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Abstract

Key pieces of modern day technology such as the metal-oxide—semiconductor field-effect
transistor and the dynamic random-access memory (DRAM) keep following the trend
of down-scaling. This requires the dielectric layer that is a crucial component in these
structures to reduce its thickness. As down-scaling continues rapidly, device features
approach the fundamental physical limits: For the most commonly used gate dielectric
SiO2 direct tunneling starts to occur at a thickness below 3 nm. There are two main
strategies to increase the capacitance without further decreasing the thickness of the di-
electric layer. One is to facilitate high aspect-ratio (AR) surfaces to increase the effective
surface area. The other one is to use high—k materials instead of SiOs.

The key enabling technique to deposit ultra-thin, high—k dielectric layers conformally
and pin-hole free on high AR substrates is atomic layer deposition (ALD). ALD is a type
of chemical vapor deposition technique in which the chemical reaction is split up into
two sequential, self-limiting reactions with the surface that ensures high quality films
with great uniformity. Furthermore, ALD gives precise thickness control down to the
Angstrom level while staying at low processing temperatures (below 500° C).
Plasma-enhanced ALD (PEALD) is a rather new enhancement in which plasma species
(radicals, ions) are utilized as an oxidizer instead of water vapor. This facilitates de-
position at lower temperatures because the process depends less on the thermal energy
available at the surface. Since the plasma species are more reactive, fewer ligands are
left unreacted in the deposited film resulting in lower impurity concentrations and im-
proved material properties. However, conformal coverage of high AR substrates is more
problematic for PEALD due to the unstable nature of the excited plasma species.

In this thesis, work on PEALD of TiO2 on high AR trenches will be presented and
studied by transmission electron microscopy (TEM) as well as grazing incidence X-ray
diffraction. TEM reveals that the coverage of PEALD TiOs on these substrates can be
improved by increasing the plasma exposure time during each deposition cycle. Also,
the effect of plasma during PEALD on the crystallization of TiOs will be investigated
showing that plasma can be applied to crystallize the film. Then PEALD of the high—k
perovskite material BaTiO3 (BTO) will be explored where PEALD thereof has not been
reported in literature up to this date, showing potential for future DRAM applications.
Additionally, TEM shows that plasma (like in the case of TiO3) can be used to crystal-
lize the as-deposited BTO film partially which increases the dielectric constant of the
film. Lastly, we will report the best electrical performance achieved up to this date (at
a processing temperature as low as 250 °C) for Al-doped BTO deposited on a Zr-doped
TiN electrode. These results, we believe, may be the stepping stone for next generation
high—k dielectric films for DRAM and novel energy storage applications.






Zusammenfassung

Schliisselelemente der heutigen Technologie wie der Metall-Oxid—Halbleiter Feldeffekt
Transistor und der dynamische random-access memory (DRAM) folgen dem Trend der
Miniaturisierung. Das verlangt, dass die dielektrische Schicht, die eine wichtige Kom-
ponente in diesen Strukturen ist, diinner wird. Da die Miniaturisierung schnell voran-
schreitet, ndhern sich die Gerdtekomponenten den fundamentalen physikalischen Limi-
tierungen: Fiir das meist verwendete Gate Dielektrikum SiO9 fangt direktes Tunneln bei
Dicken weniger als 3 nm an. Es gibt zwei Hauptstrategien um die Kapazitéit zu erhohen,
ohne die Dicke der dielektrischen Schicht weiter zu verringern. Eine ist es, Oberflachen
zu nutzen die ein hohes Aspektverhéltnis (AV) aufweisen, um die effektive Oberfléche
zu vergrofern. Die andere ist es, high—k Materialien anstatt SiOs zu verwenden.

Die Schliisseltechnologie um ultra-diinne, high—k dielektrische Schichten gleichmaflig und
ohne jeglicher Locher auf Substrate mit hohem AV aufzutragen ist atomic layer deposi-
tion (ALD, wtl. Atomlagenabscheidung). ALD ist eine Art von chemischer Gasphasen-
abscheidung, in der die chemische Reaktion in zwei sequenzielle, selbst-limitierende Reak-
tionen mit der Oberflache aufgeteilt wird, was Filme mit hoher Qualitdt und guter Uni-
formitéiit gewiihrleistet. AuBerdem kann ALD die Dicke kontrollieren auf dem Angstrom
Level, wiahrend die Prozesstemperaturen trotzdem niedrig bleiben (unter 500 °C).
Plasma-erweitertes ALD (PEALD) ist eine eher neue Erweiterung in der Plasma Teilchen
(Radikale, Ionen) anstatt Wasserdampf zur Oxidierung verwendet werden. Das er-
moglicht die Abscheidung bei niedrigeren Temperaturen, weil der Prozess weniger von
der thermischen Energie auf der Oberflache abhéngt. Da die Plasma Teilchen reaktiver
sind, bleiben weniger un-reagierte Liganden im abgeschiedenen Film, was zu niedrigeren
Unreinheitskonzentrationen und besseren Materialeigenschaften fithrt. Allerdings die
gleichméBige Uberdeckung von Substraten mit hohem AV ist problematischer fiir PEALD
wegen der Instabilitit der angeregten Plasma Teilchen.

In dieser Dissertation wird Arbeit zu PEALD von TiO9 auf Graben mit hohem AV
prasentiert und mit Transmissionselektronenmikroskopie (TEM) und auch Réntgen-
diffraktometrie mit streifendem Einfall studiert. TEM zeigt, dass die I"Jberdeckung von
PEALD TiOs auf diesen Substraten verbessert werden kann indem man die Plasma Ein-
wirkungszeit wahrend jedes ALD Zyklus’ verlangert. Auch wird der Effekt von Plasma
wahrend PEALD auf die Kristallisation von TiOg untersucht und zeigt, dass Plasma
verwendet werden kann, um den Film zu kristallisieren. Dann wird PEALD von dem
high—k Perowskit BaTiO3 (BTO) untersucht, wo PEALD davon aktuell noch nicht in der
Literatur erwdhnt wurde, welches Potenzial fiir zukiinftige DRAM Anwendungen zeigt.
Zusétzlich zeigt TEM, dass Plasma (wie auch im Fall von TiO2) verwendet werden kann,
um den Film teilweise zu kristallisieren und dadurch die dielektrische Konstante des



Films zu erhéhen. Zuletzt berichten wir die besten elektrischen Betriebseigenschaften
erreicht bis zum heutigen Tag (bei einer Prozesstemperatur so niedrig wie 250 °C) fiir
Al-dotiertes BTO aufgetragen auf einer Zr-dotierten TiN Elektrode. Wir glauben, dass
diese Resultate das Sprungbrett fiir die néchsten Generationen von high—k dielektrischen
Filmen fiir DRAM und neuartigen Energiespeicherungsanwendungen sein kénnte.
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1 Motivation: Down-scaling of the DRAM

1
( Motivation: Down-scaling of the DRAM

Key pieces of modern day technology such as the metal-oxide—semiconductor field-effect
transistor (MOSFET) and the dynamic random-access memory (DRAM) keep following
the trend of down-sizing. This requires the dielectric layer that is a crucial component
in these structures to reduce its thickness. In the past 100 years device dimensions have
reduced by a factor of 10° and as down-scaling continues device features approach the
physical limit of 0.3 nm (distance between Si atoms). Figure 1.1 illustrates how the
junction depth and gate oxide thickness of the MOSFET decreased in the past 40 years.
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Figure 1.1.

Down-scaling of the junction depth and gate oxide thickness in a MOSFET device in the past
40 years.[l

Long before the ultimate physical limit is reached, very thin dielectric layers show
leaking current when voltage is applied. For the most commonly used gate dielectric
SiO2 a thickness of 3 nm is the ultimate lower limit due to direct tunneling of electrons
through the layer.[2] In the past, up to the 65 nm node, SiOs was a suitable gate
dielectric. But even for thicker layers other mechanisms can cause the dielectric to
break down. Therefore, to tailor a dielectric structure that has high dielectric breakdown
strength (that is the electric field strength at which the dielectric layer is breaking down,
i.e. is permanently damaged and leaks currents) and thin physical thickness at the same
time it is crucial to understand the mechanisms and the underlying physics that can
cause dielectric breakdown.
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The DRAM consists of a MOSFET that acts as an on/off switch and a capacitance C' that
stores either a '1’ (charged) or a ’'0’ (discharged). An array of these two components
makes up the DRAM. Using the select line one can select one specific capacitor and
read/write a ’1” or a ’0’ via the data line (cf. Figure 1.2). The ability of a dielectric
material to store charges at a given bias is given by the capacitance

C:eg'er-g [1.1]
where €, is the dielectric constant of the material, ¢y is the permittivity of vacuum, A is
the area of the capacitor and d is the distance between the plates. As described above
the use of high—-k (= high ¢) dielectric materials is necessary as the thickness of the
dielectric layer approaches fundamental limitations. Hence, the term equivalent oxide
thickness (EOT) is defined making it easier to compare different dielectric materials and
its capacitance. The EOT of a layer of a high—-k material (¢, > esio,) is equal to the
physical thickness it would have if the layer was SiOs:

EOT = d. 5192 [1.2]
€k

Inserting this into Equation 1.1 shows that the EOT is inverse proportional to the
capacitance

A
C = €0 * €Si0y - E}OiT [13]
(o]
Select
o> O
I___l MOSFET
Gate Oxide
—_—C
8
i o
p-type Si ! 7

Figure 1.2.
Ilustration of MOSFET and DRAM device structures.

The down-scaling of the DRAM requires the storage node size (i.e. the area of one
capacitor) to decrease rapidly while the physical thickness of the dielectric has reached
a limit and has not decreased below 5 nm over the last decades. In order to sustain
the capacitance needed for the operation of a DRAM (~25 fF, almost constant over the
past 10 years[3]) the dielectric constant has to go up and hence the EOT has to decrease
accordingly, as seen in Figure 1.3.
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Figure 1.3.

Storage node size and EOT are plotted logarithmically between year 2000 and 2017. Values are
projected past 2013.13-6]

Furthermore, the energy u stored in a polarized material is given by (E is the electric
field)

U=—-€-€ - |F

2

This shows that there are two parameters that can be tuned in order to maximize the
stored energy in a dielectric layer: 1) Its dielectric constant e, and 2) The highest
electric field that can be applied without the layer breaking down, the so-called electric
breakdown field Egp. Figure 1.4 plots different promising materials in terms of dielectric
constant and breakdown field. According to this, in the next section, the selection of a
suitable material will be discussed.

L ‘ *‘2 [1.4]
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Material overview of breakdown strength versus dielectric constant.l’~10 Solid lines are lines of
constant energy density (Watt—hour per liter). Dashed lines represent lines of constant charge
densities (micro—Coulomb per square—centimeter).

1.1
Thin Film Deposition on High Aspect-Ratio (AR) Surfaces

Independent of the dielectric materials selected, one way of increasing the capacitance
in a DRAM device is to increase the effective surface area of the capacitor. This is done
mostly by etching deep trenches into a thermally grown amorphous SiOs substrate.
These trenches have a very high aspect ratio (AR) and hence increase the surface area.
The increased capacitance is given by

A Ao
C’izeo-er-Te:e()‘er- I:;OJ-a [1.5]
where Aeg is the increased effective surface area of the high AR substrate, Ap.; is
the projected area of the planar substrate and a = Aeg/Aproj is the so-called area
enhancement factor.
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Atomic Layer Deposition (ALD)

The key enabling technique to deposit ultra-thin, high—k layers conformally and pin-
hole free on high AR substrates is atomic layer deposition (ALD). ALD is a type of
chemical vapor deposition (CVD) technique in which the chemical reaction is split up
into two sequential, self-limiting reactions with the surface.l11l In contrast to CVD, the
self-limiting nature of ALD ensures high quality and great uniformity of thin layers.
Furthermore, ALD gives precise thickness control on the Angstrom level while staying
at low temperatures (below 500° C).

For the deposited dielectric layer onto the high AR trench substrate we define a step
coverage in order to quantify the uniformity and quality of the deposited film as follows:

d
Step coverage = 221 100 %, [1.6]
dtop

The thicknesses dpottom and diop are indicated in Figure 1.5.

dtop

dbottom

Figure 1.5.

Tllustration of a high AR trench surface is shown indicating the measured thicknesses. Light gray
is the SiOy substrate whereas dark gray is the high-k dielectric layer deposited by ALD.

Plasma-Enhanced Atomic Layer Deposition (PEALD)

ALD is a deposition technique that is a well studied and known process whereas plasma
enhanced ALD (PEALD) is a rather new enhancement. PEALD is a variant of ALD
which utilizes plasma species (predominantly radicals) as an oxidizer instead of water
vapor. With PEALD the creation of radical species takes place in the gas phase. This
facilitates deposition at lower temperatures because the process depends less on the
thermal energy available at the surface. Since the plasma species are more reactive
with precursor ligands, fewer ligands are left unreacted in the product material. Such
lower impurity concentration may result in improved material properties compared to
conventional ALD. Plasma species can also react with precursors not sufficiently reactive
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with water, enabling the use of a larger variety of materials. Lastly, the throughput can
be greatly improved because oxygen can be pumped out faster than water vapor.

Up till now a disadvantage of PEALD compared to thermal ALD is the inferior step
coverage of 3—D surfaces which are crucial for DRAM devices as discussed before. The
oxidant species in PEALD, such as O radicals in the singlet state, are in excited states,
and therefore not stable. Plasma species can recombine at the sidewalls of 3-D structures
with a high AR when diffusing down into these features. In this thesis, a way to tackle
this drawback is presented.
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2
( Selecting High—k Materials: Facing the Dilemmas

When selecting a promising candidate for a next generation high—k dielectric material
one has to be aware of the following three dilemmas arising from the trade-off between
high capacitance and low leakage currents:

= Geometric dilemma:
Thin vs. thick dielectric layer: A thin layer has a high capacitance (low EOT)
but large leakage currents, whereas a thick layer shows a lower capacitance (high
EOT) but with reduced leakage currents.

» Structural/Morphological dilemma:
For dielectric materials, in general, its crystalline phase/structure tends to have
much higher dielectric constants (resulting in a lower EOT), but in turn crystalline
grain boundaries act as leakage pathways that increase the currents through the
film. Amorphous structures on the other hand tend to show lower leakage currents
but have lower dielectric constants (high EOT).

= Material dilemma:
As seen in Figure 1.2, materials that tend to have a high breakdown strength
have a low dielectric constant (resulting in a higher EOT) and vice versa. This
trend is also predicted by a thermochemical model of breakdown that arrives at an
approximate relationship Epp o 1/ Vk that holds over a wide range of dielectric
materials.[12]
While the first dilemma is a fundamental property of a capacitor with a dielectric film
(hence cannot be overcome) there are certain strategies to tackle the two latter trade-offs.
The strategies used to face these dilemmas in this thesis are illustrated in Figure 1.6. For
the structural/morphological dilemma the approach is to either make a bilayer structure
of an amorphous thin film and a crystallized film on top of that of the same material or
to intermix small crystallites into the amorphous phase of the dielectric film. In both
cases, the crystallized area increases the overall dielectric constant (lower EOT) while
the amorphous part blocks off the leakage current. Note, that in the mixed crystallites
case, there is a sweet-spot of crystalline fraction inside the amorphous film because if
the crystalline fraction is too low the dielectric constant stays low as well, whereas if
the crystalline fraction is too high the crystallites will start touching and forming grain
boundaries that will act as leakage pathways. For both strategies PEALD will prove to
be useful in selectively generating crystallites by plasma. For overcoming the material
dilemma the strategy is to use a very thin blocking layer of a material that has a very
high breakdown strength with a low dielectric constant (still higher than SiO9 though)
and a thicker layer on top of a material that has a very high dielectric constant but a
fairly low breakdown strength.
Another way to overcome these dilemmas, not depicted in the Figure, is doping of high—
k materials in order to achieve a low free carrier concentration in as-deposited ALD
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films and to compensate crystal defect states. The doping process can be incorporated
directly into ALD runs by using recipes with super—cycles that consist of a single dopant
pulse followed by a specified number of base material pulses.

Blocking Layer
Substrate

Substrate

Substrate

EOT Leakage Current

[[] High-k material, amorphous 1 @
B34 High-k material, crystalline @ t
. Blocking material 1 @

Figure 1.6.

Approaches to overcome the material and structural/morphological trade-offs: A bi-layer of
amorphous and crystalline phase of the same material, an intermixed film of crystallites inside
the amorphous matrix and a thin blocking layer of a low leakage material combined with a thicker
layer with a very high dielectric constant on top. Legend qualitatively states which properties
each material form has (EOT, leakage current).

2.1
High—k Perovskites: The Titanates

As seen in Figure 1.4 the titantates BaTiO3 (BTO), SrTiO3 (STO) and (Ba,Sr)TiOs
(BST) are promising candidates for high-k dielectric materials. These perovskite struc-
tures exhibit very high dielectric constants of up to 103.113-15] The dielectric constant
strongly depends on the structure (e.g. each phase of TiOg, anatase, rutile, brookite have
different dielectric constants) as well as the quantum confinement effect that changes the
band gap of the deposited layer also leading to a lower dielectric constant than in the
bulk.[16:17] Details about reduced dielectric constants in thin films will be discussed in
the next chapter.

One of the practical challenges of ALD of Ba and Sr compounds is known to be the
repeatability issue. Because the size of metal ions is large, Ba/Sr atoms tend to have
a large coordination number. Therefore, the precursors can conglomerate and change

10
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its properties easily. Additionally, Ba precursors are known to have a low volatility,
therefore they need relatively high evaporation temperatures. While BTO, BST have
been reported to be successfully used by CVD,[131 ALD seems to be more challenging.
Deposition was successfully reported by ALD,[1% 18] whereas PEALD of these materials
is mostly unexplored and there is a lot of room for improvement.

There are several literature reports available on dielectric properties of BTO, STO and
BST. Table 1.1 lists relevant publications along with the material, deposition method,
highest processing temperature and dielectric properties. While good electrical perfor-
mance has been reported in these publications, all of them require processing steps with
a high temperature (> 500 °C) such as a thermal anneal to crystallize the amorphous
film into the perovskite phase to achieve low EOTs. In this thesis, plasma will be fa-
cilitated to achieve crystallization in the film without the need of a high temperature

anneal.
Ref. 15" Author Method Material ~ Thickness k EOT Leakage Temp.
(nm) (A)  (A/em?*)at 1V  (°C)
[16] Vehkamaiki ALD STO 400 180 87 * 5.0-1077 500
BTO - 165 - - 500
[19] Wang ALD STO,BTO 90 400 8.0 - 620
[13] Tohma CVD BTO 520 96 211 * 1.0-107° ** 700
[20] Chen PLD BST 150 1370 6.9 * 1.0- 1070 ** 780
[14] Vehkamaéki ALD BTO 32 73 18 1.0-1077 600
[21] Lee ALD STO 20 108 7.2 3.0- 1077 ** 700
[22] Lee ALD STO 21 * 146 5.7 6.0 1078 ** 650
[23] Popovici ALD STO 10 181 5.6 2.0-1076 ** 600
[24] Liu PLD BST 580 700 32 * 4.4-107° 500
[25] Aslam PEALD STO 30 78 * 15 1.0- 1077 ** 650
[26] Lee ALD STO 14.2 120 % 4.3 1.0-1077 ** 650
Table 1.1.

List of relevant publications on dielectric properties of titanates reported in literature. The
references are listed in chronological order. Unmarked values were directly stated by the original
authors of the respective publication, whereas values marked with * were calculated using other
available parameters and values marked with ** were extracted from graphs.

2.2

Low Leakage Current Oxides

AlsO3 and HfO4 are very suitable blocking layers for improving the breakdown strength
as shown in previous work.[?’l Furthermore, unlike the more complex titantate films
these films have been very well established in terms of deposition by ALD and PEALD
with commercial precursors.

11



Doctoral Thesis - Peter Schindler

3
( Structure of this Thesis

This thesis is divided into five chapters. In the introduction — the first chapter — the
need for novel high—k materials was motivated and the promising candidates as well as
the deposition techniques were discussed.

Chapter two explains the basic theoretical framework needed for understanding the
physics behind high—k dielectrics as well as tunneling mechanisms through them.

The third chapter covers the experimental methods used for depositing and investigat-
ing thin high—k layers. Talking more in depth about the deposition techniques ALD
and PEALD. Then explaining the X-ray techniques used for characterizing structure
and chemistry. Also, optical techniques (UV, visible) will be briefly discussed. Lastly,
transmission electron microscopy (TEM) will be discussed in detail and how the sample
preparation works.

In chapter four I will thoroughly explain all the experimental results and discuss them.
Mostly, this chapter will comprise of manuscripts that either have been published, sub-
mitted or are going to be submitted for publication. First, the high AR coverage of
PEALD TiOs will be presented. Then the effect of plasma on the crystallization of
PEALD TiO2 will be explained. In the next section PEALD of high—k BaTiOg will
be shown and in the following chapter its crystallization by plasma will be studied by
TEM. Then, the metal TiN electrode will be investigated and how doping can affect its
work function (WF) and in turn is able to reduce leakage currents of a device. Lastly,
Al-doping of PEALD BaTiOg is studied and how this can both keep the dielectric con-
stant high but reduce leakage currents significantly and achieve electric performances
not equaled up to this date in literature.

Chapter five then finishes with a short summary and conclusion of this thesis’ work with
an outlook for future research.

12
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( Individual and Group Research Statement

The work presented in this thesis is based on my participation in group research efforts
in Prof. Fritz Prinz group at Stanford University. His group consists of a large number
of graduate and undergraduate students, postdoctoral scholars and professors working
in teams on various projects. Within a project, members have specific roles and respon-
sibilities, but all of the research performed is highly collaborative and interdisciplinary.
Specific contributions of the collaborators are listed below. All work except for what is
explicitly listed below was carried out by the author.

In chapter 1, Figure 1.3 and Table 1.1 were adapted from Takane Usui.

In chapter 2, the original FN-tunneling simulation code was written by Christine Don-
nelly and refined by myself.

In chapter 4, section 1 PEALD of TiOs was carried out by J Provine. TEM was carried
out working together with Manca Logar. GIXRD synchrotron measurements were done
together with Takane Usui.

In chapter 4, section 2 XRD measurements were carried out by Takane Usui. TEM work
was done by Manca Logar and myself.

In chapter 4, section 3 PEALD of BaTiO3 and its characterization was done working
together with Yongmin Kim and Jihwan An. XPS was carried out by Yongmin Kim.
AFM was done by Dickson Thian.

In chapter 4, section 4 AFM was carried out by Dickson Thian. XPS was done by Yong-
min Kim. XRR was conducted by Takane Usui.

In chapter 4, section 5 PEALD of TiN and ZrOs was carried out by J Provine.

In chapter 4, section 6 PEALD of Al-doped BaTiO3 and its electrical characterization
as well as XPS were carried out by Yongmin Kim. Band gaps were measured by Anup
Dadlani.

Quarter 4 largely contains the following papers and proceedings that were published,
submitted or are still in preparation:

» FEnhanced Step Coverage of TiOs Deposited on High Aspect Ratio Surfaces by
Plasma-FEnhanced Atomic Layer Deposition, P. Schindler, M. Logar, J Provine
and F. B. Prinz, ACS Langmuir, 2015, 31 (18) 5057-5062
In which I am the first author, because I mainly wrote the manuscript, did the
majority of TEM preparation and characterization and did the literature research.

