good diffusion
barrier properties and remain in the amorphous state for the annealing temperatures em-
ployed in this work. This makes them both suitable for TEM imaging. Furthermore,
Al2O3 is commonly used as a leakage current barrier layer in capacitor structures such
as the one employed in DRAM technology [20]. Films with different compositions were
treated by RTA. Different annealing temperatures and durations were applied to charac-
terize the successive steps in the nucleation and crystallization. TEM analysis revealed
that the temperature, the anneal duration and the film composition influence the final mi-
crostructure of the crystalline STO films. In particular it was shown that by accurately
choosing the above mentioned parameters it is possible to control the average size and
the morphology of the grains.

5.2 Experimental Details

STO thin films of nominal 15 nm thickness were deposited in an Oxford Instruments
FlexAL

TM
thermal and plasma ALD reactor. The layers were deposited by plasma-

assisted ALD at a temperature set at 350 ◦C. The precursors employed were Ti-Star,
(pentamethyl-cyclopentadienyl)trimethoxy-titanium, CpMe5Ti(OMe)3, and Hyper-Sr, bis-
(tri-isopropyl-cyclopentadienyl)strontium with 1,2-dimethoxyethane adduct, Sr(iPr3Cp)2-
DME, both from AirLiquide. An O2 (> 99.999 % purity) plasma generated by an induct-
ively coupled plasma (ICP) source was used as the oxidizing agent. STO was obtained by
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Table 5.1: [SrO]/[TiO2] ALD cycle ratio, thickness and [Sr]/([Sr]+[Ti]) ratio of the STO

films analyzed by TEM. The thickness and the [Sr]/([Sr]+[Ti]) ratio of the films in the

as-deposited state were determined from spectroscopic ellipsometry experiments [22].

The errors in thickness and in the [Sr]/([Sr]+[Ti]) ratio are ± 0.50 nm and ± 0.03, re-

spectively.

[SrO]/[TiO2] ALD cycle ratio Thickness (nm) [Sr]/([Sr]+[Ti]) ratio

1:3 15.8 0.50
2:5 mixed ∗ 15.4 0.53

1:2 14.9 0.59
2:3 15 0.63

mixing ALD cycles of the binary oxides TiO2 and SrO. The details of the ALD process
are reported elsewhere [21,22]. Films were deposited employing different [SrO]/[TiO2]
ALD cycle ratios to obtain different film compositions [21,22]. Silicon substrates were
placed adjacent to the TEM windows (13 nm Si3N4 membranes) inside the reactor cham-
ber during the depositions to allow ex-situ spectroscopic ellipsometry (SE) measurements
(M2000D, J.A. Woollam, 1.25-6.5 eV). The elemental composition was extracted from
the ellipsometry data by means of an optical constant library which was calibrated by
means of Rutherford backscattering experiments [21]. The [SrO]/[TiO2] ALD cycle ra-
tios, the thicknesses in the as-deposited state and the [Sr]/([Sr]+[Ti]) ratios of the films
examined in this study are listed in Table 5.1.

RTA in flowing N2 was performed in an AST SHS100 system at temperatures ran-
ging from 550 ◦C to 650 ◦C to crystallize the STO films. To determine the influence of
the annealing duration, RTA was conducted for different dwell times for samples having
the same STO layer deposited. For this purpose, the duration of the initial temperature
ramp to reach the set RTA temperature was kept constant for samples annealed at the
same temperature (10 s for 550 ◦C, 15 s for 600 ◦C and 650 ◦C), only the dwell time for
the set temperature was varied. TEM studies were performed using a TECNAI F30ST
TEM operated at 300 kV. Both Bright-Field TEM (BF-TEM) and High Angle Annular
Dark-Field Scanning TEM (HAADF-STEM) modes were employed to characterize the
samples. X-ray diffractometry (XRD) was performed on a Panalytical X’Pert PRO MRD
employing Cu Kα (0.154 nm) radiation to determine the crystalline phase of the annealed
films. Atomic Force Microscopy (AFM) was employed to study the surface morphology.
AFM scans were performed using a NT-MDT Solver P47 microscope. Samples were
scanned in tapping mode using a TiN coated Si tip (NSG10/TiN, NT-MDT).

∗In the "mixed" approach TiO2 and SrO ALD cycles were intermixed (i.e. the [SrO]/[TiO2] ALD cycle
ratio = 2:5 mixed corresponds to the sequence 1 SrO, 2 TiO2, 1 SrO and 3 TiO2 cycles [21,22].
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5.3 Results and Discussion

Figures 5.1.a-c show Bright Field-TEM (BF-TEM) images of STO films on Si3N4 win-
dows with [Sr]/([Sr]+[Ti]) = 0.53 annealed at 550 ◦C for different times. The sample
annealed for 1 minute was mainly amorphous containing only a low density of nuc-
lei that can be recognized as darker dots in Figure 5.1.a. Upon annealing the film for
5 minutes, many crystals have formed in the amorphous matrix. Each crystal has its
origin in a single-crystalline nucleus that grows due to solid state crystallization expand-
ing in the amorphous matrix. The different sizes of the crystals can be explained by a
crystallization process with a constant growth rate, where new nuclei are continuously
formed during the crystallization process. After 10 minutes the layer was still not com-
pletely crystallized due to the slow crystal growth rate (< 0.1 µm/min) obtained under
these conditions. In our study we can distinguish between two crystallization regimes:
nucleation-dominated and growth-dominated. In the first, the nucleation probability is
high, leading to a high density of small crystals that are limited in their lateral growth
by the proximity of other nuclei, resulting in a small average crystal size upon full crys-
tallization. In the latter, the nucleation probability is low and the crystallization process
is dominated by growth of a low density of crystals, leading to a large crystal size upon
full crystallization. A similar distinction of the two crystallization regimes can be found
in the literature for phase change materials [23]. In case of the above mentioned 550 ◦C

anneal and [Sr]/([Sr]+[Ti]) = 0.53, the crystallization is growth-dominated rather than
nucleation-dominated, resulting in an average grain size of 1 µm once the layer is fully
crystallized.

Figures 5.1.d-f show BF-TEM images of STO thin films on Si3N4 windows hav-
ing [Sr]/([Sr]+[Ti]) = 0.59 annealed at 550 ◦C for different times. For this increased
Sr-content in the STO film more nuclei can be observed for the sample annealed for
1 minute. This indicates that Sr-rich layers have a higher nucleation probability than
the more stoichiometric ones. In addition, Sr-rich films exhibit a higher growth rate
for the crystallites, resulting in a fully crystallized film already for an annealing time
of 5 minutes. A further increase to 10 minutes did not result in remarkable morpholo-
gical changes. The higher density of nuclei, compared to the film with [Sr]/([Sr]+[Ti])
= 0.53, resulted in a final smaller average grain size (∼ 0.5 µm). The STO film with
[Sr]/([Sr]+[Ti]) = 0.63 (data not shown) was also fully crystalline after a 5 minutes an-
neal at 550 ◦C and showed an even smaller grain size (< 0.2 µm) while the STO film
with [Sr]/([Sr]+[Ti]) = 0.50 (data not shown) was fully amorphous after 1 minute RTA
at 550 ◦C thus showing the lowest nucleation probability among the four compositions.
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Figure 5.1: BF-TEM images of STO films on Si3N4 windows with [Sr]/([Sr]+[Ti]) =

0.53 (a-c) and [Sr]/([Sr]+[Ti]) = 0.59 (d-f) after RTA at 550 ◦C for different annealing

times as indicated in the figure.

Similar results were obtained for the STO films deposited on the Al2O3-coated windows.
The star-shaped patterns of varying diffraction contrast that can be recognized in

the reported BF-TEM images are an indication of bending of the lattice planes within a
single crystal. The term transrotational crystals was introduced by Kosolov et al. to de-
scribe this particular crystalline structure, since the lattice planes are not only replicated
or translated but also rotated during crystal growth [24]. While grains in polycrystalline
thin films give a uniform contrast in TEM imaging depending on their crystal orienta-
tion, transrotational crystals show contrast patterns due to the lateral variation in crystal
orientation. The internal lattice plane bending is due to stress induced by the amorphous-
to-crystalline transformation and film densification [23,24]. In the work of Kooi et al. it
was proposed that, during crystal growth, new crystal planes nucleate at the top interface
and the crystal front is characterized by a thickness profile with the crystallized region
being thinner than the surrounding amorphous matrix. With the crystal expanding the
crystal front advances and these newly formed crystal planes are "pushed down", result-
ing in internal lattice bending [23]. This hypothesis is consistent with the SE measure-
ments performed before and after full crystallization of the STO films where a thickness
reduction of ∼ 15 % was recorded upon crystallization. Figure 5.2.a shows an AFM
topography image of an STO film with [Sr]/([Sr]+[Ti]) = 0.53 annealed at 550 ◦C for 5
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Figure 5.2: 10 µm× 10 µm AFM scan of a STO film deposited on a bare Si3N4 TEM

window with [Sr]/([Sr]+[Ti]) = 0.53 after RTA at 550 ◦C for 5 minutes (a) and height

profiles along the three different developing crystals indicated in the AFM image (b).
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minutes. In Figure 5.2.a the developing transrotational crystals are visible as disk-shaped
regions with a diameter of ∼ 300 nm and with a decreased thickness compared to the
amorphous regions. Grain size and distribution are in excellent agreement with TEM im-
ages of samples with the same processing conditions (Figure 5.1.b). Figure 5.2.b displays
the height profile along three different paths marked in Figure 5.2.a, each one crossing
different single developing crystallites. The thickness difference between the crystallized
and the amorphous STO is in the range of 2-2.5 nm, which is in good agreement with the
decrease in thickness detected by SE. These measurements are also in good agreement
with the model proposed by Kooi et al. where a thickness gradient is assumed at the
crystal front [23].

The star-shaped bending contours show mainly a 3-fold or a 4-fold symmetry cor-
responding to specific crystallographic orientations. In particular, the centre of the star
corresponds to a zone axis and the symmetry of the branches depends on the orientation
of the zone axis. In particular a <001> and a <111> zone axis will show a 4-fold or a 3-
fold symmetry, respectively. In this configuration, the crystal planes nearly perpendicular
to the film surface giving rise to the bending contours are the planes oriented perpendic-
ular to the orientation of the zone axis. Favia et al. performed nano-beam diffraction
(NBD) on the centre and on the branches of stars with 4-fold symmetries that formed
after crystallization of thin STO films [25]. Their analysis evidenced that the centre of
the star corresponds to a <001> zone axis. NBD performed on the branches of the star
showed diffraction patterns displaying periodicity in only one in-plane direction, imply-
ing that the bending contour contrast along a branch of the star originates from only one
set of crystal planes.

Figures 5.3.a-d and 5.3.e-h show High Angle Annular Dark-Field Scanning TEM
(HAADF-STEM) images of STO films with different [Sr]/([Sr]+[Ti]) ratios deposited
on Al2O3-coated and bare Si3N4 windows, respectively, annealed by RTA at 600 ◦C

for 1 minute. For these studies, HAADF-STEM imaging was preferred over BF-TEM
imaging because of the excellent visibility of low-density regions (voids, nano-cracks).
Instead of using a low camera length creating pure Z (atomic number) contrast, an in-
termediate camera length was selected to visualize both density differences as well as
diffraction contrast. All layers were completely crystalline except for the STO film with
[Sr]/([Sr]+[Ti]) = 0.50 deposited on Si3N4. A slightly lower nucleation probability was
found for layers deposited on bare windows. Independently of the substrate, the mi-
crostructure of the crystallized films was found to have the same trend depending on
the film composition. In particular, an increased Sr-content resulted in a smaller grain
size, similar to the results obtained at 550 ◦C (Figure 5.1.e-f). This suggests that also
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Figure 5.3: HAADF-STEM images of STO films with [Sr]/([Sr]+[Ti]) ratios ranging

between 0.50 and 0.63 deposited on Al2O3-coated (a-d) and bare Si3N4 (e-h) TEM win-

dows and annealed by RTA at 600 ◦C for 1 minute.

for annealing at 600 ◦C Sr-rich layers show a higher nucleation probability. Both the
average size and the morphology of the crystallites changed with composition. For near-
stoichiometric compositions ([Sr]/([Sr]+[Ti]) = 0.50, 0.53) (Figures 5.3.a-b, 5.3.e-f) the
grains have a dendritic morphology with voids situated predominantly between the mer-
ging dendritic branches. The crystals have formed trans-rotationally with visible bending
contours (white lines). For [Sr]/([Sr]+[Ti]) = 0.59 (Figures 5.3.c, 5.3.g), the crystallites
showed a more regular shape. In addition, the bending contours within the grains are
broader compared those which were visible for the more stoichiometric STO films, im-
plying a reduced curvature of the crystal lattice. Kolosov et al., and Kooi et al. reported
reduced internal bending for higher crystal growth rates [23,24]. This indicates that Sr-
rich STO shows a higher nucleation probability as well as an increased crystal growth
rate. For films with the highest Sr-content ([Sr]/([Sr]+[Ti]) = 0.63, (Figures 5.3.d and
5.3.h) the average grain size is further decreased and the bending contours related to the
transrotational structure are no longer present.

Figure 5.4.a-d shows high magnification HAADF-STEM images of the samples with
different compositions deposited on Al2O3-coated windows (cf. Figures 5.3.a-d). For
near-stoichiometric films ([Sr]/([Sr]+[Ti]) = 0.50, 0.53) nano-cracks were formed at the
grain boundaries and voids (black dots) with a diameter of a few nanometers were found
within the crystals. For increased Sr-content ([Sr]/([Sr]+[Ti]) = 0.59) the voids were only
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Figure 5.4: High magnification HAADF-STEM images of STO films with

[Sr]/([Sr]+[Ti]) ratios ranging between 0.50 and 0.63 deposited on Al2O3-coated TEM

windows and annealed by RTA at 600 ◦C for 1 minute.
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Figure 5.5: Grain density of STO films deposited on bare Si3N4 and Al2O3-coated TEM

windows with different [Sr]/([Sr]+[Ti]) content ratios after RTA for 1 minute at 600 ◦C.
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present at the grain boundaries while small pores (> 1 nm) within the grain appeared.
The film with [Sr]/([Sr]+[Ti]) = 0.63 showed a similar microstructure with voids formed
between clusters of grains with even smaller average size. These higher resolution im-
ages also revealed changes in the structure of the grain boundaries. Well defined single
grains separated by nano-cracks could be identified for near-stoichiometric layers. The
films with increased Sr-content are characterized by clusters of closely packed crystals
separated by voids.

Figure 5.5 shows the grain density of STO films deposited on the bare and Al2O3-
coated Si3N4 TEM windows upon a 1 minute RTA anneal at 600 ◦C. For both substrates
the trend was similar: an exponential increase in grain density as a function of Sr-content
was found in the compositional range studied. As shown in Figure 5.3, this increase in
grain density is due to a transition from growth-dominated to nucleation-dominated in
the crystallization process when the Sr-content is increased. On both substrates an aver-
age grain size of ∼ 50 nm was found for the films with a [Sr]/([Sr]+[Ti]) ratio of 0.63.
This is in good agreement with literature results for STO layers with [Sr]/([Sr]+[Ti]) =
0.62 deposited on TiN [13,14]. Apart from the film on Si3N4 with [Sr]/([Sr]+[Ti]) = 0.50
(50 % crystalline) all samples were fully crystalline after 1 minute RTA.

Figure 5.6.a shows the influence of the RTA temperature on the grain for STO films
with [Sr]/([Sr]+[Ti]) = 0.53. Higher anneal temperatures lead to an increased nucleation
probability and, consequently a higher grain density. In particular, the annealing tem-
perature range from 550 ◦C to 650 ◦C results in a difference of more than two orders of
magnitude in the grain density. It should be noted that an RTA of 1 minute at 550 ◦C

only yields a low degree of crystallinity, as shown in Fig. 1.a. Figure 5.6.b shows the
evolution of the grain density over annealing time for the RTA at 550 ◦C. A grain density
of ∼ 3 µm−2 was achieved for both substrates after 10 minutes leading to nearly fully
crystallized layers (Fig. 1.c). This grain density is nearly one order of magnitude lower as
compared to higher temperature anneals illustrating the difference between the growth-
dominated crystallization process at 550 ◦C and the nucleation-dominated crystallization
at higher annealing temperatures.

GI-XRD was performed on STO films with [Sr]/([Sr]+[Ti]) = 0.53 and 0.63 deposited
on Si samples coated with 20 nm Al2O3 to determine the crystalline structure after RTA.
This substrate was used since GI-XRD on TEM windows was not possible due to size
restrictions. The GI-XRD spectra of STO film after RTA with different thermal budgets
with [Sr]/([Sr]+[Ti]) = 0.53 and 0.63 are shown in Figure 5.7.b and 5.7.c. The STO film
with [Sr]/([Sr]+[Ti]) = 0.53 annealed at 550 ◦C for 1 minute was amorphous. Increasing
the RTA time to 10 minutes resulted in the full crystallization of the layer. This is in
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Figure 5.6: Grain density of STO films with [Sr]/([Sr]+[Ti]) = 0.53 on bare and Al2O3-

coated Si3N4 TEM windows after RTA for 1 minute at annealing temperatures ranging

from 550 ◦C to 650 ◦C (a) and its evolution over annealing time for the RTA at 550 ◦C

(b).
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agreement with the TEM results reported above (Figure 5.1.a-c) where only a few nuclei
were formed at this temperature after 1 minute RTA. The film with [Sr]/([Sr]+[Ti]) = 0.63
was fully crystalline after 1 min RTA at 550 ◦C. This confirms that for higher Sr-content
a higher degree of crystallization is achieved compared to the more stoichiometric STO
films. No remarkable difference was found between the GI-XRD spectra of the Sr-rich
films for the different thermal budgets applied. This suggests that for this composition,
the film is rapidly crystallized and a comparable microstructure is achieved due to a high
nucleation probability at both temperatures.

