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Abstract

We have grown HfO2 on Si(001) by atomic layer deposition (ALD) using HfCly,
TEMAHf, TDMAHf and H2O as precursors. The early stages of the ALD were
investigated with high-resolution photoelectron spectroscopy and x-ray absorption
spectroscopy. We observed the changes occurring in the Si2p, Ols, Hf4f, Hf4d, and
CI2p (for HfCly experiment) core level lines after each ALD cycle up to the complete
formation of two layers of HfO2. The investigation was carried out in situ giving the
possibility to determine the properties of the grown film after every ALD cycle or
even after a half cycle.

This work focused on the advantages in-situ approach in comparison with ex-situ
experiments. The study provides to follow the evolution of the important properties
of HfOs: contamination level, density and stoichiometry, and influence of the exper-
imental parameters to the interface layer formation during ALD.

Our investigation shows that in-situ XPS approach for ALD gives much more infor-
mation than ex-situ experiments.
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Chapter 1

Introduction

1.1 MOSFET performance and scaling

The industry's demand for greater integrated circuit functionality and performance
at lower cost requires an increased circuit density, which has translated into a higher
density of transistors on a wafer [1]. This rapid shrinking of the transistor feature size
has forced the channel length and gate dielectric thickness to also decrease rapidly.
The improved performance associated with the scaling of logic device dimensions can
be seen by considering a simple model for the drive current associated with a FET
[2]. The drive current can be written (using the gradual channel approximation) as

Ip = %Ncinv <VG - Vr— VQD) (1.1)
where W is the width of the transistor channel, L is the channel length, u is the
channel carrier mobility, Cj,, is the capacitance density associated with the gate
dielectric when the underlying channel is in the inverted state, Vi and Vp are the
voltages applied to the transistor gate and drain, respectively, and the threshold
voltage is given by V7 . It can be seen that in this approximation the drain current
is proportional to the average charge across the channel (with a potential V—zD) and

the average electric field (VTD) (along the channel direction. Inertially, ID increases
linearly with Vp and then eventually saturates to a maximum when Vp s = Vg —Vr
to yield

ID,sat = fﬁbc@nv 9 (12)

W <VG - VT> 2
There are several possible ways of improving Ip sut-
Decrease in channel length L
The reduction of the transistor channel length is driven by the need of decreasing

chip area on the Si wafer and thus decreasing the chip cost. The physical channel

1
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Figure 1.1: Schematic cross-section of the traditional
MOSFET transistor

length continues to scale by a factor 0.7 per technology generation, thus doubling
the transistor density [3]. According to Eq. (1.2), the scaling down of the channel
length provides also a significant improvement in the drive current.

Increase in gate overdrive (Vg — V)

The term (Vg — V) is limited in range due to reliability and room temperature
operation constraints, since too large a Vg would create an undesirable, high elec-
tric field across the oxide. Furthermore, V1 cannot easily be reduced below about
200mV, because kT ~ 25mV at room temperature. Typical specification tempera-
tures (< 100°C) could therefore cause statistical fluctuations in thermal energy, which
would adversely affect the desired Vi value.

Increase in channel carrier mobility u

A significant improvement of the carrier mobility can be indeed achieved by the im-
plementation of new MOSFET channel materials (most notably, strained silicon and
germanium) [4, 5]. This approach is considered to be the key in providing perfor-
mance boost required for the next MOSFET generation.

Increase in channel width W

An increase in the channel width, without increasing chip area, implies severe changes
in device architecture. Transition from the conventional planar MOSFETs to three-
dimensional (3-D) structures, such as double-gate MOSFETs [6] would provide a
large performance gain and an ideal structure for scalability. However, a manufac-
turable realization of such 3-D architecture by using conventional planar production
processes presents a formidable challenge. Very promising solutions are the FinFET
(Fin Field Effect Transistor) and ITFET (Inverted T channel Field Effect Transostor)
architictures [7] [8] [9], which could eventually enable the production of double-gate
MOSFETs in CMOS tecknology.