» Plasma-Enhanced Atomic Layer Deposition of BaTiOs, P. Schindler*®, Y. Kim*,
D. Thian, J. An and F. B. Prinz, submitted
In which I am first author together with Yongmin Kim, as we both did the major-
ity of the experiments and the writing as well as planning.
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» Atomic Layer Deposition of Barium Oxide and High-k Barium Titanate Thin Films

Using Novel Pyrrole Based Precursor, S. Acharya®, J. Torgersen®, S. Walch, Y.
Kim, P. Schindler, S. Xu, T. Usui, C. Schildknecht and F. B. Prinz, submitted
In which I am fifth author, because I contributed in doing cross-sectional HRTEM
for their samples.

Plasma-Enhanced Atomic Layer Deposition of Al-Doped Barium Titanate, Y. Kim*,
P. Schindler*, S. Acharya, A. L. Dadlani, J Provine, J. An and F. B. Prinz, in
preparation

Again, here I am together with Yongmin Kim equally contributed first author:
Both of us conducted the majority of the experimental planning and characteriza-
tion.

Molecular Ozygen Reactions with Tetrakisdimethylamido-metal Precursors for
Atomic Layer Deposition, P. Schindler, J Provine, J. Torgersen, K. Kim, H. P.
Karnthaler and F. B. Prinz, in preparation

I will be first author on this manuscript as I did most of the planning together
with J Provine and doing a big part of the characterization work. The manuscript
will be written mainly by him and myself.

TEM Studies of High Aspect Ratio Surfaces Coated with Thin Dielectric Films by
Atomic Layer Deposition, P. Schindler, M. Logar, T. Usui, J Provine, H. P. Karn-
thaler and F. B. Prinz, Conference Proceedings for IMC 2014, Prague

I presented a poster at the IMC 2014 in Prague and wrote this abstract.

Molecular Ozxzygen Reactions with Tetrakisdimethylamido-metal Precursors for
Atomic Layer Deposition, J. Provine, P. Schindler and F.B. Prinz, Conference
Proceedings for ALD 2015, Portland

This is an abstract of our above mentioned paper in preparation that J Provine
will present at the ALD 2015 in Portland.
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1
( Physics of Dielectrics

In this section, the fundamentals of dielectric properties of materials will be reviewed
starting from Maxwell’s equations. Then arrive at the Maxwell’s equations in matter and
define the quantities dielectric displacement field, dielectric susceptibility, polarization
and dielectric constant. After that, the Lorentz model for the frequency dependence of
the dielectric constant will be discussed. In the last part, we will talk about dielectric
constants of thin films and why they often are lower than its bulk counterpart.

1.1

Maxwell’s Equations in Matter

To start with, we will assume the Maxwell’s equations as given and refer to any standard
textbook about electro-dynamics. In Equation 2.1 Maxwell’s equations are stated in
differential formulation (in SI units) being 4 differential equations for the electric field
E and magnetic field B caused by the charge density p and the current density j The
permittivity of free space is denoted as €y and the permeability of free space as ug.

» S

€0

0B
ot

=,
|
ol
|
o

V-

VxE

L . oF [2.1]
V x B = o <j+60>

Now in a material with polarization P and magnetization M bound charges and bound
currents emerge. The charge density p and the current density j can be split up in the
following contributions:

= —

p=ps+pp=p;—V-P [2.2]

R T T S D

J=Jrtatip=Jr+Vx M+ [2.3]
where p;, are the bound charges, fb the bound currents (static case) and fp the polar-
ization current. Index f stands for free contributions. Inserting these equations into
Maxwell’s equations and defining the electric displacement field D and the magnetic
field H as

D=¢E+P [2.4]

L1 4 o

H=—B-M [2.5]
Ho
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one arrives at Maxwell’s equations in matter:

o]
1
o

G 5= p v
[2.6]

QO
o]l

VxE=-"- Vx

T
I
=
_|_
o
~

1.2
Electric Displacement Field and the Dielectric Susceptibility

The simplest approach for Equation 2.4 is assuming a linear response between D and E:

5:605+ﬁ:6065

B } } [2.7)
= P =¢y(e — 1)E = ¢yxE

Where x = € — 1 is the so-called dielectric susceptibility and € (sometimes €,) is the
(relative) dielectric permittivity.

This linear, isotropic, local, instantaneous simplification of € is a good model to start
with but the following generalizations may be necessary to model more complex cases:

= Nonlinear:
The electric displacement field might depend on higher orders of the electric field.
This is the case for non-linear optical materials.

D =ey(cE +YPDE? + O E + ) [2.8]
®» Anisotropic:

The electric displacement field might not be parallel to the electric field. This
occurs for materials with birefringence. In this case € is not a scalar, but a tensor.

(D); = Zeﬁeij(ﬁ)j [2.9]
J

= Non-local:
The dielectric constant € may depend on the location as well.

Ba) = / (@, 2) By (o) da’ [2.10]

= Time-delay:
Also there may be a time dependence of the response of the dielectric constant on
the electric field.

E(t) = / e (t — ') Exe () dt/ [2.11]
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1.3

Frequency Dependence of the Dielectric Constant

In addition to this generalizations listed above, the dielectric constant is actually a func-
tion depending on the frequency of an applied periodic field (or a light wave propagating
through matter). For this purpose the Lorentz model will be reviewed that assumes
matter to consist of electrons and ions forming a system of harmonic oscillators that
are exited to forced oscillations. It is assumed that the ions and electrons are located
at a equilibrium position within a solid. An external electric field displaces the charged
particles from their equilibrium position whereas the surrounding atoms result in forces
that drive the particles back into their equilibrium position. This force is assumed to
be proportional to the displacement x resulting in harmonic oscillations with frequency
wp around the equilibrium position. The motion of the surrounding oscillators result
in a dampening (with damping constant I') of these oscillations. For this model, it is
assumed that the oscillators are isotropic (oscillations do not depend on direction of
displacement) which in general is not correct due to preferred symmetries in crystalline
solids.

The differential equation for the displacement x of an harmonic oscillator displaced by
an external electric field is given by

—

F+Ti+wf=——F [2.12]
m

which can be solved by a Fourier approach giving

c 1 B [2.13]

Z(w) = _Ewo

—w? —qwl
The dipole moment i is given by that distance x times the elementary charge e. The
polarization P then further is given by N, the number of atoms per unit volume times
the dipole moment. Hence

—

P(w) = Nji(w) = NeZ(w) = eox(w)E (w) [2.14]
gives the following dielectric susceptibility

Ne? 1 1
x(w) = 2 : "Jz% 2

eomwi —w? —iwl "~ Pw}—w? —iwl

[2.15]

where w,, is defined as the plasma frequency. Inserting this into Equation 2.7 gives

1

o .
m = € (W) =+ 1€ (CL)) [2.16]

e(w)=1 —i—wg
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with the real and imaginary part being

/ 2 w(% — w?
€(w)=1+w, (2 — W)+ wiT? [2.17]
T
(W) = w? d [2.18]

p (wg _ w2)2 + w22

Figure 2.1 plots the real and imaginary part of the dielectric function €(w) as a function
of frequency showing a resonance at w = wp. Note that the width of the peak of ¢’ (w)
gets broader with increasing damping constant I'.

Wy Frequency

Figure 2.1.

€/(w) and €'(w) as a function of frequency w is plotted for the Lorentz model. Resonance is
observed at w = wy.

For bulk dielectric materials usually the dielectric constant (often denoted € or €,) that
is given in literature is the real component of the dielectric function at the low frequency
limit: € (w — 0). At very low frequencies a lot of different mechanisms contribute to
the dielectric behavior of the material but become blocked at higher frequencies (higher
than the resonance frequency of each specific contribution). The following contributions
are illustrated in Figure 2.2:

= Up to ~ 1-10 Hz:
Domain wall motion contributes to the dielectric constant.

= Up to ~ 10% Hz:
Up to radio/ultra high frequencies (UHF) permanent dipoles contribute.

= Up to ~ 10'2 Hz:
Ionic polarization shows a resonance in the infrared (IR) and/or visible spectrum.

= Up to ~ 105106 Hz:
Up to UV frequencies there is a contribution of the electronic polarization.
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Figure 2.2,
Schematic plot of €' (w) and €”(w) as a function of frequency (over orders of magnitude) w is
shown for dielectric materials.

1.4

Dielectric Constants of Ultra-Thin Films

Materials with a very high bulk dielectric constant (10? ~ 10%) such as the perovskites
(BTO, STO, BST) often have much lower reported values for ultra thin films.[?8] The
reason for this phenomenon can either be ascribed to degradation in film quality or to
the formation of interface layers between dielectric and the metal electrodes that have
a lower dielectric constant. This low—k interface layer is also called dead layer and is
formed because the dielectric polarization is locked at the interface adjacent to the metal
electrode. These interfacial layers with a lower dielectric constant (e;) cause capacitances

in series:
1_1 + L + ! [2.19]
Cc ¢ C, C; )

where i stands for interface, and b for bulk. This capacitances in series of dead layers
and bulk-like dielectric is illustrated in Figure 2.3.

Metal electrode
Interfacial dead layer

T ¢ =€-Ald,

C=cAld C, = €,Al(d-2d)

Interfacial dead layer
Metal electrode

T ¢ =¢-Ald

Figure 2.3.
Tllustration of interfacial dead layers forming capacitors in series. Dielectric constants of the
interface and the bulk-like region are denoted by 7 and b indices, respectively.
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Hence, this can further be written as

d 2d;  d-2d;
=+

€ €; €

[2.20]

Where d is the total thickness of the layer and d; is the thickness of one interfacial layer.
€ is the dielectric constant of the whole structure, whereas ¢; and ¢, are the dielectric
constants of the interface layer and bulk, respectively.

Equation 2.20 can be used for estimating how much the total dielectric constant is re-
duced by interfacial layers with a lower dielectric constant. For this purpose plots of €/¢,
(in percent) are shown in Figure 2.4 at three different ratios between interfacial and bulk
dielectric constants (¢; /e, = 1/2, 1/5 and 1/10) for the case of a dead layer thickness d;
of (a) 0.5 nm and (b) 1 nm.

This shows that with increasing thickness d; of the dead layer and/or decreasing inter-
facial dielectric constant ¢; the resulting dielectric constant reduces much more rapidly
with decreasing film thickness.

a b =
(@) (b) d;=1nm
100 w
90 ] 90 R
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.' 1' e
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Figure 2.4.

Ratio between overall dielectric constant and bulk dielectric constant (e/e, in percent) plotted
at three different ratios between interfacial and bulk dielectric constants (¢;/e, = 1/2, 1/5 and
1/10) for the case of a dead layer thickness d; of (a) 0.5 nm and (b) 1 nm.

While film degradation can be an additional effect causing a reduced dielectric con-
stant, ab-initio calculations for perfect (defect free, no impurities, no strain) thin film
STO capacitors have shown that the effect of the dead layer on the resulting dielectric
constant is intrinsic.[29 It was also shown by a Lorentz local field theory that this effect
is a intrinsic geometric effect due to the different dipole moments in the surrounding
at the surface compared to inside the bulk.39 They have also shown that this effect
is more pronounced in materials with a very high dielectric constant: A bulk value of
e, = 10 was reduced to e,—19 = 9.602 for the case of 10 layers of dipoles in thickness,
whereas a bulk value of ¢, = 1000 was reduced to €,—19 = 164.2 for the same case.1301
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This also agrees with the observations from Figure 2.4 because ¢, tends to be much
larger compared to €; for materials with a high bulk dielectric constant. Conversely, the
interface layer tends to have a similar dielectric constant to the bulk if the bulk value is
already low to begin with.

Hence, for achieving higher dielectric constants in an ultra-thin film one has to pick a
material with a high bulk dielectric constant and a thin interfacial dead layer at the
metal electrode interface.
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2
( Quantum Mechanical Tunneling through Dielectrics

In this section, first the basic quantum mechanical tunneling through a potential bar-
rier will be reviewed. Then, a Fowler-Nordheim (FN) tunneling model will be pre-
sented and used to calculate tunneling currents through a dielectric stack of AlsO3 and
BaTiOgs. Then Schottky and thermionic-field emission will briefly be explained. Lastly,
mechanisms caused by defects in the dielectric such as trap-assisted tunneling (TAT),
Poole-Frenkel (PF) mechanism, hopping conduction and grain boundary diffusion based
tunneling will be discussed.

2.1

Direct Tunneling Through a Potential Barrier

Tunneling through a one-dimensional potential barrier is discussed in many standard
textbooks about quantum mechanics and is briefly summarized here. For a time-
independent potential we can factorize the wave function

U(x,t) = e By () [2.21]
The time-independent (stationary) Schrédinger equation is

2
[—ha T vm] bla) = Bu(e) 2.22]

2m 0 x2

where E is the energy of the particle and V' (z) is the potential (a barrier with thickness
a and height Vj) given by

0 f <0 >
Vi) = { or x orx>a [2.23]
Vo forO0<z<a
The wave function of the particle left, inside and right to barrier has the form
¢1eft — eiklx + re—iklx
Yinside = Aeikﬁ: + BeiikQI [224]
¢right = te'M”
where
2mE
[2.25]
ey — 2m(E — W)

FLQ
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2 Quantum Mechanical Tunneling through Dielectrics

Hence, the form of the wave function left and right to the barrier is the same but differ
in the amplitudes, where r is the reflected amplitude and ¢ is the transmitted amplitude.
Using the continuity requirement of 1) and 0 /0 z at the points x = 0 and = = a gives
four equations that determine 7, ¢, A and B. In specific, for the transmissivity 7' = |¢|?

one obtains )

2
1+1 (% - %) sin?(kqa)
In the case of E > Vy > 0 the transmission coefficient T" shows oscillatory behavior
where the case of kya being multiples of 7 leads to perfect transmission (caused by
interference).

For the case of 0 < V; > E tunneling occurs through the barrier (classically not possible)
leading to a non-zero T'. Here ko = ik is purely imaginary leading to a decay of the wave
function of the form

1
T = 5 [2.27]
1+1 (% - %) sinh?(kqa)
For kea < 1 this gives the simple form of
T o e~ K20 [2.28]

showing that the transmissivity decreases exponentially with increasing barrier width.
An illustration of the potential of a one-dimensional barrier with a schematic plot of the
probability [¢|? is shown in Figure 2.5.

N \E

{i\VAvAVE

0 a

>
X

Figure 2.5.

Schematic illustration of V(z) and |¢|? for the one-dimensional potential barrier.
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2.2

Schottky and Thermionic-Field Emission

In Schottky emission (or thermionic emission) electrons gain enough thermal energy to
overcome the energy barrier between the metal Fermi level and the conduction band
of the dielectric. The difference in energy is the Schottky barrier height e¢g. At high
temperatures this conduction mechanism is quite common. The following expression
describes the Schottky current

—e(¢B — VeE/(4mepeo))
kT

Js(T,E) = A*T?exp [2.29]

where A* = 120 - meg/mo is the effective Richardson constant, mg is the free electron
mass, I is the electric field across the dielectric and T is the absolute temperature. It
should be noted, that the Schottky barrier height may be lowered caused by image forces
at the metal-oxide interface. Figure 2.6 illustrates an MIM structure and how electrons
emit through the Schottky mechanism.

Thermionic field emission is a conduction mechanism between Schottky emission and
field emission (i.e. tunneling). Through thermionic excitation electrons that are excited
to half the height of the Schottky barrier can then tunnel more easily through the barrier
that is triangular shaped (cf. next subsection). This is illustrated in comparison with
Schottky emission in Figure 2.6

Evac B A--.

X ____________________ EvaC

> Schottky emission

3> Thermionic-field emission

Figure 2.6.

Band diagram illustrating Schottky emission and thermionic-field emission.
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2.3
Fowler-Nordheim (FN) Tunneling

In this section, Fowler-Nordheim (FN) tunneling will be discussed in detail. For a thin,
defect-free dielectric layer direct tunneling and FN tunneling are the dominant mech-
anisms that cause leakage currents through the layer. When a voltage is applied to
a dielectric layer its band structure is bent resulting in a triangular shaped barrier.
Tunneling through this shorter triangular shaped barrier is called FN-tunneling and
causes a tunneling current that is orders of magnitude larger than the current resulting
from direct tunneling. Figure 2.7 illustrates how electrons tunnel via the FN mechanism.

Evac""ﬂ """"""" K-

Figure 2.7.

Band diagram illustrating Fowler-Nordheim (FN) tunneling.

The FN tunneling current Jpn at an applied voltage Vi, can be calculated by the
Tsu-Esaki modell31-32];

JFN(Vapp) -

A7 - . Ec piel(0)
i 0 S / TC(E, Vapp) - N(E, Vapp) dE [2.30]

h3

Ec si

Where meg g is the electron effective mass in Silicon, TC(FE, Vapp) is the transmission
coefficient and N (E, V,pp) is the electron supply function.

For studying FN tunneling we will consider the following metal-insulator—-semiconductor
(MIS) architecture: The bottom electrode is highly p-doped Silicon on top of which there
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is an ALD deposited dielectric layer/stack of layers. The top electrode is chosen to be
a metallic material. From now on the index ’Si’ will be used to denote the Silicon
substrate, 'Diel’ to refer to the dielectric layer(s) and "Top’ to label the top electrode.
Furthermore, the index 'C’ refers to the conduction band, 'F’ to the Fermi-level and g’
to the band gap. kp is Boltzmann’s constant, e is the elementary electric charge, h is
Planck’s constant, i = h/(2m) and T corresponds to the temperature (= 300 K).

The electron supply function N(E, V,p,) can be modeled by the ratio of Fermi-Dirac
distributions on both sides of the dielectric and is a measure of how many electrons are
available for tunneling:

1+ exp (— E;f?Si)
N(E, Vapp) = kg - T+ In e [2.31]
1+ exp (— BB honn )

The transmission coefficient TC(E, V,pp) gives the probability for an electron to be
transmitted through a barrier rather than reflected. This probability is a function of the
energy E of the electron as well as the barrier height that is determined by the dielectric
material and the applied voltage V,pp. T'C can be modeled by the Wentzel-Kramers-
Brillouin (WKB) approximation:

2

mC,Diel(Eyvapp)
TC(E, Vapp) = exp _h/o \/2 Meft Diel (EC,Diel($a Vapp) — E) dz ) [2.32]

where meg piel is the electron effective mass in the dielectric and ¢ piel(E, Vapp) is the
distance (measured from the Silicon—dielectric interface) at which the conduction band
edge of the dielectric is equal to E, the energy of the electrons. As xc piel(E, Vapp) has
to be positive and not larger than the total thickness of the dielectric layer(s) it is given
by the following formula:

0 if > xsi — xpiel + (Ecsi — Frsi)
g if £ < xsi — xpiel + (Ec,si — Er,si)
Diel
—AFEpia(Vs
2 piel (£, Vapp) = dbiel ( (Voo
———— [ Xsi — XDiel
AEpiel(Vapp) XS ADie else

+(Ecsi — Ersi) — E)
[2.33]

Ec piel(x, Vapp) is the conduction band position of the dielectric for an applied voltage
Vapp and for a fixed distance x away from the Silicon—dielectric interface, given by:

AEﬂDiel (Vapp)

p T + (EC,Si — EF,Si) [2.34]
Diel

Ec piel(, Vapp) = Xsi — XDiel —
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2 Quantum Mechanical Tunneling through Dielectrics

In Equation 2.33 and 2.34, xs; and xpie are the electron affinities of Silicon and the
dielectric, respectively. dpje is the total thickness of the dielectric layer(s) and

N
AEDiel(Vapp> =e- Vapp —e-Vep —2kg-T -1In < A> [2.35]

7

The flat-band voltage Vgp is given by

2

(2

1 Ny
e- Vi = ¢1op — Xsi — (Ec si— Ersi) = ¢Top — XSi — (Eg,Si +kg-T-In < - >> [2.36]

where ¢, is the work function of the top electrode, N4 is the Silicon doping level and
n; is the intrinsic carrier concentration of Silicon.

FN Simulations of Al,0;—BaTiO; Bilayers

The just discussed FN model is used to simulate the leakage currents of BaTiO3 in the
following architecture: p—doped Silicon substrate is used as bottom electrode. The di-
electric layers are a thin layer of AlsOs and a high—k layer of BaTiOs on top of one
another. The top electrode is Aluminum. The band structure is illustrated in Figure
2.8. The left diagram shows the band structure when no voltage is applied having a
flatband-voltage (indicated with a red circle) due to the fact that the top electrode has
a different work function than the Silicon bottom electrode. The right diagram shows
the same structure at an applied external bias.

(pAn

- EF,An

Figure 2.8.

Band structure of the device architecture that is used for FN-simulations is shown. Left and right
diagram corresponds to the structure when no voltage is applied and when a positive voltage is
applied, respectively.

Figure 2.9 shows the calculated tunneling currents for the before mentioned device
structure using: a) a 10 nm thick BTO layer, b) a 2 nm thick Alumina layer and ¢) a
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combination/stack of both a 2 nm Alumina layer and a 10 nm BTO layer. The values that
were used for the calculation are listed in Table 2.1. This simulation clearly shows that
the Alumina blocking layer decreases the leakage current by several orders of magnitude
and agrees well with the experimental results we will discuss in the experimental section.
Furthermore, at a thickness of 10 nm for BTO and 2 nm for Alumina the leakage current
is mainly dominated by the leakage current through the Alumina layer.

Figure 2.10 shows the same device architecture but with the thickness of BTO being 5
nm comparing two different thicknesses for Alumina: 1 nm and 1.5 nm. Even a small
difference of 0.5 nm in thickness for the blocking layer changes the resulting leakage
current significantly due to the exponential decay of quantum mechanical tunneling with
increasing thickness. Also, it is important to note that for thinner Alumina blocking
layers the tunneling currents are not dominated by the Alumina layer but rather are
influenced by the BTO dielectric itself.

Not only the thickness of the dielectric can largely decrease the magnitude of the leakage
currents but also the electron affinity of the dielectric layer is a fundamental parameter
when it comes to FN tunneling behavior. This is illustrated in Figure 2.11 where the
leakage currents are calculated for a 10 nm thick BTO layer having different electron
affinities xBaTio, Of 3.78 €V and 3.48 eV. This shows that a small difference of 0.3 eV in
electron affinity can reduce the leakage current by several orders of magnitude and that
without using any blocking layer. Doping might be a possible technique to facilitate this
change in band structure and electron affinity as will be observed in the experimental
section of this thesis.

Parameter Symbol Value Ref.
Electron affinity of Silicon XSi 4.05 eV [33]
Band gap of Silicon Es si 1.12 eV [33]
Doping level of Silicon Ny 10 cm™3 | [10]
Intrinsic carrier concentration of Silicon n; 1010 [33]
Electron effective mass of Silicon Meff Si 0.26 - mg [33]
Electron affinity of Alumina XAl O3 1.0 eV [34]
Electron effective mass of Alumina Meff AL, O3 0.28 - mg [35]
Electron affinity of BTO (cubic) XBaTiO3 3.76 eV [36]
Electron effective mass of BTO (cubic)  meg BaTio, 6.5 - mo [37]
Electrode work function of Aluminum  ¢a 4.08 eV [38]
Table 2.1.

List of parameters that were used for FN tunneling calculations.
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Figure 2.9.