Regardless of the film composition, only diffraction peaks corresponding to the STO
perovskite structure were detected [26]. For the film with [Sr]/([Sr]+[Ti]) = 0.63 the dif-
fraction peaks shifted to lower angles. This suggests that, for the annealing temperatures
employed in this work, the excess of Sr is not segregating, but accommodated in the
perovskite structure resulting in an expansion of the unit cell parameter. Menou et al.
reported a similar shift of the diffraction peaks due to increased Sr-content in the STO
film [13]. In the same work, it was also shown that no Ruddlesden-Popper phases were
observed for annealing temperature up to 700 ◦C [13]. It was suggested that the excess
Sr was in solution in the perovskite structure and that the Sr was only expelled out of the
grains for high annealing temperatures (> 700 ◦C).

5.4 Conclusions

The influence of the thermal budget applied during rapid thermal annealing and of the
elemental composition on the crystallization behavior of thin STO films deposited by
plasma-assisted ALD was investigated. The grain size and crystallite density strongly
depend on the film composition in the compositional range examined (([Sr]/([Sr]+[Ti])
from 0.50 to 0.63) with a decreasing grain size achieved when more Sr is incorporated in
the layer. This was imputed to the higher nucleation probability for Sr-rich layers. This
trend was found to be independent of the substrate used (Si3N4 or Al2O3). The nucle-
ation probability appears to exhibit a stronger temperature dependency than the crystal
growth rate, leading to a higher grain density, i.e. smaller grain size, at higher annealing
temperatures. Furthermore, the microstructure of the films and the distribution of the
voids within one single crystal and of nano-cracks at the grain boundaries were found
to be dependent on the film stoichiometry. Nearly stoichiometric films ([Sr]/([Sr]+[Ti])
= 0.50, 0.53) showed transrotational crystals with voids formed within the single grains
and nano-cracks at the grain boundaries. The bending of the lattice planes was reduced
for higher Sr-contents due to the higher crystal growth rate. Increasing the Sr-content
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Figure 5.7: The diffraction spectrum for the SrTiO3 perovskite structure [26] reported as
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10 minutes.



5.5 Addendum: Transrotational Crystals 113

resulted in a smaller size of the pores formed within one single crystallite (< 1 nm for
([Sr]/([Sr]+[Ti]) = 0.59 and 0.63) and in a more compact microstructure. We demon-
strated that by choosing the thermal budget applied during the annealing step as well as
the film composition it is possible to change the grain size, crystallites morphology and
the distribution of voids and cracks. With these insights, these parameters can be tailored
to obtain the microstructure which is most suitable for the specific application in which
the STO film is used.
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5.5 Addendum: Transrotational Crystals

The star-shaped patterns identified in the STO thin films after RTA at 550 ◦C reported
in the BF-TEM images in Figure 5.1 are characteristic of the transrotational structure.
They were first identified and studied by Kosolov et al. for thin Fe2O3 films [24]. Later,
more materials were found exhibiting this morphology, such as the GeSbTe alloys used
in phase change recording media and in phase change memories [23].

These star patterns consist of a center of the "star" corresponding to a certain crys-
tallographic zone axis and star branches representing the symmetry of this axis oriented
parallel to the electron beam, as will be explained in more detail below. As explained in
Chapter 3, the contrast in BF-TEM images is dependent on the orientation of the crystal
with respect to the electron beam. A perfect crystal will display one grey-scale in the
TEM image over its entire projected area. Imperfections in the crystal, such as bending
of the lattice, will yield variations in contrast. The branches in the star-shaped patterns
are caused by local variations in crystallographic orientation. They are also known as
bending contours (BC), being an indication of local bending of the lattice.

As mentioned above in this chapter, the contraction term transrotational was intro-
duced by Kosolov et al. to describe both the translation and the rotation of the crystal
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100

010

Figure A.5.1: Visual representation of the <100> and <010> lattice planes of an STO

crystal in a transrotational crystal.

planes during the crystal growth [24]. A visual representation of crystal transrotation is
shown in Figure A.5.1 where the bending of the <100> and <010> lattice planes of an
STO crystal is illustrated.

The internal lattice plane bending is introduced during film densification upon the
solid-state crystallization of layers deposited in the amorphous state. The abovemen-
tioned model of Kooi et al. proposes an explanation for the formation of such a crys-
talline structure and is shown in Figure A.5.2 [23]. Due to the increase in density upon
the amorphous-crystalline phase transformation, the film thickness is reduced into the
direction perpendicular to the film surface, (i.e. the only one in which the film is not con-
strained). This is illustrated by the thickness profile in Figure A.5.2.a. The initial situ-
ation, with a crystallized region with lattice planes oriented parallel to the film/substrate
interface, is shown in Figure A.5.2.a. At the crystal front, the densification has not
come to full completion, leaving room available for nucleation at the top interface (Fig.
A.5.2.b). With the crystal front advancing, these newly formed planes are bent due to the
shrinkage in the vertical direction (Fig. A.5.2.c). This model is in agreement with results
from the literature [28-30] where nucleation was proven to occur at the top interface in-
stead of at the film/Si3N4 interface.

The star-shaped patterns arise from the various symmetry operations (n-fold rotation
axes, mirror planes) present in the cubic STO crystal structure. Thus the symmetry of the
pattern will depend on the orientation of a crystal with respect to the electron beam. For
example, a <001> zone axis will yield a 4-fold symmetry while a <111> zone axis will
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Figure A.5.2: Representation of the mechanism responsible for the formation of transro-

tational crystals, adapted from ref. [23]. A thickness profile is present at the crystalline-

amorphous interface (a). New lattice planes nucleate at the top surface (b) and are then

"pushed" down by densification of the film upon amorphous-crystalline transition (c).
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Figure A.5.3: Representation of lattice planes perpendicular to the sample surface for

<001> (a) and <111> (b) oriented crystals. The upward arrows represent the crystallo-

graphic axis parallel to the electron beam. The lattice planes parallel to these zone axes

are highlighted to evidence the crystal symmetries.
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a) b)

Figure A.5.4: BF-TEM top view images of a <100> STO crystallite with transrotational

structure at two slightly different orientations of the sample before (a) and after (b) tilting

of the sample over 1 ◦.

result in a 3-fold symmetry. As the TEM images of the STO films are acquired in top
view, the crystallographic axis parallel to the surface normal determines the symmetry of
the star-shaped pattern. Figures A.5.3.a and b show two representative cases correspond-
ing to crystals having their <001> and <111> zone axes parallel to the surface normal.
A schematic "top view" of the set of lattice planes perpendicular to the sample surface is
shown. The arrows point out of the film plane represent the zone axes.

To imagine the transrotational structure observed in the STO films, one can think of
deforming the patterns in Figure A.5.3 by keeping the central axis fixed and "bending"
all lattice planes away from this away from this central axis. As explained above, areas
will appear dark in a BF-TEM image when the crystal locally is in a strongly diffracting
orientation. This requirement is fulfilled when lattice planes are oriented parallel to the
electron beam. In the centre of the patterns in Figure A.5.3, this requirement is fulfilled
for several sets of lattice planes, resulting in the dark, central spot in the star-shaped pat-
tern. In addition, the transrotational crystal contains zones in which one set of lattice
planes ’crosses’ the zone axis (i.e. one set of planes is still parallel to the electron beam),
as highlighted in Figure A.5.3, while the other sets of lattice planes are tilted. As Bragg’s
law is satisfied for a set of planes ’crossing’ the zone axis, a dark line will appear in
the BF-TEM image. Adding up all these diffracting sets of planes results in the patterns
evidenced in Figure A.5.3.
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As mentioned above, the star patterns in Figure 5.1 contain a center of the "star" cor-
responding to a zone axis and, for STO, 6 or 8 star branches representing the symmetry
of the crystallographic axis oriented parallel to the electron beam. By tilting the sample,
the original centre of the pattern will no longer be parallel to the electron beam. However,
another position in the crystal will now be oriented parallel to the electron beam and, as
a result, the star-shaped pattern will move accordingly in the TEM image. Figure A.5.4.a
and b show BF-TEM top view images of an STO crystallite, embedded in the surround-
ing amorphous matrix, before and after tilting of the sample, respectively, over 1 ◦. As
explained, by tilting of the sample the zone axis and the star-shaped pattern have shifted.
In particular, the star-shape pattern is conserved with the same 4-fold symmetry and with
the star branches aligned along the same directions before and after tilting. Measuring
the shift of this centre as a function of sample tilt allows for a quantitative analysis of the
crystal curvature.

Finally, the influence of the crystal growth rate on the transrotational crystal structure
is discussed. It has been reported that for lower crystal growth rates the bending of the
lattice planes is increased [23,24]. The reason for this phenomenon can be understood
by referring to the above mentioned model proposed by Kooi et al. Assuming that the
nucleation of new planes at the top surface is a constant in time, for fast crystal growth
the density of such planes is decreased since the crystal front is advancing faster upon
decreasing the time for new planes to nucleate. For these conditions the tilt of the lattice
planes is then less pronounced. This is in agreement with our results where STO films
crystallized by RTA at 550 ◦ (Figure 5.1) showed sharp star-patterns, while for RTA at
600 ◦ (Figure 5.3) these patterns appeared broadened indicating a lower degree of internal
bending due the faster crystal growth rate at higher temperatures. Furthermore, Sr-rich
STO films, which showed higher nucleation probability and higher crystal growth rates
than more stoichiometric films, grew with a less pronounced tilt of the lattice planes
compared to more stoichiometric films annealed at the same conditions.
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Chapter 6

ALD of SrTiO3 and Pt for Pt/SrTiO3/Pt
MIM structures: Growth and
Crystallization study∗

Abstract Metal-insulator-metal (MIM) structures with ultrahigh-k strontium titanate films

(SrTiO3, STO) and Pt as the dielectric and electrode material, respectively, have been prepared by

ALD. The MIM structures were prepared with near-stoichiometric and Sr-rich ([Sr]/([Sr]+[Ti]) =

0.54 and 0.63, respectively) with a thickness of 15 nm. The influence of the rapid thermal annealing

step at 600 ◦C in flowing N2, required to crystallize the STO, on the crystalline microstructure of

the Pt bottom electrode and of the STO films has been investigated. Transmission electron micro-

scopy and electron diffraction analysis evidenced that the morphology of the Pt bottom electrode is

influenced by thermal treatment. Locally, an epitaxial relation between the <111> textured Pt and

the STO film could be found. However, X-ray and electron diffraction analysis showed that the

STO crystalline grains were mainly randomly oriented. Top view TEM analysis revealed that the

near-stoichiometric STO thin films deposited on Pt have a crystallization behavior comparable to

those deposited on Al2O3, with nano-crack formation at the grain boundaries and an average grain

size of ∼ 100 nm.

∗Published as: V. Longo, F. Roozeboom, W.M.M. Kessels and M.A. Verheijen, ECS trans., 58(10), 153
(2013).
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6.1 Introduction

Metal-insulator-metal (MIM) structures form the basic building block of the state-of-the-
art capacitors used in many applications in the electronics industry. For example, MIM
devices are employed in the dynamic-random access memories (DRAM) technology as
the memory element and in the back-end of line integration as decoupling or analog-to
digital conversion capacitors. Furthermore, the implementation of resistive switching
devices is also based on MIM structures with the insulating film being the active resist-
ive element. For implementation of MIM capacitors with high capacitance densities the
employment of ultrahigh-k dielectric materials is envisioned. Strontium titanate (SrTiO3,
STO) is a dielectric material which exhibits many interesting properties due to its per-
ovskite crystalline structure (i.e. ferroelectricity, paraelectricity, restive switching beha-
vior, etc.). Among these, its ultrahigh-k value (≈ 300 for the bulk material) makes STO
one of the favorite candidates for the dielectric material in next generation DRAM [1-3].
Atomic layer deposition (ALD) is the method of choice for the deposition of both the
conductive electrode and the dielectric material in the aforementioned applications since
conformal layers over high aspect ratio structures with extreme thickness control will be
required to reach sufficiently high capacitance densities. When deposited by ALD, STO
thin films are amorphous and require a thermal annealing step to achieve ultrahigh-k val-
ues. Usually, for the electrode material, high work function materials such as Pt and
Ru are investigated to contain the leakage current through the STO film by increasing
the potential barrier at the metal-dielectric interface [4-10]. In particular, better leakage
current performance was obtained for Pt than for other electrode materials employed in
DRAM manufacturing such as TiN [11]. For further optimization of the performance
of MIM structures it is crucial to investigate the microstructural transformation that both
materials, dielectric and metal electrode, undergo during the manufacturing steps. In
particular, the thermal annealing step required to crystallize the amorphous STO into
ultrahigh-k perovskite films can also affect the underlying metallic film and influence the
crystallization behavior of the STO itself. In our previous work we addressed the influ-
ence of the cation composition and of the thermal budget on the crystallization behavior
of STO films deposited on Al2O3 and Si3N4 [12]. In this work, we have fabricated full
MIM Pt/STO/Pt structures by ALD with the aim to study the influence of a functional Pt
bottom electrode layer on the crystallization process of STO as well as the influence of
the thermal annealing on the electrode itself. In particular, we have addressed the differ-
ences in texture of the bottom Pt before and after the thermal annealing treatment and the
relation between the crystalline microstructure of the Pt and the STO film. The presen-
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ted results are also compared with our previous results obtained for STO deposited on
Al2O3. This work is of interest for applications where the implementation of STO films
sandwiched between Pt electrodes is envisioned as well as for other applications where a
Pt film is employed underneath an STO thin film, e.g. in non-symmetric MIM structures
for resistive switching applications.

6.2 Experimental details

The Pt films of 20 nm thickness were prepared by plasma-assisted ALD at 300 ◦C on
thermally grown SiO2 (450 nm)/Si substrates, in an Oxford Instruments FlexAL

TM
ALD

reactor, employing methylcyclopentadienyl-trimethylplatinum (MeCpPtMe3) and an O2

plasma [13-15]. Pt films of 13 nm in thickness were also deposited under the same
conditions on Si3N4 membranes for TEM analysis. STO thin films with a nominal
thickness of 15 nm were deposited by plasma-assisted ALD, in the same ALD reactor,
at 350 ◦C on the Pt-coated substrates. Cyclopentadienyl-based precursors, namely Ti-
Star, (pentamethylcyclopentadienyl)-trimethoxy-titanium, CpMe5Ti(OMe)3 and Hyper-
Sr, bis(tri-isopropylcyclopentadienyl)-strontium with 1,2-dimethoxyethane adduct, Sr-
(iPr3Cp)2DME, both from Air Liquide, were combined with an O2 plasma for the SrO
and TiO2 ALD processes. The STO films were deposited by mixing SrO and TiO2 ALD
cycles. In this study, two STO compositions (near-stoichiometric and Sr-rich) were pre-
pared by tuning the [SrO]/[TiO2] ALD cycle ratio [16]. To obtain full MIM structures,
the top Pt electrode layer (∼ 20 nm) was deposited by thermal ALD at 300 ◦C from
MeCpPtMe3 and O2 gas [15]. In this case, thermal ALD was preferred over the plasma-
assisted process to avoid any damage to the crystalline STO films. The thickness of the Pt
and STO films was determined by spectroscopic ellipsometry (SE) (M2000D, J.A. Wool-
lam, 1.25-6.5 eV) [16]. The elemental composition of the STO films was also extracted
from the SE data by means of an optical constant library which was calibrated by means
of Rutherford backscattering experiments [16]. The [SrO]/[TiO2] ALD cycle ratios, film
thicknesses and [Sr]/([Sr]+[Ti]) ratios of the STO films examined in this study are listed
in Table 6.1. The STO/Pt stacks were annealed, before the top Pt film deposition, by
rapid thermal annealing (RTA in a JetFirst100 system from Jipelec) at 600 ◦C in flowing
N2 with annealing times ranging from 1 to 10 minutes to crystallize the STO films into
the perovskite structure.

TEM studies were performed using a TECNAI F30ST TEM operated at 300 kV.
Both Bright-Field (BF) TEM and Dark-Field (DF) TEM modes were employed to char-
acterize the samples. For cross-sectional TEM analysis the MIM structures were coated
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Figure 6.1: Thickness evolution as a function of number of ALD cycles as measured by

in-situ SE of Pt on STO and on SiO2 (a) and of STO ([Sr]/([Sr]+[Ti]) = 0.54 and 0.63)

on Pt-coated substrates prepared by ALD (b). For the deposition of Pt and STO films

plasma-assisted ALD was employed.

by ALD with a 50 nm Al2O3 protective layer. Electron diffraction (ED) was employed
to determine the crystalline microstructure of the analysed films. X-ray photoelectron
spectroscopy (XPS) depth profiles of the STO/Pt layer stacks and of the complete MIM
structures were performed on a Thermo Scientific K-Alpha KA1066 spectrometer using
monochromatic Al Kα X-ray radiation (hν = 1486.6 eV). A 400 µm diameter X-ray
spot was used in the analysis and photoelectrons were collected at a take-off angle of
60 ◦. The samples were neutralized using an electron flood gun to correct for differen-
tial or non-uniform charging. An Ar+ ion beam (500 eV) was used to etch the samples
for depth profile analysis. Grazing-incidence X-ray diffraction (GI-XRD) measurements
were performed to determine the crystallinity of the STO films on a Panalytical X’Pert
PRO MRD employing Cu Kα radiation.

6.3 Results and discussion

The ALD growth behavior of STO on Pt and that of Pt on STO were investigated by
means of in-situ SE. Figure 6.1.a shows the evolution of thickness with the number of
ALD cycles of Pt films deposited by plasma-assisted ALD on STO and on SiO2. The
growth behavior of Pt on SiO2 is included as a reference. The Pt film growth showed
a nucleation delay of ∼ 50 cycles and a growth-per-cycle (GPC) ≈ 0.04 nm/cycle for
both substrates. These results are consistent with previous results from our group on
plasma-assisted ALD of Pt [13-15]. The evolution of the thickness of near-stoichiometric
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Table 6.1: [SrO]/[TiO2] ALD cycle ratio, thickness and [Sr]/([Sr]+[Ti]) ratio of the STO

films. The thickness of the films and the [Sr]/([Sr]+[Ti]) ratio were determined from

spectroscopic ellipsometry [16]. The errors in thickness and in the [Sr]/([Sr]+[Ti]) ratio

are ± 0.50 nm and ± 0.03, respectively.