Increase in gate capacitance Cyqc

In the case of increasing the gate capacitance, consider a parallel plate capacitor
(ignoring quantum mechanical and depletion effects from a Si substrate and gate)
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[10]
kEQA

t (1.3)

Cgate =

where k is the dielectric constant (also referred to as the relative permittivity in
this article) of the material, g is the permittivity of free space, A is the area of
the capacitor, and ¢ is the thickness of the dielectric. For device design, all FET
dimensions scale proportionately and the precise material does not affect electrical
designs, so it is convenient to define an "electrical thickness” of the new gate oxide
in terms of its equivalent silicon dioxide thickness or "equivalent oxide thickness”
(EOT) as

3.9
tox = EOT = ?thigh—k (1.4)

Here 3.9 is the static dielectric constant of SiOs.The objective is to develop high K
oxides which allow scaling to continue to ever lower values of EOT.

1.2 High-k gate dielectric

Silicon dioxide is the key reason that microelectronics technology uses Si and not
some other semiconductor. Si is an average semiconductor in performance, but in
all other aspects SiOy is an excellent insulator. SiOy has the key advantage that
it can be made from Si by thermal oxidation, whereas every other semiconductor
(Ge, GaAs, GaN,SiC...) has a poor native oxide. SiO2 is amorphous, has very few
electronic defects and forms an excellent interface with Si. It can be etched and
patterned to a nanometer scale. Its only problem is that when very thin it is possible
to tunnel across it. Hence, we must loose these advantages of SiO5 and start to use
a new high-k oxide. We can in principle choose from a large part of the Periodic
table:

e |t must have a high enough K that it will be used for a reasonable number of
years of scaling.

e The oxide is in direct contact with the Si channel, so it must be thermodynam-
ically stable with it.

o |t must be kinetically stable, and be compatible with processing to 1000°C for
5 seconds.

e It must act as an insulator, by having band offsets with Si of over 1 eV to
minimise carrier injection into its bands.

e It must form a good electrical interface with Si.

o |t must have few bulk electrically active defects.
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Selecting a gate dielectric with a permetivity higher that of SiOs is clearly essential. K
should be over 10, preferably 25-30. In fact, a huge K is undesirable in CMOS design
because they cause undesirably strong fringing fields at source and drain electrodes
[11].The high K oxide must act as an insulator. This requires that the potential
barrier should be large enough to limit leakage current. For electrons and holes
traveling from the silicon substrate to the gate, this barrier is the conduction band
offset, AF,. and the valence band offset, AF, respectively. A gate dielectric must
have a sufficient both AE, and AE, to poly-Si (must be over 1 eV), and to other
gate materials in order to inhibit conduction by the Schottky emission of electrons
and holes to the oxide bands. These limits the choice of oxide to those with band
gaps over 5 eV. The oxides that satisfy this criterion are AlyO3, ZrOs, Y203, LasOj3
and HfOq [12]. Hf-oxide has enough large dielectric constant about 20 and relatively
wide band 5.6eV together with more than 1eV offsets for both conduction and valance
bands.

For all thin gate dielectrics, the interface with silicon plays a key role, and in
most cases is the dominant factor in determining the overall electrical properties.
The oxide must not react with Si to form either SiOs or a silicide according to the
unbalanced reactions,

MOs + Si = M + SiO (1.5)

MO, + 28i = MSi+ SiO5 (1.6)

This is because the resulting SiO2 layer would increase the EOT and negate the
effect of using the new oxide. In addition, any silicide formed by 1.6 would generally be
metallic and would short out the field effect. This effect can be understood by noting
that, when the structure contains several dielectrics in series, the lowest capacitance
layer will dominate the ovarall capacitance, setting in this way a limit on the minimum
achievable t., value. The total capacitance Cy; of dielectric stack composed of two
layers, a low-k and high-k layer, with capacitance C; and Cj, respectively, is given
by

1 1 1
=+ = 1.7
Ctotal 1 Co ( )
Hence, t., of the dielectric stack
£8i0 £8i0
teq = e tiow—k + s thighfk (18)
Elow—k Ehigh—k