FN tunneling currents as a function of applied voltage are plotted. Different dielectric layers are
used for each calculation. A 2 nm thick Alumina layer, a 10 nm thick BTO layer and a stack of
both 2 nm thick Alumina and 10 nm thick BTO.
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Figure 2.10.

FN tunneling currents as a function of applied voltage are plotted. For the calculation a 5 nm
thick BTO layer is used. On the left and right hand side plot a 1 nm and 1.5 nm thick Alumina
layer is used, respectively.
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Current Density (A/cm?)

10 nm BTO, Chi=3.78
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Figure 2.11.

FN tunneling currents as a function of applied voltage are plotted. A comparison between BTO

layers of different electron affinities is shown.
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2.4

Defect Induced Mechanisms

In the previous mechanisms the electron energy with respect to the metal electrode was
of importance (i.e. temperature and applied field) for tunneling/conducting through a
dielectric film. These mechanism did not consider any defects in the dielectric film and
assumed an ideal dielectric film with an undisturbed band structure. In this section,
defect induced tunneling and conducting mechanisms will be discussed in more detail.

In trap-assisted tunneling (TAT) electrons can tunnel in a two step process first to a trap
site, that has a much lower energy than the conduction band position of the dielectric
(a so-called deep trap) and in a second step tunnel from the trap to the top electrode.
This is illustrated in Figure 2.13(a). There are several models (several of them discussed

in [32]) that can be used for this mechanism, one of them models the current as[39
da P.(w)P.(2)
Jrar = e A-np(z) =——7 do 2.37
m=e | A L (2371

where A is a fitting parameter, nr(x) is the spatial trap concentration and P.(z), P.(x)
are the probabilities of electrons being captured or emitted by traps, respectively. It
further should be noted that there is elastic and inelastic TAT where in the latter one
the electrons captured by a trap can relax through phonon interactions. Also, if the trap
density is high enough can result in the Fermi level being pinned to the trap energy level
at the interface.[%0] The trapped charges may also influence the electric field distribution
within the dielectric layer.[41]

The Poole-Frenkel (PF) mechanism is comparable to the Schottky emission as it is
based on electrons being thermally excited from a trap site inside the dielectric into the
conduction band. This process can further be facilitated by an externally applied field
making it easier for the electron to be elevated into the conduction band. Figure 2.13(b)
illustrates the band diagram and the path of the electrons. The current density can be
modeled as follows!42]

—e(pp — v/ eE/(mereq)
kT

Jpr(E,T) = euncE - exp [2.38]

where p is the electron drift mobility, n¢ is the density of states in the conduction band
and e¢r is the energy level of the traps. This mechanism is commonly observed in the
case of high temperatures and high fields.

The hopping conduction mechanism is caused by electrons tunneling from one trap to

the next. This is similar to TAT, just that it is a sequence of tunneling as well as the
traps tend to form a band below the conduction band (usually higher than deep traps).
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Figure 2.13(c) illustrates the band diagram for the hopping mechanism. The current
density caused by hopping conduction is given byl42]

e(al — ¢T)}

2.39
T [2.39]

Ju(E,T) = eancv - exp [
where a is the mean distance between traps and v is the frequency of thermal vibration
of electrons at the traps. This mechanism can still occur at lower temperatures when
PF mechanism would not have enough thermionic energy to lift electrons up into the
conduction band.

Additionally to these three main defect-assisted mechanism there are a few other ones
that should be mentioned here:

During ionic conduction ions can move through the dielectric by means of an applied
field from one trap/vacancy to another. As the mass of the ions are large compared to
the electrons, this effect can mostly be neglected for thin dielectric films.

Grain boundaries can largely effect the behavior of tunneling currents through a (poly-
crystalline) dielectric film. Unlike for quantum mechanical tunneling of electrons, here
electrons can be localized at the grain boundaries (similar to TAT) which then act as
percolation path through the layer (cf. Figure 2.12). This may largely increase leakage
currents through a dielectric. However, if the resistivity of the grain boundaries is much
larger than the one of the grains, this can also reduce/limit the conduction through a
polycrystalline film.

Figure 2.12.
Tllustration on how grain boundaries can act as percolation paths for leakage currents in an MIM
structure.

There are a few other mechanism that are not discussed here such as impact ioniza-
tion, 3] hot carrier tunneling,[44] ohmic and space charge limited conduction.[42]
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Figure 2.13.

Band diagrams illustrating (a) Trap-assisted tunneling (TAT) via deep traps, (b) Poole-Frenkel
(PF) emission and (c) hopping conduction.
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1 Deposition Techniques

1
( Deposition Techniques

1.1
Atomic Layer Deposition (ALD)

Thin film deposition has become of great importance in the semiconductor industry
as device scaling progresses deep into the nm regime. While there is a wide selection
of thin film deposition techniques such as chemical vapor deposition (CVD), chemical
beam epitaxy (CBE), ion beam deposition (IBD), molecular beam epitaxy (MBE) and
physical vapor deposition (PVD), atomic layer deposition (ALD) will be the key enabling
technique in this thesis.

ALD is a form of CVD in which the chemical reaction is split up into two (or more) self-
limiting surface reactions. Unlike in CVD where there is a continuous flow of precursors,
in ALD the precursors are introduced sequentially until (due to the self-limiting nature)
saturation of the precursor reaction with the surface has occurred and the by-products
and remaining precursors are purged out. These (gaseous) precursor pulses separated
by purges comprise a so-called ALD cycle that generally is separated into half-cycles:
The precursor (typically a metal halide or metal organic compound) half-cycle and the
oxidation/nitration/sulfation (oxygen, water, nitrogen, NHs, HoS,... ) half-cycle.
Figure 3.1 illustrates one ALD cycle of trimethylaluminum (TMA, Al(CHs)s) and water,
oxygen plasma or ozone to form a monolayer of AlyOs. In the case of water as a
co-reactant (often referred to as thermal ALD) the following two half-steps occur
separated by two reaction chamber purges:

[1.] TMA is pulsed into the reaction chamber. One of the methyl (CHs) ligands reacts
with the hydroxyl (O-H) group at the surface in a self-limiting fashion. This occurs
until the surface is saturated (or sites are unaccessible due to steric shielding or
geometric constraints).

Al-O-H + Al(CH3)3 — Al-O-Al(CH3z), + CHy

[2.] The by-products (CH4) and unreacted precursors are purged out of the chamber.

[3.] Water is pulsed into the reaction chamber. The remaining methyl ligands can react
with water to form Al,O3 and CHy.

Al CH; + HyO — Al-O-H + CH,

[4.] The by-product (methane) and remaining HoO are pumped out of the chamber.

This sequence forms one ALD cycle to produce a monolayer of AloO3. By repeating this
sequence the number of atomic layers deposited by ALD can be controlled.
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Figure 3.1.

ALD process of a AlsOg3 is illustrated. TMA is used as a precursor in the first half-cycle. Water,
ozone or Oy plasma is used for the second half-cycle.

Due to the self-limiting nature of ALD it is known to have precise thickness control
down to the sub-nanometer range as well as the ability to deposit films conformally over
complex high AR 3D structures.[*®] There is a range of advantages that ALD has over
other thin film deposition techniques:

= The films are very continuous and pinhole-free which is crucial for thin dielectric
films.

Also films produced with ALD are extremely smooth and conformal.

ALD can be used on very large substrates and is only limited to the size of the
reaction chamber.

® Due to sequential application of the precursors the reactants are not in contact in
the gas phase (unlike CVD) and therefore cannot react with each other.

ALD operates at rather low temperatures (typically below 500 °C) which results
in a small diffusion length and hence inhibits intermixing of deposited films.

ALD is much cheaper compared to other thin film techniques (e.g. MBE).
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Surface Chemistry in ALD

The self-terminating nature of ALD is strongly depending on the surface chemistry and
thus needs to be discussed in detail. The adsorption of the precursor molecules on the
surface can be divided into two processes called physi- and chemi-sorption. Physisorption
causes minimal changes in the adsorbed precursor and its process is not dependent on
the chemistry of the surface or the precursor itself. Therefore, multiple layers can be
physisorped at once, rendering this process unsuitable for ALD. Chemisorption on the
other hand changes chemical bonds during the adsorption process and hence may limit
the chemisorption of another precursor molecule on the same surface site. Hence, ALD is
limited to chemisorption that is self-limiting with its chemisorpted species stable enough
to not desorp from the surface during purging.

There these types of chemisorption mechanismsl?! are illustrated in figure 3.2:

= Ligand exchange: (Figure 3.2 (a))
The reactant is split on the surface and the ligand combines with a surface group to
form a gaseous reaction by-product. This can also occur for more than one ligand
(second reaction in figure 3.2 (a)). This process consumes additional surface groups
but does not bond more metal to the surface.

= Dissociation: (Figure 3.2 (b))
The reactant is split onto two or more reactive sites on the surface without pro-
ducing a gaseous by-product.

= Association: (Figure 3.2 (c))
The reactant forms a coordinative bond with a reactive surface site and is desorbed
without releasing by-products/ligands.
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Figure 3.2.

Schematic view of chemisorption mechanisms in ALD. Big white circles are ligands, small black
circles metals, small white circles are surface sites which are able to react with the ligands, small
gray cycles are surface sites which are able to react with metals. Adapted from [46].
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Growth Per Cycle (GPC) and the ALD Window

A key parameter for checking whether or not the chemical reaction is in a self-limiting
regime or not is the growth per cycle (GPC). Unlike in CVD where a growth rate (unit:
inverse time) is stated, GPC is more useful for ALD due to the cycle based fashion it
operates in. GPC is typically in the range of low fractions of an A to less than 2-3 A.
When experimentally testing if the process is in the self-limiting regime two parameters
are studied and their effect on the GPC: The precursor dosing time and the purging
time. If the reaction is self-limiting the GPC has to saturate with increasing precursor
dosing time as shown in Figure 3.4(a). Additionally, if the purging time is chosen too
short, remaining unreacted precursor molecules in the reaction chamber may react with
the second precursor (e.g. the oxidant) in the gas-phase and increase the GPC beyond
its saturation point. Hence, increasing the purge time (cf. Figure 3.4(b)) should ensure
a saturation at the same GPC as the precursor dose saturated value.

Temperature is another important parameter that determines self-limiting behavior. The
“ALD window” is the range of temperatures in which the reaction is self-limiting and
therefore is in the ALD regime.[45] For lower temperatures than the ALD window, the
reactions may lack of thermal energy (reduced GPC) or the reactants could condense on
the surface (increased GPC). At temperatures that are too high, surface species could
desorp from the surface (and thus be unavailable for further surface reactions) resulting
in a reduced GPC, or they could decompose and allow additional reactant adsorption
resulting in an increased GPC. The GPC as a function of temperature is schematically
plotted in Figure 3.4(c). Classically the GPC stays constant within the ALD window,
however the GPC can increase/decrease due to a variation in film density, concentration
of surface groups or composition as indicated by dashed lines in Figure 3.4((:).[47]
Additionally, the GPC can change as the number of cycles increases. This is the case if
there are differences in the surface chemistry between substrate and ALD grown material.
For substrate-enhanced growth the GPC is higher for the first couple of cycles due to the
substrate surface sites being more reactive than the ones of the ALD produced material.
Conversely, for substrate-inhibited growth the GPC is lower for the first few cycles.
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Figure 3.3.

(a) Growth per cycle (GPC) as a function of precursor dosing time showing saturation. (b) GPC
as a function of purging time showing an increased GPC for too short purging times. (c) GPC
versus temperature indicating the “ALD window”. Dashed lines represent variations in GPC
within the ALD window.[47]
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Growth Types for ALD

Ideal two-dimensional growth (i.e. layer by layer) takes place in idealized ALD due to
the self-limiting nature of the reactions. But due to steric hindrance of the ligands (avail-
able reactive surface sites are blocked by chemisorped precursor molecules) and limited
number of available surface sites, growth of less than a monolayer per cycle can occur.
For growth of less than a monolayer per cycle different growth processes are occurring
which are schematically illustrated in Figure 3.4.[46]

These are the following growth types for ALD with less than a monolayer per cycle
growth:

» Two-dimensional growth:
Deposited material prefers to adsorb in the lowest unfilled layer.

= Island growth:
Precursors preferentially deposit on already ALD-grown material. This growth
type is commonly observed for ALD.

= Random deposition:
New material deposits randomly on all available surface sites. Due to the self-
limiting nature this results in a smoother layer than in continuous deposition pro-
cesses like CVD.

The growth type can vary between the first few layers and the layers deposited there-
after. This strongly depends on the efficiency of the reaction of the precursors with the
initial substrate. Often island growth could be dominant at first and these islands tend
to grow together forming a continuous film. Ultra-thin films for a non-ideal ALD process
are most likely rough and not conformal to the initial substrate.

“I_I_II_I_II_III %
iy mies s

(a) (b) (c)

Number of cycles

Figure 3.4.
Different growth processes schematically illustrated with increasing number of cycles. (a) two-
dimensional growth, (b) island growth and (¢) random deposition. Adapted from [46].
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1.2
Plasma-Enhanced Atomic Layer Deposition (PEALD)

Plasma enhanced ALD (PEALD) is a modification of ALD that facilitates plasma (e.g.
O2, No, Ar, H) as the second reactant to strip off the remaining ligands at the surface
in contrast to using a gas (e.g. water vapor, ozone or NOg). PEALD is part of energy-
enhanced ALD in which energy is supplied in situ to convert a traditional thermal
ALD co-reactant (e.g. Oz, Ng, etc.) into a highly reactive species with a short-term
stability.[#”] Other examples for energy-enhanced ALD are UV-assisted ALD and ALD
using ozone or nitrogen oxide generated in an ozone generator. The additional energy
and highly reactive species such as radicals, ions, electrons and high energy photons can
facilitate the ALD reaction at a lower thermal budget.

Depositing AlyO3 by PEALD instead of thermal ALD using TMA, facilitates an Oq
plasma instead of water in the second half-step as depicted in Figure 3.1. The excited
oxygen species O* reacts with the methyl ligand forming methane and carbon dioxide as
by-products: (Note that there is also a combustion-like reaction occurring forming CO
and Hy0)

2[Al-CHs] 4+ 40" — 2[Al-O-H] + CH4 + COq

PEALD has advantages over conventional thermal ALD processing including lowering
of process temperature (hence minimizing the thermal damage during device fabrica-
tion), improving film quality (density, electrical properties and roughness) and enabling
deposition of new materials with a wider selection of precursors.#7-48] Due to the wider
space of parameters that can be used in PEALD (plasma power, pressure, exposure
time) film properties and stoichiometry can be tuned. Also, in conventional thermal
ALD water vapor usually takes longer purging times as it tends to stick to the reactor
side-walls, whereas plasmas require only a very short time for purging.

Coverage of High AR Surfaces by PEALD

While for thermal ALD conformal coverage of 3D structures is considered to be one of
its biggest advantages and has been shown to be feasible for an AR of 1:200,[491 PEALD
is often thought to have a disadvantage because excited plasma species tend to recom-
bine on sidewalls in narrow trenches.[’%51 In literature, a conformal coverage of 3D
structures for SiOy and HfO5 up to an AR of 1:60 has been shown for PEALD films.[52]
While in the experimental part of my thesis the conformal coverage of PEALD TiO9 will
be studied in detail, here I want to review two papers from literature studying PEALD
in terms of high AR coverage.

The first paper that will be discussed here is an experimental work studying the con-
formality of Al,O3 and AIN deposited by PEALD by Dendooven et.al.:133] Unlike many
other approaches studying high AR coverage (based on micro/nanoscopic substrates), in
this work a macroscopic rectangular shaped hole is masked (by cutting out a rectangle of
poly—tetrafluoroethylene film that is clipped) onto a Si substrate and is studied in terms
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of penetration depth of a deposited PEALD film into that macroscopic hole (as illus-
trated in Figure 3.5(a)). The big advantage of this method is that sample preparation
for post-characterization is not required and hence many different plasma conditions can
be studied very seamlessly and requires only ellipsometry for measuring the thickness of
the deposited film as a function of penetration depth into the macroscopic hole. Also,
the AR can simply be changed by changing the dimensions of the cut-out hole (thickness
of film that is used for masking, or width of the rectangular hole).

First, they studied the difference between ALD and PEALD in terms of conformality
of different ARs as seen in Figure 3.5(b)&(c), respectively. As expected, ALD shows
a higher penetration depth than PEALD at the same AR. In a next step, they stud-
ied different plasma conditions during PEALD and how they affect the penetration
depth/conformality. The parameters that were studied were RF plasma power, pres-
sure and plasma exposure time as shown in the plots in Figure 3.5(d)—(f), respectively.
Changing the plasma RF power from 50 W to 150 W showed a large improvement,
whereas changing it from 150 W to 350 W barely showed any further improvement sug-
gesting that the effect is saturating/leveling off. In terms of the pressure during the
plasma step, minor improvements in the penetration depth were observed with increas-
ing pressure. A continuous and fairly significant improvement is seen with increasing the
plasma exposure time per cycle, although this was not studied beyond a 18 s exposure
time and may improve the AR coverage even more thereafter (as will be studied for
PEALD TiOg in the experimental part of this thesis).
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Figure 3.5.

(a) Ilustration of geometry used for masking a macroscopic hole with defined AR. (b)&(c)
Measured film thickness as a function of penetration depth comparing ALD and PEALD for
different ARs, respectively. (d)—(f) Effect of plasma power, pressure and plasma exposure time
is studied by plotting film thickness with penetration depth, respectively. Adapted from [53].
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The second paper that will be discussed here is a simulation-based work by Knoops
et.al. studying the conformality of PEALD in general:[® Their simulation approach is
based on a simple but powerful Monte-Carlo calculation in which only two parameters
are used, the recombination probability r and the reaction/sticking probability s. The
first one (r) is a parameter representing surface reactions where the incoming reactant
species changes in such a way that it cannot contribute to the ALD process anymore.
The latter one (s) can be viewed as the probability that a surface reaction does con-
tribute to the ALD process. The simulations process goes through the following steps:
A two-dimensional rectangular trench is assumed comprised of entrance, side-walls and
bottom (each being segmented into intervals). A particle is generated at the entrance
with a random direction — the impact point with a side-wall/bottom is calculated for
this particle (if the direction was chosen so it would go outside of the entrance, a new par-
ticle is generated instead). For this interval at the side-wall/bottom a random number
between 0 and 1 is generated and if this number is smaller than r the particle recombines
and does not contribute to the reaction (hence a new particle will be generated at the
entrance). But if the random number was lager (or equal) r and if this interval was
not occupied by another particle previously, another random number is generated and
compared with the parameter s. If this random number is larger or equal to s or the
interval was already occupied, the particle gets reflected at a random direction and the
previous steps are repeated. If the random number was smaller than s the particle sticks
to that interval and therefore contributes to the ALD reaction.

The simplicity of this model is to note, as it is 2-dimensional and does not consider any
influences on the chemistry of the reactions (such as temperature and particle veloci-
ties), instead these influences can be studied by their effect on the parameters r and s.
Nevertheless, this model gives insight into the different regimes that limit the conformal
coverage of an high AR trench.

Figure 3.6(a) shows the absolute saturation dose (absolute number of particles generated
to achieve a saturation of the intervals of the side-walls/bottom) as a function of AR
and sticking probability s for the case r = 0, that being more representative for thermal
ALD (no unstable radicals present). Here, two limiting regimes can be identified: The
Reaction-limited regime, where s < 1 and the required dose for saturation is indepen-
dent of the AR. And the Diffusion-limited regime, where AR is high and the required
dose does not depend on the value of s. The normalized saturation dose (normalized
to the dose required for saturating a trench with AR of 1) as a function of the AR for
different r (r > 0 being representative for PEALD) and s values is plotted in Figure
3.6(b). For this case, a new regime can be identified: The recombination-limited regime,
where 7 is non-zero and the dose does not anymore depend on the sticking probability
S.
For these three identified regimes, the deposition profiles are illustrated at the top of
Figure 3.7(a)—(c), respectively. The plots at the bottom are showing the normalized
number of wall collisions (normalized to the total number of particles needed for achiev-
ing saturation) as a function of depth into the trench for representative values for r and
s for the three limiting regimes. Figure 3.7(a) compares the first and last 105 particles
for the reaction-limited case. In (b) the wall collision profiles of 6 - 105 particles in steps
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of 10° are compared for the diffusion-limited case. And lastly in (c) the first and last
107 particles are compared for the recombination-limited case.

These plots show that in the reaction-limited regime growth occurs simultaneously
throughout the trench, in the diffusion-limited regime a moving deposition front is ob-
served and in the recombination-limited regime growth occurs throughout the trench
but with a reduced rate near the bottom.
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Figure 3.6.

(a) Case of r = 0 (representing thermal ALD). Absolute saturation dose as a function of AR and
sticking probability s is plotted. (b) Case of r > 0 (representing PEALD). Normalized saturation
dose plotted as a function of AR, s and r. Adapted from [54].
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Figure 3.7.

Normalized wall collisions are plotted as a function of depth into the trench for the three limiting
regimes. Comparison of (a) first and last 10° particles for the reaction-limited regime (AR= 10,
s =0.0005, r = 0), (b) 6 - 10° particles in steps of 10° for the diffusion-limited regime (AR= 50,
s=1,7=0) and (c) first and last 107 particles for the recombination-limited regime (AR= 10,
s=0.1, r =0.3). Adapted from [54].
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2
( Material Characterization by High Energy Photons (X-Rays)

2.1
X-Ray Photo-Electron Spectroscopy (XPS)

One of the most commonly used techniques for obtaining surface sensitive information
about the chemical composition is X-ray photo-electron spectroscopy (XPS). Addition-
ally, chemical state (e.g. oxidation state and local binding) and electronic state infor-
mation can be extracted from peak fitting models. The experimental setup of XPS is
illustrated in Figure 3.8(a): An X-ray beam is generated (typically 1.5 keV) and focused
onto a sample surface. This process of high energy photons radiated onto a sample can
knock out electrons from the core (leaving core holes) hence emitting photo-electrons
(illustrated in Figure 3.8(b)) that are measured by a kinetic electron energy analyzer
at a defined angle. Additionally, at the end of the energy analyzer there is an electron
detector counting electrons. XP spectra are plots of electron counts as a function of
electron energy. The fact that electrons penetrate only about 10 nm of a solid material
makes XPS a very surface sensitive technique. Also, this requires the experimental setup
to be carried out in ultra-high vacuum.

XPS, in principle, can detect any element with an atomic number of 3 (Lithium) or
heavier and usually gives a concentration detection limit of ~ 0.1 at%. However, this
accuracy strongly depends on the element and overall concentration in the sample.
Most modern XPS system have a sputtering gun (e.g. Ar™ ions) to enable depth profil-
ing of a sample. This is especially useful when dealing with thin films. Additionally, for
analyzing thin films, electrons from different depths can be detected by angle-resolved
XPS (ARXPS). In this technique the emission angle at which the electrons are collected
is changed providing information about the thickness and composition of ultra-thin films.
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Figure 3.8.
(a) Experimental setup of XPS is shown schematically. (b) Illustration of high energy photon
exciting a core electron that can be measured by the kinetic energy analyzer.