[SrO]/[TiO2] ALD cycle ratio Thickness (nm) [Sr]/([Sr]+[Ti]) ratio

2:5 mixed ∗ 15.4 0.53
2:3 15 0.63

([Sr]/([Sr]+[Ti]) = 0.54) and Sr-rich ([Sr]/([Sr]+[Ti]) = 0.63) STO thin films was mon-
itored by in-situ SE on Pt-coated substrates prepared by plasma-assisted ALD (Figure
6.1.b). The thickness evolution of the STO films showed a linear behavior with no nuc-
leation delay. The difference in GPC between the two STO compositions is due to the
different amount of total TiO2 and SrO ALD cycles in an STO supercycle. The STO
films deposited had thicknesses and compositions values (cf. Table 6.1) comparable to
those reported in our previous work for STO films deposited on Al2O3 and Si3N4 [12].

Figure 6.2 shows the XPS depth profiles of insulator-metal (IM) STO/Pt stacks (Pt
deposited by ALD on SiO2) with as-deposited STO (a,b) and of full MIM Pt/STO/Pt
structures with crystallized STO after RTA at 600 ◦C for 10 minutes (c,d), for the two
STO compositions studied. The composition of the films was uniform throughout the
layers and showed no remarkable changes after the RTA step. The small C-content (∼
3% for near-stoichiometric STO, and ∼ 5% for Sr-rich STO) in the amorphous STO
layers in the IM stacks can be attributed to the deposition process and the adsorption of
carbonaceous species. This contamination was completely removed after the RTA treat-
ment. As can be seen the required time to etch the STO film during XPS depth profiling
was reduced once the films were annealed. This is consistent with a ∼ 15% thickness
reduction due to the STO crystallization [12,16]. The interfaces between the STO and
Pt were sharp and did not suffer from interdiffusion or phase segregation upon thermal
treatment.

A lamella for cross-sectional TEM analysis was prepared from the MIM Pt/STO/Pt
structure grown with the Sr-rich STO composition as reported in Figure 6.2.d. Figure
6.3 shows BF-TEM (a) and DF-TEM (b) images of this structure. The three films in the
Pt (19nm)/STO (15 nm)/Pt (19 nm) structure can be identified as well as the underlying
SiO2 substrate and the Al2O3 protective layer deposited on top of the MIM stack. In
DF-TEM imaging, the bright regions corresponds to crystals oriented in a strongly dif-

∗SrO and TiO2 ALD cycles mixed as much as possible. [SrO]/[TiO2] ALD cycle ratio 2:5 mixed corres-
ponds to the following ALD cycle sequence: 1SrO, 2 TiO2, 1 SrO, 3 TiO2 [16].
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Figure 6.2: XPS depth profiles of as-deposited STO on Pt (([Sr]/([Sr]+[Ti]) = 0.54 (a)

and 0.63) (b)) and of MIM Pt/STO/Pt structures with STO films ([Sr]/([Sr]+[Ti]) = 0.54

(c) and 0.63 (d)) crystallized by RTA at 600 ◦C for 10 minutes.
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Figure 6.3: Bright field TEM (a) and dark-field TEM cross-sectional images of a MIM

Pt/STO/Pt structure ([Sr]/([Sr]+[Ti]) = 0.63). The arrow in (a) indicates the length of an

STO crystal. The inhomogeneous contrast is due to its transrotational structure. Figure b

displays the difference in Pt grain size for the lower and upper layer. The RTA step (10

minutes at 600 ◦C) was performed before the top Pt film deposition.

fracting orientation with respect to the electron beam, thus providing an easy route to
visualize grain sizes. One prominent difference between the grain size of the bottom and
top Pt films can be noticed. In particular the bottom Pt film had a much larger grain size
compared to the top one. This is due to solid state recrystallization of the Pt film during
the RTA step needed to crystallize the STO film. TEM top view images (not shown here)
evidenced that a 13 nm Pt film had an average grain size of ∼ 10 nm in the as-deposited
state and a grain size of 100-200 nm after RTA at 600 ◦C for 1 minute.

The Pt top electrode in the MIM structure did not undergo any thermal treatment and
a few single grains with ∼ 10 nm lateral dimension can be identified in Figure 6.3.b, in
agreement with the results from top view TEM analysis. Furthermore, a 300 nm STO
grain could be identified in Figure 6.3.a as evidenced by the arrow in the image. Fig-
ure 6.4.a shows a high resolution BF-TEM image of the same MIM structure. The STO
layer was fully crystalline. Fast Fourier transform (FFT) patterns acquired from selected
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Figure 6.4: (a) High resolution bright-field TEM image of the MIM Pt/STO/Pt structure

as shown in Figure 6.3, and Fast Fourier Transform images of selected areas of the image

corresponding to the STO film (b) and to the bottom Pt film (c).

areas within the STO and the Pt layer are displayed in Figures 6.4.b and c, respectively.
These FFT patterns revealed an epitaxial relation between the two layers, as the <111>
orientations of the lower Pt layer and the STO layer were aligned. This epitaxial relation
could only be detected locally because of the transrotational nature of the STO crystal
[12,17-18]. In addition, it was not observed for the other STO crystals in the 20 µm wide
transparent area of the TEM sample.

Figures 6.5.a and b show the electron diffraction (ED) patterns of a 13 nm Pt layer
deposited by plasma-assisted ALD in the as-deposited state and after RTA at 600 ◦C for
1 minute, respectively. The pattern of the as-deposited Pt film shows a set of diffraction
rings representing all allowed reflections of Pt. This pattern of continuous rings is con-
sistent with a polycrystalline film with a small average grain size (∼ 10 nm as determined
from top view TEM analysis). Analysis of the absolute intensities of the rings yields in-
formation about an onset to texture of the film, as is usually derived from the intensities
of peaks in XRD spectra. Alternatively, ED pattern analysis as a function of tilt of the
sample with respect to the electron beam was performed (not shown here). This analysis
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Figure 6.5: Electron diffraction patterns of a 13 nm Pt film deposited by plasma-assisted

ALD in the as-deposited state (a) and after RTA at 600 ◦C for 1 minute (b) and of a stack

of Pt (13 nm)/STO (15 nm, [Sr]/([Sr]+[Ti]) = 0.54)) prepared by plasma-assisted ALD,

as-deposited (c), and after RTA at 600 ◦C for 1 minute (d). Allowed reflections for Pt

and STO are indicated.

revealed the presence of arc segments of increased intensities over the still continuous
rings, indicating an onset to <111> texture for this film. After the RTA step, the ED ana-
lysis showed interrupted ring patterns due to the increased Pt grain size. Furthermore,
the virtual absence of the (111), (002) and (311) rings and the increased intensity of the
(220) ring indicated a pronounced <111> texture of the Pt film after annealing.

Figures 6.5.c and d show the ED patterns of an STO (15 nm, [Sr]/([Sr]+[Ti]) =
0.54)/Pt (13 nm) stack before and after RTA at 600 ◦C for 1 minute, respectively. The ring
pattern of the as-deposited stack was comparable to that of the as-deposited Pt film. Due
to the amorphous STO layer the Pt diffraction rings appeared slightly blurred and a dif-
fuse ring representing amorphous STO was detected at the expected location of the (110)
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Figure 6.6: GI-XRD patterns of STO films with [Sr]/([Sr]+[Ti]) = 0.54 and 0.63 grown

on Pt and on Al2O3 [12] after RTA at 600 ◦C for 1 minute. The GI-XRD of the Pt

substrate is included as a reference.

STO ring. The ring pattern of the STO/Pt stack after RTA step suggests that the Pt layer
underneath the STO film behaved similarly to the Pt-only film upon RTA: an increase in
grain size and enhanced development of <111> texture. The ED pattern also confirmed
that the STO was crystallized during the RTA step as evidenced by the presence of the
(110) and (200) STO diffraction rings. The other allowed STO reflections were either
not detected due to their expected limited intensity or due to their overlap with the Pt
reflections. The pattern of continuous diffraction rings corresponding to the crystalline
STO film remained unchanged upon tilting of the sample indicating that the degree of
texture of the STO was limited or even zero (i.e. STO grains randomly oriented). This
confirms that the aforementioned epitaxial relation detected in the cross-sectional TEM
analysis is just a local phenomenon and does not represent the crystalline structure across
the entire STO/Pt stack.

Figure 6.6 shows the GI-XRD patterns of the STO/Pt stacks fabricated with the 15
nm thick near-stoichiometric and Sr-rich STO films after RTA at 600 ◦C for 1 minute.
The GI-XRD pattern of STO films (with equal thickness, composition and annealing
conditions) deposited on Al2O3 (12) and of the bare as-deposited Pt-coated substrate are
included for comparison. The crystallized STO films on Pt showed diffraction spectra
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Figure 6.7: In-focus (a) and under-focused (b) BF-TEM top view images of an STO

([Sr]/([Sr]+[Ti]) = 0.54)/Pt stack after RTA at 600 ◦C for 1 minute. Three STO grains

have been highlighted in image b).

comparable to those of crystallized STO films on Al2O3. The higher intensity for the
220 peak can be imputed either to a contribution of the textured <111> Pt film (as seen
in Figure 6.5.b and in the reference GI-XRD Pt pattern) or to a slightly preferred <111>
orientation of the STO film. The shift towards lower 2θ angles of the STO diffraction
peaks for Sr-rich film is ascribed to an increase of the lattice parameter due to the non-
stoichiometry of this film [12].

Figure 6.7 shows top view BF-TEM images of an STO ([Sr]/([Sr]+[Ti]) = 0.54))/Pt
stack deposited on a Si3N4 TEM window. Imaging the grain size of the Pt and STO layers
separately is not straightforward in top-view imaging, as TEM is an imaging technique,
projecting the contrast of both layers on top of each other. In-focus imaging (a) pre-
dominantly displayed the size and lattice bending of the Pt grains, because of the larger
diffraction contrast of the Pt layer. Under-focus imaging of the same area (b) was inten-
tionally used to enhance the contrast of the STO layer, displaying the nano-cracks at the
grain boundaries, visible as light contrast surrounding each STO grain (the boundaries of
three STO grains have been highlighted for clarity) and the voids within the STO grains
(visible as points with light contrast within one STO grain). It is evident that the Pt had a
large grain size (> 100 nm), consistent with the conclusion drawn from ED analysis. The
top view TEM analysis also confirmed that the near-stoichiometric STO film was fully
crystallized after 1 minute RTA at 600 ◦C, with an average grain size of ∼ 100 nm in
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agreement with our previous results for STO films deposited on Al2O3 with equivalent
STO composition and thermal treatment procedure [12]. We note that top view TEM
analysis of Sr-rich STO films on Pt has not been performed yet. However, changes in
the microstructure and morphology are expected for increased Sr-content as previously
reported for STO films on Al2O3 substrate [12].

6.4 Conclusions

The preparation of Pt/STO/Pt MIM structures by ALD was discussed. The ALD pro-
cesses for Pt deposited on STO and for STO deposited on Pt showed no differences
in growth behavior compared to STO and Pt deposited on SiO2 and Al2O3 reference
substrates. The effects of the RTA step, needed to crystallize the STO films, on the mor-
phology and texture of the bottom Pt electrode and on the crystallization behavior of the
STO films were also studied. TEM and ED analysis showed that the Pt bottom electrode
experiences an increase in average grain size from ∼ 10 nm to > 100 nm during the
RTA treatment at 600 ◦C, due to solid state re-crystallization. The as-deposited Pt layer
showed an onset to a <111> texture which after the RTA step led to a strong <111> tex-
ture of the Pt film. TEM and ED analysis of the STO/Pt stack showed that the STO film is
crystalline after the RTA step and that the STO film does not affect the re-crystallization
process of the underlying Pt film. Cross-sectional TEM analysis of the MIM structure
showed a local epitaxial relation between the Pt and the STO. However, the STO films
were mainly randomly oriented as confirmed by GI-XRD and ED measurements. Fur-
thermore, it was shown that, it was possible to visualize both the Pt and STO grains by
focus or under-focusing during top view TEM image acquisition. Finally, TEM top view
analysis indicated that the near-stoichiometric STO film ([Sr]/([Sr]+[Ti]) = 0.54) on Pt
exhibits a crystallization behavior close to the one previously observed for STO films
deposited on Al2O3, with comparable grain size and nano-crack formation at the grain
boundaries.
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Chapter 7

Influence of Stoichiometry on the
Performance of MIM Capacitors from
Plasma-assisted ALD SrxTiyOz

∗

Abstract Strontium titanate, SrxTiyOz (STO), thin films with various cation stoichiometries

were deposited by plasma-assisted atomic layer deposition (ALD) using cyclopentadienyl-based

metal precursors and oxygen plasma as counter-reactant. [Sr]/([Sr]+[Ti]) compositions ranging

from 0.46 to 0.57 were obtained by changing the [SrO]/[TiO2] ALD cycle ratios. As-deposited

15-30 nm thick SrxTiyOz films prepared at 350 ◦C on Pt-coated silicon substrates were amorph-

ous. Post-annealing at 600-650 ◦C for 10 min under N2 gas resulted in a crystallization into the

perovskite phase. Stoichiometric STO and Sr-rich STO films exhibited a certain degree of (111)

texture while the Ti-rich STO films showed a lower degree of crystallization. Crystallized layers

exhibited a smaller band gap Eg than amorphous ones, while within the stoichiometry series the

value of Eg increased with increasing Sr-content. Within the stoichiometry series Pt/STO/Pt struc-

tures with Sr-rich STO films showed the lowest leakage current densities. At 1.0 V values of about

2×10-8 and 5×10-6 Acm-2 were obtained for the as-deposited and the annealed films, respectively.

Highest capacitance density was obtained for 15 nm polycrystalline stoichiometric SrTiO3 films

resulting in a capacitor equivalent thickness CET of about 0.7 nm. Pt/SrxTiyOz/Pt capacitors with

the STO being in amorphous state exhibited a positive voltage nonlinearity factor α of about 400

ppm V-2, while the negative α-values for crystallized films showed a systematic variation with the

stoichiometry, the degree of crystallization and the thickness of the STO layer. This demonstrates

∗Published as: N. Aslam, V. Longo, W. Keuning, F. Roozeboom, W.M.M. Kessels, R. Waser, and S.
Hoffmann-Eifert, Phys. Status Solidi A, 211, 389 (2014). N.A. and V.L. contributed equally to this work.
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that a broad performance range of MIM capacitors is accessible by controlling the stoichiometry

and the degree of crystallization of plasma-assisted ALD SrxTiyOz thin films.



7.1 Introduction 139

7.1 Introduction

Strontium titanate (SrTiO3, STO) is a high-k dielectric material which is of considerable
interest for application in microelectronics due to its high charge storage capacity, good
insulating properties, and chemical stability even in direct contact to silicon. Therefore,
STO thin films are being investigated for nearly any kind of charged based devices, like
for example as gate oxides in high-k field effect transistors [1], and as capacitive layers
in dynamic random access memories (DRAM) [2-5] and in metal-insulator-metal (MIM)
capacitors used in analog circuits for decoupling, signal mixing, and for analog-to-digital
conversion [6-9]. Following the trends in miniaturization and component size reduction
also passive components such as decoupling capacitors are meant to be integrated on-
chip. According to the International Technology Roadmap for Semiconductors (ITRS)
[10] capacitance densities of about C/A > 10 nF mm-2 will be required in combination
with a low quadratic voltage coefficient of capacitance of about α < 100 ppm V-2. For
dielectric films in the storage cells of future generation DRAM devices, an aggressive
scaling of the capacitor equivalent thickness down to CET < 0.5 nm is required, while
leakage current densities at 1.0 V should not exceed ∼ 1×10-8 A cm-2.

A comprehensive compilation of the scaling characteristics of DRAM cells is provided
in a recent review by Schroeder et al. [11]. A key difference between analog devices
compared to memories is that for the latter highly conformal deposition techniques are
mandatory in order to be compatible with the very high aspect ratios of DRAM capa-
citors used in today’s production while the high-k oxide layer thicknesses are geomet-
rically constrained to a few nanometers [4]. Atomic layer deposition (ALD) has been
identified as the most promising technique to fulfill the challenging conformality and
thickness control requirements. Substantial efforts have been undertaken by research
groups worldwide to develop suitable ALD processes for high-k SrTiO3 thin films [12-
18]. Mostly, a post-deposition annealing at about 600 ◦C is required for a crystallization
of the as-deposited films. Further analyses on integrated MIM structures revealed that the
performance of the capacitors is strongly influenced by the ALD processing and anneal-
ing conditions which basically affect the crystal structure and morphology of the SrTiO3

crystals [16]. Additionally, the stoichiometry [Sr]/([Sr]+[Ti]) ratio of the as-deposited
amorphous ALD films strongly affects the crystallization behavior and as a consequence
the physical and electrical properties of the MIM capacitors [18, 19].

In our work, a plasma-assisted ALD process for the growth of state-of-the-art SrTiO3

thin films on platinum coated silicon substrates was utilized for a systematic study of
the influences of the films’ crystal structure and stoichiometry on their optical proper-
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ties as well as on the electrical performance of Pt/SrxTiyOz/Pt capacitors. In addition to
leakage current properties and CET values, also the influence of film thickness and stoi-
chiometry on the capacitance nonlinearity was determined which is beyond the content
of publications [8, 20] that recently appeared.