It is clear from 1.8 that minimum achievable oxide thickness is limited by that
of the lower-k layer. This condition requires that the oxide has a higher heat of
formation than SiOy. Hubbard and Schlom [13, 14] found that this restricts the
possible oxides to very few, from columns Il, Il and IV of the Periodic table. These
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are SrO, Ca0, Ba0, Aly03, ZrO9, Y903, LasO3 and HfO5. It excludes some otherwise
useful and familiar oxides such as TasOs ,TiO2 and the titanates including SrTiOg
and BaTiOgs, which were favoured for use in capacitors in DRAMs. The group Il
oxides SrQ, etc. are not favoured of themselves because they are very reactive with
water. However, they would be acceptable as a transition layer. Hence this leaves
us AlsO3, ZrOy, Y503, LasO3, HfO5 and various lanthanides such as PryO3,Gd20O3
and LuoO3. Zr and Hf are both from column IV and are generally believed to be the
two most similar elements in the main Periodic table. However, it also turns out that
the thermodynamic data for many oxides were not so accurate. It was subsequently
found that ZrOs is actually slightly unstable [15, 16] and can react with Si to form
the silicide, ZrSis. For this reason, HfO5 is presently the preferred high-k oxide over
ZrO3. Lagy0s3 has a slightly higher K than HfOq, but is more hygroscopic. AlaO3 has
the disadvantage of a rather low K value. Y503 also has a lower K than LasO3. The
other lanthanides PryO3,Gd203 and LusOs are comparable to La [17, 18, 19, 20].
Alternatively, the superior SiO2/Si interface characteristics leads one to consider a
thin SiOy layer coupled with a high-k dielectric to avoid degradation of the carrier
mobility in the transistor channel.

The oxide is in direct contact with the Si channel. The carriers induced by the gate
are induced within Angstroms of the Si-oxide interface. Hence, this interface must
be of the highest electrical quality, in terms of roughness and the absence of interface
defects. It is difficult to imagine any material creating a better interface to Si than
that of SiO», since typical industrial SiOy gate dielectrics have a low midgap interface
state density, D;;, of ~ 2 x 100 states/cm?eV. Most high-k material reported show
D;; values of ~ 10 — 10'2 states/cm?eV. Extra defects are associated with oxide
grain boundaries. Therefore, there are two ways to ensure a high quality interface,
either use a crystalline oxide grown epitaxially on the Si, or use an amorphous oxide.
Using an amorphous oxide has many advantages over a poly-crystalline oxide. It is
like the existing Si:SiO situation. Using an amorphous oxide has many advantages
over a poly-crystalline oxide. First, an amorphous oxide might be able to configure
its interface bonding to minimize the number of interface defects. Second, it is
possible to gradually vary the composition of an amorphous oxide without creating
a new phase; for example as in silicate alloys, or interfacial layers, or when adding
nitrogen. Third, an amorphous oxide and its dielectric constant is isotropic, so that
fluctuations in polarization from differently oriented oxide grains will not scatter
carriers. Finally, amorphous phases have no grain boundaries. Grain boundaries in
a polycrystalline oxide act as easy diffusion paths for dopants, such as B or P from
a poly-Si gate electrode lying above. The advantages of epitaxial oxides may come
in the future, where their ability to create more abrupt interfaces allows us to reach
lower EOTs. Electrically active defects are defined as atomic configurations which
give rise to electronic states in the band gap of the oxide. Typically these are sites
of excess or deficit of oxygen or impurities. Defects are undesirable for four reasons.
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Firstly, charge trapped in defects causes a shift in the gate threshold voltage of
the transistor, the voltage at which it turns on. Secondly, the trapped charge will
change with time so the threshold voltage will shift with time, leading to instability
of operating characteristics. Thirdly, trapped charge scatters carriers in the channel
and lowers the carrier mobility. Fourthly, defects cause unreliability; they are the
starting point for electrical failure and breakdown of the oxide. SiOs is an almost
ideal insulating oxide, in that it has a low concentration of defects which give rise to
states in the gap. This is fundamentally because it has a low coordination number, so
that its bonding can relax and rebond any broken bonds at possible defect sites. Any
remaining defects are passivated by hydrogen. The high-k oxides are not materials
with a low intrinsic defect concentration because their bonding cannot relax as easily.
Much of the present-day engineering of these oxides consists of pragmatic strategies
of trying to reduce defect densities by processing control and annealing. The great
advantage of SiOs is that it can be grown by thermal oxidation. In contrast, high-k
oxides must be deposited. Deposited oxides are never as good. A crucial factor
in determining high-k dielectric final film quality and properties is the choice of the
deposition process. It must be compatible with current or expected CMQOS processes,
cost and throughput. It is therefore important to consider various manufacturable
methods such as physical vapor deposition (PVD), chemical vapor deposition (CVD)
and atomic layer deposition (ALD). PVD methods have provided convenient mean to
evaluate altarnative dielectric materials. However, PVD's inherent surface damage
results in unwanted interface states. Additionaly, device morphology inherent to
sub micron scaling generally rules out such line-of-sight PVD approaches. For this
reasons, CVD and ALD methods are preferred. CVD uses a volatile metal compound
as a precursor which is introduced into the chamber and oxidized during deposition
onto the substrate. The advantages of CVD are that it is already widely used in the
electronics industry for insulator deposition, it gives conformal coverage over complex
shapes because it is not just line of sight, and that the growth rate is controllable over
a wide range from very slow to high. Atomic layer deposition is a method of cyclic
deposition and oxidation, where metalic precursor and oxidation pulses are separated
by inert gas purge [21]. The advantages of ALD are that it is able to grow the
thinnest films of all methods, and the most conformal films even into deep trenches.
A disadvantages are its slow growth rate and that they generally introduce impurities
into the oxides, such as C, H or Cl, depending on precursor, whose electrical activity
needs careful study. Careful annealing strategies are needed to densify the CVD and
ALD oxides and remove impurities. This and other reasons led to the adoption of
ALD for many high-k oxides.
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1.3 In-situ approach of investigation high-k oxide