48



2 Material Characterization by High Energy Photons (X-Rays)

2.2
X-Ray Diffraction (XRD)

Here a short summary will be given on X-ray diffraction (XRD) that is the most common
technique to investigate the structure of materials. The experimental setup consists of
the X-ray source, a sample stage and an X-ray detector. Usually X-rays are generated
by heating a filament to produce electrons that then are accelerated by an applied volt-
age to bombard a target material. If these electrons have sufficiently high energy they
can move inner shell electrons that in turn generate characteristic X-ray spectra. The
most commonly used target material is Cu producing Ko (A = 0.154 nm) radiation. As
this wave length is comparable to atomic distances in a periodic lattice it is suitable for
investigating crystalline structures. For this purpose Figure 3.9 illustrates diffraction on
a periodic lattice with distance d between atomic planes. The incident wave comes at
an angle f with respect to the sample and has a wave length A\. The incident wave is
scattered by the atoms and if the scattered wave at each atomic plane stays in phase,
constructive interference occurs. They stay in phase if the path length of each scattered
wave is an integer multiple of the wavelength. Looking at the geometry of incident and
diffracted beam as well as the spacing between atoms and using simple trigonometry (il-
lustrated in Figure 3.9), one arrives at the Bragg condition for constructive interference:

2dsind = nA [3-1]

Hence, at specific angles 6 constructive interference is observed corresponding to specific
distances d in the periodic crystal. These distances are also labeled djx; according to
lattice planes with so-called Miller indices (hkl). These indices give information about
the type and orientation of the plane.

For acquiring diffraction profiles 20—w scans are carried out in which the X-ray source
is usually at a fixed position, the stage rotates with w and the detector rotates with 26.
In this setup, an intensity profile is recorded by the detector as a function of its position
20. The angle of the sample stage w is always set to half the value of 20 resulting in a
symmetric setup where the incident beam has the same angle 6 with the sample as the
reflected beam. Figure 3.10 illustrates the 260—w scanning setup.
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Figure 3.9.

Graphical illustration of a wave scattered by a periodic lattice. If the difference in path length
(= 2dsind) of waves scattered by two neighboring atomic planes is equal to an integer multiple
of the wave length then constructive interference occurs fulfilling Bragg’s law.

20

Figure 3.10.
Schematic setup for XRD measurements with the 20—w scanning geometry. For a symmetric

setup w is set equal to 6.
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Grazing Incidence X-Ray Diffraction (GIXRD)

A technique based on XRD is the grazing incidence XRD (GIXRD) technique in which
w is set to a fixed shallow angle (~ 1°) while the detector scans over the 26 range.
This technique is similar to the previous one but is specifically useful for thin films on a
(ideally amorphous) substrate. Due to the shallow incidence the signal stemming from
the topmost surface is much larger compared to the signal stemming from the deeper
regions of the sample due to the limited penetration depth. Figure 3.11 illustrates the
setup used for GIXRD.

As intensity reduces with increasing angle 260 there are two ways of reducing the scanning
time for GIXRD (or XRD in general):

® Instead of using a point detector that scans along 26, using an areal detector that
records the whole 2-dimensional information with one single measurement (also
includes more information such as texture)

= Using synchrotron radiation instead of conventional Cu-Ka radiation, as the much
higher intensity results in an improved signal-to-noise ratio and shorter exposure

times.
N3
'@C’\o
00
20
Source
Wi ___ SampleN\\N™ — — - = _ _ _
Figure 3.11.

Schematic setup for GIXRD measurements with a shallow fixed angle w. The detector scans
along 26.
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X-Ray Reflectivity (XRR)

X-ray reflectivity (XRR) is an X-ray diffraction technique that is used to investigate
density, thickness and roughness of thin films. Experimentally this is a 260—w scan be-
tween 260 = 0° and 26 ~ 5°. For a typical XRR pattern of a single layer thin film the first
drop in intensity corresponds to the density of the layer. The distance between fringes
(Kiessig fringes) is inversely related to the thickness of the film. The slope of the falloff
of the fringes is related to the roughness of the surface. A typical XRR plot is shown in
Figure 3.12 and the three film properties and its characteristic features in the XRR plot
are emphasized. For more than one layer the features are more difficult to interpret and
are inter-dependent, but fitting software is well developed for obtaining accurate film
properties for multiple layers.
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Figure 3.12.

Typical X-Ray Reflectivity (XRR) curve. Features of the XRR plot that give insight into the
properties of the measured film (density, thickness, roughness) are indicated.
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3
( Material Characterization by Low Energy Photons (UV/Visible)

3.1

Spectroscopic Ellipsometry

Spectroscopic ellipsometry is a commonly applied technique used for determining op-
tical properties and thickness (as well as roughness, composition, crystallinity) of thin
films. For this purpose, this technique measures changes in polarization resulting from
a reflection (or transmission) from a material structure (such as a thin film on top of
a substrate) to gain insight into the investigated material. Figure 3.13 illustrates the
experimental setup of spectroscopic ellipsometry schematically. The incident beam has
a predetermined polarization and is reflected (or transmitted) from a sample. The re-
flected beam’s change in polarization is then measured by a circular analyzer. This
procedure is typically done at changing incident wavelength as well as different angles
of incidence.

Polarized light

; N Rotating analyzer

Sampe

Figure 3.13.
Schematic setup of spectroscopic ellipsometry is illustrated. Incident beam is polarized and
reflected off the sample, then the polarization change is measured by a circular analyzer.

The parameters measured by ellipsometry are the amplitude change ¥ and phase
change A of the reflected wave with respect to the incident wave. With these two
parameters the ratio of the two complex reflection coefficients R, and R (corresponding
to the p and s components of the polarized wave) is given by

g’; = tan(P)e'S [3.2]
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Usually the angle of incidence is chosen close to the Brewster angle to maximize the
difference between R, and R,. A typical experimental result obtained from ellipsometry
is plotted in Figure 3.14.
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Figure 3.14.

Typical data is shown as obtained from spectroscopic ellipsometry. Polarization change is plotted
as a function of wavelength of the incident beam at different angles of incidence. As the reflectance
ratio is complex, two components are measured: Amplitude change ¥ and phase change A as
displayed in (a) and (b), respectively.

Spectroscopic ellipsometry can provide information about optical properties and the
thickness of a thin film by fitting models to obtained experimental data. It is important
to note, that optical properties and film thickness are intertwined in the fitting model.
Hence, to accurately determine the thickness of a thin film one has to know the optical
properties (i.e. n(\) +i- k(X)) of this material very accurately. For this purpose, either
previous experimental data (from literature) can be used, or the Cauchy model can be

employed to model the optical constants:[39]

B C

1 1
k(A =p5- —— = 3.4
(A) Bexp['y<A Lﬂ [3-4]
where A, B, C, 8, v and L are all fitting parameters.

[3.3]
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3.2
Ultraviolet Photo-Electron Spectroscopy (UPS)

Ultraviolet photo-electron spectroscopy (UPS) is a technique in which the photo-electric
effect is used to measure the work function (WF') of a metal or the valence band offset
of a semi-conductor. Figure 3.15(a) illustrates a basic setup of an UPS instrument.
An UV photon source is focused onto a surface and an electron counter is placed in
a 90° angle to the sample surface (if the detector geometry deviates from this angle
the WF is measured incorrectly[%]). The energy of the incident photons can be varied
which results in plots of photon energy versus electron count. For these plots Fowler’s
hypothesis is used in determining the WF of metals. Straight lines are fitted to plots
of quantum yield to the half power versus incident photon energy. For energies lower
than the photo-electron onset a straight baseline is fitted. After the onset an increase is
observed that is fitted linearly and the intersection point of this line with the baseline
gives the photo threshold (i.e. the WF).[57] A typical UPS plot for determining the WF
is displayed in Figure 3.15(b).
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Figure 3.15.
(a) Hlustration of the experimental setup for UPS. (b) Typical plot for a metal measured by
UPS. Linear regression gives photo threshold that determines the WF.
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4
( Material Characterization by Electrons

An important tool for this thesis’ characterization work was the transmission electron
microscope. This section will give an overview of how it operates and which techniques
it has to offer. This has been already very well discussed in my diploma thesis and hence
my text has been reused here and slightly modified.[58!

4.1

Transmission Electron Microscopy (TEM)

The transmission electron microscope (TEM) became a powerful tool in material science
in the last few decades and tackles the challenges and questions that arise from modern
science, material physics and nanotechnology. The first TEM was build in 1932 by the
group of E. Ruska and M. Knoll (as well as the group of H. Johannson and E. Briiche)
that only had a similar resolution limit as a conventional light microscope. Nowadays
modern TEM reach resolutions below one Angstrém by means of an aberration corrector.
The reason for being able to achieve such resolutions is that the wavelength X of electrons
(of the order of pm) is much smaller than the wavelength of (visible) light (~500 nm)
and therefore the theoretical resolution limit § defined by the Abbe diffraction limit is
much smaller:

_0.61-XA _ 0.61-)

n - sin o «

5 [3.5]

where n is the refractive index and « the collection semi-angle. In the case of the TEM
the refractive index is equal to one and the collection angle is very small due to aberra-
tions and small diffraction angles. Hence, in TEM the wavelength, the aberrations and
the collection angle govern the resolution limit.

Electrons can easily be focused to a designated part of the sample which can give local
diffraction information unlike X-ray methods (as discussed in the previous section) that
averages over the bulk.

Additionally, electrons (= ionizing radiation) interacting with the sample produce a wide
range of secondary signals from the sample such as characteristic X-rays that can be fa-
cilitated for spectrometry and elemental mapping. One common technique is energy
dispersive X-ray spectroscopy (EDX).

Magnetic lenses are applied to focus electrons building an electro-optic system. To
achieve high resolution in a TEM the aberrations of the magnetic lenses have to be cor-
rected and minimized. The main disadvantage of using electrons is that extremely thin
specimens are required to transmit electrons. This makes sample preparation difficult
(as discussed in a following section).

Figure 3.16 illustrates the basic setup of a TEM operating in both imaging and diffraction
mode.59 There are two types of sources for electrons: Field-emission and thermionic
sources. Field-emission sources emit electrons when a high electric field is applied while
thermionic ones produce electrons when heated. The big advantage of field-emission
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sources is that they irradiate monochromatic electrons. Tungsten, Wolfram or LaBg are
commonly used as filament which lies inside the Wehnelt cylinder. The emitted electrons
are accelerated by the applied voltage between filament (cathode) and anode (typically
80 — 300 kV) and then focused by condensor lens(es) with the typical diameter of the
electron beam being a few micrometers. The electron beam is diffracted by transmitting
through a specimen and forms the first diffraction pattern in the back focal plane where
an objective aperture can be inserted to select a specific diffraction spot. Selecting a
diffracted spot for the formation of an image makes it a dark-field (DF) image. While
selecting the un-diffracted spot results in an image that is called bright-field (BF) im-
age. Beams that pass the objective aperture form the first intermediate image by use
of the objective lens. In the plane where this image is formed a selector aperture can
be inserted to select a specific area to get a diffraction pattern from — this technique is
called selected area diffraction (SAD). Below this selector aperture there are two more
magnetic lenses (intermediate and projector lens) to increase the magnification of the
final image at the imaging plane. The strength of the intermediate magnetic lens is
changed to switch between imaging and diffraction mode. Switching between image and
diffraction pattern can be done almost instantaneously and is one of the big advantages
of using a TEM.

Setup, components such as magnetic lenses and their aberrations as well as contrast
formation of TEM images, theory of diffraction among many other topics are discussed
in more detail in the standard textbooks.!59-63]
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Figure 3.16.
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Schematical setup of a TEM is depicted. Bright field (BF) imaging mode and selected area
diffraction (SAD) mode are illustrated on the left and right side, respectively. The intermediate
lens in SAD mode is used at lower voltages than in imaging mode in order to display the diffraction

pattern on the screen. Adapted from [59].

58



4 Material Characterization by Electrons

High-Resolution TEM (HRTEM)

BF and DF TEM imaging techniques are not capable of resolving columns of atoms. This
becomes more clear once one is aware that the diffracted electron wave function can be
written as the Fourier transform of f(7), the scattering factor distribution: ¥(Ak) =
F[f(7)]. For BF/DF only a very small range of k values in the reciprocal space is selected
by the objective aperture and therefore cuts off higher spatial frequencies (that being
equivalent to smaller distances). In high-resolution TEM (HRTEM) a bigger (or no)
objective aperture is used. Since HRTEM is a phase contrast imaging technique the
aperture has to include the transmitted beam and at least one of the diffracted beams.
The formation of lattice fringes in phase contrast imaging may be illustrated by looking
at the interference of two beams: 0 and g. The resulting intensity gives a sinusoidal
oscillation normal to § with the distance of the maxima being equal to 1/ ¢.192] Figure
3.17 illustrates lattice fringes for different apertures.

Lo -Te
02 g3
93 _--. 92
-8 kS
. N

Figure 3.17.

Lattice fringes resulting from the interference of the selected diffraction spots as depicted on the
left. Area of selection corresponds to the apertures that are illustrated by dashed ellipses.

Note that the fringes observed are not direct images of the structure but instead give
information about crystal orientation and lattice spacings.

In the idealized case (no aberrations) the spatial resolution increases with increasing
number of collected (diffracted) beams within the aperture. But mainly due to spherical
aberration of the objective lens the information corresponding to high spatial frequencies
(high k values) is lost. This sets the spatial point resolution of the TEM. Nowadays,
thanks to spherical aberration correction this limit has fallen below 1 A. Furthermore,
each (ideal) point in the sample becomes a disc in the image. This is described by the

59



Doctoral Thesis - Peter Schindler

point spread function (PSF). Thus, the object wave function () is convoluted (de-
noted by ®) with the PSF and gives the intensity distribution at the imaging plane.
The Fourier transform of the PSF is called the contrast transfer function (CTF). This
is summarized in the following table:

Object Image
() - () @ PSF(7)
FlpM] =¢(@) — Fu(@)]- FIPSF()] = ¢(g) - CTF(g)

— —

The CTF can be expressed as exp(ix(g)) where x(§) is the phase distortion function
that is given byl62]:

o 1
x(§) = TAfAG? + §7TC'S)\394 [3.6]

For the object wave function the phase-object approximation can be applied (holds
only for thin specimen). Hence, the 3-dimensional potential V(x,y, z) of the sample is
projected onto a 2-dimensional potential of thickness ¢:

t
Vi(a,y) = /0 V(e y, 2)dz (3.7]

Furthermore, it is assumed that V;(z,y) < 1 for thin specimen that being the so-called
weak phase object approximation (WPOA). Thus,

b(x,y) = Y & 1+ ioVi(x,y) [3.8]

where o is the interaction constant.
Finally, putting the CTF and Equation 3.8 together gives

I=1-9" =20V;sin(x(7)) [3.9]

At points where sin(x(g)) is zero no contrast is transferred. Hence, to optimize the
CTF one has to minimize the number of zeros of this function. This can be achieved by
balancing the focus Af and the spherical aberration Cs. The optimum is obtained at
the Scherzer defocus and is given byl62]

AfScherzer =-1.2 Cs>\ [3.10]

At A fscherzer all information is transferred up to the first zero-crossover.
Interpreting HRTEM /phase contrast images of atomic structures is not an easy task

due to the fact that the contrast is affected by spherical aberration, defocus, thickness
of the specimen and the microscope itself (PSF).
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Cross-sectional TEM Sample Preparation

TEM sample preparation in a cross-sectional view is necessary and useful for a lot of
samples but especially important when dealing with thin films deposited on a substrate.
With this technique film thickness, morphology, interfaces and structure can be investi-
gated in a TEM. In this section, a conventional way of preparing cross-sectional TEM
samples is explained as it introduces less artifacts into the sample compared to a focused
ion beam (FIB) preparation approach. While the conventional approach is less destruc-
tive it also takes more effort and time to learn this and carry out this procedure.
Figure 3.18 illustrates the main steps of a conventional cross-sectional TEM sample
preparation. In the following list the steps will be explained assuming the sample is a
thin film that was deposited on a Si substrate:

[1.]

[2.]

3]

[4.]

[5.]

[6.]

[7.]

[8.]

The Si sample is broken apart into at least two pieces (roughly 100 mm x 10
mm rectangles) and glued together face to face using a Gatan G1 two component
epoxy. This epoxy glue is liquid at room temperature and hardens when heated
over ~ 150 °C. This step makes a stack of two Si pieces with the deposited layers
embedded in between (hence it would be protected from oxidation from this point
on, in case the sample is sensitive to air exposure).

Once more the pieces are embedded with the same glue within two pieces of Si to
make the stack more robust against the mechanical treatment in the next steps.

This stack is sliced by a diamond saw orthogonal to its long side (100 mm long)
to cut one or more samples of width 1-2 mm.

The sliced sample is further drilled with a circular drill to make the rectangular
shape fit the TEM holder’s restriction of a maximum diameter of 3 mm. Figure
3.18 displays a zoom-out of the cross-section showing that the Si pieces with the
deposited layer face each other and are separated by roughly 1 pum of epoxy glue.

Now the sample is mechanically polished (starting with a rough lapping paper of
30 pum granular size and transitioning step-wise to a fine paper of 1 ym) from both
sides to have a thickness of below 20 yum. Note that the illustration shows the side
view of the sample that was displayed in the previous step.

In this (optional) step the sample is further grinded by a dimple grinder (illustra-
tion in Figure 3.18) to make the sample thinner close to the center/cross-section.

The very thin sample is carefully removed from the stub/holder that was used for
grinding by acetone and transfered to a (diameter 3 mm) TEM slot grid with the
Gatan two component epoxy.

In the last step, the sample is ion milled by a Gatan PIPS 2 at 5 kV, 3 kV, 1
kV at angle setting 5, 3, 1, respectively. This is done until a hole starts to form
at the cross-section. Close to the hole the sample should be less than 100 nm in
thickness, hence electron transparent and ready for TEM characterization.
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Even though conventional cross-sectional TEM preparation is much less destructive
and hence introduces less artifacts than an FIB approach, potentially still artifacts
such as heating,[0495] generation of an amorphous layerl®] or physical/chemical dam-
age/(re)deposition may be introduced.[0%]

[1.] [2] mmmmmn [3]
LB e T
Si % \
[
[4.]
— [5.] mmmsr 1< 20 pm
s T
E / \‘I ALEDP:)a:;rs L Grinding wheel
o~ T
ALD layers 3 < >
e Si [6] —
C—=ripje

Sample mount

[7.]

Figure 3.18.
Graphical illustration of the cross-sectional TEM sample preparation steps. Each step from
(1.)—(8.) is explained in the main text.
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4.2
Selected Area Electron Diffraction (SAD)

As just described, in the plane where the first intermediate image is formed by the
objective lens a selector aperture can be inserted to select a specific area to get an SAD
pattern from. An SAD pattern gives information of the Fourier-transformed object
wave function (7), or to be more precise, about |F[(7)] - F[PSF(7)]>. In Fourier
space periodic features in the object wave function (eg. stemming from a crystalline
lattice) are equivalent to single points (with their distance from the center being inverse
proportional to the spacing of the corresponding periodicity in real space). This property
is very useful when categorizing the structure of an area with periodic features (or lack
thereof).

Figure 3.19 illustrates the different categories of SAD patterns that can be observed
depending on the type of structure that is investigated:

= Amorphous, (a):
It has no long-range order and consists of randomly arranged atoms (that still may
have a short/medium-range order). Its SAD pattern has an un-diffracted central
spot and intensity falling off radially from that center. A radial intensity profile
shows a broad peak with its peak distance from the center corresponds inversely
to the next-nearest neighbor distance of the atoms (radial atomic distribution
function).

= Crystalline, (b):
It has a periodic long range order and consists of atoms arranged in a lattice. Its
corresponding SAD pattern shows sharp peaks that stem from different symmetry
planes in the crystal. Also, the observed pattern is a 2-dimensional cut of the
3-dimensional reciprocal lattice of the crystal.

= Polycrystalline (without texture), (c):
It has domains of long-range order, but these domains are randomly oriented. This
causes the discrete diffraction spots to become diffraction rings. The radius of the
ring is inversely proportional to the distance of the corresponding symmetry planes
in the crystal.

= Polycrystalline (with texture), (d):
It has domains of long-range order and these domains are not completely randomly
oriented but have preferred directions (i.e. a texture). Here only certain arcs of
the rings are visible depending on the texture of the material. An arc always shows
an equivalent arc mirrored across the center (un-diffracted) spot.

= Nanocrystalline, (e):
It has small domains (few 100 nm or less in diameter) of long-range order (that
actually may contain texture or not). The resulting SAD pattern shows spots and
small arcs of the diffraction rings (with some or no texture observed).
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(a) Amorphous (b) Crystalline

(c) Polycrystalline (d) Polycrystalline (e) Nanocrystalline
(w/o texture) (w/ texture)
/ N\ R
/7 \\\ AN
(\\/ o)
\> A N
N ~—-7

Figure 3.19.

Tlustration of SAD patterns originating from different structures: (a) Amorphous, (b) Crys-
talline, (c¢) Polycrystalline without texture, (d) Polycrystalline with texture and (e) Nanocrys-
talline. Note that dark and bright are inverted in this illustration.
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1
( PEALD of TiO; on High AR Substrates

As described in the introduction of this thesis, key pieces of modern day technology such
as the DRAM keep following the trend of device scaling.[87] Two strategies are pursued
to maintain the necessary capacitance while scaling down the area of the DRAM: Using
a high—k dielectric and facilitating a high aspect ratio (AR) surface to enhance the
capacitance by the effective surface area.[%8701 Hence, first the conformal coverage of
TiO4 on high AR substrates is studied in detail in this section.

1.1

Introduction

Promising candidates for high—k dielectric materials are HfO2,127l BaTiO5[18] as well as
TiO5."1 Furthermore, TiOs is the basis for more complex high—k dielectrics such as the
perovskites (BaTiOs, SrTiOs and BaSrTiOg3) as well as Al-doped TiOy that not only
have a high dielectric constant but also exhibit low leakage currents.["2! Aside from being
an attractive choice for a high—k dielectric, TiO9 has a wide variety of applications such
as dye-sensitized solar cells,[73] gas sensorsl™ and photocatalysis.[?5 Generally, crys-
talline TiOs exists in three polymorphic modifications — anatase, rutile, and brookite
— that have different dielectric constants. Anatase has a dielectric constant of around
40 whereas rutile’s dielectric constant is about 80, although there is a large variation in
these values depending on synthesis method and geometry.l®78] The brookite phase
is theoretically estimated to have an even higher dielectric constant than the rutile
phase.[1980 There are no experimental reports for the dielectric constant of brookite
TiO2 due to the fact that it is not a stable phase by itself and is always accompanied by
secondary phases.