7.2 Experimental

SrxTiyOz thin films with thickness ranging from 15 to 30 nm (see Table 7.1) were de-
posited at 350 ◦C on 1×1/2 inch2 Pt (100 nm)/ZrO2 (20 nm)/SiO2 (400 nm)/Si (100)
substrates by means of plasma-assisted ALD in an Oxford Instruments FlexAL reactor.
The layers were deposited employing cyclopentadienyl-based precursors, namely, Ti-
Star, (pentamethylcyclopenta-dienyl)tri-methoxytitanium, CpMe5Ti(OMe)3, and Hyper-
Sr, bis(tri-isopropylcyclopentadienyl) strontium with 1,2-dimethoxy-ethane adduct, Sr-
(iPr3Cp)2DME, both from AirLiquide. The O2 plasma used as a co-reactant was gener-
ated in a remote inductively coupled plasma (ICP) source. For the determination of the
thickness, the band gap, and the optical properties of the films, ex-situ spectroscopic el-
lipsometry (SE) measurements were performed (M2000D, J.A. Woollam, 1.25-6.5 eV).
The composition of the STO films was estimated from the optical properties determ-
ined by SE employing a library calibrated by Rutherford back scattering measurements
[17]. For cross-checking the [Sr]/([Sr]+[Ti]) values obtained from SE, X-ray photoelec-
tron spectroscopy (XPS) measurements were performed on a Thermo Scientific K-Alpha
KA1066 spectrometer using monochromatic Al Kα X-ray radiation (hν = 1486.6 eV).
Photoelectrons were collected at a take-off angle of 60 ◦. A 400 µm diameter X-ray spot
was used in the analysis and the samples were neutralized using an electron flood gun
to correct for differential or nonuniform charging. The sensitivity factors for the Sr3d,
Ti2p, and O1s peaks were calibrated on a stoichiometric SrTiO3 target as previously re-
ported [17]. For studying the structural properties of the perovskite films, rapid thermal
annealing (RTA) of the films at 600 and 650 ◦C in flowing N2 gas at atmospheric pres-
sure was employed. Structural properties were studied by X-ray diffractometry (XRD)
using a Panalytical X’Pert PRO MRD employing CuKα (1.54 Å) radiation. Both Psi and
grazing-incidence XRD (GI-XRD) scans were performed on the samples. The electrical
properties of Pt/STO/Pt capacitors were studied for SrxTiyOz films of about 30 and 15
nm in thickness both in the as-deposited amorphous state and after annealing at 600 ◦C

for 10 min in N2. Top Pt electrode contacts with a pad diameter of 60 µm were deposited
by means of e-beam evaporation and lift-off process after conventional photolithography.
The Pt bottom electrodes were contacted by etching of the oxide, using reactive ion beam
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Table 7.1: Influence of the [SrO]/[TiO2] ALD cycle ratio on the elemental composi-

tion of about 30 and 15 nm thick amorphous STO films. The [Sr]/([Sr]+[Ti]) content

ratios were determined by SE and cross-checked by XPS. The relative errors in the

[Sr]/([Sr]+[Ti]) ratios from SE and XPS are ± 0.03 and ± 0.02, respectively. The thick-

ness of the films was determined by ex-situ SE. The error in thickness is ± 0.5 nm.

[SrO]/[TiO2] ALD cycle ratio Thickness (nm) [Sr]/([Sr]+[Ti]) ratio from SE [Sr]/([Sr]+[Ti]) ratio from XPS

1:4 27.6 0.46 0.46
15.1

1:3 29.9 0.50 0.50
14.9

1:2 31.7 0.57 0.58
15.4

etching (RIBE 300, Oxford Instruments). Current-voltage characteristics were obtained
using a programmed Keithley 2611 System Source Meter. Capacitance-voltage meas-
urements at room temperature were performed with a Hewlett Packard 4284A Precision
LCR Meter applying 100 kHz signals with amplitude of 50 mV.

7.3 Results on Film Composition, Structural, and Op-
tical Properties

7.3.1 Spectroscopic Ellipsometry and X-ray Photoelectron Spectro-
scopy

The SrxTiyOz thin films were deposited by intermixing TiO2 and SrO ALD cycles. By
tuning the ratio between the cycles the stoichiometry of the films was varied. The
[SrO]/[TiO2] cycle ratio used for the examined STO films, the thickness, and the com-
position measured by SE are listed in Table 7.1. The [Sr]/([Sr]+[Ti]) ratios obtained from
XPS analysis are included as a crosscheck. They are in excellent agreement with the val-
ues obtained from the SE optical constant library [17].

Figure 7.1 shows the dielectric functions (ε1 and ε2) of the ∼30 nm thick SrxTiyOz

films in the as-deposited state (a and b) and after RTA at 650 ◦C for 10 min (c and
d). For the as-deposited films the dielectric functions show an increase in magnitude of
both ε1 and ε2 with increasing Ti-content which is in agreement with our previous res-
ults [17]. After the RTA step a change in the dielectric function of the stoichiometric
([Sr]/([Sr]+[Ti]) = 0.50) and the Sr-rich (0.57) films was observed, while no remarkable
changes are visible for the Ti-rich film (0.46).
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Figure 7.1: Optical dielectric functions (ε1 and ε2) of the stoichiometry series of about

30 nm thick SrxTiyOz thin films grown at 350 ◦C on Pt coated Si substrate by plasma-

assisted ALD (a,b) and after annealing at 650 ◦C for 10 min in N2 (c,d).
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The change in dielectric function corresponds to crystallization into the perovskite
structure. We note here that the stoichiometric and Sr-rich films were fully crystallized
while the Ti-rich STO film remained amorphous or exhibited only partial crystallization
[17].
The optical constants of the films have been determined from the dielectric function val-
ues through the relations:

ε1 = n2 − k2 and ε2 = 2nk, (7.1)

where n is the refractive index and k is the extinction coefficient. The band gap values Eg

of as-deposited and annealed films, both ∼ 30 nm thick (see Figure 7.2.c) were determ-
ined from the plot (αhνn)1/2 versus hν, shown in Figure 7.2.a and b, respectively, where
hν is the energy of incident photons and α the absorption coefficient. The linear parts
of these curves were fitted with a straight line. The band gap values correspond to the
intercept of these lines with the horizontal axis. The band gap for bulk single crystalline
(100) STO (Crystal GmbH) is also determined as a reference. The band gap values for
as-deposited and annealed films, and bulk STO are reported in Figure 7.2.c. The band
gap values of the as-deposited films increase with increasing Sr-content as previously
reported [17]. For the annealed Ti-rich film no remarkable change compared to the as-
grown state was recorded in agreement with the fact that this film remained amorphous.
Due to the crystallization into the perovskite phase the stoichiometric and Sr-rich film
showed a decrease in band gap after the RTA step. Also for the crystallized films an
increased Sr-content resulted in a higher band gap. The band gap values obtained for the
crystallized films were higher than the bulk value 3.35 eV, also shown in Figure 7.2.c.
Higher band gap values for nanocrystalline STO thin films compared to the bulk have
been reported in the literature [21]. The "optical shift of the band gap"-effect has been
attributed to quantum-size effects due to the nanoscale crystallites’ dimension [22, 23].

7.3.2 X-ray Diffraction

Figure 7.3 shows the GI-XRD spectra of the SrxTiyOz films with different compositions.
Except the Ti-rich film (0.46), which was found to be mainly amorphous, the other lay-
ers show a strong (220) peak at 2θ-value of 67.8 ◦. The other peaks corresponding to the
perovskite structure are not observed or have very limited intensities. The broad peak at
2θ ∼ 30 ◦ for the stoichiometric sample is imputed to amorphous or nanocrystalline STO
indicating that this film was not fully crystalline after RTA at 600 ◦C for 10 min. The
high relative intensity of the (220) peak for the stoichiometric and Sr-rich films could
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Figure 7.3: GI-XRD scans of SrxTiyOz thin films after RTA at 600 ◦C for 10 min under

N2.

be explained by a (111) preferential orientation of the STO grains perpendicular to the
substrate surface.

The angle of incidence of the X-ray radiation was θin = 0.324 ◦, and the angle
between the (111) and (220) directions is about 35.26 ◦. Therefore, the mismatch between
the (220) direction and the bi-sector when 2θ = 67.8 ◦ is only 1.684 ◦. This means that
the (220) planes could still satisfy Bragg’s law for these conditions and the (220) reflec-
tion could be detected. To confirm this hypothesis ψ-scans were performed to detect the
STO (110) diffraction peak (Figure 7.4). For this measurement 2θ was kept constant in
diffraction conditions for the STO (110) planes (∼ 32.4 ◦). Peaks corresponding to (110)
planes were detected for ψ ± 35.26 ◦ confirming the (111) preferred orientation of the
STO grains. The sharp peak at∼ 0 ◦ in Figure 7.4 is caused by the Si substrate. The width
of the (110) peaks suggest that the texture is limited to some extent with bending of the
lattice plane. This is in agreement with our previous observations that the STO crystals
grow in a transrotational fashion with the lattice plane bending due to the densification
of the film upon the amorphous-crystalline transition [18, 24].
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Figure 7.4: ψ-scans of SrxTiyOz thin films after RTA at 650 ◦C for 10 min under N2 gas.

7.4 Results on Performances of MIM Capacitors

MIM capacitors were fabricated by conventional photolithography and lift-off processes.
The annealing of the SrxTiyOz at 600 ◦C was done before the top electrode was deposited
and no post-deposition annealing was performed after this. A schematic of the MIM ca-
pacitors is given in the left picture of Figure 7.5, and an optical micrograph of functional
MIM capacitors is shown on the right picture of Figure 7.5.

For the electrical measurements the voltage signal was always applied on the Pt top
electrode of the Pt/SrxTiyOz/Pt capacitor while the Pt bottom electrode was grounded.

7.4.1 Current-Voltage Characteristics

For MIM capacitors used in integrated circuits rather strict limits are defined for the ac-
ceptable leakage currents which are in the range of 10-7 A cm-2 at 1.0 V [10]. Therefore,
the influence of the crystallinity and of the stoichiometry on the leakage current densities
of the Pt/30 nm SrxTiyOz/Pt structures was analyzed. Representative I(V) characteristics
measured at room temperature are depicted in Figure 7.6. Lower leakage current dens-
ities are achieved for the as-deposited films (Figure 7.6.a) than for the annealed ones
(Figure 7.6.b). A clear influence of the stoichiometry is also observed showing that
Pt/SrxTiyOz/Pt capacitors made from Sr-rich STO films exhibited the lowest leakage cur-
rent densities from all STO samples investigated. These observations are in accordance
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Figure 7.5: Pt/SrxTiyOz/Pt capacitors: schematic (left) and optical micrograph of MIM

capacitors of different pad sizes (right). TE and BE are top and bottom electrode, re-

spectively.

to the results on TiN/STO/Pt structures recently reported by Menou et al. [19]. Two
contributions to the leakage current density have to be considered. First is the effect of
the stoichiometry on the band gap as is shown in Figure 7.2.c. Second is the effect of the
film microstructures as has been studied on comparable samples by transmission electron
microscopy (TEM). A related, recently published study [18] clearly revealed a change of
the films’ microstructure with varying stoichiometry.

The films show a high density in as-deposited state which is obvious from the high
refractive index of about 1.95 for the stoichiometric composition which is comparable
to literature results for STO films grown by high-temperature thermal ALD [14]. Upon
crystallization by RTA at 600-650 ◦C the films showed a decrease in thickness of ∼ 15%

which is consistent with the development of nano-crack formation at the grain boundaries
as previously reported [16,18]. However, a clear increase in the density of grains and re-
duction of nanocracks with increasing Sr-excess was obtained [18]. At a typical voltage
of 1.0 V current density values of about 2×10-8 and 5×10-6 A cm-2 were achieved for
the as-deposited and for the crystallized Sr-rich STO films, respectively.

7.4.2 Capacitance-Voltage Characteristics

Relevant parameters describing the performance of MIM-capacitors in charge based
memory or on-board integrated decoupling devices are:

• the capacitance density at small voltages (C0/A), where C0 is the measured capacit-
ance close to 0 V, and A is the area of the plate capacitor. The effective permittivity
at technical frequencies is determined by

εeff = (tphys/ε0) · C0/A, (7.2)
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30 nm) with three different [Sr]/([Sr]+[Ti]) compositions for (a) as-deposited films and
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where tphys is the physical thickness of the dielectric and ε0 is the permittivity of
free space.

• the capacitance equivalent thickness (CET) with respect to SiO2, given by

CET = ε0 · εSiO2
·A/C0, (7.3)

where εSiO2
≈ 3.9 is the relative permittivity of SiO2.

• and the capacitance-voltage nonlinearity factor α, which is defined by the follow-
ing relation [25]:

C(V ) = C0(αV 2 + βV + 1), (7.4)

where V is the applied bias voltage, and α and β are the quadratic and linear
coefficients, respectively.

For integrated passive devices a capacitor’s performance of C0/A > 10 nF mm-2 and
α < 100 ppm V-2 is required, while memory applications target values of CET < 0.5
nm. Nonlinearity coefficients α [6] and CET values [19] achieved for SrTiO3-based
capacitors have recently been reported. In order to investigate the dependency of the
characteristic capacitor’s properties on the stoichiometry and microstructure of the util-
ized SrxTiyOz we present the full set of data determined for the various Pt/SrxTiyOz/Pt
capacitors. Figure 7.7 summarizes the effects of the different film microstructures, com-
positions ([Sr]/([Sr]+[Ti]) and thickness (30 and 15 nm) on the capacitance versus bias
voltage characteristics. The nonlinearity coefficient α is obtained from the data in Figure
7.7 by applying a polynomial fitting procedure according to Equation 7.4. The extrac-
ted α-values as a function of the film compositions are plotted in Figure 7.8.c. For the
Pt/SrxTiyOz/Pt structures based on as-deposited amorphous films positive α-values of
about 400-440 ppm V-2 were determined, rather independent of the film stoichiometry.
In contrast, the (C/C0) versus V plots of the Pt/SrxTiyOz/Pt capacitors from annealed
(polycrystalline) oxides (Figs. 7.7.b and c) show a strong downward bending of the
curves which results in negative α-values.

7.4.3 Performance of Pt/STO/Pt Capacitors

Figure 7.8 gives the dielectric properties of capacitor structures built from plasma-assisted
ALD SrxTiyOz thin films with different composition, microstructure, and thickness. Fig-
ure 7.8.a shows the capacitance densities C0/A of the Pt/SrxTiyOz/Pt devices at zero bias
voltage, Figure 7.8.b gives the derived CET values, and the capacitance-voltage nonlin-
earity factors α, determined for a bias voltage range of ± 2.0 V, are plotted in Figure
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Figure 7.7: Normalized capacitance C/C0 versus bias voltage for Pt/SrxTiyOz/Pt capa-

citors. Data are presented for films of various [Sr]/([Sr]+[Ti]) compositions from 0.46

to 0.57: (a) ∼ 30 nm as deposited STO; (b) ∼ 30 nm, and (c) ∼ 15 nm STO films an-

nealed at 600 ◦C 10 min under N2. The corresponding absolute values (C0/A) are given

in Figure 7.8.a.
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7.8.c.
The capacitors with about 30 nm thick as deposited STO films exhibit low capacit-

ance densities of about 5-8 fF µm-2 resulting in CET values between 4 and 6 nm.
Determined effective permittivity values εeff are in the range of 17-27, respectively.

The composition effect is not very pronounced but as a tendency one could observe that
the STO which is closest to stoichiometry exhibits a slightly higher C0/A value and cor-
responding lower CET value as compared to the Ti- or Sr-rich films. As mentioned
earlier, the capacitance voltage nonlinearity factors α of the amorphous films are pos-
itive with values of about 400-440ppm V-2. The characteristic data for capacitors ob-
tained from as deposited STO films agree well with the results which were obtained for
medium-permittivity dielectrics as for example HfO2. Jorel et al. [6] introduced the ratio
α/(C0/A)2 to quantify the difficulty to obtain both a high capacitance density (C0/A)

and a low α-value for integrated capacitor applications. For an ideal capacitor the ratio
α/(C0/A)2 should be independent of the oxide’s thickness tphys if the electrical field in-
side the capacitor is constant. Jorel et al. summarized the data for different HfO2 based
capacitors, which all fitted to a value of α/(C0/A)2 ≈ 10 (ppm µm2 V-2 fF-2). For
our as-deposited STO films the respective values of α/(C0/A)2 in units of (ppm µm2

V-2 fF-2) are in between ∼ 15 and 7 for the nonstoichiometric and for the stoichiometric
STO films, respectively. Taking into account that the α-values differ over several orders
of magnitude the abovementioned ratios for the as deposited STO layers show a good
agreement with the data from HfO2-based capacitors [6].