The high-k oxide HfO5 has a large dielectric constant of about 20, a large band gap
of about 5.6 eV, and a band offset with Si of at least 1.5 eV on both valence and con-
duction band sides [22]. Its electrical properties are well known, as it is already in use
as a substitute gate oxide for the Si-oxinitride in 45 nm silicon technology, and it will
be certainly present in the next generation sub-32-nm nodes silicon technology [23].
Anyway, a better understanding of the influence of the growth procedure on the final
electrical properties is a stringent condition for its wide spread application [24, 25].
The ALD growth of HfO5 has been extensively investigated in the last years gaining
an in-depth knowledge of its properties [26, 27] with the past studies focused mainly
on the setting of the parameters for obtaining good quality films. In particular, the
choice of the Hf and O precursors and the determination of the ideal substrate tem-
perature have been considered. However, a more detailed knowledge of every single
step constituting each ALD cycle is to be gained, in order to clarify behaviors that are
still an issue in the ALD growth [28]. Among the most important issues to be solved
is the formation of an interracial layer with poor dielectric properties that increases
the equivalent oxide thickness EOT. This consideration concerns especially the early
stages of the film growth and the interface formation with the Si substrate. A few
works, experimental and theoretical, were devoted to the detailed investigation of the
initial growth of HfO4 [28, 29, 30, 31] coming to the conclusion that the " growth per
cycle” is not constant during the growth of the very initial layers because the ALD
process changes the characteristics of the substrate while depositing new material.
The experimental investigations were made ex-situ. Thin films, prepared with a cer-
tain number of cycles, were moved into the measurement chamber and analyzed by
means of atomic force microscopy, Rutherford backscattering spectroscopy and x-ray
photoelectron spectroscopy (XPS), and electrically characterized. Based on those
experimental observations, Alam and Green [30] and Puurunen [32] proposed two
different models for describing the initial growth of HfO2 on various substrates, using
HfCly as Hf precursor. However, the ex-situ approach may suffer of two types of
experimental problems, which may influence the final result. The possible exposure
to ambient contaminations during the transfer into the measurement chamber may
induce changes in the properties of the sample, such as the growth of an interfacial
layer [33]. The measurements, made after a certain number of cycles, may miss the
detailed information of the single cycles and provide an average approximation of the
total effects of the performed cycles. To overcome the issue of sample contamina-
tion, some groups have implemented in-situ experiments and have investigated the
initial growth of HfO2 and Al2O3 on Si by means of optical spectroscopy [34],x-ray
reflectometry XRR, x-ray fluorescence XRF [35], XPS [36] and reflection high-energy
electron diffraction [37]. Here we propose an in-situ study of the ALD growth of
HfO4 using a reactor attached to the measurement chamber kept at UHV conditions
and equipped with an electron analyzer for recording photoemission and x-ray absorp-