Atomic layer deposition (ALD) is a thin film deposition technique that is known to have
precise thickness control down to the sub-nanometer range as well as the ability to de-
posit films conformally over complex high AR 3D structures.[*3] Plasma enhanced ALD
(PEALD) is a modification of ALD that facilitates plasma (e.g. Oz, N3, Ar, H) as the
second reactant to strip off the remaining ligands at the surface in contrast to using a
gas (e.g. water vapor, ozone, or NO2). PEALD has advantages over conventional ther-
mal ALD processing including lowering of process temperature (hence minimizing the
thermal damage during device fabrication), improving film quality (density, electrical
properties and roughness) and enabling deposition of new materials.[47-48]  While for
thermal ALD it has been shown that conformal coverage of 3D structures up to an AR
of 1:200 is feasible,*®] PEALD is often thought to have a disadvantage because excited
plasma species tend to recombine on sidewalls in narrow trenches.30-51 In literature,
a conformal coverage of 3D structures for SiO and HfOs up to an AR of 1:60 has
been shown for PEALD films.[?] Simulations indicate that for PEALD processing with
plasma species that have low probability of recombination loss a conformal coating of
ARs of 1:30 should be feasible, whereas for plasma species that exhibit high recombina-

67



Doctoral Thesis - Peter Schindler

tion losses ARs as low as 1:10 may be challenging.!¥] Conformal coatings of high AR
substrates is important not only for DRAM but can also be facilitated to functionalize
nanoparticlesl® and to fabricate nanostructures.[82l

In this section we establish PEALD as a fabrication approach to synthesize a thin film
(< 20 nm) of TiO3 on the surface of a high AR trench substrate with thickness controlled
down to the nanometer scale. We show that a conformal coverage of trenches up to an
AR of 1:30 can be obtained by increasing the in-cycle plasma exposure time. Cross-
sectional transmission electron microscopy (TEM) is used to evaluate step coverage (i.e.
thickness of deposited layer at the bottom divided by its thickness at the top of the high
AR trench substrate). High resolution TEM (HRTEM) and grazing incidence X-ray
diffraction (GIXRD) data reveal structural information of the deposited TiO2 layer and
are further corroborated by energy dispersive X-ray spectroscopy (EDX) maps.

1.2
Experimental Methods

Material Fabrication

TiO2 was deposited by plasma enhanced atomic layer deposition (PEALD) in a Fiji ALD
reactor (Cambridge Nanotech/Ultratech) that is equipped with a remote inductively
coupled plasma generator. The base pressure of this ALD reactor is 200 mTorr while
there is a constant flow of Ar at 60 sccm in the precursor manifold line. Tetrakis-
(dimethylamido)titanium (TDMA-Ti) and Oz plasma were used as precursors. The
titanium precursor was maintained at 75 °C and was pulsed for 0.3 s per cycle followed
by a 60 s long exposure (i.e. valve separating chamber and pump closed). After the
TDMA-Ti exposure the chamber is purged for 60 s to remove the remaining (unreacted)
precursor and the by-product resulting from the reacted ligands. As co-reactant an
oxygen plasma is used generated by a remote inductively coupled plasma generator at a
power of 300 W. A constant flow of Ar with 200 sccm is provided through the plasma line
while during the plasma step there is an additional Oy flow of 50 sccm. After the plasma
exposure the chamber is purged for another 10 s. Substrate temperature and plasma
exposure time are varied and studied in this paper. All TiO films were deposited by
200 cycles with the above described parameters.

Material Characterization by TEM

The cross-sections of the samples were prepared following the conventional TEM sample
preparation procedure described by Strecker et al.[83] Samples were glued face—to—face,
mechanically polished to less than 10 gm. Final thinning to TEM transparency was per-
formed by ion milling in a precision ion polishing system (Gatan, PIPS 2). Selective area
diffraction (SAD) pattern analysis was performed in order to examine the crystallinity
of (PE)ALD TiO3 films on trench substrates. The diffraction data were collected over
the selected area of 3.4-10* nm?. The morphology of the trenches and step coverage was
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examined using transmission electron microscopy (TEM, FEI Tecnai G2 F20 X-TWIN
FEG, 200 kV) equipped with an energy dispersive X-ray spectrometer (EDX) that was
utilized to examine the elemental composition of the trenches in plan and cross sectional
view.

iKY Material Characterization by XRD

For the grazing incidence X-ray diffraction (GIXRD) data a synchrotron radiation mea-
surement was conducted at the SLAC National Laboratory (Stanford, CA). Synchrotron
radiation yields a better signal-to—noise ratio compared to conventional XRD sources
due to the higher intensity and the directionality of the beam. The beam energy was
12.7 keV, resulting in a wavelength A of 0.97626 A. The beam power was 10 kV  20.0
mA. The sample was placed 150 mm away from an aerial detector with a grazing angle
w set to 1°. The detector was exposed for 30 seconds per measurement. The recorded
aerial diffraction pattern was then integrated radially to display the intensity versus 26
plots (unprocessed aerial data is shown in Figure 4.9). The amorphous background was
subtracted.

1.3

Results and Discussion

A typical substrate that is used for enhancing the capacitance of a dynamic random ac-
cess memory (DRAM) device is illustrated in Figure 4.1(a). Cylindrical holes are etched
into thermally grown SiOg to enhance the effective surface area of the substrate that
therefore increases the capacitance. The substrate that is used in this work consists of
trenches (i.e. cylindrical holes) that have a diameter of about 55 nm and a depth of 1600
nm, giving a high aspect-ratio (AR) of 1:30. The morphology of the trenches resembles a
conical cylinder that reduces in diameter with depth. To assess how well a dielectric layer
can coat such a high AR substrate, thermal atomic layer deposition (ALD) and plasma
enhanced ALD (PEALD) of TiO thin films were studied as shown in the schematic in
Figure 4.1(b). The step-coverage is the metric used to assess the quality of coverage of
the deposited films and is defined as the thickness dpottom Of the film at the bottom of
the trench-like substrate divided by the thickness diop at the top, in percent [cf. inset
images in Figure 4.1(b)]. Figure 4.1(c) shows a cross-sectional transmission electron
microscopy (TEM) image of the high AR trench substrate without any deposition at
low magnification. To compare thermal ALD with PEALD in terms of step-coverage
200 cycles of TiOs were deposited on the high AR substrate using both techniques with
a substrate temperature of 250 °C. In PEALD of TiOy an Os plasma exposure time
of 3 s was chosen per cycle. Figure 4.1(d) and (e) display cross-sectional TEM images
taken of TiO9 deposited by thermal ALD at the top and bottom of the trench-like sub-
strate, respectively. The measured thickness was averaged for five different locations
in the sample. Thickness of the TiO2 layer deposited by ALD was (12.51 4 0.18) nm
and (12.06 £ 0.14) nm at the top and at the bottom respectively, corresponding to a
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step-coverage of (96.4 £ 1.4) %. Figure 4.1(f) and (g) show analogous results for TiOq
deposited by PEALD. For PEALD of TiOz the thickness of the layer was (14.68 4 0.48)
nm and (11.64 +0.35) nm at the top and at the bottom respectively, corresponding to a
step-coverage of (79.3+2.6) %. The thickness of TiOy deposited by (PE)ALD decreases
monotonically from top to bottom of the trench.

The observation of a step coverage close to 100 % for the TiOs film deposited by thermal
ALD on a substrate with an AR of 1:30 is in good agreement with literature data.[49-84]
During thermal ALD the precursor pulse time is the main limiting factor for high AR
coverage.18%] Hence, the perfect coverage of TiOy during thermal ALD ensures that the
chosen TDMA-Ti pulse time of 0.3 s is sufficiently long and cannot be a limiting factor
during PEALD either. The lower step-coverage for the TiO4 film deposited by PEALD
can be explained by the fact that excited plasma species are likely to recombine on the
sidewalls of narrow trenches.[50-51]

wu 0091

Figure 4.1.

(a) Schematic illustrating the morphology of the high AR trench substrate. Inset indicates
dimensions of trench-like holes that give an AR of 1:30. (b) Illustration of substrate covered
with TiOs by (PE)ALD. The step coverage (in percent) dpottom / diop is measured as shown in
the inset images. (c) Cross-sectional TEM image of high AR trench substrate. (d),(e) Trench
substrate with TiOy deposited by thermal ALD (250 °C, 0.3 s TDMA-Ti (heated to 75 °C)
pulse, 0.06 s HoO pulse) in cross-sectional view at the top and bottom, respectively. (f),(g)
Trench substrate with TiOy deposited by PEALD (250 °C, 0.3 s TDMA-Ti (heated to 75 °C)
pulse, 3 s Oz plasma) in cross-sectional view at the top and bottom, respectively.

To further investigate the morphology and chemistry of PEALD TiOs films on high
AR substrates elemental energy dispersive X-ray spectroscopy (EDX) maps were per-
formed in scanning TEM mode both in cross-sectional view and plan view as displayed
in Figure 4.2(a)—(d) and (e)—(h), respectively. The maps colored in green for the Si-K
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edge are shown in (b) and (f). The Ti-K edge maps in yellow are displayed in (c) and
(g). The red maps in (d) and (h) view the signal resulting from the O-K edge.

From the EDX maps a clear interface between the PEALD TiO9 layer and the high
AR SiOs substrate can be found. This observation is in agreement with a low diffusion
coefficient of Titanium in thermally grown SiOs, that has been reported®] to be lower
than 61071 cm? /s at 1000 °C (substrate temperature in our sample was as low as 250

°Q).

STEM-DF Si-K Ti-K

Cross-section

#

Plan view

Figure 4.2.

STEM-DF and EDX maps illustrate the morphology of PEALD TiOs films on high AR trench
substrates in cross-sectional view, (a)—(d), and plan view, (e)-(h). EDX elemental maps of Si,
Ti and O are shown in (b)&(f), (¢)&(g) and (d)&(h), respectively.

In terms of step-coverage PEALD at a common plasma exposure time (3 s per cycle)
showed inferior performance compared to thermal ALD (as seen in Figure 4.1). Pre-
viously, it has been shown that the conformality of PEALD can be improved by (i)
increasing the plasma power, (ii) increasing the chamber pressure and (iii) increasing
the plasma exposure time.[?3] Also, for thermal ALD it is known that reactant exposure
time is the limiting factor for coating high ARs conformally.[85]
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Hence, studying the effect of changing the plasma exposure time on the step-coverage
during PEALD of TiOs is of interest. The plasma exposure times in this study are
1-2 orders of magnitude longer than conventionally applied. While from an industrial
perspective extended plasma duration may not be desirable it may become feasible in
next generation reactor designs. Figure 4.3 plots step-coverage of PEALD TiO, films
(200 cycles) on high AR trench substrates at 200 and 250 °C substrate temperature as a
function of the plasma duration per cycle. The step-coverage of the PEALD TiO. film
at substrate temperature 200 °C and plasma duration per cycle of 3 s, 60 s and 180 s
was (89.3 +4.4)%, (92.9 +2.1)% and (95.9 + 2.0)%, respectively. For the PEALD TiO»
film at a substrate temperature of 250 °C the step-coverage for the samples with a 3
s, 60 s and 180 s plasma duration was (79.3 £ 2.6)%, (85.5 +3.2)% and (93.4 + 5.2)%,
respectively. Corresponding TEM micrographs, detailed thicknesses from the top and
bottom of the trench and GPC at the top of the trenches can be found in section 1.5.
Any positive step coverage, even at a short plasma duration (3 s), is compatible with
the surface recombination loss probability r of oxygen on SiOs, that being as low as
~ 10~4.187.88] Eyrthermore, the reaction probability s (also referred to as sticking prob-
ability) of an oxygen plasma during PEALD of Al;O3 has been reported to be higher
than 0.1.134 Due to the low recombination loss probability 7 and the high reaction prob-
ability s the PEALD TiO4 process is in the diffusion-limited deposition regime, i.e. that
is the regime in which the saturation dose strongly increases with increasing AR (but
depends little on the reaction probability s).[54] This also explains the improvement in
step coverage with prolonging the plasma duration which increases the dose of plasma
radicals.

Combustion-type reactions of oxygen radicals with the organic CHg groups of the TDMA—
Ti precursor produce CO, COs and HyO.18 The H,0 produced in the primary combus-
tion reaction can further react with an unreacted organic ligand giving rise to a thermal
ALD component during PEALD. This secondary thermal ALD reaction plays a minor
role in case of a flat substrate since the secondary reaction competes with primary com-
bustion of ligands where the flux of oxygen radicals is much larger than the amount of
secondary H2O. However, it might become more dominant for a high AR trench sub-
strate as the flux of plasma radicals decreases with increasing depth into the trenches,
resulting in unreacted CHs groups that are available to react with the secondary HsO.
Reactivity of TDMA-Ti precursor with oxygen (no plasma) alone was observed during
our experiments and to our knowledge there has been no report about this observation
in literature to date. Oxygen’s reactivity with TDMA-Ti is fairly low (0.057 A/ cycle
for 100 pulses of TDMA-Ti with 15 s exposure of oxygen) but might contribute to the
improvement of step-coverage during long exposure times due to no recombination losses
of unexcited species of Os down the high AR trench. It should be noted that at 250
°C the TDMA-Ti precursor starts to decompose which might contribute to the step
coverage.190]

Radicals are less likely to recombine at trench side-walls at lower temperature.[®® Hence,
the overall lower step coverage of TiOo grown at a higher temperature of 250 °C can be
explained by the fact that the recombination loss probability r for oxygen increases for
increasing temperatures.[gll
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Figure 4.3.

Step coverage of PEALD TiO; on high AR trenches as a function of plasma exposure time in the
oxidation half-cycle at a substrate temperature of 200 and 250 °C. Error bars indicate standard
deviations taken from 5 measurements within the same cross-sectional TEM sample.

To get insight into the structure of the deposited films TEM and grazing incidence
X-ray diffraction (GIXRD) were employed as displayed in Figure 4.4. The high resolu-
tion TEM (HRTEM) micrograph in cross-sectional view (taken at the top of the high
AR trench substrate) in Figure 4.4(a) displays PEALD TiO2 deposited at 250 °C with
a plasma exposure time of 60 s. The SiOo high AR substrate shows amorphous contrast
whereas the deposited TiO2 shows lattice fringes that are displayed in Figure 4.4(b)
in an inverse (filtered) fast Fourier transformation (IFFT) image. From the IFFT two
lattice spacings of 4.32 and 3.49 A with an angle of 64.7° can be identified as (200)
and (111) planes of the brookite phase of TiOg, respectively. Figure 4.4(c) compares
the experimentally acquired selected area diffraction (SAD) pattern (sample with 250
°C substrate temperature) with a simulation of the electron diffraction pattern for the
anatase phase of TiOy. The diffraction spots in the SAD pattern fit very well to the
simulated anatase pattern. In addition, two spots corresponding to a spacing of 2.91 and
2.49 A are observed and can be attributed to the (211) and (102) planes of the brookite
phase of TiOq, respectively. To corroborate the structural data obtained by TEM, Fig-
ure 4.4(d) displays GIXRD patterns of PEALD TiO; deposited at 200 and 250 °C with
a plasma duration of 60 s. The peaks stemming from the underlying Si substrate are
denoted by an empty triangle. At both substrate temperatures the anatase phase peaks
of TiO2 (denoted by a solid rhombus symbol) are observed. In the sample with substrate
temperature of 250 °C an additional peak for the brookite phase of TiOs (denoted by
empty square) can be found at 19.6° corresponding to the (121) plane. Further brookite
peaks may overlap with Si and/or anatase peaks at 16.1°, 29.8° and 34.2° for the (111),
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(231) and (241) planes in brookite, respectively. Detailed overview of peak positions and
corresponding phase are listed in Table 4.1. Raw data from the areal detector is available
in section 1.5 and shows that there is no texture in the PEALD grown crystalline TiO9
film.

The structural information gained from the SAD pattern of the sample deposited at
250 °C in Figure 4(c) agrees very well with the data obtained from GIXRD in Figure
4.4(d). Most diffraction spots in the SAD pattern align with the anatase diffraction
rings whereas for brookite only few spots could be identified. Also, in GIXRD the peak
area for the (121) diffraction peak of the brookite phase is much smaller than the peaks
stemming from the anatase phase. While for the sample deposited at 200 °C no peaks of
brookite could be identified, the presence of a small fraction thereof cannot be ruled out.
Hence, the dominant phase for PEALD TiO, is anatase with a low fraction of brookite
in case of a substrate temperature of 250 °C. This observation agrees very well with pre-
vious literature data.[9293] The areas of the anatase peaks of the sample deposited at
250 °C are larger than the peak areas for the sample deposited at 200 °C indicating that
the crystalline/amorphous fraction is higher in case of a higher deposition temperature.
A higher substrate temperature than 250 °C was not considered because it would not
fall into the window of operation for ALD.[%0

 (d) —200C
o o —250C

® A X 4 Anatase

O Brookite

A Si

Siol

25

IFFT‘. (C) SAD Simulation Anatase

‘‘‘‘‘

Intensity (a.u.)

.......

\\\\\\

N

‘‘‘‘‘‘

““““““

T L e e e e B e
10 15 20 25 30 35 40 45 50

26 ()

Figure 4.4.

(a) HRTEM of PEALD TiO2 at the top of the trench substrate deposited at 250 °C and 60 s
plasma exposure time. (b) IFFT of indicated area [dashed square in (a)] revealing (200) and
(111) planes of the brookite phase. (¢) SAD pattern in comparison with the simulated electron
diffraction pattern of the anatase phase shows good agreement. The (211) and (102) diffraction
spots of the brookite phase are indicated by arrows. (d) GIXRD patterns of PEALD TiOs films
at 200 and 250 °C substrate temperature with a plasma exposure time of 60 s. The brookite
(121) peak can be clearly identified for the 250 °C sample.
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1.4

Conclusion

In summary, we have demonstrated that the conformal coverage of TiO2 on trenches
up to an AR of 1:30 can be obtained by PEALD. At a standard plasma time of 3 s
during PEALD the step coverage is inferior to the step coverage of TiO2 deposited by
thermal ALD. We showed that for PEALD of TiO5 the step coverage can be enhanced
by increasing the plasma exposure time per cycle, thus approaching the high conformal-
ity achieved by thermal ALD. In addition, the step coverage improves with decreasing
substrate temperature due to the temperature dependence of the recombination loss
coefficient. TiOs deposited by PEALD at 200 °C is crystalline and shows the anatase
phase. At a substrate temperature of 250 °C the brookite phase that is a crystalline
modification of TiO9 with a high dielectric constant is also present in the film as shown
with GIXRD, SAD and HRTEM. Hence, morphology, crystalline modification and cov-
erage of the TiOg layer can be controlled by the substrate temperature and the plasma
duration during PEALD.

1.5

Additional Information

EDX Line Scans

In Figure 4.5 cross-sectional and plan view scanning TEM dark field micrographs are
shown in (a) and (c), respectively. EDX line scans across the trench are indicated by
an orange dotted line in the dark field image. Si, Ti and O K-edge intensity profiles
are plotted in (b) and (d) in cross-sectional direction and planar direction, respectively.
Intensity profiles show the same trend observed in the EDX maps in Figure 4.2.
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Figure 4.5.

EDX line scans in cross-sectional and plan-view of PEALD TiOs on trench substrate for the Si,
Ti and O K—edges plotted in (b) and (d), respectively. Lines for the EDX scans are indicated in
the STEM dark field micrographs in (a) and (c).
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| Cross-Sectional TEM of PEALD TiO, with Different Plasma Exposure Times

Figure 4.6 shows cross-sectional TEM images of PEALD TiO2 deposited at 200 °C on
high AR trench substrates at top and bottom for plasma exposure times 3 s, 60 s and
180 s. The thickness is indicated by a white bar and is (14.4 +0.7) nm, (13.0 £0.3) nm
and (11.7+£0.2) nm measured at the top for the 3 s, 60 s and 180 s plasma duration sam-
ple, respectively. The thickness measured at the bottom is (12.8 £1.0) nm, (12.1+0.7)
nm and (11.2 £ 0.5) nm for the sample with 3 s, 60 s and 180 s plasma exposure time,
respectively.

Figure 4.7 displays cross-sectional TEM images of PEALD TiOs deposited at 250 °C on
high AR trench substrates at top and bottom for plasma exposure times 3 s, 60 s and
180 s. The indicated thickness at the top of the trench is (14.74+0.5) nm, (14.14+0.5) nm
and (15.3+£0.9) nm for the 3 s, 60 s and 180 s plasma duration sample, respectively. The
thickness measured at the bottom is (11.6+0.4) nm, (12.0+£1.0) nm and (14.3+£0.6) nm
for the sample with 3 s, 60 s and 180 s plasma exposure time, respectively. Thicknesses
were averaged over 5 different positions to give an accurate value and standard deviation.

200°C,3s 200°C,60s 200°C, 180 s

Bottom

Figure 4.6.

Cross-sectional TEM micrographs for PEALD TiOs deposited at 200 °C on high aspect ratio
trenches at 3 s, 60 s and 180 s plasma exposure time per cycle. Measured film thickness is
indicated by a white bar.
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250°C,3s 250°C,60s 250°C,180 s

Top

Bottom

20 nm

Figure 4.7.

Cross-sectional TEM micrographs for PEALD TiO, deposited at 250 °C on high aspect ratio
trenches at 3 s, 60 s and 180 s plasma exposure time per cycle. Measured film thickness is
indicated by a white bar.

Growth per Cycle as a Function of Plasma Exposure Time

The growth per cycle (GPC) of TiOg as a function of plasma exposure time per cycle
deposited at 200 and 250 °C is shown in Figure 4.8. The thickness at the top was mea-
sured at 5 different positions, averaged and was divided by the number of cycles (i.e.
200) to calculate the GPC. The GPC at substrate temperature 200 °C was (0.72+0.04)
A, (0.65+0.01) A and (0.59 +0.01) A for 3 s, 60 s and 180 s, respectively. For TiOq
deposited at 250 °C the GPC was (0.73 +0.02) A, (0.70 £0.03) A and (0.76 £ 0.04) A
at 3 s, 60 s and 180 s plasma exposure time per cycle, respectively. The GPC for TiO4
deposited by thermal ALD at 250 °C was (0.63 £ 0.01) A.

The GPC is slightly higher at 250 °C substrate temperature compared to 200 °C. In-
terestingly, the GPC for TiOs deposited at 200 °C decreases with increasing plasma
exposure time per cycle. This might be explained by an increase in density as the
plasma duration is extended.
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Figure 4.8.

Growth per cycle as function of plasma exposure time per cycle at 200 and 250 °C substrate
temperature as calculated from the thickness measured at the top of the trench substrate. Error
bars indicate standard deviation for 5 measurements.

Raw GIXRD areal detector data

In Figure 4.9 the raw data taken from the areal detector that was used during GIXRD
synchrotron experiments are shown. The diffraction ring patterns of PEALD TiO4 de-
posited at 200 °C and 250 °C are displayed in (a) and (b), respectively. Plasma exposure
time per cycle for both samples was 60 s. The intensity of the diffraction rings is very
uniform along the half circle indicating that there is no texture present in the PEALD
TiO2 film. For the final plot shown in main section in Figure 4.4 the intensity was
integrated over the half circle and the amorphous background was subtracted.

(a) 200°C, 60 s (b) 250°C,60 s

Figure 4.9.

Raw data of areal detector for GIXRD patterns of PEALD TiOs deposited at 200 °C and 250
°C as seen in (a) and (b), respectively. Plasma exposure time per cycle for both samples was 60
s. No texture is observed.
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Crystallographic peak analysis of GIXRD

An overview of all peaks observed as well as the corresponding phase it originates from
is summarized in Table 4.1. In detail: The peaks stemming from the underlying Si sub-
strate are denoted by an empty triangle and are located at 18.1°, 29.8°, 35.1°, 42.2° and
46.5° for the (111), (220), (311), (400) and (331) planes, respectively. At both substrate
temperatures the anatase phase peaks of TiOs (denoted by a solid rhombus symbol) are
seen at 16.1°, 23.4°, 24.1°, 29.8° [overlap with Si (220) peak]|, 33.7°, 35.1° [overlap with
Si (311) peak], 38.8°, 43.1° and 45.7° for the (101), (103), (004) [together with (112)],
(200), (105), (211), (204), (220) and (215), respectively. In the sample with substrate
temperature of 250 °C an additional peak for the brookite phase of TiOs (denoted by
empty square) can be found at 19.6° corresponding to the (121) plane. Further brookite
peaks may overlap with Si and/or anatase peaks at 16.1°, 29.8° and 34.2° for the (111),
(231) and (241) planes in brookite, respectively.