The capacitors derived from SrxTiyOz layers annealed at 600 ◦C for 10 min under
N2 showed a stoichiometry dependence of the dielectric properties, an increased capa-
citance density and a reduction of the CET values. Negative α-values were obtained
for all Pt/SrxTiyOz/Pt structures with annealed films. For most of the SrxTiyOz films we
found a polycrystalline perovskite structure after annealing at 600-650 ◦C for 10 min.
While the crystallization effect was strong for the Sr-rich and stoichiometric STO films,
Ti-rich films remained in an amorphous to nanocrystalline state. Consequently, for an
annealed stoichiometric STO film of 15 nm thickness the capacitance density could be
increased up to C0/A ≈ 50 fF µm-2 corresponding to a CET value of about 0.7 nm and to
an effective permittivity of εeff ≈ 85, while the capacitance voltage nonlinearity factor
α reaches highly negative values of (-20000 ppm V-2). Crystalline stoichiometric SrTiO3

is a high-permittivity paraelectric perovskite type material which is known to display
negative nonlinearity factors α [26]. For capacitors from stoichiometric SrTiO3 films the
transition from positive α-values for amorphous films to negative α-values for the per-
ovskite phase has also been reported by Jorel et al. [6]. The authors discuss two possible
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Figure 7.8: Composition dependence of the performance of Pt/SrxTiyOz/Pt capacitors

determined at 100 kHz: (a) average capacitance density values (C0/A) at zero bias; (b)

calculated CET values at zero bias; and (c) capacitance-voltage nonlinearity factor α

determined from the fittings shown in Figure 7.7 for a bias voltage range of ± 2.0 V.
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Figure 7.9: Capacitance-voltage nonlinearity factor α versus capacitance equivalent

thickness CET of Pt/SrxTiyOz/Pt capacitors derived from plasma-assisted ALD STO

films with different microstructures: 30 nm thick 350 ◦C as-deposited films (black

squares) and 600 ◦C annealed films of different thickness, 30 nm (red circles) and 15

nm (blue triangles). Within the three series (black, red, blue) the sequence from lower to

higher CET values maps the different stoichiometries, i.e., stoichiometric STO, Sr-rich

STO, and Ti-rich STO, while for the amorphous films the values for the nonstoichiomet-

ric films coincide.

origins for the positive α-values in amorphous films. These are the absence of crystals
and a certain degree of oxygen deficiency in the amorphous phase. Wenger et al. [25]
presented a microscopic model for the nonlinear behavior of MIM structures with pos-
itive α-values applicable to medium permittivity materials like HfO2 and to amorphous
high permittivity materials. This model is based on fundamental physical mechanisms,
such as electrostriction, Coulomb interaction between electrodes, and nonlinear optical
effects. The authors address the differences in electrostrictive coefficients of isotropic
amorphous materials and nonisotropic crystalline material as the main origin for the
change of the sign of the α-values. Thus, the observations for the Pt/SrxTiyOz/Pt ca-
pacitors are consistent with existing models for medium and high permittivity dielectric
capacitors.

Furthermore, our study demonstrates that the composition and the closely related mi-
crostructure of nonstoichiometric films have an additional effect on the performance of
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Pt/SrxTiyOz/Pt capacitors. For the Ti-rich STO films, CET values of about 3 nm were ob-
tained with a rather small negative nonlinearity factor (α ≈ -3000 ppm V-2). This agrees
with the amorphous to nanocrystalline microstructure of these films. For Sr-rich STO
films annealed at 600 ◦C CET values below 2 nm were achieved with medium nonlinear-
ity coefficients (α ≈ -15000 ppm V-2). The influences of SrxTiyOz film microstructure,
composition and thickness are summarized in the α versus CET plot which is shown
in Figure 7.9. The capacitors derived from as-deposited, amorphous STO films show a
lower CET value for the stoichiometric composition while no significant effect of the
composition on the capacitance-voltage nonlinearity factor α is found. Capacitor struc-
tures obtained from annealed STO films show a linear relationship between α and CET
for films of different compositions but with the same thickness. A change of the slope in
the (α vs. CET) plot is observed for annealed STO films of different thicknesses, namely
15 and 30 nm. The variation of a with a change in CET is less pronounced in the thinner
films as compared to the thicker ones.

On the one side, Figure 7.9 illustrates how important an understanding and control
of the high permittivity films with respect to microstructure, composition and thickness
is. On the other side, Figure 7.9 clearly demonstrates the variability of STO derived ca-
pacitors structures which can be utilized to tune the performance of integrated capacitors
once the complex relationships are controlled.

7.5 Summary

In this work, a comprehensive study on the optical and electrical properties of SrxTiyOz

thin films deposited by means of plasma-assisted ALD on Pt-coated Si-substrates is
presented. We discussed the effect of the composition of as-deposited films on the micro-
structure after annealing under nitrogen at 600-650 ◦C, and the influence of the compos-
ition on the optical properties of the films in amorphous and in polycrystalline state. Ad-
ditionally, the influence of the stoichiometry of the plasma-assisted ALD SrxTiyOz films
on the electrical performance of integrated Pt/SrxTiyOz/Pt capacitors was investigated.
The comprehensive analysis of the films’ optical properties and microstructures together
with the leakage currents and the dielectric properties of derived capacitor structures
enabled a better understanding of the complex relationship between film stoichiometry,
crystallization behavior, and electrical performance under DC and AC applied field. The
performance of Pt/STO/Pt capacitors could be varied between high-k applications (CET
≈ 0.7 nm) and integrated capacitor applications (α → 0 ppm V-2) by choosing tailored
compositions and microstructures of the plasma-assisted ALD SrxTiyOz films. A type of
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capacitors design map is suggested which comprises data obtained for the capacitance
voltage nonlinearity factor (α) versus the CETs.
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Chapter 8

Impact of composition and
crystallization behavior of ALD
strontium titanate films on the resistive
switching of Pt/STO/TiN devices∗

Abstract The resistive switching (RS) properties of strontium titanate (Sr1+xTi1+yO3+(x+2y),

STO) based metal-oxide-metal structures prepared from industrial compatible processes have been

investigated focusing on the effects of composition, microstructure and device size. Metastable per-

ovskite STO films were prepared on Pt-coated Si substrates utilizing plasma-assisted atomic layer

deposition (ALD) from cyclopentadienyl-based metal precursors and oxygen plasma at 350 ◦C,

and a subsequent annealing at 600 ◦C in nitrogen. Films of 15 nm and 12 nm thickness with three

different compositions ([Sr]/([Sr]+[Ti]) of 0.57 (Sr-rich STO), 0.50 (stoichiometric STO) and 0.46

(Ti-rich STO) were integrated into Pt/STO/TiN crossbar structures with sizes ranging from 100

µm2 to 0.01 µm2. Nano-structural characterizations revealed a clear effect of the composition

of the as-deposited STO films on their crystallization behavior and thus on the final microstruc-

tures. Local current maps obtained by local-conductivity atomic force microscopy were in good

agreement with local changes of the films’ microstructures. Correspondingly, also the initial leak-

age currents of the Pt/STO/TiN devices were affected by the STO compositions and by the films’

microstructures. An electroforming process set the Pt/STO/TiN devices into the ON-state, while

∗Submitted for publication as:N. Aslam, V. Longo, C. Rodenbücher, F. Roozeboom, W.M.M. Kessels, K.
Szot, R. Waser and S. Hoffmann-Eifert, J. Appl. Phys. N.A. and V.L. contributed equally to this work.
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the forming voltage decreased with increasing initial leakage current. After a reset process under

opposite voltage has been performed, the Pt/STO/TiN devices showed a stable bipolar RS behavior

with non-linear current-voltage characteristics for the high (HRS) and the low (LRS) resistance

states. The obtained switching polarity and nearly area independent LRS values agree with a fil-

amentary character of the RS behavior according to the valence change mechanism. The devices

of 0.01 µm2 size with a 12 nm polycrystalline stoichiometric STO film were switched at a current

compliance of 50 µA with voltages of about ± 1.0 V between resistance states of about 40 kΩ

(LRS) and 1 MΩ (HRS). After identification of the influences of the films’ microstructures, i.e.

grain boundaries and small cracks, the remaining RS properties could be ascribed to the effect of

the ([Sr]/([Sr]+[Ti]) composition of the ALD STO thin films.
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8.1 Introduction

The increasing importance of advanced information technology drives the searching for
an energy-efficient, non-volatile memory device with high integration density, fast ac-
cess time, high endurance, and sufficient data retention. Among alternative concepts
which are discussed for future replacement of today’s dynamic random access memory
(DRAM) and Flash memory, the redox-based memristive device (ReRAM) is one of the
most promising concepts [1]. ReRAM basically consists of an insulator (e.g. a metal
oxide) sandwiched between two metal electrodes (MOM stacks), and the information
is stored in form of at least two or even multilevel resistance states [2]. The reversible
switching between the different resistance states is induced by a certain voltage signal;
Vset, which sets the device to the low resistance state (LRS, or ON-state) and Vreset which
resets the device to the high resistance state (HRS, or OFF-state). For ReRAM applica-
tions a resistance ratio Roff/Ron > 10 is required, while absolute values in the MΩ range
guarantee low power operation. Among the class of resistive switching (RS) materials
transition metal oxides are attracting increasing interest [3,4].

For a wide range of metal oxides the valence change memory effect (VCM) occurs
characterized by a migration of oxygen anions (or corresponding oxygen vacancies),
typically over a length of a few nanometers. The local change of the metal to oxygen
stoichiometry results in a nanoionic redox reaction and a valence change of the cation
sublattice leading to a change in the electronic conductivity. The VCM effect is a bipolar-
type RS where the polarity of the applied voltage determines the direction of the redox
reaction, i.e. reduction (set) or oxidation (reset) [5]. Basically, VCM cells consist of
an active electrode, at which the RS takes place, a mixed ionic-electronic conducting
(MIEC) layer, and an ohmic reference electrode from a material of higher oxygen af-
finity as compared to the active electrode. The active (switching) interface will form
between the MIEC layer and the active electrode with the low oxygen affinity and high
work function. In most M/O/M’ stacks with a single oxide layer an electroforming (EF)
process at higher voltages VEF is required before stable bipolar RS can be obtained. In
today’s understanding of the VCM-type RS phenomena, the electroforming process loc-
ally removes oxygen ions from the insulating oxide lattice providing semiconducting
filamentary type paths which allow the high current flow [5]. High forming voltages are
undesirable because they are not applicable to integrated devices [6] and because of the
large material reconstruction which is induced by the high power applied to the device
[7]. The RS behavior of a device under study depends strongly on the performed EF
procedure which needs therefore to be discussed along with the RS characteristics them-
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selves.
Towards the industrial application of ReRAM devices vertical cross point architec-

tures (VCPA) are intensively discussed for reaching the extreme high integration density
required for future memory devices. Therefore, atomic layer deposition (ALD) will be
the preferred deposition technique for the preparation of thin films on such 3-dimensional
structures. The utilization of ALD processes for ReRAM fabrication so far is basically
limited to a few binary oxides, like HfO2 [8,9], Al2O3 [10], and TiO2 [11,12] grown in
amorphous or nano-crystalline form. While only a few studies deal with binary oxide
single crystalline material, for example in refs. [13,14].

In this work the use of ALD for ReRAM is extended to STO, a ternary oxide, where
the composition of the films can be tuned by the ALD processing parameters. Main fo-
cus was on the effect of the cation ratio [Sr]/([Sr]+[Ti]) on the RS performance, because
of two reasons. First, the STO composition has a significant effect on the leakage cur-
rent properties of metal/STO/metal capacitors [15]. Second, stoichiometry effects in the
RS phenomena of epitaxial STO structures grown by pulsed laser deposition (PLD) at
temperatures of typically 700 ◦C to 800 ◦C have been intensively studied [16] and might
serve as a good comparison and therefore give insights on the RS of ALD STO films
[17].

The bipolar RS in epitaxial SrTiO3 thin film devices is basically attributed to an
electric field and temperature-enhanced drift of oxygen vacancies along filaments that
induces a metal-to-insulator transition in the SrTiO3 material [5,18,19]. The confined
nature of the conductive filaments in single-crystalline SrTiO3 has been shown by Szot
et al. [20] using local-conductivity atomic force microscopy (LC-AFM) with nanometer
resolution. In addition to the filamentary-type RS an area-dependent type of RS has been
reported for epitaxial SrTiO3 films by Muenstermann et al. [21]. The corresponding I-V
switching curves reveal two main differences regarding the switching polarity and the
electrode area scaling behavior. It should be noted that the RS polarity is defined for a
"standard" M/O/M’ configuration, when the voltage of the active electrode is displayed
in the I-V curve [5]. With this definition, the "filamentary" type of RS is characterized by
a "counter-eightwise" I-V characteristic, and it shows no significant contact area depend-
ence while the "homogeneous" RS effect exhibits an "eightwise" switching polarity and
a clear pad size dependence of the conducting LRS state. According to Muenstermann
et al. [21], both types of RS, filamentary and area switching, can coexist in the same
epitaxial SrTiO3 thin film, depending on the local defect density in the active switching
regime. For PLD STO films effects on the RS behavior by growth induced structural
defects [22] and by variations in the cation stoichiometry [23] were reported. The stud-
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ies on epitaxial STO thin films already showed that the control of the density and the
distribution of defects are of utmost importance for the fabrication of reproducible and
scalable resistive switching devices. An obstacle for the use of epitaxial STO layers is
that they are grown by high temperature PLD processes on single crystalline oxide sub-
strates. Both requirements are not compatible with high-density large-scale integration
of up-to-date memory technologies.

In contrast, industrially relevant RS devices need to be integrated onto complement-
ary metal oxide semiconductor (CMOS) chips in analogy to today’s production of high-k
layers in dynamic random access memories (DRAMs) [24,25] and in analog circuit ap-
plications [26-28]. The microstructure of integrated STO thin films is therefore expec-
ted to be amorphous, nano-crystalline, or even a mixture of the two. For the conformal
growth on three dimensional (3D) structured devices with high integration density, chem-
ical vapor deposition techniques [29,30] and in particular atomic layer deposition (ALD)
techniques [15,31-32] were utilized. Although the requirements on the aspect ratio of 3D
structures for ReRAM applications are still moderate, the future of high-density ReRAM
will also be defined by more challenging 3D topologies [33].

In this study we attempt to link fundamental knowledge about resistive switching
mechanisms in single crystalline material with the same material grown in high quality
by means of the ALD technique in order to identify key factors in the transfer from the
"ideal" system design to the design of "real" structures. According to the previous works,
thin film STO is a predestined material for this study. Therefore, a comprehensive ana-
lysis of the RS performance of capacitors built from ALD STO thin films was performed
with a focus on the effects of films cation composition, microstructure, and morphology.
While the [Sr]/([Sr]+[Ti]) ratio in the as-deposited amorphous films could be well con-
trolled by means of the ALD pulsing sequence, the microstructure and morphology of the
polycrystalline STO thin films was found to depend in a complex manner on various ex-
ternal parameters, like the substrate material, the cation stoichiometry, the film thickness,
and the annealing conditions [15,34]. We will show that, in addition, the RS behavior
of the ALD STO based device is affected by the [Sr]/([Sr]+[Ti]) composition and by the
thin film’s microstructure and morphology.

8.2 Experimental Section

12 and 15 nm thick Sr1+xTi1+yO3+(x+2y) films with various compositions, [Sr]/([Sr]+[Ti])
of 0.57 (Sr-rich), 0.50 (stoichiometric) and 0.46 (Ti-rich), were deposited by means of
plasma-assisted atomic layer deposition (ALD) at 350 ◦C in an Oxford Instruments Fl-
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Figure 8.1: (a) Stack sequence and electrical measurement setup of the Pt/STO/TiN

devices. (b) Schematic picture of the nano-crossbar structures with the bottom (BE)

and the top electrode (TE). In the "top-down" approach the switching oxide layer only

remained under the TE. (c) SEM micrographs of a micro-crossbar Pt/STO/TiN structure.

In the "bottom-up" approach the TiN TE is structured by a lift-off technique. (d) SEM

micrographs of a nano-crossbar Pt/STO/TiN structure; the TiN and the STO underneath

are structured by RIBE.
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exAL reactor. Platinum coated silicon wafers with a layer stack of Si/SiO2 (430nm)/Ti
(5nm)/Pt (30nm) were used as substrates with the Pt bottom electrode in planar or bar-
structured configuration. Cyclopentadienyl-based precurors from AirLiquide, namely,
Ti-Star, (pentamethylcyclopenta-dienyl) tri-methoxy-titanium, CpMe5Ti(OMe)3, and
Hyper-Sr, bis(tri-isopropylcyclopentadienyl)-strontium with a 1,2-dimethoxy-ethane ad-
duct, Sr(iPr3Cp)2DME, were used in sequence with oxygen plasma as the co-reactant.
The [Sr]/([Sr]+[Ti]) ratios of the films were adjusted by tuning the [SrO]/[TiO2] ALD
cycle ratio while the film thicknesses were controlled by the numbers of executed ALD
cycles. Details on the growth process can be found in a recent publication [35]. For the
determination of the thickness, and the optical properties of the films grown on planar
Si/Pt substrates, ex-situ spectroscopic ellipsometry (SE) measurements were performed
on a J.A. Woollam/M2000D system (1.25-6.5 eV). The [Sr]/([Sr]+[Ti]) content of the as-
deposited STO films was estimated from the optical properties of the thin films determ-
ined by SE employing a library calibrated by Rutherford back-scattering measurements
[35]. Additionally, the composition was determined from X-ray photoelectron spectro-
scopy (XPS) data taken with a Thermo Scientific K-Alpha spectrometer using mono-
chromatic Al Kα X-ray radiation (hν = 1486.6 eV). Charge correction was performed
by setting the C1s signal at a binding energy of 284.8 eV [36]. A post-deposition rapid
thermal annealing (RTA) of the films at 600 ◦C in nitrogen atmosphere was performed
for crystallization of the layers into the perovskite structure. The chemical and structural
properties of the annealed films grown on planar Pt substrates were analyzed by means
of XPS and by grazing-incidence X-ray diffractometry (GI-XRD) using a Panalytical
X’Pert PRO MRD with Cu Kα radiation. In addition, the morphology of the annealed
films was studied by scanning electron microscopy (SEM) using a Hitachi SU 8000 sys-
tem. Local-conductivity atomic force microscopy (LC-AFM) analyses were done with a
Pt/Ir coated tip on a JEOL JSPM-5200 scanning probe microscope to record topography
and current maps under UHV conditions at 200 ◦C. For the resistive switching charac-
terization, similar STO thin films were integrated into Pt/STO/TiN crossbar devices on
Si/SiO2 substrates. Schematics of the stack sequence and of the lateral structure together
with two representative electron micrographs are shown in Figures 8.1.a-d. The fabrica-
tion of the bottom electrodes (BE) on (25×25 mm2) silicon substrates with about 430 nm
thermal oxide started by sputtering of 5 nm Ti and 30 nm Pt. A conventional photolitho-
graphy process using a Mask Aligner MA6, Karl Suess combined with reactive ion beam
etching (RIBE) with argon plasma in an Oxford Ionfab 300 Plus system to pattern the
micro-sized BE. For the nano-sized Pt BE a structuring process was performed by UV
nanoimprint lithography (NIL) using a Nanonex NX 2000 nanoimprinter and RIBE. In
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analogy to the planar structures, the STO thin films were grown by plasma-assisted ALD
and subsequently annealed at 600 ◦C in flowing nitrogen for 10 min (15 nm) and 5 min
(12 nm). The top electrodes (TE) of the micro-crossbar cells were prepared in a "bottom-
up" approach as follows. First, the electrode structures were defined by photolithography.
Then, a 30 nm thick TiN film was deposited by sputtering, and the TE was structured by a
lift-off process. Last, the platinum bottom electrode (BE) of each device was opened for
making an external electrical contact, again by means of photolithography and RIBE. A
top-view SEM micrograph of the micro-crossbar structure is shown in Figure 8.1.c. The
TEs of the nano-crossbar cells were prepared in a "top-down" approach. First, 30 nm
thick TiN was deposited by sputtering, second, the TE structures were defined by means
of e-beam lithography using a Vistec EBPG 5000 plus system. Next, the TiN layer and
the STO films underneath were patterned by means of reactive ion beam etching (RIBE)
with CF4 plasma. A schematic and a scanning electron micrograph are given in Figures
8.1.b and d. For both types of cross bar structures the final stack sequence in the cross
junction area consisted of the BE (5nm Ti/30 nm Pt), the functional STO film of (15 or 12
nm), and the TE (30 nm TiN) as depicted in Figure 8.1.a. The lateral dimensions of the
active device areas ranged from (10×10) µm2 to (1×1) µm2, and (100×100) nm2, for
the micro- and nano-crosspoint junctions, respectively. The current-voltage (I-V) charac-
teristics were recorded in a quasi-static mode under ambient conditions using an Agilent
B1500A semiconductor analyzer combined with a Suess Microtec PA-200 probe station.
In the used configuration the current-resolution of the setup was in the range of 1 pA.
In the measurements of the Pt/STO/TiN crossbar devices the voltage signal was always
applied to the top electrode (TiN) while the bottom electrode (Pt) was grounded.