8 CHAPTER 1. INTRODUCTION

tion spectroscopy XAS spectra. In this way, we could transfer the freshly prepared
film into the measurement chamber without breaking the vacuum and avoiding any
possible contamination. With the in-situ equipment, we could control the quality
and the property of the substrate before the ALD deposition by characterizing the
clean sample with photoemission and XAS and then studying the sample after each
cycle. Moreover, we could take advantage of the high resolution of synchrotron ra-
diation SR that permits photoemission measurements with very high sensitivity. The
possibility to tune the photon energy in a wide range allowed recording alternatively
surface or bulk sensitive XPS spectra and measuring XAS spectra, thus providing
important information about the atomic composition and the chemistry of the oxide.
The possibility to measure at very surface sensitive conditions is very important when
considering that the EOT of the next generation processors needs to be below 1 nm.
In that case, the formation of an interfacial layer of the order of 1 nm should be
clearly detectable in order to study it appropriately.



Chapter 2

Basics

2.1 Atomic Layer Deposition

The ALD technology was developed and patented some 30 years ago by Suntola
and co-workers in Finland [38]. The purpose was to develop TFEL displays where
ALD, then known as ALE, was used to deposit the high quality electroluminescent
and dielectric layers, the latter being closely related to the high-k dielectrics. The
TFEL display production was the first industrial application of ALD and the successful
industrial production still continues. The strength of the ALD technology lies in its
capability to produce high-quality, dense, and pinhole-free films on large surface areas
with excellent uniformity and conformality as well as with thickness and composition
control at an atomic level [39]. These characteristics are now especially needed
for the processing of high-k dielectrics. The ALD processes and their applications
have been frequently reviewed [39, 40, 41, 42, 43|, most extensively and recently
by Puurunen [44]. ALD is a variant of chemical vapor deposition (CVD) method,
but unlike CVD, ALD relies on sequential and saturating surface reactions of the
alternately applied precursor pulses. The precursorpulses are separated by inert gas
purging or evacuation of the reaction chamber to avoid gas phase reactions between
the precursors. The growth proceeds in a cyclic manner enabling easy thickness
control. The basic principle of ALD is shown in a simplified manner in Figure 2.1,
where one ALD cycle of an imaginary metal oxide deposition is presented. At first
the exposure of the substrate surface to the gaseous metal precursor (a) and its
chemisorption on the available surface sites (here OH groups) leaves the surface
saturated. After inert gas purging of the excess precursor and ligand exchange by-
products (b), the surface is exposed to the oxygen source (here H2O) (c). The surface
reaction produces the desired oxide film and after inert gas purging the surface is
ready for the next ALD cycle (d). In order to achieve a surface saturative ALD-type
process, the growth rate has to be independent of the precursor dose provided that