’ Peak position [°] ‘ Si substrate ‘ TiO, anatase ‘ TiO2 brookite ‘

16.1 (101) (111)
18.1 (111)

19.6 (121)
23.4 (103)

241 (004), (112)

29.8 (220) (200) (231)
33.7 (105)

34.2 (241)
35.1 (311) (211)

38.8 (204)

122 (400)

431 (220)

457 (215)

165 (331)

Table 4.1.

Summary of peaks observed in GIXRD for PEALD TiO> deposited at 250 °C and corresponding
phases.
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2
( Crystallization of TiO, Produced by PEALD

The study on the coverage of high AR trench substrates by PEALD TiO5 also indicated
that not only the temperature but also the plasma exposure time have an effect on the
morphology of the film. In this section, this observation is studied in more detail.

2.1

Introduction

For HfO, it was shown that depending on the type of plasma employed — remote or
direct — during PEALD the deposited film turned out amorphous or poly-crystalline,
respectively.[% For Si grown by plasma-enhanced chemical vapor deposition (PECVD)
a substrate DC bias influences the morphology of the film as shown by Koshku et al.[9]
These observations were attributed to the fact that the energy of the incident ions or
electrons facilitates the nucleation and the growth of crystallites.

Generally, crystalline TiO4 exists in three polymorphic modifications — anatase, rutile,
and brookite — that have different dielectric constants. Anatase has a dielectric con-
stant of around 40 whereas rutile’s dielectric constant is about 80, although there is a
large variation in these values depending on synthesis method and geometry.[70-78 The
brookite phase is theoretically estimated to have an even higher dielectric constant than
the rutile phase.[79-80]

For PEALD, TiO2 was reported (and also observed in the previous section) to be in the
anatase phase but the effect of plasma exposure time has not been studied.l%! Only after
a thermal anneal at 1100 °C the film is converted into the rutile phase.[®”] Furthermore,
it was previously shown that PEALD TiOs exhibits a surface with lower roughness as
well as a higher dielectric constant and lower leakage currents compared to TiOo de-
posited by thermal ALD.I98] Also, a dependence of the crystallization temperature of
TiO; (in an post-deposition anneal) on the oxidation agent was found.[?] When plasma
was present the crystallization temperature was reduced.

In this section we show XRD and TEM results of TiO2 deposited at different plasma ex-
posure times in the second half-step during PEALD. These results reveal that extended
plasma exposure times result in a more crystalline TiOy film. Crystallization of TiOq
using an extended plasma exposure is attractive due to the flexibility in substrates that
can be used: They do not need to be lattice-matched, and may even be amorphous.
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2.2
Experimental Methods

Material Fabrication

TiO2 was deposited by plasma enhanced atomic layer deposition (PEALD) in a FlexAL
ALD reactor (Oxford Instruments) that is equipped with a remote inductively coupled
plasma generator. The base pressure of this ALD reactor is 10~7 Torr. The substrates
were single-side polished p-doped Si wafers (sheet resistance of 0.008 2-cm, (100) ori-
ented). Titanium-tetraisopropoxide (TTIP) and Oy plasma were used as precursors.
The titanium precursor was maintained at 75 °C and was pulsed for 5 s per cycle. After
the TTIP exposure the chamber is purged for 60 s to remove the remaining (unreacted)
precursor and the by-product resulting from the reacted ligands. As co-reactant an
oxygen plasma is used generated by a remote inductively coupled plasma generator at
a power of 300 W. After the plasma exposure the chamber is purged for another 60 s.
Substrate temperature and plasma exposure time are varied and studied in this section.

Material Characterization

TEM samples were prepared as described in section 1.2.2. The morphology of the
deposited TiOg thin films was examined using transmission electron microscopy (TEM,
FEI Tecnai G2 F20 X-TWIN FEG, 200 kV). The crystallinity of TiO2 was examined
using grazing incidence X-ray diffraction (GIXRD). XRD was conducted in an X’Pert
PRO diffractometer (PANalytical). Cu Ka with a wavelength of A\ = 1.54056 A and a
power of 45 kV % 40 mA was used as incident X-ray source. Grazing angle was set to w =
1 °. Further, synchrotron experiments were conducted at SLAC, Stanford as described
in section 1.2.3.

2.3

Results and Discussion

Figure 4.10 shows GIXRD patterns of PEALD grown TiOs films deposited at three dif-
ferent plasma exposure times (3 s, 60 s and 180 s) for each PEALD oxidation half-cycle.
These samples were approximately 20 nm thick and were deposited by 600 cycles. The
diffraction peaks observed at 51° and 54° stem from the underlying Si substrate. The
peaks observed at 25.3°, 37.8°, 48.4° 55.1° and 62.7° can be attributed to the (101),
(004), (200), (211) and (204) planes of the anatase phase. Crystalline peaks for the 60
s sample appear to be sharper and an additional peak is observed at 36.2° that either
may be attributed to (101) planes of the rutile phase or (012) planes of the brookite
phase. In the 180 s sample this specific peak shows up as a shoulder of the neighboring
(004) peak of anatase. The sample deposited with 3 s plasma exposure time shows no
crystalline peaks.
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Hence, the dominant phase for PEALD TiOs is anatase with a low fraction of brookite
(and/or rutile) in case of a substrate temperature of 250 °C and a plasma exposure time
of 60 and 180 s. This observation agrees very well with previous literature data.[92-93]
The sample deposited with 3 s plasma exposure time turned out to be amorphous.

A Si ——180s
4 Anatase 60 s
O Rutile 3s
¢ O Brookite
@)
Oe ¢ Ao *

Intensity (a.u.)

20 ()

Figure 4.10.
GIXRD patterns of TiO2 on planar Si substrates deposited at 250 °C with varied plasma exposure
times 3 s, 60 s and 180 s for each cycle.

To get further inside, synchrotron measurements were performed to analyze the phases
of PEALD TiO4 at different substrate temperatures as well as plasma exposure times.
Figure 4.11 displays the raw data obtained from the areal detector from the GIXRD
experiments. Crystalline diffraction rings are observed at (b) and (c) (corresponding to
250 °C and 60 s and 180 s plasma exposure time, respectively) indicating that there’s
no texture present in the film. The dots with high intensity stem from the underlying
Si substrate.

The lack of texture in the deposited film is expected due to the amorphous nature of the
native SiO2 on the crystalline Si substrate.
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(a) 150 °C, 60 s (b) 250°C, 3 s

e 2400
ey b ) ,

Figure 4.11.

Areal detector raw data from GIXRD experiments using synchrotron radiation of samples of
PEALD TiOs is shown. (a) for TiOs deposited at 150 °C and 60 s plasma exposure time per
cycle. (b), (¢) & (d) correspond to TiO; films deposited at 250 °C with 3 s, 60 s and 180 s
plasma exposure time, respectively.

4 Anatase Annealed
O Rutile ——250C,180 s
O Brookite ——250C,60s
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Figure 4.12.

Synchrotron GIXRD patterns of TiOs deposited on planar Si substrates by PEALD at 150 °C
with a 60 s plasma exposure time and at 250 °C with a 3 s, 60 s and 180 s plasma exposure time.
For comparison a TiOs sample annealed at 1000 °C is shown as well.
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To obtain intensity—26 plots the raw data was integrated radially and a line profiles of
segments were taken that do not contain peaks/streaks from the underlying Si substrate.
The final plots are displayed in Figure 4.12. In addition to the previous three samples
grown at 250 °C an additional sample was investigated at 150 °C and a reference sample
was used that has been annealed at 1000 °C. Peaks stemming from the anatase phase can
be observed for the samples deposited at 250 °C with a 60 s and 180 s plasma exposure
time (as well as for the control sample) at 15.9°, 23.7°, 30.0°, 34.1° and 38.5° for the
(101), (004), (200), (211) and (204) planes, respectively. Both rutile and brookite have
their strongest peak at almost the same location as the (101) peak of anatase and hence
are not clearly distinguishable. Rutile has one additional peak at 33.6° for the (211)
plane that shows up as a shoulder of the (211) peak of the anatase phase. An additional
brookite peak can be observed at 25.1° corresponding to the (022) plane.

These results are consistent with the observed patterns in Figure 4.10 and further show
that there’s no texture in the film and that at 60 s plasma exposure time the TiOs film
turns out to be crystalline at 250 °C but amorphous at 150 °C.

To further corroborate the results, cross-sectional TEM samples were investigated
as shown in Figure 4.13. The TEM micrographs depicted in Figure 4.13(a)—(c) show
PEALD TiO4 deposited at 250 °C with a plasma exposure time of 3 s, 60 s and 180 s,
respectively. Crystalline fringes can be observed in the latter two cases but the sample
at 3 s plasma exposure time appears to be amorphous.

The TEM observation confirms the results obtained by GIXRD and shows a dependence
of crystallization on the plasma exposure time.

(a) 3s (b) 60s (c) 180 s

R

Amb}phu ’ Crystallin a Crystalline

10 nm

Figure 4.13.

TEM micrographs of PEALD TiO> deposited at 250 °C with a plasma exposure time of 3 s, 60
s and 180 s are shown in (a), (b) and (c), respectively. In (a) amorphous contrast is observed
whereas for (b) and (c) crystalline fringes can be seen.
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2.4

Conclusion

In summary, we have demonstrated the effect of plasma exposure time for the second
PEALD oxidation half-step on the crystalline structure of a PEALD TiO, film. At 250
°C deposition temperature and 3 s plasma exposure time the sample is in its amorphous
phase whereas at 60 and 180 s the film turns out to be crystalline. The crystalline
modification of the TiO film is mainly anatase with a low fraction of either brookite
and/or rutile. For further studies temperatures between 150 ° and 250 °C will be of
interest. From an application standpoint this result is very promising because it reveals
another process parameter for tuning structural, morphological (and hence electronic)
properties.
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3
( PEALD of BaTiO;

After studying PEALD of TiO5 in-depth with regard to its morphology and step-coverage
we moved on to the more complex ternary system BaTiOsz (BTO). While BTO was
deposited by ALD in the past,[14] its deposition by PEALD has not been reported to
our knowledge and hence its benefits are worth exploring. The implications of PEALD
BTO on future applications for DRAM, we believe, are significant.

3.1

Introduction

The use of high—k thin films that exhibit a low leakage current is essential in realiz-
ing DRAM capacitors with high charge storage density and long storage lifetime.[22-72]
Among high—k thin films, perovskites such as BTO, SrTiOs (STO), or (Ba,Sr)TiOs
(BST) are attractive candidates due to their exceptionally high dielectric constants main-
tained even for thin films (>100).[1415.20-22.99] Recent development of DRAM have also
necessitated the down-scaling of features to smaller dimensions (< 30 nm), i.e. higher
ARs, for enhanced information storage densities. Therefore, the conformal coating of
high—k thin films over the inner surface of high AR trenches is of great importance. In
this regard, ALD, which is dominated by unique self-limiting surface reactions, is an
attractive tool to fabricate DRAM capacitors. ALD enables the deposition of conformal
films over complex 3-dimensional geometries with precise thickness control. Addition-
ally, one can minimize the thermal damage of the device in the process of the deposition
due to the relatively low process temperature (< 400 °C) during ALD.43l PEALD, in
which excited species (such as ions and radicals) generated by a plasma are used to
react with ligands of the precursor during the second half-step, has several advantages
compared to the conventional thermal ALD;190 for example, the highly reactive plasma
species give more flexibility in processing conditions and materials properties. PEALD
films are also known to possess higher density and less contamination originated from
unreacted ligands, which potentially results in the lowered electrical leakage current of
dielectric oxide films.[100]

In this section, we demonstrate for the first time the successful deposition of PEALD
BTO films using cyclopentadienyl(Cp*)-type barium precursor, Ba(*Pr3Cp*)s (‘PrzCp*
= 1,2,4-trisisopropyl-cyclopentadienyl). The growth behaviors of the individual oxides
(i.e., BaO and TiO2) and of BaTiO3 have been tested and the ALD growth-mode was
confirmed. The detailed compositional, morphological, and crystallographic character-
istics of the PEALD BTO are presented, and compared to those of thermal ALD BTO
films previously reported.181 PEALD of BTO films showed to result in more uniform
and denser films with more crystallites dispersed in the amorphous BTO matrix, com-
pared to thermal ALD BTO. Lastly, the electrical performance of PEALD BTO films
is shown as a function of Ba—to—Ti cation ratio for the possible application in charge
storage capacitors.
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3.2
Experimental Methods

Material Fabrication

BTO films were deposited in a commercial PEALD reactor (FlexAl, Oxford Instru-
ments). Ba(“PrsCp)a (Air Liquide) and Ti(OCH(CHs)z)s (TTIP, Sigma Aldrich) were
utilized as the Ba and Ti precursors, respectively. The precursor canisters of the Ba and
Ti precursors were heated to 180 and 55 °C, respectively. Oxygen plasma was generated
from an inductively coupled plasma system (plasma power, 250 W; operating pressure,
15 mTorr). The BaO PEALD process consisted of i) Ba precursor injection (3 s) followed
by ii) Ba precursor exposure (60 s) to enhance diffusion and adsorption of the precur-
sor molecules, iii) precursor purging by Ar (60 s), iv) plasma stabilization (2 s), v) Oq
plasma injection (10 s) and vi) Ar purging (2 s). In case of the TiOy PEALD process,
i) TTIP injection (5 s), ii) precursor purging by Ar (5 s), iii) plasma stabilization (2 s),
iv) Oz plasma injection (3 s) and v) Ar purging (2 s) were employed. The BTO films
with different cation composition ratios ([Ti]/([Ba]+[Ti]) = 0.26-0.76) were fabricated
by alternately depositing one BaO cycle and several TiOs cycles, which together form
one super-cycle.

Material Characterization

The film thickness (dpTo), roughness and density were measured by X-ray reflectivity
(XRR) measurements (X’Pert Pro, PANalytical). The film thickness was also confirmed
by a spectroscopic ellipsometer (Woollam M2000). High-resolution transmission electron
microscopy (HRTEM) at an acceleration voltage of 300 kV was employed to analyze the
crystallization of the samples (FEI Titan ETEM 300 kV). TEM sample preparation is
described in section 1.2.2. The composition analysis was conducted by X-ray photo-
electron spectroscopy (XPS, PHI VersaProbe Scanning XPS Microscope) with Al (K«)
radiation (1486 eV). Atomic force microscopy (AFM, JEOL 5200) was used to charac-
terize the surface morphology of the films. For the electrical measurement, Pt/BTO/p-
doped Si metal-insulator—semiconductor capacitors were fabricated using highly p-doped
Si wafers (a sheet resistance of 0.008 Q-cm) as substrates and a DC-sputtered Pt (200
nm) film as the top electrode. The electrical properties, i) capacitance at 1 kHz and
ii) current density—voltage (J-V') curves (0 to +2 V) were measured by an LCR meter
(Agilent, model no. E4980A) and a Keithley SourceMeter (2636A), respectively. The
detailed process to obtain dielectric constants of BTO (egro) as well as the equivalent
oxide thickness (EOT), i.e. dgro(3.9/€epT0), Were reported at [10,18,27].
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3.3

Results and Discussion

We first investigated the basic ALD characteristics of the individual oxides BaO and
TiO2 in order to be able to deposit stoichiometric BTO. Figure 4.14(a) and Figure
4.14(b) show the growth per cycle (GPC) of BaO as a function of substrate temperature
(200-350 °C) and Ba precursor pulse time, respectively. The GPC of PEALD BaO in
the range of 250-300 °C was nearly constant at 0.25-0.26 nm/cycle with 4-7 % non-
uniformity on a 4-inch wafer. Furthermore, the GPC values of PEALD BaO at 250 °C
were saturated with a precursor pulse time longer than 3 s. However, the GPC of BaO
was significantly increased to 7.60 & 0.02 nm/cycle at 350 °C. Similarly, the measured
GPC values of PEALD TiO3 were ~0.045 nm/cycle with 2 % non-uniformity at sub-
strate temperatures of 200-300 °C (Figure 4.14(c)). Further, the GPC of PEALD TiO»
showed to be saturated with a precursor pulse time greater than 3 s as seen in Figure
4.14(d).

The saturation of the GPC with increasing precursor pulse time (in the range of 250-300
°C) implies that the deposition of BaO using Ba(*PrsCp)s and Os plasma lies within
the ALD window. The high GPC even at a relatively low deposition temperature (250
°C) clearly shows the benefit of using oxygen plasma as an oxidant over water or ozone.
Furthermore, the deposition at 250 °C is appropriate to sustain thermal stability of the
Ti-alkoxide-type precursor, TTIP, important for TiOs ALD growth.[?6] The significant
increase in GPC of BaO at 350 °C may be ascribed to the partial decomposition of
Ba(“Pr3Cp)s to smaller alkyl-substituted Cp* complexes.[22l Lee et al.[22:26] 450 re-
ported the chemical vapor deposition like growth of SrO when Sr(*PrzCp)s was initially
supplied to fresh substrates which readily provide oxygen (e.g. IrO2 and RuO3). Hence,
these substrates show to be unfavorable for depositing films with a uniform Ba—to—Ti
ratio in the direction of growth. In our work, this is not the case due to higher bond
dissociation energies of Si-O and Ti-O bonds over the Ba-O bond (bond dissociation
energies Hfagg (kJ/mol); Si-O: 798; Ti-O: 662; Ba-O: 563).1101] The observed GPC val-
ues of TiOg are consistent with the previously reported GPC values, 0.04-0.05 nm/cycle
at similar deposition conditions.[%] These results imply that the ALD mode deposition
of BTO, which is fabricated by repeating BaO and TiO» layers alternately, is possible
at the temperature range where both of them show a constant GPC, i.e. 250-300 °C.

88



3 PEALD of BaTiO3

1.0 0.4
] @ [(o)
08 0.3
5 77 5 ¢ 9
5. 0.6+ S
o 9 024
£ o054 E
O 03l o 0.1-
© N ©
) o a m
0.2 1 o
0.1 004 O
00 T T T T T T T T T T T T T T T
150 200 250 300 350 400 0 1 2 3 4 5 6 7 8 9 10 11
Temperature (°C) Ba precursor pulse time (s)
0104 (c) 0054 (d) 5
0.09 §
0.08 0.04 4 §
— 0.07 )
2 J 3]
. 0.06 3 0.03-
L ] €
€ c
E 0.05- =
9 0.04] ° ° ° O 0.02-
a 0.04
o ] ©,
o 0.03 o
2 ] F 001
0.02
0.01 4 0.004 ©
0.00 L L L L L I L R R B N A R R T T T T T T T T
150 200 250 300 350 0 1 2 3 4 5 6 7
Temperature (°C) Ti precursor pulse time (s)
Figure 4.14.

GPC of BaO as a function of (a) substrate temperature (with the precursor pulse time of 3 s)
and (b) Ba precursor pulse time (with the substrate temperature of 250 °C). GPC of TiO2 as
a function of (c) substrate temperature (with precursor pulse time of 5 s) and (d) Ti precursor
pulse time (with a substrate temperature of 250 °C). Error bars indicate standard deviations
obtained by 5 measurements.

Figure 4.15(a) shows the cation ratio [Ti|/([Ba]+[Ti]) inside the film depending on the
ALD cycle ratio (i.e., the number of TiOy cycles per one BaO cycle). The cation ratios
were controllable by simply changing the Ba:Ti cycle ratio. The film becomes slightly
Ba-rich ([Ti]/([Ba]+[Ti]=0.48) when the Ba:Ti cycle ratio is 1:1, and becomes slightly
Ti-rich ([Ti]/([Ba]+[Ti]=0.52) when the cycle ratio is 1:2. Figure 4.15(b) shows the GPC
versus the Ba:Ti cycle ratio. The GPC per super-cycle is increased with increasing num-
ber of Ti cycles, however, the GPC per individual ALD cycle is monotonically decreased
due to the small GPC of TiOgy over BaO. At the Ba:Ti cycle ratio of 1:3, for example,
the growth per individual cycle is measured to be 0.065 nm/cycle while the growth per
super-cycle is 0.26 nm/cycle. At this deposition condition, the thickness of the BTO
film increases linearly with increasing number of individual cycles (Figure 4.15(c)).
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Figure 4.15.

(a) Composition ratio ([Ti]/([Ba]+[Ti])) and (b) GPC (blue: per individual cycles, red: per
super-cycle) vs. Ba:Ti cycle ratio. (c) Thickness of the BTO film vs. total number of individual
ALD cycles for BTO with a Ba:Ti cycle ratio of 1:3.

We investigated the compositional, morphological and crystallographic properties of
PEALD BTO (Ba:Ti cycle ratio of 1:3) deposited at 250 °C. Figure 4.16 shows the
XPS depth profile of a slightly Ti-rich BTO film with a cation ratio [Ti]/([Ba]+[Ti]) of
0.52 being uniform throughout the whole thickness (~12 nm). The carbon content was
below the detection limit of XPS (< 1 at%) except for the top-most surface (< 2 nm)
coming from the surface contamination. Surface morphology analysis by AFM (Fig-
ure 4.17(a)) showed a root mean square roughness of 0.40 nm. Figure 4.17(b) displays
a cross-sectional TEM image of as-deposited PEALD BTO revealing small crystallites
embedded in the amorphous matrix. The inset shows lattice spacings of 0.2 nm in agree-
ment with (100) directions of cubic (a 0.394-0.403 nm), tetragonal (a 0.394-0.399 nm, ¢
0.399-0.404 nm), or rhombohedral (a 0.400 nm, 6 89.5°) BTO.[192 A high film density
of 5.0 g/cm? is measured by XRR for as-deposited PEALD BTO (data can be seen in
Figure 4.20 in the additional information section).
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The XPS result shows that the ligand exchange reaction between the Ba and Ti precur-
sors with the Oz plasma (forming Ba-O and Ti-O bonds) occurs without the formation
of any carbonate species which was also observed by Lee et al. for thermal ALD STO
deposited on a Ru substrate.[22l The roughness measured by AFM for PEALD BTO
is smaller than that of thermal ALD BTO (0.63 nm) with a similar thickness.[!8] One
possible explanation for this is that the incident plasma species with an ion energy of
~20 eV effectively migrate surface atoms into sites with a high surface energy, eventually
resulting in the lowered roughness without damaging the surface, supported by Takagi
et al.l13] Ag deposited PEALD BTO shows 1-2 nm sized crystallites embedded in the
amorphous matrix whereas thermal BT O appears to be completely amorphous.[18 Note
that the crystallinity of as-deposited thermal ALD BTO films can be enhanced after
being post-treated by an Oo plasma presumably due to the ion bombardment at the
surface, providing the required energy for atomic rearrangement.[8] Similarly, during
the deposition of PEALD BTO, O2 plasma species with the primary object of oxidizing
precursors activated the BTO film to be partly crystallized. Further, XRR showed that
the density of PEALD BTO is significantly higher compared to thermal ALD BTO (3.3
g/cm?®), 18] which further confirms the partial crystallization of the film (the density of
amorphous BTO: 4.3 g/cm?; polycrystalline BTO: 5.61 g/cm?).[104]
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Figure 4.16.