8.3 Results and Discussion

8.3.1 Physical and Chemical Properties of STO Films

The chemical composition and the thickness of as-deposited STO films on planar Si/Pt
structures were characterized by means of spectroscopic ellipsometry (SE) and X-ray
photoelectron spectroscopy (XPS). Further details on the characterization methods ap-
plied to comparable STO films grown on different substrates have been reported in refer-
ences [34,35,37]. Table 8.1 comprises the properties of the STO films which were used
in this study. It should be mentioned that the planar Pt layers were deposited in exactly
the same manner as the Pt bottom electrodes of the crossbar structures in order to assure
identical ALD growth behavior of the STO films. Films of three different compositions
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Table 8.1: Cation stoichiometry of the STO films as-deposited on planar Si/Ti/Pt sub-

strates given as a function of the ALD process parameters. The [Sr]/([Sr]+[Ti]) con-

tent ratios were determined by SE and cross-checked by XPS. The relative errors in the

[Sr]/([Sr]+[Ti]) ratios from SE and XPS are ± 0.03 and ± 0.02, respectively.

STO composition [SrO]/[TiO2] ALD cycle ratio [Sr]/([Sr]+[Ti]) ratio from SE [Sr]/([Sr]+[Ti]) ratio from XPS

Ti-rich 1:4 0.46 0.46
Stoichiometric 1:3 0.50 0.50

Sr-rich 1:2 0.57 0.58

were obtained, Ti-rich STO, stoichiometric STO, and Sr-rich STO with [Sr]/([Sr]+[Ti])
ratios of 0.46, 0.50, and 0.57, respectively.

The as-deposited amorphous films underwent a rapid thermal annealing (RTA) step
at 600 ◦C to achieve crystallization where the film thickness is decreased of about 10-15
% of the initial value. Although variations of the cation composition in the as-deposited
amorphous films can be easily adjusted in ALD, induced effects on the film crystalliza-
tion behavior might result in different microstructures for films of various compositions
after crystallization. In addition, the incorporation of excess strontium or titanium oxide
into the SrTiO3 thin films is an issue.

High quality SrTiO3 single crystals exhibit a rather low solubility limit for either ex-
cess SrO or excess TiO2. Witek et al. [38] found for STO ceramics that a Ti excess of
only 0.5 at% is sufficient to start the segregation of TiO2. Depending on the oxygen con-
tent, not only TiO2 but also various titanium suboxides might form [39]. In consequence,
intergrowth of SrO layers or TiO2 layers and the perovskite-type SrTiO3 might occur.
The intergrowth leads to the formation of either Ruddelsden-Popper phases for the Sr-
rich STO material (Srn+1TinO3n+1) [40,41] or Magneli type-phases for the Ti-rich STO
films (TinO2n-1)(SrTiO3) [42,43].

Depending on the growth or annealing temperature the mean free path of cations is
limited, and therefore in the STO thin films the ordered-fashion-type intergrowth might
only happen on a local scale leading to micro-regions of slightly different composition
[41]. The incorporation of cations in excess of the stoichiometric SrTiO3 composition
has been investigated for different ALD STO thin films used as high-k material [15].
Clima et al. [44] and Popovici et al. [32] studied the crystallization behavior of Sr-rich
STO films grown by thermal ALD from Sr(tBu3Cp)2 and Ti(OMe)4. After RTA at 600 ◦C

the films showed perovskite-type reflections in XRD while the peaks of the Sr-rich film
are slightly shifted towards lower angle as compared to the stoichiometric film. This
"low temperature metastable crystalline" state was transferred into a Ruddlesden-Popper
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Figure 8.2: Structural and chemical characterization of 12 nm thick STO films with

different [Sr]/([Sr]+[Ti]) compositions according to Table 8.1. The films were grown on

planar Pt/Si substrates and annealed at 600 ◦C in nitrogen for 5 minutes, analog to the

crossbar structures; (a) GI-XRD scans, (b-d) XPS spectra of the Ti2p lines (b), the Sr3d

lines (c), and the O1s lines (d).
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(RP)-type crystalline structure, SrO(SrTiO3)n, after annealing at about 1000 ◦C [44]. A
similar result was reported by Shibuya et al. [45] showing that PLD grown Sr2TiO4 films
exhibit a distribution of extended defects or a regular RP-phase structure depending on
the growth temperature. In the resistive switching behavior of oxide devices local im-
perfections and inhomogeneities in the thin film structure and morphology can play an
important role. Therefore the micro-structural properties of the 600 ◦C annealed ALD
STO thin films were carefully analyzed.

Figure 8.2.a shows the GI-XRD scans of 12 nm thick STO films of the three com-
positions annealed at 600 ◦C for 5 minutes. The spectra clearly show that despite of the
non-stoichiometry, all STO films appeared to crystallize into the metastable perovskite
phase. The results are comparable to the previous reports on the micro-structural evol-
ution of annealed ALD STO films [15,27,32,35]. For the metastable crystalline Sr-rich
STO films it is suggested that the excess SrO could be distributed randomly and in a
disordered manner in the SrTiO3 matrix. This picture might also apply to the metastable
crystalline STO thin films of different stoichiometry investigated in this study.

Detailed photoelectron spectra of the Ti2p, Sr3d, and O1s signals taken for the 12
nm thick STO films after annealing at 600 ◦C are shown in Figures 8.2.b-d, respectively.
The binding energies of Ti2p3/2 of ≈ 458.5 eV, and of Sr3d5/2 of ≈ 133.3 eV found for
all the three samples with different compositions are in good agreement to bulk reference
data [46]. For a comparative analysis of the chemical states of the constitutive cations in
the stoichiometric, Ti-rich and Sr-rich STO films, the photoelectron spectra for the Ti2p
and Sr3d signals were normalized to the maximum intensity of the Ti2p3/2 and Sr3d5/2,
respectively. The normalized patterns are given in the insets of the figures. The Ti2p lines
show the same valence states and FWHM values for all three STO compositions, while in
general the thin film signals reveal a broadening as compared to single crystal reference
data indicating a higher degree of lattice disorder. The Sr3d lines of the stoichiometric
and the Ti-rich STO film are nearly identical, while for the Sr-rich STO a broadening of
the lines towards higher binding energies is observed, which indicates the formation of
a Sr-carbonate compound in the near surface region. In addition, the O1s signals show
two features, a broad shoulder originating from carbonyl-adsorbates on the surface and
the O1s peak at≈ 529.8 eV attributed to SrTiO3. The intensity ratio of surface oxygen to
bulk oxygen increases with increasing [Sr]/([Sr]+[Ti]) content. The formation of a stron-
tium carbonate compound on the surface of the Sr-rich STO film agrees to a microscopic
model of an intergrowth of SrO and SrTiO3 layers in the Sr-rich STO films (0.57), where
SrO in the near surface region will react to form SrCO3 based compounds.

XRD and XPS analyses of the 600 ◦C annealed STO films revealed perovskite-type
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Figure 8.3: SEM top view micrographs of STO thin films of different [Sr]/([Sr]+[Ti])

compositions grown on planar Si/Pt substrates after annealing at 600 ◦C in nitrogen; (a-

c) 15 nm films annealed for 10 min, (d-f) 12 nm films annealed for 5 min; the STO

compositions are arranged from the left to the right Sr-rich (a,d), stoichiometric (b,e),

and Ti-rich (c,f).

crystalline phases with contributions from intergrowth of excess-cation oxide. XPS data
suggests the possibility of SrO intergrowth in the Sr-rich STO films. Although defined
signals originating from TiO2-x intergrowth in the Ti-rich STO films were not observed,
the broadening of the Ti2p lines might indicate additional Ti oxidation states.

8.3.2 Thin film microstructure and morphology

The microstructure and the morphology of the plasma-assisted ALD STO thin films after
annealing at 600 ◦C were analyzed with respect to the different compositions and film
thickness. The thin film crystallization is controlled by the kinetics of nucleation and
grain growth. On similar thin films deposited on Si3N4 grids Longo et al. [34] showed
by means of transmission electron microscopy (TEM) that the crystallization of the films
yielded transrotational perovskite-type crystals. In addition, the important effect of the
STO composition and the annealing temperature on the final grain size, the crack and the
void formation has been demonstrated. In particular, the regular small-grain morphology
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of the crystalline Sr-rich STO films was imputed to a high nucleation probability at the
onset of crystallization process.

The microstructural characterizations were performed on STO thin films of Sr-rich
(0.57), stoichiometric (0.50) and Ti-rich (0.46) composition deposited on planar Si/Pt
substrates after annealing at 600 ◦C in nitrogen for about 5 min (12 nm) and 10 min (15
nm). Figure 8.3 displays the plan-view high resolution SEM top view micrographs of the
annealed STO thin films. The graphs of the 15 nm thick STO films are shown in Figures
8.3.a-c and those of the 12 nm films are given in Figures 8.3.d-e. The micrographs are
arranged from left to right with respect to a decreasing Sr-content, in particular Sr-rich
STO (0.57), stoichiometric STO (0.50), and Ti-rich STO (0.46). The Sr-rich and the
stoichiometric composition each show a comparable surface morphology for the films of
different thickness, while grain boundaries appear more pronounced in the 15 nm thick
STO films as compared to 12 nm thick films. The Sr-rich STO films (Figures 8.3.a, d)
exhibit a finer grained structure with a more uniform morphology compared to the stoi-
chiometric films (see Figures 8.3.b, e) where grid-patterns indicate small cracks formed
at the grain boundaries upon crystallization and consequent densification (see also [34]).
The cracks seem less pronounced for the Sr-rich films. This is consistent with the previ-
ous TEM study [34] which revealed an increased nucleation density leading to a higher
density of smaller grains for the Sr-rich films as compared to the stoichiometric STO
films. The Ti-rich STO films showed altogether a different surface morphology. Re-
gimes of different contrast with a lateral extension of about 100 nm-500 nm are revealed
in the SEM micrographs (Figures 8.3.c, f). Referring to previous crystallization studies
[34], the morphological differences were explained by a locally incomplete crystalliz-
ation process. In particular, additional AFM analyses (see Figure 8.4.c) revealed the
brighter contrast regions being about 10 % thinner compared to the surrounding darker
regions. The reduced thickness is related to a densification process due to the crystal-
lization. The different shapes of the crystallites between the films of 12 nm and 15 nm
in thickness might relate to a thickness effect on the crystallization or to slight differ-
ences in composition. It has been shown that Ti-rich STO thin films require an increased
thermal budget to achieve crystallization compared to stoichiometric and Sr-rich films
[34]. Hence, slight differences in composition can lead to pronounced changes in the
crystallization behavior of the Ti-rich films.
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Figure 8.4: (a-c) AFM and (d-f) LC-AFM pictures showing the topography and the cor-

responding current maps, respectively, of the 12 nm STO thin films grown on planarSi/Pt

substrates and annealed for 5 minutes. at 600 ◦C in nitrogen; the STO compositions are

arranged from the left to the right Sr-rich (a,d), stoichiometric (b,e), and Ti-rich (c,f).

The LC-AFM measurements were performed at 200 ◦C under UHV conditions with the

voltage applied to the AFM tip. (g) Histogram of the local conductivity values shown in

pictures (d-f). Average resistance values <R�> refer to the measured areas of (3 × 3)

µm2.
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8.3.3 Local conductivity probed by LC-AFM

Morphological atomic force microscopy (AFM) and local-conductivity atomic force mi-
croscopy (LC-AFM) studies were performed in order to analyze local conducting paths
along grains and grain boundaries. For this, the films’ surface topography was recor-
ded in parallel to a laterally resolved current mapping for the 12 nm thick STO films
annealed for 5 min. at 600 ◦C. The measurements were performed under ultra-high va-
cuum (UHV) conditions at 200 ◦C while a constant voltage was applied to the sample
via a conducting Pt/Ir-coated AFM tip. The AFM results shown in Figures 8.4.a-c re-
veal distinct topographical differences between the three samples, with the surface of the
Sr-rich (a) and the stoichiometric STO (b) film being rather flat and consisting of grains
separated by grain boundaries. The corresponding current maps (Figures 8.4.d-f) show
an inhomogeneous distribution of differently conducting regimes. Although the aver-
aged conductivity of the Sr-rich sample (Figure 8.4.d) was significantly lower than that
of the stoichiometric STO (Figure 8.4.e), both films reveal conducting paths along grain
boundaries. Small cracks in the stoichiometric STO film which appear in the topography
map (Figure 8.4.b) as darker lines show up as slightly brighter lines in the LC-AFM map
(Figure 8.4.e). The degree by which the nano- or microcracks contribute to the total
leakage current of a device might depend on the dimensions of the cracks for each indi-
vidual case. Comparable results on local leakage non-uniformity in ALD STO thin films
have been reported by Menou et al. [15] who also attributed the higher leakage paths to
micro-cracks in their films. The topography map of the partly crystallized Ti-rich STO
film (([Sr]/([Sr]+[Ti])=0.46) in Figure 8.4.c looks completely different as for the other
STO compositions. The corresponding current map in Figure 8.4.f shows that the thin-
ner areas of the material exhibit increased conductivity indicating that semiconducting
phases are formed locally in the Ti-rich STO films. One might notice the remarkable
accordance between the AFM, LC-AFM and SEM images with respect to the areas of re-
duced film thickness in Figure 8.4.c and these with enhanced conductivity in Figure 8.4.f.
Therefore, these regimes might be described by being large crystal plates of Ti-rich STO
phase embedded in an insulating matrix of amorphous material. The assumption of par-
tial crystallization is in qualitative agreement with the results of a recently performed
TEM study [34], while slight variations in the film growth might arise from the different
substrates.

The LC-AFM results clearly reveal locally inhomogeneous current spots which re-
late to the thin film’s microstructure being influenced by the film’s composition as the
result of a stoichiometry-affected nucleation and crystallization behavior. Thus, in or-
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der to interpret the electrical properties of the RS devices properly, both, the influence
of the [Sr]/([Sr]+[Ti]) composition as well as the microstructure of the ALD STO thin
films after annealing have to be considered. It should be mentioned that the above de-
scribed microstructural phenomena particular appear on a length scale of a few hundred
nanometers. Therefore the electrical properties of the micro-crossbar structures present
average thin film properties, whereas for the nano-crossbar devices with the pad size ap-
proaching the grain size one would expect a slight statistical change in the electrical data.
In the 100 nm regime the pad might either cover a single grain or two grains with a grain
boundary in between or, alternatively for the Ti-rich STO films the pad could either sit
on the amorphous, less conducting matrix or on a semiconducting grain. In addition, the
presence of a current inhomogeneity on the smaller scale could be observed by LC-AFM
at higher resolution. The grains of the Sr-rich and stoichiometric STO (see Figure 8.4.d,e)
revealed additional local conductivity spots with a diameter of 10 nm to 30 nm inside the
grains. This observation agrees with the evidence of voids with diameter of a few nano-
meters within single STO grains found by TEM in our previous study [34]. Since the
stoichiometry range of SrTiO3 is very small, a phase separation in non-stoichiometric
parts could also evolve. Hence, one possible explanation of the locally different con-
ductivity observed by LC-AFM could be that in the investigated Ti-rich STO thin films
TiOx-phases [47] were present influencing the local conductivity.

In the histogram in Figure 8.4.g, the distribution of the local conductivity as measured
by the LC-AFM scans in Figure 8.4.d-f over an area of 3 × 3 µm2 is shown. The num-
ber of pixels is plotted logarithmically versus the local conductivity calculated from the
measured current and the applied voltage, σloc = Iloc/Vtip. This allows a semi-quantitative
discussion of the mean thin film resistance values <R�>. It can be seen that the average
conductivity of the Sr-rich STO film was the lowest (<R�> = 47 GΩ) although a relat-
ively high voltage of 1.0 V was applied to the sample, whereas for the stoichiometric
STO film a higher average conductivity was determined (<R�> = 6.5 GΩ) at a lower
applied voltage of 0.1 V. The Sr-rich and the stoichiometric STO thin film both exhibit
comparable unimodal conductivity distributions indicating that the distribution of con-
ducting grains is similar in both cases despite of the overall difference in conductivity.
The histogram of the Ti-rich STO film instead shows a bimodal distribution relating to
the two regions with different local conductivities. While a large part of the scanned area
revealed a low local conductivity resulting in the appearance of the maximum peak in
the histogram, the highly conducting areas in Figure 8.4.f are reflected by the tail of the
distribution at higher conductivities. The width of the local conductivity distribution in
the histogram is the highest for the Ti-rich sample due to the inhomogeneous distribution
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of conducting grains, while the mean value of the thin film resistance <R�> = 4 GΩ is
only slightly smaller than the value of the stoichiometric STO film.

8.3.4 Electrical properties of MOM devices in the initial state

The effect of the [Sr]/([Sr]+[Ti]) composition on the dielectric properties of MOM based
devices obtained from 15 nm thick films annealed at 600 ◦C has been investigated in a
previous study [50]. Mean values of the capacitance density were about 50 fF/µm2, 25
fF/µm2, and 10 fF/µm2 for the stoichiometric, the Sr-rich and the Ti-rich composi-
tion, respectively. Considering the identical device geometry and the same film thickness
the differences were addressed to the different microstructures and different bulk prop-
erties of the STO layers. The high effective dielectric permittivity of εeff ≈ 85 was
attributed to a higher degree of crystallization in the stoichiometric STO film as com-
pared to nanocrystalline Sr-rich STO (εeff ≈ 42 ) and partly amorphous Ti-rich STO
film (εeff ≈ 17).

Figures 8.5.a and b show representative current-voltage (I-V) characteristics of the
pristine Pt/STO/TiN crossbar devices measured in the range of ±2.0 V with the voltage
signal always applied to the TiN top electrode. A statistical analysis from 30 devices for
each sample is shown in Figures 8.5.c and d, respectively, showing the cumulative dis-
tribution function (CDF) for the leakage current of the stoichiometric and Ti-rich STO
samples measured at +1.0 V and of the higher insulating Sr-rich STO devices measured
at +2.0 V.

Micro-crossbar devices. Figure 8.5.a shows the I-V plots for micro-crossbar cells of
about 1 µm2 size made from the Sr-rich, stoichiometric, and Ti-rich STO films of about
15 nm thickness annealed at 600 ◦C for 10 minutes. The slight asymmetry of the current
values with respect to the voltage polarity is attributed to the difference in the work func-
tions of the respective electrode metals, Pt and TiN, thus giving rise to different Schottky
barrier heights of the respective metal/STO interfaces. Although well-defined data for
ALD STO/metal interfaces are not available from the literature, the ALD HfO2/metal
system might serve as a reference here. For these interfaces effective metal work func-
tions of 5.15 eV for Pt [48] and (4.56 ± 0.35) eV for TiN [49] in contact to ALD HfO2

have been determined revealing a barrier offset of roughly 0.5 eV. From the 50% val-
ues of the CDF functions (Figure 8.5.c) mean initial resistances of the micro-crossbar
devices were determined being about 5 GΩ for Sr-rich STO, 4 MΩ for Ti-rich STO and
25 kΩ for the stoichiometric STO. The surprisingly high values of the leakage current in
the stoichiometric STO devices contradict the findings reported by other groups [15,31].
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Figure 8.5: Current-voltage (I-V) characteristics as a function of the STO composition

(see Table 8.1) of Pt/STO/TiN devices in pristine state measured at room temperature

with the voltage applied to the TiN top electrode. (a) Micro-crossbar devices of 1 µm2

size made from 15 nm thick polycrystalline STO films, and (b) 0.01 µm2 size nano-

crossbar structures with 12 nm thick STO integrated. And cumulative distribution func-

tions (CDF) representing the leakage current variations of the (c) micro-crossbar and (d)

nano-crossbar devices. The current for the Sr-rich STO films is measured at +2.0 V, for

the stoichiometric and Ti-rich films the current values are determined at +1.0 V.
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This might be attributed to the formation of micro-cracks allowing an enhanced current
flow. The insulating behavior of the Sr-rich devices is in line with the regular dense mor-
phology of the fine-grained films and with the slightly increased band gap found for the
Sr-rich STO [50].

Nano-crossbar devices. Figure 8.5.b shows the I-V plots for the nano-crossbar devices
of 0.01 µm2 size built from the STO films of different compositions which were annealed
at 600 ◦C for 5 minutes. For the small pad sizes the current-resolution of the setup of
about 1 pA was easily reached at low voltages. The leakage current data of the 12 nm
polycrystalline STO films at higher voltages are in reasonable agreement with results
reported for high-k STO thin films [15,31]. Apparently, the leakage current for the stoi-
chiometric STO films of 12 nm thickness was considerably reduced as compared to the
15 nm thick films (see Figure 8.5.a). This behavior might be attributed to the different
microstructures of the films. The SEM micrographs in Figures 8.3.b and e clearly show
that micro-cracks are more pronounced in the 15 nm as compared to the 12 nm film.
This might originate either from the variation of the film thickness or the slightly differ-
ent annealing times, or both. This comparison further supports the assumption that the
enhanced current flow in the devices containing stoichiometric STO films was mainly
along nano- or micro-cracks rather than along grain boundaries. A statistical analysis
of the mean leakage currents of the STO nano-crossbar devices is given in Figure 8.5.d.
The data for the Sr-rich and stoichiometric STO devices are based on a yield of > 90%.
Thus mean resistance values of about few 10 GΩ for Sr-rich STO and few GΩ for the
stoichiometric STO devices are determined as representative values. The Ti-rich STO
nano-crossbar devices show a bigger spread in their initial resistance values ranging from
about several GΩ to about 100 MΩ. The type of bimodal device distribution (see Figure
8.5.d) is consistent with the local conductivity distribution determined by LC-AFM (see
Figure 8.4.g). Thus for the case of the partly crystallized 12 nm Ti-rich STO films the
nano-crossbar devices might cover different areas of crystalline and amorphous material
which results in a larger spread of the initial resistances. For the RS study we comprised
the data of all devices which were formed into the ON state by a positive voltage signal
and which were successfully reset to the OFF state by a negative voltage applied to the
top electrode.

8.3.5 Electroforming of the MOM devices

The voltage controlled electroforming process [51] was performed for the Pt/STO/TiN
diodes by applying a positive voltage ramp to the TiN TE, with the Pt BE being groun-
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ded. To protect the device from hard breakdown a current compliance Icc for the elec-
troforming procedure was set with values between 10 µA and 100 µA, depending on the
leakage current behavior of the investigated cell. Representative electroforming curves
for devices of different STO compositions and for two different pad sizes, explicitly 1
µm2 and 0.01 µm2, are shown in Figures 8.6.a and b, respectively. The voltage at which
the abrupt increase in current, the soft breakdown, occurred was identified as the elec-
troforming voltage VEF. Thus, the initially insulating MOM structure changed into a
higher conducting state, which represents voltage-induced electroforming into the ON
state. The application of a voltage ramp of opposite polarity resulted in a partial recovery
of a high resistivity, thus the device was reset into the OFF state. For the micro-crossbar
devices from STO films of different compositions (see Figure 8.6.a) a clear trend of de-
creasing electroforming voltage with increasing leakage current of the MOM structure
is observed. This trend was not explicitly repeated in the electroforming behavior of the
nano-crossbar devices (Figure 8.6.b), which nevertheless reproduce well the I-V curves
of the pristine devices for voltages below +2.0 V (see Figure 8.5.b). This observation is
attributed to differences in the conduction mechanisms at high fields for the devices built
from STO thin films of different compositions and vairous microstructures.

In summary, all different Pt/STO/TiN devices were electroformed into the ON state
when a voltage ramp of positive polarity was applied to the TiN TE. If the samples were
afterwards polarized with a negative voltage of about -3.0 V, the high current through
the devices was reduced significant, the devices were reset into a higher resistance state,
the OFF state. Under subsequent cycling of the voltage signal, the devices showed a
hysteretic I-V characteristic, i.e. switching between low (LRS = ON) and high resistance
(HRS = OFF) state. For each STO thin film sample statistical analysis for an average of
30 devices formed into the ON state was performed with respect to the electroforming
and the RS behavior. Figures 8.6.c and d show the cumulative probability plots of the
electroforming voltages (VEF) as a function of the STO composition for 1 µm2 devices
with 15 nm thick STO and 0.01 µm2 cells with 12 nm thick STO, respectively. For the
micro-crossbar cells (Figure 8.6.c) a clear dependency of the films composition on the
VEF value is found, with very little variation in VEF for different devices. The mean val-
ues were for Sr-rich STO VEF = 7.0 ± 1.0 V, for Ti-rich STO VEF = 3.5 ± 1.0 V, and
for stoichiometric STO VEF = 1.0 ± 0.5 V. The electroforming voltages are higher for
devices with lower initial leakage currents. Interestingly, for the nano-crossbar devices a
similar effect of the different STO composition on the electroforming voltage was not ob-
served. However, in comparison to the micro-crossbars the device-to-device variations in
electroforming voltage increased considerably as demonstrated by the non-steep CDF-
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characteristics in Figure 8.6.d. Mean values determined for the various compositions
were for Sr-rich STO VEF = 4.5 ± 1.5 V, and for stoichiometric and Ti-rich STO VEF =
5.0 ± 2.0 V. Considering the LC-AFM current maps (see Figure 8.4) these larger vari-
ation of the VEF values for the nano-crossbar structures might be attributed to a device
scenario where the contact pad sizes approach the lateral dimensions of the local con-
ductivity changes of the thin films. This "lateral parameter" can be either the grain size,
the distance between small cracks for the Sr-rich and stoichiometric STO films, or the
distance between the grains for the Ti-rich STO films. From the apparent changes in
the CDF-characteristics of VEF (see Figures 8.6.c, d) which are observed upon changing
the crossbar size from "micro" to "nano", we can determine a characteristic length of
about a few 100 nm as the distance between local weak spots in the annealed STO thin
films. This is in good agreement with the dimensions of the local changes observed in
LC-AFM. In summary, the electroforming voltage of M/STO/M devices is affected by
the STO composition in two different ways. The change of the material’s stoichiometry
affects, intrinsically, the conduction mechanism in the STO film and, extrinsically, the
thin film’s microstructure and morphology.

8.3.6 Resistive switching of Pt/STO/TiN devices

After the electroforming and reset procedures had been carried out, all devices studied
exhibited bipolar resistive switching (RS) behavior. Exemplary, Figures 8.7.a-c show the
quasi-static I-V sweeps obtained for the Pt/STO/TiN nano-crossbar structures with STO
films of different compositions. The nano-crossbar devices could be stable switched at a
current compliance of Icc = 50 µA with a resistance ratio of Roff/Ron > 10, fulfilling the
requirement for ReRAM operation [19]. In addition, Figure 8.7.d shows the endurance
plot for the Ti-rich STO nano-crossbar device obtained by repeating 1000 quasistatic
switching cycles taking. At a read voltage of Vread = +0.3V the mean resistance values
are 15 kΩ for LRS and > 3 MΩ for HRS. The micro-crossbar devices showed similar RS
characteristics although higher Icc values were required.

All the Pt/STO/TiN crossbar devices exhibited the same polarity of the bipolar switch-
ing characteristic. For the I-V curves shown in Figures 8.7.a-c the current is plotted
against the voltage signal applied to the TiN top electrode. For discussing the polarity in
respect of a switching model, the I-V hysteresis needs to be referred to the voltage sig-
nal at the active switching interface, which for the crossbar cells is the Pt/STO interface.
Exemplary, the inset in Figure 8.7.c shows the corresponding I-VPt switching curve with
the voltage VPt applied to the Pt electrode given on the abscissa. Thus, the Pt/STO/TiN
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Figure 8.7: (a-c) I-V hysteresis of nano-crossbar Pt/STO/TiN devices of 0.01 µm2 size

with 12 nm polycrystalline STO thin films of different compositions listed in Table 8.1.

The voltage signal was applied to the TiN top electrode. All devices reveal a stable

bipolar RS at a current compliance of 50 µA. The inset in (c) shows the "counter-eight-

wise" RS with respect to the actively switching Pt/STO contact. (d) Endurance plot over

1000 quasistatic switching cycles (Icc = 100 µA) for a Pt/Ti-rich STO/TiN device at Vread

= +0.3 V.
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crossbar devices exhibit a typical "counter-eightwise" bipolar RS [21] which is charac-
teristic for valence change memories [5,52]. A conspicuous difference in the continuous
I-V characteristics of the different STO samples appears in the non-linearity of the LRS
current response. While the I-V nonlinearity for the stoichiometric and the Ti-rich STO
devices (see Figures 8.7.b and c) is comparable, the Sr-rich STO nano-crossbar LRS
characteristic shows an enhanced nonlinearity (see Figure 8.7.a). A quantitative value
for the LRS-nonlinearity is in general defined by the non-linearity factor NL which is
calculated from the reset characteristic of the continuous I-V curve according to NL =
| I(Vreset) | / | I(Vreset/2) | [53]. For the RS characteristics of the STO nano-crossbar
structures show in Figures 8.7.a-c, we calculated values of the NL-factor of about 18 for
the Sr-rich STO device in comparison to 6.5 and 4 for the stoichiometric and Ti-rich STO
films, respectively.

The RS characteristics of the various STO devices have been analyzed in a statistical
manner for two device sizes, i.e. 1 µm2 and 0.01 µm2, and three STO compositions, i.e.
[Sr]/([Sr]+[Ti]) ratios of 0.57 (Sr-rich), 0.50 (stoichiometric) and 0.46 (Ti-rich). The vari-
ation of the data determined from about 20 devices and 30 switching cycles per device is
described by means of the cumulative distribution function (CDF). Characteristic values
of the I-V hysteresis (see Figures 8.7.a-c) to be discussed are: 1) the set-voltage Vset,
determined as the voltage where the current compliance is reached during the (abrupt)
set-process, 2) the reset-voltage Vreset, determined as the voltage where the negative cur-
rent reaches a local maximum during reset-process and 3) the resistance values Ron (LRS)
and Roff (HRS) determined at a read voltage Vread = +0.3 V.

Figure 8.8 shows the CDF of the set- and reset-voltages of the STO based RS devices
for (a) the 1 µm2 micro-crossbars, and (b) the 0.01 µm2 nano-crossbars. The three STO
compositions are again encoded by colors (see Figure 8.7). The micro-crossbar cells re-
veal rather narrow distributions of the switching voltages and quite symmetric values for
Vset and Vreset, in contrast to the nano-crossbar devices. The micro-crossbar devices with
non-stoichiometric STO films show a slightly larger set-voltage compared to the value of
the reset-voltage. For the Ti-rich STO mean values were Vset ≈ 0.85± 0.1 V and |Vreset|≈
0.65± 0.15 V, and for the Sr-rich STO we obtain Vset ≈ 1.0± 0.15 V and |Vreset| ≈ 0.9±
0.1 V. In contrast, the switching voltages of the stoichiometric STO cells are nearly sym-
metric with absolute values of Vset ≈ |Vreset| ≈ (0.9 ± 0.1) V. Remarkably, the switching
voltages of the different micro-crossbar devices are very close in contrast to the forming
voltages which differ significantly for the various STO compositions (see Figure 8.6.c).
Additionally, it is found that the stoichiometric STO devices with the highest leakage
current in the initial state (see Figure 8.5.a) show a nearly forming-free RS behavior, i.e.
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VEF ≈ Vset ≈ 1 V.
A relation between higher initial leakage and lower forming voltage has also been

reported for HfO2-based RS devices [9]. From the correlation of morphological and LC-
AFM studies we suggest that the RS switching in the polycrystalline STO films might
dominantly appear at weak points like, for example, the observed micro-cracks. This
brings up the question whether the RS in the ALD STO based devices is a filamentary-
type phenomenon or somehow relates to the density of micro-cracks in the thin films.
This point will be further addressed at the end of the section.

For the nano-crossbar cells shown in Figure 8.8.b, in general, the set-voltages |Vset|
were higher than the corresponding |Vreset| reset-voltages. Here, the Ti-rich STO films
show the most symmetric RS curves with Vset ≈ 1.0 ± 0.15 V and |Vreset| ≈ 0.95 ±
0.1 V. In contrast, the stoichiometric STO devices with Vset ≈ 1.1 ± 0.4 V and |Vreset|
≈ 0.7 ± 0.15 V, and the Sr-rich STO with Vset ≈ 1.9 ± 0.4 V and |Vreset| ≈ 1.0 ± 0.2
V exhibit a significant asymmetry in the RS behavior. Notable for the nano-crossbars
are the quite broad distributions of the set-voltages observed for all three STO compos-
itions. In addition, the RS voltages of the nano-crossbar devices are significantly lower
than the respective forming voltages of about +5.0 V (see Figure 8.6.d). The higher set-
voltage of the Sr-rich STO nano-crossbar might indicate that setting these devices into
the highly conductive ON-state is more difficult to achieve than in case of the Ti-rich and
stoichiometric STO devices.

An increase of the set- and reset-voltages with decreasing size of the RS devices has
also been reported for HfO2-based RS devices by Chen et al. [8], who addressed this
effect to the lower total number of defects in the smaller devices compared to the larger
ones. This scenario might also apply to the STO based RS devices in this study. Interest-
ingly, the analysis of the influence of the [Sr]/([Sr]+[Ti]) composition on the switching
voltages revealed the same trends for the micro- and nano-crossbar cells, i.e. an in-
crease of the mean switching voltage with increasing Sr-content in the thin films. This
stoichiometry effect is especially pronounced in the nano-crossbar cells which were elec-
troformed at comparable voltages.