XPS depth profile spectra of 12 nm-thick BTO (Ba:Ti cycle ratio of 1:3) deposited at 250 °C.
Sputtering depth was calculated from sputtering time with the assumption of a sputtering rate
of 7 nm/min.
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Figure 4.17.

(a) AFM topography image and (b) High resolution TEM image of an as-deposited 12 nm thick
BTO film (Ba:Ti cycle ratio of 1:3) deposited at 250 °C. The inset in (b) shows a zoomed-in
view of the BTO film revealing crystalline lattice fringes (dipo of cubic BTO = 0.200 nm).

The electrical properties of PEALD BTO showed a strong dependence upon the Ba—
to—Ti cation ratio ([Ti]/([Ba]+[Ti])). As shown in Figure 4.18(a), the EOT shows a
minimum, i.e., the dielectric constant shows a maximum, at [Ti]/([Ba]+[Ti])~0.55-0.6.
The leakage current density at +1.6 V (electron is injected from the bottom electrode
into the BTO film), becomes larger at a higher [Ti|/([Ba]+[Ti]): the current density is
steeply increased by four orders of magnitude between the [Ti]/([Ba]+[Ti]) cation ratios
0.46 and 0.57.

A similar trend observed for the dielectric constant of BTO was reported for ALD STO
films, which also achieved the maximum dielectric constant of 90 at [Ti]/([Sr]+[Ti]) of
0.49 (the Sr:Ti cycle ratio of 1:3) where the strongest diffraction peaks (corresponding
to the STO perovskite structure) were observed.[22] We hypothesize the enhanced crys-
tallization of the BaO/TiOg mixture at such composition ratios may have resulted in
the lowered EOT. For inorganic materials, the maximum nucleation temperature (73,)
and the maximum crystal growth temperature (7,) is roughly proportional to the melt-
ing point (T1,) of the material (7}, = 0.56 - Ty,; Ty = 0.94 - T).195] Interestingly, the
melting point of a BaO/TiOy mixture at [Ti]/([Ba]+[Ti]) ~0.6 was reported to be the
lowest (1375 °C), presumably resulting in a higher fraction of crystallization compared
to other stoichiometries (cf. Figure 4.21 in the additional information section). One
of the possible reasons for the increased leakage current with a higher Ti content may
be the fact that TiOo has a lower band gap than BaO. The band gaps of bulk TiOq
and BaO are known to be 2.04 eV and 5.2 eV, respectively.l19] The lower band gap
of TiO2 compared to BaO may cause a smaller barrier height for the electrons flowing
from the top electrode trough the dielectric layer in the case of BTO films with a higher
Ti content. The current density vs. applied voltage (J—V') plot of the BTO films with
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different stoichiometries are displayed in the additional information section in Figure
4.22. The differences in shape and slope of the J-V curves for different stoichiometries
may be ascribed to different tunneling mechanisms being prevalent. More detailed anal-
yses regarding the leakage mechanism in PEALD BTO are currently under investigation.
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Figure 4.18.

Electrical properties of an as-deposited 12 nm thick BTO film deposited at 250 °C: (a) EOT and
(b) Leakage current density (at +1.6 V) vs. [Ti]/([Ba]+[Ti]) ratio are plotted.

Figure 4.19 shows cross-sectional TEM images taken of 80 super-cycles BTO deposited

on the high AR trench substrate by PEALD. At the very top of the trench (Figure
4.19(a)) the deposition profile is mushroom—shaped with the thickness falling off from
18 to 13 nm. Going further down into the trench as seen in Figure 4.19(b) the thickness
reduces further to 4 nm. At the very bottom the thickness is measured to be 3.5 nm, as
shown in (c). This gives a step-coverage of only around 20 % for an AR of 1:30.
The poor step-coverage indicates that the precursor is close to the limit of its ALD
window and it the precursor molecules appear not to be stable enough to diffuse down
the high AR trench substrate. There is a possibility that there is a CVD component to
the reaction of this precursor with the surface during PEALD. Hence, in future work
developing new precursors that are stable for high AR coverage will be of importance.
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(a)‘ » Top (b) Middle (c) Bottom

Figure 4.19.
Cross-sectional TEM of 80 super-cycles of BT'O deposited on high AR trenches by PEALD shown
at the top (a), middle (b) and bottom (c) of the trenches. Thicknesses are indicated.

3.4

Conclusion

For the first time, we have successfully demonstrated the ALD-mode deposition of BTO
using plasma-enhanced ALD, and characterized the physical, chemical and electrical
properties of the film. The improvement in crystallinity and density of the film was
clearly observed when the oxygen plasma was used as an oxidizing agent instead of water.
The correlation of electrical properties with Ba—to—Ti cycle ratio was also elucidated. We
showed that the slightly Ti-rich BTO ([Ti]/([Ba]+[Ti])~0.55-0.6) has the lowest EOT
while Ba-rich films (([Ti]/([Ba]+[Ti]) < 0.4) show the lowest leakage current. The first
successful demonstration of PEALD BTO thin films presented in this study may be the
stepping-stone to the emergence of next generation DRAMs and novel energy storage
devices with a ultra-high charge/energy storage density.

3.5

Additional Information

To ease the reading flow of the main section, three additional figures are listed here:
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Figure 4.20.
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Figure 4.22.

The current density vs. applied voltage (J—V) plot of the BTO films with different stoichiome-
tries.
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4
( Crystallization of PEALD BaTiO,

Similarly, like we studied the effect of plasma time on the morphology and crystallization
of TiO9 we investigated this same effect for BaTiOs.

4.1

Introduction

For many materials grown by ALD the resulting structure is amorphous due to the low
process temperature. Materials in their amorphous state tend to have much lower di-
electric constants than their crystalline counterparts. Hence, especially for perovskite
structures such as BaTiOg (BTO) which have ultra-high dielectric constants in their crys-
talline structure it is of interest to find ways of crystallizing the amorphous as-deposited
(PE)ALD film. Therefore, various in-situ or ex-situ techniques such as seed-layering[?6]
or thermal annealingl!5] have been used for crystallizing the ALD film. These tech-
niques, however, often need a higher process temperature (>500 °C) than acceptable for
DRAMs.

Crystallization by facilitating a plasma is advantageous because it does not require el-
evated temperatures. Instead the film is crystallized by the kinetic energy of ions and
radicals transferred to the surface of the deposited film.[198] Crystallization can be facili-
tated more easily in-situ for direct plasmas but this may also be damaging the deposited
film.19%] For remote plasmas the plasma source is located further away from the substrate
and hence reduces the flux of ions and therefore also minimizes the damage inflicted on
the film. However, due to the low ion density it is more challenging to crystallize the
film by a remote plasma.[94-108]

For thermal ALD of BTO a post-plasma treatment using a remote oxygen plasma showed
to improve crystallinity and density.[18] For PEALD BTO the effect of a post-treatment
on these properties has been unexplored to date.

In this section a TEM study of as-deposited (short and long in-cycle plasma exposure
times) and oxygen plasma exposure (PE) post-treatments of PEALD BTO is reported.
HRTEM shows the crystalline fraction as well as the location where crystallization is oc-
curring for the different plasma exposure samples. AFM, XRR and XPS are conducted
to gain further insights into the properties of PEALD BTO such as density, roughness
and oxygen content in the film.
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4.2
Experimental Methods

Material Fabrication

The fabrication process of PEALD BTO films was described in section 3.2.1. One
super-cycle (SC) for the PEALD process for BTO is composed of one sub-cycle of BaO
deposition and three sub-cycles of TiO deposition. XPS analysis showed slightly Ti-rich
BTO with a cation ratio [Ti|/([Ba]+[Ti]) = 0.6.

Oxygen plasma for both Ba and Ti was generated from inductively-couple plasma (ICP)
generator (plasma power 250 W, plasma pressure 15 mTorr). To modulate the degree
of crystallization in the BTO films, O2 plasma treatment condition has been modified
in two manners: i) PEALD with prolonged in-cycle plasma and ii) PEALD with post-
deposition plasma. In the former method, Os plasma injection time for each BaO and
TiO sub-cycle is increased from 10 s to 120 s. In the latter method, additional O9 plasma
exposure was carried out for 1 and 3 hr after deposition.

Material Characterization

Similarly like described in section 3.2.2, the film thickness, roughness and density were
measured by XRR measurements (X'Pert Pro, PANalytical). The film thickness was
also confirmed by a spectroscopic ellipsometer (Woollam M2000).

The physical thickness of the BTO films are too thin to carry out GIXRD to confirm
crystallinity. Hence, HRTEM of cross-sectional TEM samples were obtained at an ac-
celeration voltage of 300 kV to analyze the crystallization of the samples (FEI Titan
ETEM 300 kV). TEM sample preparation is described in section 1.2.2.

The composition analysis was conducted by XPS (PHI VersaProbe Scanning XPS Mi-
croscope) with Al (Ka) radiation (1486 eV). AFM (JEOL 5200) was used to characterize
the surface morphology of the films.

4.3

Results and Discussion

Figure 4.23 shows cross-sectional TEM images of the PEALD BTO samples with differ-
ent in-cycle plasma treatment times as well as different post-treatment plasma exposure
(PE) treatments. Prolonged plasma exposure results in larger crystallized areas inside
the BTO films. For the BTO film with an in-cycle plasma exposure time of 10 s (Figure
4.23(a)), there are barely areas showing lattice fringes, indicated by white dashed circles
(~1 nm sized grains). The BTO film with an in-cycle plasma exposure time of 120 s
(Figure 4.23(d)), however, shows more crystalline grains of 2-5 nm in diameter across
the whole film from the surface down to the BTO/SiOz interface. Zoomed-in HRTEM
images of the long exposure sample in Figures 4.23(e) and (f) confirm that the crystalline
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area has a lattice spacing (0.20 nm) matching the (100) orientation of the cubic BTO
(a = 0.40 nm). The sample with the short in-cycle plasma exposure (10 s) was further
O2 PE post-treated after deposition. Figures 4.23(b) and (c) show the TEM images after
the post-deposition PE treatments for 1 and 3 hr, respectively. Significant differences
in crystallization behavior were found between the 1 and 3 hr plasma treatment; after
a 1 hr exposure, crystalline grains of 1.5 to 3 nm were found preferentially on the top
half of the film (near the surface). In contrast, after a 3 hr exposure, slightly larger
crystalline grains of 2 to 4 nm were formed over the whole film uniformly. This shows
that prolonged plasma exposures form more nuclei within the whole film and grow them
into larger crystalline grains similar to thermal annealing processes.

Short exposure: 10 s / cycle
1 hr PE

Figure 4.23.

Cross-sectional TEM micrographs are shown for PEALD BTO (40 SC) with a short in-cycle
plasma exposure (10 s per cycle) as-deposited, 1 hr and 3 hr PE post-treated in (a), (b) and (c),
respectively. (d) Cross-sectional TEM for PEALD BTO (40 SC) with a long in-cycle PE (120
s per cycle) is shown with a zoomed in HRTEM micrograph displayed in (e) and (f). Lattice
spacings agree with cubic BTO (100) type planes.

Taking cross-sectional TEM images from Figure 4.23 and segmenting them into areas
that show crystalline fringes and areas that do not (i.e. amorphous) gives a first order
(assuming the TEM sample is 10 nm or less in thickness) semi-quantitative evaluation
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of the crystalline fraction inside the film and where crystallization preferentially occurs.
For this purpose the segmented image is sliced up into 1 nm thick slices parallel to
the SiOy/BTO interface and the crystalline fraction (crystalline area/amorphous area)
is calculated for each slice. Figure 4.24 shows the resulting crystalline fractions as a
function of distance from the SiOy/BTO interface. The as-deposited (10 s) PEALD
BTO sample is compared to the PE post-treatments (1 hr and 3 hr) and the extended
in-cycle plasma (120 s) sample in Figure 4.24(a) and (b), respectively.

The as-deposited PEALD BTO film already has a very low fraction of crystallites in the
amorphous phase. In the 1 hr post-treatment case the crystallization seems to occur
mainly close to the surface of the BTO film. The decrease in crystalline fraction at the
topmost surface is due to the amorphization during TEM sample preparation. For the
sample with 3 hr post-treatment the crystalline fraction increased throughout the layer
indicating that the extended time gives rise to more diffusion of high energy radicals/ions
deeper into the film. In the case of an extended in-cycle plasma the crystallizations also
seems to occur throughout the whole layer comparable to the 3 hr PE post-treated
sample.
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Figure 4.24.

Crystalline area fractions are plotted as a function of distance from the SiO2/BTO interface
comparing different PE post-treatments as seen in (a). The difference between short and long
in-cycle plasma exposure time is shown in (b).
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To get further insight into the properties of the PEALD BTO thin films AFM, XPS
and XRR were conducted. Figure 4.25 shows AFM images taken of as-deposited PEALD
BTO as well as 1 hr and 3 hr PE post-treated samples. The resulting root mean square
(RMS) roughness values were measured to be between 0.34 and 0.41 nm for all samples.
This trend was also confirmed by XRR measurements (cf. Figure 4.28 in section 4.5).
Additionally, XRR yields density values for all three samples that are almost identical
(~4.9 g/cm?). The oxygen content inside the film as a function of sputtering depth
obtained by XPS is displayed in Figure 4.26 comparing as-deposited and 3 hr PE post-
treated case. A decrease in oxygen content is observed with increasing sputtering time
and the overall content for the 3 hr PE post-treated samples is higher. The full XPS
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profile of the PEALD BTO film showing the absence of Carbon in the film is shown in
section 4.5 in Figure 4.27.

The density of PEALD BTO (4.9 g/cm?) is around 50 % higher than that of previously
reported thermal ALD BTO (3.3 g/cm?).[18 Unlike for the case of a PE post-treatment
of thermal ALD BTO film, here the PE post-treatment almost did not affect the den-
sity of PEALD BTO. The as-deposited PEALD BTO film’s high density may indicate
that it has already reached its maximum density by the plasma exposure during depo-
sition and hence even in the as-deposited case the film is a mixture of amorphous and
nanocrystallites. Also, PE post-treatment did not affect the roughness of the surface of
PEALD BTO (while overall its RMS roughness is lower compared to thermal ALD BTO)
whereas in the case of thermal ALD BTO it did improve the RMS surface roughness
from 0.63 to 0.45 nm.[18 The XPS data indicates that the oxygen PE post-treatment
indeed increased the oxygen content in the film and might have reduced the vacancy and
trap density in the film. This would reduce leakage currents through the film based on
the trap-assisted tunneling mechanism.

as-deposited

Figure 4.25.
AFM images of PEALD BTO as-deposited, 1 hr and 3 hr PE post-treated are shown in (a), (b)
and (c), respectively.
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Figure 4.26.

Oxygen content (obtained by XPS) is plotted as a function of sputtering time comparing as-
deposited and 3 hr PE post-treated PEALD BTO.

4.4

Conclusion

In summary, it was shown that extended in-cycle plasma as well as a PE post-treatment
can enhance the crystalline fraction inside a PEALD BTO film. This in turn is likely
increasing the dielectric constant of the deposited film. Unlike for post-treatments of
thermal ALD of BTO, the film did not show a significant increase in density or decrease
in surface roughness. Further, the oxygen content in the film is increased by a PE
post-treatment that may decrease the trap density in the film and hence would reduce
leakage currents through the dielectric. As these plasma treatments require only a very
low thermal budget (< 300 °C) this finding is very promising for integrated circuit
manufacturing.

4.5

Additional Information

Figure 4.28 shows XRR plots of PEALD BTO as-deposited, 1 hr and 3 hr PE post-
treated. The fit of the experimental data yields the following density, thickness and
roughness values: 4.95 g/cm?, 12.2 nm and 0.77 nm for as-deposited, 4.99 g/cm?, 12.1
nm and 0.75 nm for 1 hr PE post-treated and 4.92 g/cm3, 12.0 nm and 0.83 nm for 3
hr PE post-treated.
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(a) XPS plot of PEALD BTO showing corresponding Ba and Ti peaks. (b) High resolution XPS
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Figure 4.28.

XRR plot of PEALD BTO as-deposited, 1 hr and 3 hr PE post-treated. Inset displays zoomed in
view to show the first intensity fall-off that is used to evaluate the film density. No big differences

are observed.
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5
( Work Function (WF) Tuning of Al-doped TiN Electrode

Now that high—k BTO was shown to be a feasible candidate to be used as a dielectric
film for DRAM by facilitating PEALD and by further enhancing the crystallization of
the film by plasma, we can look into electrode materials in more detail and how we
can improve the electronic properties of a metal-insulator-metal (MIM) structure. In
specific, how to tackle the issue with leakage currents through a thin dielectric film.
There are three main physical parameters that determine tunneling through a dielectric
layer for direct tunneling and Fowlder-Nordheim (FN) tunneling: The thickness of the
layer, its effective electron mass and the barrier height.

Whereas the first two properties are determined by the dielectric that is used, the barrier
height can be maximized via two independent properties: a) The electron affinity of
the dielectric layer and b) The work function (WF) of the bottom electrode. The big
advantage of tuning b) is the fact that it qualitatively improves the leakage behavior
for any dielectric used. Therefore, tuning the WF (i.e. tuning the position of the Fermi
level with respect to the vacuum level) can reduce leakage currents independent of the
dielectric that is employed. It should be noted that a higher WF value corresponds to a
lower position of the Fermi level with regard to the vacuum level. Figure 4.29 illustrates
how increasing the WF (lowering the Fermi level position) increases the barrier height
to the dielectric (in this case: ZrOs on TiN).
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Xzeoy ] F X200y oo e
(bTIN doped
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]- Doping E,: ______ Vapp
TiN Zro, Al Doped TiN ZrO, Al
Figure 4.29.

Schematic band diagram is depicted to illustrate the effect of a change in WF on the barrier
height for electron tunneling.
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5.1

Introduction

Titanium nitride (TiN) is a commonly used electrode material in next generation DRAMs
and is also a common commercial material for CMOS and memory fabrication. This
is because TiN can provide highly conductive films which can be etched without detri-
mental etch residues. Further, TiN by ALD can provide conformal films with excellent
thickness control and low roughness. The conductivity of TiN is highly dependent on
the amount of incorporated oxygen present in the layer with more oxygen lowering the
conductivity.[109]

In literature there is a wide variety of reports on the WF of TiN. DC reactive sputtering
deposition of TiN yields a work function between 4.2 ¢V and 4.5 ¢V.[110 It has been
shown that in reactive sputtering of TiN its WF can be tuned between 4.14 eV and 4.82
eV depending on the reactive gas mixture ratio of Ny and Ar.[111l For TiN deposited by
CVD a work function of 5.27 eV and for physical vapor deposition (PVD) a WF of 4.83
eV was reported.[112]

In this section, the effect of Zr-doping on the WF of PEALD TiN is reported. To verify
the effect of the increase in WF on the decrease in leakage currents, PEALD ZrQOs is
used as a dielectric for an MIM test structure. The measured reduction of the leakage
current agrees well with the trend of reduced FN-tunneling currents with increased elec-
trode WF, corroborated by the FN-tunneling simulations. TEM and SAD reveal the
crystalline structure of both PEALD TiN and ZrOs.

5.2
Experimental Methods

Material Fabrication

TiN and ZrOy were deposited by PEALD in a Fiji ALD reactor (Cambridge Nan-
otech/Ultratech) that is equipped with a remote ICP generator. The base pressure
of this ALD reactor is 200 mTorr while there is a constant flow of Ar at 60 sccm in the
precursor manifold line. Tetrakis(dimethylamido)titanium (TDMA-Ti) and Ny plasma
were used as precursors for the deposition of TiN. For the deposition of ZrOy TDMA-Zr
and O9 were used as precursors. The titanium and zirconium precursor were maintained
at 75 °C and were pulsed for 0.3 s per cycle followed by a 60 s long exposure (i.e. valve
separating chamber and pump closed). After the first precursor exposure the chamber
is purged for 60 s to remove the remaining (unreacted) precursor and the by-product
resulting from the reacted ligands. As co-reactant a nitrogen (for TiN) and a oxygen
(for ZrO2) plasma were used generated by a remote ICP generator at a power of 300 W.
A constant flow of Ar with 200 sccm is provided through the plasma line while during
the plasma step (20 s) there is an additional No or O9 flow of 50 sccm. After the plasma
exposure the chamber is purged for another 10 s. Substrate temperatures were 150 °C
and 250 °C for ZrO2 and TiN, respectively.
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W4 Material Characterization

Cross-sectional TEM samples were prepared as described in section 1.2.2. HRTEM and
SAD patterns were used to characterize the structure of the TiN and ZrO; films by an
FEI Tecnai G2 F20 X-TWIN FEG (200 kV) and an FEI Titan ETEM (300 kV).

WFs were measured by UPS with a model AC-2 photo-electron spectrometer at atmo-
spheric pressure, using a deuterium UV source in air. Fowler’s hypothesis for metals was
used in determining the WF of the TiN thin films. Straight lines were fitted to plots of
quantum yield to the half power versus photon energy then extrapolated to the z—axis
to give the photo threshold.[57]

For the electrical measurement, TiN/ZrOz/Pt metal-insulator-metal capacitors were
fabricated on top of ~150 nm thick thermally grown SiO2 on Si wafers as a substrate
and a DC-sputtered Pt (200 nm) film as the top electrode. The current density—voltage
(J-V) curves (0 to +2 V) were measured by a Keithley SourceMeter (2636A).

5.3

Results and Discussion

The investigated electrode material was chosen to be TiN deposited by PEALD. Figure
4.30(a) shows a cross-sectional view of PEALD TiN on thermally grown SiO5 indicating
that the deposited structure is very smooth and uniform and has a thickness of about 31
nm. Furthermore, in Figure 4.30(b) and (¢) a HRTEM micrograph and a SAD pattern
are shown to confirm the crystalline structure of the TiN film. Both, lattice spacing
determined in HRTEM and diffraction ring spacing in the SAD pattern is in good agree-
ment with the cubic Fm3m structure of TiN. The WF of as-deposited un-doped PEALD
TiN was 4.85 eV, measured by UPS. The film’s sheet resistance was 20 uf)-cm.

Figure 4.30.

TEM micrographs showing 31 nm thick PEALD TiN in cross-section. (a) Low magnification
of TiN layer on thick thermally grown SiOs. (b) HRTEM revealing the cubic Fm3m structure
confirmed by SAD pattern depicted in (c).

106



5 Work Function (WF) Tuning of Al-doped TiN Electrode

To investiagte the effect of Zr-doping on the WF of TiN, 4 different cycle ratios between
Ti and Zr were chosen, respectively: 10: 1,5: 1,1 : 1 and 1 : 2. The measured WFs
of these films (including the un-doped case) are plotted in Figure 4.31. It should be
noted that the Zr content was calculated by using the cycle ratios but will need to be
determined by XPS in future work. Interestingly, the WF peaks at a Ti—to—Zr cycle ratio
of 5: 1 (5.07 eV) and falls off with increasing Zr content in the film. The resistivities of
the samples with a Ti—to—Zr cycle ratio of 10: 1,5: 1, 1: 1 and 1 : 2 were measured
as 100 p2-cm, 100 p2-cm, 100 p-cm and 75 pf)-cm, respectively.
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Figure 4.31.
Measured WF (by UPS) as a function of Zr doping content is shown. Zr content is calculated
from the ratios between number of Zr and Ti PEALD cycles.