Figure 8.9 shows the CDF plots of the ON-state (LRS) and OFF-state (HRS) res-
istance values for the STO based RS devices as determined from the continuous I-V
switching cycles at a read voltage of Vread = +0.3 V. Again, the three STO composi-
tions are encoded by colors and the data for the micro- and nano-crossbars are shown in
Figures 8.9.a and b, respectively. General trends which can be identified are, first, that
smaller devices exhibit higher LRS- and HRS-values, and second, that the data spread as
a function of the [Sr]/([Sr]+[Ti]) composition is larger for the LRS values as compared
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to the HRS values. In addition, for each device size, the STO cells show the lowest res-
istance values in ON- and OFF-state compared to the values of the non-stoichiometric
STO devices, while in general an increase in the resistance ratio Roff/Ron with decreasing
device size is observed.

In order to assess the influence of the device size, the area dependency of the resist-
ance values for the devices of different STO compositions has been analyzed. The graph
in Figure 8.10 comprises mean values of the HRS (filled symbols) and the LRS (open
symbols) for four different device sizes, i.e. 0.01 µm2, 1 µm2, 25 µm2, and 100 µm2.
The micro-crossbar devices (> 1µm2) were fabricated from STO films of about 15 nm
thickness, while for the nano-crossbar devices (0.01 µm2) films of about 12 nm were
integrated. The different STO compositions are again encoded by the colors. Despite
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the different film thicknesses, a consistent trend in the resistance values as a function
of the device size is obtained for the devices of different STO compositions. The area-
dependency can be summarized as follows: the Sr-rich STO devices (black) show a very
weak area dependency for the LRS and HRS values which change roughly by a factor of
ten when the cell area is varied by a factor of 104. A resistance ratioRSr−STOoff /RSr−STOon

≈ 10 independent of the device area was determined which is addressed to the high in-
sulating properties of the annealed Sr-rich STO thin films. The Ti-rich STO devices also
show a weak area-dependency of the LRS similar to that of the Sr-rich STO devices,
while the value is reduced to about one third, RTi−STOon /RSr−STOon ≈ 0.3. The HRS
values of the Ti-rich STO reveal an enhanced dependency on the cell area which is at-
tributed the higher leakage currents becoming significant for larger devices. Thus a mean
resistance ratio RTi−STOoff /RTi−STOon ≈ 20 is obtained for the smaller devices. For small
area cells (< 1 µm2) the stoichiometric STO devices show a weak area dependence for
the LRS and HRS values with a resistance ratio RStoi−STOoff /RStoi−STOon ≈ 25, while for
device sizes > 1 µm2 the HRS values show a strong area dependence with a proportion-
ality factor of approximately one. This clearly demonstrates that the effect of leakage
current through the micro-cracks (see Figure 8.3.b) dominates the total current for large
pad sizes, thus for large stoichiometric STO devices any RS effect is completely obscured
by the high leakage current contribution from the non-switching area of the device. As
a consequence, reliable information on the compositional effect of the ALD STO films
on the RS properties can only be obtained from device structures with reasonably small
sizes.

In LRS, all STO devices of the three compositions show a considerably weak area-
dependency of their resistance values. This is interpreted in the way that the area-
independent VCM-type filamentary mechanism dominates the RS characteristics of the
Pt/STO/TiN devices after electroforming. The area-dependency of the HRS values demon-
strates the significant effect of the films microstructure and morphology on the RS prop-
erties. Overlying the area-dependency, also an effect of the STO thin film composition
is observed, predominantly for the LRS states. Considering devices of the same size,
smaller than 10 µm2, the ON-state resistance values increase from stoichiometric to Ti-
rich to Sr-rich STO films resulting in a ratio of the LRS values RSr−STOon /RStoi−STOon ≈
6. Although the HRS states of the smaller devices are not too much affected by an area
dependent leakage current parallel to the filament current, the dependence of the HRS
states on the composition of the STO films is less pronounced. Especially when the RS
cell is in insulating state defects in the MOM device might have a considerable influence
on the total (HRS) resistance. However, the highest resistance ratio Roff/Ron of about
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25 was obtained for stoichiometric STO and the lowest value of about 10 for the Sr-rich
STO films. The lowest values of LRS were found for the stoichiometric STO films, while
either Sr- or Ti-excess result in higher Ron values. This scenario is more pronounced for
the Sr-rich STO than for the Ti-rich devices.

In addition to the significant influence of the STO thin films microstructure on the
RS characteristics of respective Pt/STO/TiN devices also a composition effect was ob-
served. While micro-structural effects (e.g. micro-cracks and grain sizes) dominate the
resistance states for larger cell areas, the HRS states of the nano-crossbar cells might
still be affected by varying defect densities in the films induced by differences in the
films crystallization behavior. However, the LRS values of the Pt/STO/TiN devices
show a reproducible tendency with variation of the STO film composition: RSr−STOon >

RTi−STOon > RStoi−STOon , for different device sizes, film thicknesses and microstruc-
tures. This finding might indicate a compositional dependence of the local defect states
of the conducting filaments RS devices from polycrystalline ALD STO thin films with
various ([Sr]/([Sr]+[Ti]) contents.

8.4 Conclusions

In this study, we investigated the resistive switching (RS) properties of Pt/STO/TiN
devices from ALD derived Sr1+xTi1+yO3+(x+2y) thin films of various compositions. Meta-
stable perovskite STO films were grown on platinum coated silicon substrates by ALD
at 350 ◦C using cyclopentadienyl-based metal precursors and oxygen plasma and a sub-
sequent annealing at 600 ◦C in N2. STO films of 15 nm and 12 nm thickness and with
three different compositions ([Sr]/([Sr]+[Ti]) of 0.57 (Sr-rich), 0.50 (stoichiometric) and
0.46 (Ti-rich) were integrated into crossbar-devices with lateral dimensions varied from
(10× 10) µm2 to (100× 100) nm2. Nano-structural characterizations by means of SEM
and LC-AFM revealed a significant influence of the STO cation composition on the crys-
tallization behavior and, thus, on the resulting morphologies of the ALD films. Local
defects in the films’ microstructure dominantly affect the leakage current behavior of
pristine MOM cells and their soft-breakdown or electroforming voltages. For cell sizes >
1 µm2 also the HRS of the RS characteristics is superimposed by residual cell conductiv-
ity. The polarity dependence of the RS curves and the area-independent LRS values serve
as a direct proof of VCM-type filamentary RS taking place in the Pt/STO/TiN devices
under study. Once the microstructural effects of the polycrystalline thin films have been
assessed, a clear effect of the STO composition on the RS behavior was observed. Nano-
crossbar devices from stoichiometric STO films could be switched at lowest voltages of
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about 1.0 V between the lowest LRS values of Ron ≈ 40 kΩ, and reasonable HRS values
of Roff ≈ 1 MΩ determined at +0.3 V. Non-stoichiometry in the ALD STO films, Ti-rich
or Sr-rich, predominantly increases the RS devices Ron values, i.e. result in LRS of lower
conductance.
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Chapter 9

General Conclusions and Outlook

In this dissertation work the control and the tailoring of the material properties of STO
thin films by optimization of the processing steps, in particular atomic layer deposition
(ALD) and rapid thermal annealing (RTA), have been studied. Furthermore, the ALD
STO thin films were implemented in functional MIM structures in order to study the
influence of the thin film properties on the performance of capacitor-based and resistive
switching devices. From this work the following conclusions could be drawn:

• ALD, besides being a deposition technique which gives accurate thickness control
in the preparation of ultra-thin films, allows to carefully control the composition
of ternary compounds such as STO. In this work the cation ratio [Sr]/([Sr]+[Ti])
could be controlled by tuning the ALD cycle ratio between TiO2 and SrO ALD
cycles. Therefore, the STO thin film stoichiometry is a process parameter which
can be tuned by ALD in a versatile way.

• Spectroscopic ellipsometry (SE) is a non-intrusive characterization technique which
can be effectively used to determine the thickness and the optical properties of
STO thin films. More importantly, SE can be employed to determine the STO film
composition without recurring to other time-consuming techniques such as XPS or
RBS. Therefore, SE offers the possibility to determine the STO film composition
in a fast measurement which can also be performed in-situ allowing the real-time
monitoring of the film thickness and composition during the deposition process.

• The crystallization behavior of STO strongly depends on the thermal budget ap-
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plied and on the film composition. By tuning the composition through the control
of the ALD conditions and by controlling the temperature and duration of the RTA
treatment, it is possible to achieve a wide set of film microstructures and morpholo-
gies. In particular, Sr-rich STO thin films show an enhanced nucleation probability
at the onset of crystallization leading to a reduced average grain size compared to
more stoichiometric films. Furthermore, the presence and distribution of nano-
cracks and voids also show a composition dependence with a more uniform micro-
structure for Sr-rich films. Moreover, the nucleation probability and therefore the
grain density show a clear trend with the temperature of the annealing. At lower
RTA temperatures a low nucleation probability results in a low density of grains
which expand in lateral dimension over annealing time, i.e. the crystallization be-
havior is growth-dominated, while at higher RTA temperatures a high nucleation
probability results in a high grain density with reduced average grain size, i.e. the
crystallization behavior is nucleation-dominated.

• When manufacturing a multi-layered structure such as the Pt/STO/Pt MIM stacks
studied in this work, the interplay of the different steps involved in the preparation
of the structure has to be taken into account. During the RTA step applied to
the STO/Pt stack, intended to crystallize the STO film, the Pt bottom electrode
shows microstructural changes. In particular, during RTA the ALD deposited Pt
bottom electrode undergoes a solid-state crystallization process which results in
an increased average grain density and a higher degree of texture in the Pt film.
Furthermore, the texture of the STO films in STO/Pt stacks depends on the degree
of texture of the Pt bottom electrode before the RTA step. Despite the fact that
the ALD deposited Pt undergoes a recrystallization process during RTA, the STO
films seem unaffected by this process and show a random orientation of the grains,
while STO films deposited on highly textured PVD deposited Pt bottom electrodes
show a preferred orientation.

• The performance of the STO thin films for the applications studied in this work
strongly depend on the film composition, microstructure and morphology. There-
fore, the appropriate processing conditions employed in the deposition and crys-
tallization of STO films need to be chosen to optimize such performances. In the
case of Pt/STO/Pt capacitors the achieved capacitance values (and, consequently,
the EOT values) are determined by the composition and crystalline phase of the
STO films. While amorphous as-deposited STO films showed relatively low per-
mittivities, high capacitance values can be achieved with crystallized perovskite
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STO films, with the highest permittivity obtained for the near-stoichiometric STO.
The leakage current of the high-k crystallized films shows an indirect depend-
ence on the STO film composition. Despite the fact that the optical band gap is
increased for Sr-rich films the reduced leakage current recorded for this composi-
tion is mainly imputed to a more regular morphology compared to the more stoi-
chiometric films. Similarly, in the case of Pt/STO/TiN micro- and nano-crossbar
devices for resistive switching (RS) applications, working parameters such as the
electroforming voltage are dependent on the morphology of the film studied. In
particular, the leakage current values, related to the amount of cracks at the grain
boundaries, determines the electroforming process of the devices. Moreover, the
lateral size of the crossbar structures has an important influence on determining RS
parameters such as the SET and the RESET voltages and the values of the low and
high resistance states (LRS and HRS, respectively).

For the employment of ALD STO thin films in industrial applications different technical
issues should be solved. For example, the implementation of STO films in MIM DRAM
capacitors with high aspect ratio structures is not trivial. Despite the fact that capacitance
and leakage current values satisfying the DRAM requirements have been obtained in the
literature for planar capacitors, the achievement of the same performance on 3D structure
is challenging. Furthermore, due to compatibility issues reduced thermal budgets are
preferred in the manufacturing process. Therefore, optimization of the thermal treatment
or alternative solutions should be further investigated in order to minimize the thermal
budget during the STO crystallization process. From these considerations the findings
reported in this dissertation call for further research in the following directions:

• Only preliminary results on the conformality of STO thin films deposited by plasma-
assisted ALD have been reported. However, the achieved results are not satisfact-
ory for the applications in which the employment of STO is envisioned on strin-
gent 3D structures. Furthermore, conformality in terms of material composition
on 3D structures have not been reported in this thesis. Therefore, further research
should focus on the optimization of the deposition conditions in order to achieve
the required conformality. Efforts should be oriented in order to optimize the dos-
ing of the precursors and the plasma conditions (i.e. pressure and plasma power)
to achieve excellent thickness and composition conformality on high aspect ratio
structures. The outcome of this research would also give valuable insight into the
conformal deposition of other multi-component compounds.

• The crystallization behavior of STO thin films on 3D structures has not been ad-
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dressed in the literature. Gradients over 3D structures in terms of film composition
could lead to differences in morphology and microstructure along the structure pro-
file. A similar effect can occur due to gradients in temperature during the annealing
step. Therefore, determining the influence of these parameters on the crystalliza-
tion behavior of STO film deposited on 3D topologies is vital from an application
point of view.

• The crystallization study of STO thin films could be extended to STO seed-layers
employed to achieve in-situ crystallization of STO films as described in Section
2.3.3. Determining the crystallization behavior of ultrathin (∼ 3 nm) STO with dif-
ferent compositions and by applying different thermal budgets would give insight
into the in-situ crystallization process of STO films. In particular, the influence of
different seed-layer microstructures on the final STO film morphology should be
addressed.

• The influence of ion bombardment on the crystallizion process of the STO films
should be investigated. By treating the STO films with a plasma (i.e. oxygen
plasma) energetic ions could induce displacement of atoms and, therefore, initi-
ate the crystallization process. Thus, the combination of a thermal and a plasma
treatment could lead to crystallization of the films with a reduced thermal budget.







Summary

Atomic Layer Deposition of Strontium Titanate
from material control to nanoscale devices

With the scaling of advanced microelectronics approaching its physical limits new tech-
nological solutions are needed. In particular innovative 3D-structures are being investig-
ated with an increasing number of functional layers containing novel and more complex
materials. To fulfill the strict requirements for future nanoscale devices the properties of
the materials to be employed are of crucial importance. Hence, the thickness, the com-
position and the interfaces of the deposited thin films need to be carefully tailored also
when deposited in the 3D-structures. In addition, the morphological and microstructural
changes in the materials induced during the entire process flowchart need to be taken into
account and controlled.

To meet these challenging requirements atomic layer deposition (ALD) is increas-
ingly used as an ultrathin-film deposition technique. It enables superior thickness control
and film conformality and also enables the control of the film composition of multi-
component compounds. A technologically relevant example of a material for which the
properties can be tailored by ALD and the subsequent processing steps is strontium titan-
ate (SrTiO3, STO). STO represents a class of multicomponent oxides with their dielec-
tric properties and morphology strongly depending on the cation stoichiometry and on
the thermal treatments they undergo. Due to their high permittivity STO thin films find
their main application as the ultrahigh-k dielectric layer in metal-insulator-metal (MIM)-
based memory devices. Also they show other interesting properties for application in,
for instance, resistive switching valence change memories. In all of these applications
the tailoring of the material properties is vital to achieve the targeted performances.

This thesis work focuses on the control of the material properties of ALD STO thin
films. The plasma-assisted ALD processes for TiO2 and SrO were developed using
cyclopentadienyl-based precursors and an O2 plasma. By combining the ALD cycles
of the two binary oxides with different ratios it was possible to accurately control the
stoichiometry of the films over a wide range of [Sr]/([Sr]+[Ti]) ratios. By using Ruther-
ford backscattering spectrometry (RBS) and X-ray diffraction (XRD) data a method was
established to determine stoichiometry and crystallinity of the films by means of spec-
troscopic ellipsometry (SE).

The as-deposited STO films are amorphous, and rapid thermal annealing was used



to achieve crystallization into the desired ultrahigh-k perovskite structure. Transmission
electron microscopy (TEM) was used to study the influence of the film stoichiometry and
of the thermal budget applied on the crystallization behavior of STO films deposited on
Si3N4 and Al2O3. It was shown that the lattice planes of the STO crystallites bent due
to film densification upon the amorphous-crystalline transformation. Furthermore, it was
found that film composition and annealing conditions strongly influenced the nucleation
probability and the final morphology of the crystalline films, with a smaller grain size
and reduced crack formation at the grain boundaries for Sr-rich films.

In the aforementioned applications STO is used in metal MIM structures. Therefore
Pt/STO/Pt stacks were fabricated by ALD with the aim of studying the growth, the crys-
tallization behavior and the interplay of the processing steps involved in the fabrication
of the structures. Results evidenced that not only crystalline STO is obtained after the
RTA step but that the Pt bottom electrode also undergoes a re-crystallization process upon
annealing which results in an increased Pt texture. Structural analysis showed that the
morphology of the STO crystals was comparable to those obtained on Si3N4 and Al2O3

substrates.
The STO thin films were also studied as functional layers in electronic device struc-

tures. First, Pt/STO/Pt structures were investigated to determine the dielectric properties
of the STO films. Ultrahigh-k STO thin films were obtained with their permittivity de-
pending on the film composition. While higher capacitance values were achieved for the
stoichiometric STO films, Sr-rich films showed the lowest leakage current values. This
was ascribed not only to the higher band gap values but also to the more compact mor-
phology of Sr-rich films compared to near-stoichiometric STO films.

Furthermore, the influence of the STO film composition on the resistive switching be-
havior of Pt/STO/TiN MIM micro- and nano-crossbar structures was addressed. Results
showed that the filamentary-type resistive switching behavior was predominantly gov-
erned by the morphology of the STO film after the RTA step, which is controlled by the
composition of the film. Therefore, the lateral size of the crossbars structure employed in
this study showed to be of critical importance on the working parameters of the device.

In conclusion, this research work provides deeper insight into the tailoring of STO
thin films prepared by ALD from the level of material properties up to the device level.
It serves as a valuable example on how to finely tune multi-component oxides employed
in the fabrication of nanoscale devices by accurate control and optimization of the pro-
cessing conditions.
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