In the next step, to test the reduction of leakage currents through a dielectric by
increasing the WF of the bottom electrode, a TiN — PEALD ZrOy — Pt MIM structure
was fabricated. Cross-sectional TEM of PEALD ZrOs layer on Si wafers with sputtered
Pt top electrode is displayed in Figure 4.32(a). The deposited ZrOs layer has a thickness
between 4-5 nm. The inverse filtered Fourier transform (IFFT) in Figure 4.32(b) reveals
atomic plane spacings that are consistent with the monoclinic phase of ZrOs with plane
orientations of (111) type.
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Figure 4.32.

(a) Cross-sectional TEM of PEALD ZrO; on a Si wafer with sputtered Pt top electrode is shown.
(b) IFFT shows atomic resolution of monoclinic ZrO, with measured spacings in agreement with
(111) type planes.

To investigate to what extend the WF of the metal TiN bottom electrode can affect

the leakage current behavior in an MIM structure, an FN-tunneling simulation was
performed. For the electron effective mass meg of TiN, 1.1 - mg was used.113] The
following MIM structure was calculated: TiN of varying WF as bottom electrode; a 4
nm thick ZrOs layer as dielectric (electron affinity = 2.99 eV and meg = 0.5-m0)[114'115]
and Pt (WF = 5.5 eV) as top electrode. The resulting FN-tunneling current densities at
a fixed bias (1.6 V) are plotted as a function of the TiN WF in Figure 4.33(b) showing
decreasing leakage currents with an increasing WF. Experimental confirmation of this
trend was obtained by comparing the measured leakage current densities for a 4-5 nm
thick ZrOs layer on top of un-doped TiN to the one measured on top of Zr-doped TiN
(Ti:Zr cycle ratio = 5:1). The measured current densities are plotted as a function of
applied voltage in Figure 4.33(a).
The calculated trend was also observed experimentally and showed that the doping of
TiN by Zr not only increased the WF of the bottom electrode but also resulted in
a reduction in leakage currents through the ZrO; film. For comparison, the leakage
currents at 1.6 V for the doped and un-doped cases (as taken from data in Figure
4.32(a)) are added to the plot in Figure 4.32(b) to show the qualitative agreement with
the calculated trend.
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(a) Measured leakage current density is plotted as a function of applied voltage for a 4 nm thick
PEALD ZrOs layer on top of TiN (blue curve) and on top of 5:1 Zr-doped TiN (red curve). (b)
Leakage currents (at 1.6 V) are calculated as a function of changing WF of the bottom electrode
for a TiN — 4 nm ZrOs — Pt stack.

5.4

Conclusion

We have shown that Zr-doping added during PEALD of TiN makes tuning of the WF
possible and shows the maximum WF value at a Ti—to—Zr cycle ratio of 5 : 1. While XPS
data is still necessary to verify the actual Zr content in the TiN film, we confirmed that
the increase in WF resulted in a reduction in leakage currents through a dielectric film
(ZrO3) as expected from our FN-tunneling simulations. We believe that WF tuning of

TiN has implications on virtually all dielectrics that may be used for MIM components
for DRAMs.
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6
( PEALD of Al-doped BaTiO;

In the previous sections we have established titanium based dielectrics are able to cover
high ARs and we have developed high—k dielectric BTO by PEALD. Also, we showed
that Zr-doping increases the WF of a TiN metal electrode to reduce leakage currents
through dielectric films. While crystallized BTO (by plasma post-treatment) shows a
very low EOT and high dielectric constant, the leakage currents still tend to be an issue.
In this last section, Al-doping into the BTO film will be explored to reduce the leakage
currents while keeping most of its high dielectric constant.

6.1

Introduction

BTO films with higher Ti content than Ba showed larger dielectric constants presumably
due to higher crystallinity inside of the thin film achieved under certain plasma exposure
and power (cf. section 4). The Ti-rich BTO film, however suffers from higher leakage
currents due to existence of grain boundaries formed during the crystallization process.
Previously, SnaOs doping of BTO (> 0.4 wt%) showed an anomalous increase in elec-
trical resistivity, making BTO a highly insulating dielectric.[11®] Furthermore, Al;O3
(same oxidation number as SnyOgz) proved its effectiveness to reduce leakage currents
when it was used as a dopant in TiOQ,[72] ZrOs and Hng.[IN]

In this study, we demonstrate PEALD of Al-doped BTO and report the effect of Al-
doping of Ti-rich BTO films with regard to crystallization and modulation of its elec-
tronic structure. We show that Al-doping of BTO considerably reduces leakage currents
with a minimal sacrifice of dielectric constant compared to un-doped BTO.

6.2
Experimental Methods

Material Fabrication

The detailed description of PEALD conditions for BTO fabrication in a commercial
PEALD station (Oxford Instruments, FlexAL) were reported in section 3.2.1. The
atomic percentage of Al in the BTO films was controlled by varying the AloO3 and BTO
deposition cycle ratio ([number of Al cycles]/[number of Al cycles + number of BTO
cycles]). Ba—to—Ti pulse ratio was 1:5 in one super-cycle. The BTO films were deposited
by 15 super-cycles resulting in a physical thickness of about 5 nm. At this deposition
condition, Ti-rich BTO films ([Ti]/([Ba]+[Ti])= 60 ~ 67 at%) were deposited. For Al-
doped BTO films, additional Alo,O3 PEALD cycles composed of TMA pulsing/purging
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and the followed Oy plasma pulsing/purging were carried out within the BTO PEALD
cycles. Samples labeled as z TMA BTO (where = 0, 3, 5 and 8) had x number of Al
cycles incorporated evenly into the 15 BTO super-cycles.

To enhance the crystallinity of Al-doped BTO films and reduce lattice damage/defects,
an Oy plasma-treatment for 3 hr (plasma power = 400 W, plasma pressure = 5 mTorr)
was applied after the deposition of the BTO films in an O atmosphere (Praxair, purity
grade 4.8). The post Oz plasma treatment is advantageous over rapid thermal annealing
(RTA) because the process temperature can be lowered below 500 °C. Although this
post-processing time appears to be long from a industrial manufacturing standpoint, it
might be mitigated by higher plasma powers. As bottom electrodes, 20 nm Zr-doped
TiN (Zr:TiN) on thermally-grown SiO2 (200 nm) on p-Si prepared by another commer-
cial PEALD station (Fiji, Cambridge Nanotech/Ultratech) with a cycle ratio of TiN : Zr
= 5:1 was adopted. The zirconium doping into TiN is beneficial in terms of higher resis-
tance against oxygen diffusion.[118] Also, as explained in section 5, Zr-doped TiN shows
the highest WF at a doping ratio of Ti-to—Zr of 5:1, that being beneficial for reducing
leakage currents. After the fabrication of Zr:TiN/Al-doped BTO samples, rectangular-
shaped Pt top electrodes (area: 0.75 mm x 0.75 mm; thickness: 200 nm) were patterned
by DC sputtering for electrical measurements.

(18]

Material Characterization

Cross-sectional TEM samples were prepared as described in section 1.2.2. Since the
physical thickness of 5 nm is too thin to carry out GIXRD to confirm crystallinity,
HRTEM was used to characterize the thickness and crystallization of the deposited Al-
doped BTO films by an FEI Titan ETEM (300 kV).

An atomic force microscope (AFM, JEOL 5200) was used to characterize roughness. The
composition analyses were conducted by X-ray photo-electron spectroscopy (XPS, PHI
VersaProbe Scanning XPS Microscope) with Al (K«) radiation (1486 eV). Angle-resolved
XPS (ARXPS) measurements were carried out to obtain high resolution compositional
depth profiles and the samples were rotated to 75° from its original surface plane to
achieve a grazing angle.

The valence band offsets (Eyac — EY ), determined by the difference between the vacuum-
level energy and the valence band maximum were measured by UPS with a model AC-2
photo-electron spectrometer at atmospheric pressure, using a deuterium UV source in
air. Fowler’s hypothesis for semi-conductors was used in determining the valence band
offsets of thin films. Straight lines were fitted to plots of quantum yield to the half power
versus photon energy then extrapolated to the z—axis to give the photo threshold.[57]
Optical band gap measurements were performed by an UV-vis spectrometer (Perkin-
Elmer Lambda 1050). The capacitance—frequency (C—f) and current—voltage (J-V)
characteristics were measured using a LCR meter (Agilent, model no. E4980A) and a
Keithley 2636 A Source-meter, respectively. The leakage currents were measured between
—1.8 and +1.8 V bias and the dielectric constants were measured at a frequency of 1
kHz.
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6.3

Results and Discussion

Figure 4.34(a) shows ARXPS depth profile analysis for un-doped BTO (15 super-cycles
for BTO, Ba—to-Ti pulse ratio = 1 : 5). Atomic signals stemming from BTO appear
from 0 to 0.6 min sputtering with Ar™ ions confirming a Ti-rich cation composition
of [Ti]/([Ba]+[Ti]) = 60 ~ 66 at%. Note that atomic signals with no sputtering (0
min) were affected by carbon at the surface. For Al-doped BTO films, the overall
[Al]/([Al]+[Ba]+[Ti]) atomic ratios of the BTO samples with 2 TMA cycles (x = 0, 3,
5 and 8) were measured to be 8, 12 and 22 at%, respectively. Hence, the Al content
is linearly increased with the number of TMA cycle (Figure 4.34(b)). After a 3 hr Oq
post plasma treatment all Al-doped BTO films showed higher oxygen concentration,
especially near the surface, reaching ~60 at% throughout the film.
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Figure 4.34.
(a) XPS depth profile of un-doped BTO film measured by ARXPS and (b) [Al]/([Al]+[Ba]+[T1i])
atomic concentration ratios of the different Al-doped BTO films measured by XPS.

The effect of Al-doping on crystallization of BTO by a post-plasma treatment is pre-
sented by cross-sectional HRTEM images in Figure 4.35. The HRTEM micrograph of the
as-deposited BTO film without Al-doping (cf. Figure 4.35(a)) shows only very few small
crystallites whereas the same sample post-treated by an Og plasma (cf. Figure 4.35(b))
resulted in a large number of crystallites in the film. The inset in Figure 4.35(b) shows
lattice spacings of 0.20 nm in agreement with (100) directions of cubic (a 0.394-0.403
nm), tetragonal (a 0.394-0.399 nm, ¢ 0.399-0.404 nm), or rhombohedral (a 0.400 nm,
6 89.5°) BTO.[192] The HRTEM micrographs of 3, 5 and 8 TMA samples with a 3 hr
post-plasma treatment are shown in Figure 4.35(c)—(e), respectively.

TEM reveals that the un-doped (Ti-rich) BTO film can be crystallized by an Oz plasma
post-treatment (just like shown in section 4), whereas with increasing number of TMA
doping cycles within the BTO film the effect of crystallization appears to be reduced.
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(a) 0 TMA, as-dep (b) 0TMA,3hrO,PE

() 8TMA,3hrO,PE

Figure 4.35.

HRTEM of un-doped and Al-doped BTO films (z cycles of TMA in 15 super-cycles of BTO)
with and without a 3 hr Oz plasma treatment: (a) as-deposited BTO with 0 TMA (inset show
IFFT with atomic resolution revealing atomic spacings of 0.20 nm), (b)—(e) 3 hr Oz plasma
post-treated BTO with 0, 3, 5 and 8 TMA, respectively. Dashed lines are added to emphasize
interfaces and crystallites.
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The variations in the dielectric constants € of the un-doped and Al-doped BTO films

with various Al doping ratios are shown in the Figure 4.36(a). The € values of as-
deposited BTO films were ~11 regardless of the Al content. After being post-treated
with an Og plasma, the dielectric constants were significantly increased to as high as 44.
After the 3 hr Oy plasma post-treatment, the BTO samples with 0 TMA and 3 TMA
Al-doping show almost the same dielectric constant. Whereas, for BTO films with an
even higher Al content (5 and 8 TMA) lower permittivity values were observed with an
increasing number of TMA cycles. The leakage current densities as a function of applied
bias of un-doped and Al-doped BTO are shown in Figure 4.36(b) (J-V plots). Current
densities under positive bias (w.r.t. the top Pt electrode) correspond to electrons being
injected from the bottom metal Zr:TiN electrode (WF = 5.0 eV) into the dielectric
film. In the case of the as-deposited samples, un-doped BTO films showed a relatively
high J at 1.6 V (107% ~ 1072 A-cm™2). Interestingly, leakage currents remain constant
and start to increase at a bias larger than 0.5 V. For the samples with an Oy plasma
treatment, the behavior of J-V was changed (Figure 4.36(b), closed symbols): leakage
currents were significantly decreased (< 107% A-cm™2 at 1.6 V) and Al-doping further
decreased the leakage current below 2-10~7 A-cm™2 at 1.6 V.
The dielectric constant of as-deposited BTO with various Al doping concentrations is
similar to the previously reported permittivity value (15) of amorphous BTO as well
as the permittivity value (7.7) of amorphous Al 03041191 The large increase of the
permittivity after the Os plasma post-treatment can be explained by the formation of 1—
3 nm sized crystalline BT O grains, confirmed by TEM as seen in Figure 4.35. The trend
of lower permittivity values with increasing Al-content is consistent with the previously
reported € values of Al-doped TiO, as a function of Al contents. The higher Al doping
concentration (> 20 at% with respect to total cations) resulted in lower bulk permitivity
values due to the lower polarization of Ti—O—Al and the formation of a ~1 nm thick
interfacial AloOg oxide layer.[72] The leakage current behavior of as-deposited, un-doped
BTO samples appears to correspond neither to Schottky emission nor to Pool-Frenkel
(PF) emission, but is well explained by Fowler-Nordheim (FN) tunneling (i.e. In(J/E?)
decreases linearly with increasing 1/FE).
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Figure 4.36.

Electrical properties of un-doped and Al-doped BTO (z cycles of TMA in 15 super-cycles of
BTO) : (a) dielectric constant at 1 kHz and (b) the applied current density—voltage curves.

To elucidate the reasons for the remarkable improvements in the leakage current prop-
erties of Al-doped BTO, leakage current mechanisms of the Zr:TiN/un-doped BTO and
Zr:TiN/Al-doped BTO samples were investigated. Since the barrier height is a crucial
factor to determine the leakage current mechanism and to understand the underlying
reasons for the decrease of leakage currents by Al-doping, measurements of the valence
band offset (Eyac — Fv) and band gap (E,) were carried out. Higher conduction band
offset Evac — Ec (equivalent to Eyac — Ev — Ej) results in a higher barrier height leading
to a reduced leakage current.

The Ey,c — Ey values (as measured by UPS) for the BTO samples with 2 TMA cycles
(x =0, 3, 5, 8) were 5.43, 5.35, 5.31 and 5.24 eV, respectively. For Og post-plasma
treated samples, the valence band offsets are further decreased to 5.32, 5.27, 5.22 and
5.12 eV (as shown in Figure 4.37(a)) for the Al-doped BTO samples with x TMA cycles
(z =0, 3, 5, 8) that had Al atomic ratios of 0, 8, 12 and 22 at%, respectively. Bandgap
values as plotted in Figure 4.37(b) are increased by 0.4 ~ 0.5 eV with 3 cycles of TMA
Al-doping. Plasma treatment and additional doping of Al have no clear effect on futher
changing the band gap.

The UPS measurements showed that the valence band offset can be decreased by ~ 0.3
eV with Al-doping and O plasma treatment. Not only the decrease of the valence band
offset increases the barrier height but also the observed increase of the band gap by
Al-doping contributes. These two observations offer an explanation for the decrease of
the measured leakage currents of Al-doped BTO with a plasma post-treatment.
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Figure 4.37.

(a) Valence band offset (Fyac — Fy, measured by UPS) values depending on aluminum doping
concentration in the film (full circles: as-deposited, open rectangles: 3 hr Oy plasma treated),
(b) band gap E, depending on the number of Al cycles.

6.4

Conclusion

In conclusion, it was demonstrated that by Al-doping of PEALD BTO films with an O,
plasma post-treatment, leakage currents can be significantly reduced compared to the
un-doped case while keeping the dielectric constant high. A leakage current of less than
2.1077 A-cm™2 at 1.6 V was achieved as well as a dielectric constant as high as 44 at a
physical thickness of 5 nm, giving an EOT of ~5 A. When the Al-doping concentration
is increased more than 3 TMA cycles the effective dielectric constant of the doped and
plasma treated BTO film was reduced. The achieved electrical performance for a high—k
dielectric film of around 5 nm in thickness and a deposition/processing temperature of
250 °C is to this date the best that has been reported in literature.
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1
( Conclusion and Summary

In summary, the need for high—k dielectrics was motivated by the rapid down-scaling
of DRAM devices, and the promising candidate BaTiOgs, that is a perovskite structure,
was successfully deposited by the key enabling technique PEALD. The physics of di-
electrics and the different tunneling mechanisms were discussed and showed pathways
of enhancing the dielectric constant by keeping the dead layer capacitance in mind and
reducing leakage currents by increasing the effective barrier height for tunneling. ALD
and PEALD were reviewed in detail as well as all characterization techniques that were
employed to characterize thin high—k dielectric films such as XRD, GIXRD, XPS, XRR,
TEM, HRTEM, SAD, spectroscopic ellipsometry and UPS. By means of these deposition
and characterization techniques we were able to show the conformal coverage of TiO2 on
high AR trench-like substrates by PEALD by increasing the in-cycle plasma exposure
time. Additionally, crystallization of TiO2 by extended plasma times during PEALD
opened up an avenue for tuning morphological properties. Laying this groundwork for
TiO2 we moved on to the more complex ternary structure BaTiOs and showed that
its deposition by PEALD is possible (previously not established). Also in this case we
studied the effect of plasma on the crystallization behavior and found that it is possible
(although more challenging than in the case of TiO2) to form small crystallites in the
amorphous matrix. While this technique provides a pathway for increasing the dielectric
constant, the reduction of leakage currents through the BTO film was still an issue. To
tackle this issue, we employed two strategies: 1) Doping of the metal TiN electrode to
increase the WF (hence increase the effective barrier height) and 2) Doping of BTO by
Al to reduce the electron affinity of the dielectric (hence also increasing the effective
barrier height). Combining these two strategies with the plasma effect of crystallization
achieved a structure with a high dielectric constant (low EOT, high capacitance) and
low leakage currents.

To compare our achieved results with the previous electrical performance metrics, both
are listed in Table 5.1. This shows that indeed the results are the best in terms of the
key metrics achieved to date and additionally this was done at a much lower processing
temperature of 250 °C. In addition, Figure 5.1 marks the EOT value from this work
in the DRAM down-scaling plot that was depicted in the introduction of this thesis.
An EOT of 5 A is in line with the predicted values for the projected trend time-line
necessary for next generation of DRAMs.
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Figure 5.1.

Storage node size and EOT are plotted logarithmically between year 2000 and 2017. Values are

projected past 2013.3-6] EOT value achieved in this work and current year are emphasized.

Ref. 1°" Author  Method Material ~ Thickness k EOT Leakage Temp.
(nm) A  (A/em*)at1V  (°C)

[15] Vehkamiki ALD STO 400 180 87 * 5.0-10 1 500
BTO - 165 - - 500

[19] Wang ALD STO,BTO 90 400 8.0 - 620
[13] Tohma CVD BTO 520 96  211*  1.0-107° ** 700
[20] Chen PLD BST 150 1370 6.9 * 1.0 - 1076 ** 780
[14] Vehkamiki ~ ALD BTO 32 73 18 1.0-1077 600
[21] Lee ALD STO 20 108 7.2 3.0-1077 ** 700
[22] Lee ALD STO 21 * 146 5.7 6.0-1078 ** 650
[23]  Popovici ALD STO 10 181 5.6 2.0-1076 ** 600
[24] Liu PLD BST 580 700 32 % 4.4-107° 500
[25] Aslam PEALD STO 30 78*% 15 *¥K 1,0.107° ** 650
[26] Lee ALD STO 14.2 129 * 4.3 1.0- 1077 ** 650
Schindler, Kim PEALD ALBTO 5 44 5 <20-10°7 250

Table 5.1.
List of relevant publications on dielectric properties of titanates reported in literature. Last line
states key parameters of this thesis’ work.
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2
( Future Work

There are two main research topics that are currently being explored and are not yet
fully finalized.

2.1
O, Reactivity of TDMA-Type Precursors

During experiments with TDMA-Ti precursors for depositing TiO by PEALD on high
AR substrates, we noticed that there is a non-negligible reaction of this precursor with
O alone (no plasma turned on). To our knowledge, this phenomenon has not yet been
fully explored and may be of interest to the ALD community.

Figure 5.2 shows results on TiO5 deposited using TDMA—-Ti and O alone as precursors.
The effect of Oy duration per cycle, substrate temperature and number of cycles are
plotted in (a)—(c), respectively.

These results indicate that the effect seems to level off with increasing Oy durations
and is thermally activated (exponential increase of GPC with temperature). The plot
in Figure 5.2(c) also suggests that there is substrate inhibited growth where a threshold
of 50-100 cycles need to be applied for growth to occur.

Additionally, we carried out XPS, TEM, XRD and XRR to gain further inside into the
deposited films. XPS indicates that the films grown by pure oxygen have no carbon
or nitrogen contamination indicating that the ligands are stripped of in a clean fashion
by oxygen alone. Further evaluation of XRR, TEM and XRD data is required to gain
insight into the effect of O2 co-reactant on crystallinity and density.

A peer-reviewed publication on this topic is in preparation: Molecular Ozygen Reactions
with Tetrakisdimethylamido-metal Precursors for Atomic Layer Deposition, P. Schindler,
J Provine, J. Torgersen, K. Kim, H. P. Karnthaler and F. B. Prinz
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Figure 5.2.

(a) GPC of TiO4 deposited at 200 °C substrate temperature as a function of Oz duration per
cycle. (b) GPC of TiOy deposited at a fixed O duration per cycle of 60 s as a function of
substrate temperature. (c) Thickness of TiOg (substrate temperature 200°C, Og duration 60 s)
as a function of cycle number.
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2.2
Novel Pyrrole Based Precursors for ALD of BaTiO3

As shown for PEALD of BaTiOg, the reaction with the commercial precursor seems to
be at the edge of ALD behavior and has some CVD component. This is reflected in the
inferior step coverage of high AR substrates seen in Figure 4.19.

For this purpose, a novel pyrrole based precursor (py-Ba) was used to grow barium
oxide (BaO) and BTO films by thermal ALD using TTIP as TiOz precursor and HoO
as a co-reactant. We achieved self-limiting growth of both BaO and BTO films at the
lowest substrate temperature reported so far (195 °C). The growth rates are 0.3 A /cycle
(BaO) and 0.2 A /cycle (BTO) allowing exact control of film thickness and composition.
The as-deposited 7 nm thick films are partially crystallized by a post-deposition plasma
treatment and show dielectric constants as high as 94 and leakage current densities below
1-107® A/cm?. ALD of BaO and BTO using the novel py-Ba precursor is promising for
a variety of future high—k thin film applications.

In future work, the step coverage of this novel precursor needs to be tested to verify its
ability for conformal coverage, that being a huge advantage over commercially available
precursors.

Another peer-reviewed paper on this research was submitted:

Atomic Layer Deposition of Barium Ozxide and High-k Barium Titanate Thin Films
Using Nowvel Pyrrole Based Precursor, S. Acharya*, J. Torgersen*, S. Walch, Y. Kim, P.
Schindler, S. Xu, T. Usui, C. Schildknecht and F. B. Prinz
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