9
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Figure 2.1: Schematic illustration of an ALD cycle of a Hf-oxide process
where HfCly precursors and HsO are alternately pulsed and separated by
inert No gas pulsing

the dose is sufficiently large so that all the available surface sites have been occupied
(Figure 2.2). In other words, the precursor decomposition leading to a CVD-type
growth mode should be avoided. In theory, the ALD growth proceeds by one atomic
layer per cycle, but in practice, due to steric hindrances and possible limited number
of reactive surface sites, the growth rate per cycle usually is only a distinct fraction
of a monolayer (ML) thickness, typically less than 0.5 ML. As the growth proceeds
in a cyclic manner, and the purging periods take some time, the ALD technique is
rather slow for some applications, but for high-k depositions where very thin films
are grown this is not a critical issue. Often, but not always, a region with a constant
deposition rate, also known as ALD window, is observed [40, 45]. The ALD window
is not a requirement for an ALD-type growth mode, but it is a desirable feature that
leads to the reproducibility of the film growth. Especially if a ternary material is to
be deposited, overlapping ALD windows of the constituent binary processes offer a
good starting point for the development of a ternary process. The observed growth
rates vs. temperature in ALD processes are shown in Figure 2.3. In addition to
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the above-mentioned applications in microelectronics, ALD certainly offers potential
solutions in many other areas, such as optics and optoelectronics, nanotechnology,
micro-electromechanical systems, catalysis, magnetic recording head technology, and
protective and antireflective coatings.

2.2 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic technique
that measures the elemental composition, empirical formula, chemical state and elec-
tronic state of the elements that exist within a material. XPS spectra are obtained by
irradiating a material with a beam of X-rays (MgKa, AlKa or Synchrotron Radiation)
while simultaneously measuring the kinetic energy (KE) and number of electrons that
escape from the top 1 to 10 nm of the material being analyzed. The emitted electrons
have kinetic energies given by

Ekin = hv — Ebind - q)spec (21)

where hv is energy of photon, Ej;,q is the binding energy of atomic the orbital from
which the electron originates, and ®g,. is work function of spectrometer. Process
of electron excitation and analyzing are shown on Fig. 2.4. Because each element
has unique binding energies, XPS can be used to identify and determine concentra-
tion of the elements in the surface. Variation the elemental binding energies (the
chemical shift) arise from the differences in the chemical potential and compound
polarizability. These chemical shift can be used to identify the chemical state of
material being analyzed. For the most XPS investigation, quantitative analysis is
important. Using area peak intensity we can determine the relative concentrations
of various constituents, depth profiling and the thickness of one or more thin layers.
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Figure 2.4: Schematic illustration of an XPS experiment with excitation of
electrons and following their analyzing and detection

Total area peak intensity depends on many factors. We can separate these factors
for two groups. The first group depends on experimental instruments (X-ray source,
type of analyzer, experimental geometry and etc.). The second one comes from
physical properties of investigated sample. For the simple case (Fig. 2.5) intensity
from element A can be estimated by equation:

2

Iy= fﬁNAUAT(EA)/ exp(—

1

z
Nicosd e)dz (2.2)

where f is photonflux of used x-ray source, 3 is an angular efficiency factor for the
instrumental arrangement based on angle between the photon path and detected
electron, N = Nyp/M is the atomic density(/Ny is Avogadros constant, p is the
density of the sample and M is the relative atomic mass), o is the ionization cross-
section of the observed photoelectron line according to a defined core level and the
photonenergy hv, A is the inelastic mean free path and T'(E) - is the transmission
function of the spectrometer used. If we have infinitely thick layer with homogeneous
distributed atoms A, intensity from these atoms is given by

Iy = fBNAcAT(EA)Aacosb (2.3)

For a sample consisting of a thin homogeneous layer of material B with thickness d
on a substrate of material A (Fig. 2.6), we can write the following expressions for
the XPS signal intensities assuming exponential attenuation in the overlayer:

Iﬁ _ NBO'BT(EB)/\ByB(l — exp(—d/)\B,B)) (2 4)
Ia NaoaT(Eg)Aaaexp(—d/Ap acosb) '

where A\p pandA4 p are the attenuation lengths in the overlayer of photoelectrons
emitted from the overlayer and the substrate, respectively. The A4 4 is attenuation
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lengths of substrate electrons in the substrate. The last equation 2.4 can be used
for thickness calculation of SiOq layer on top of Si. For this case the kinetic energy
of Si2p photoelectrons from oxidized and elemental Si differ by less than 4eV (0.3%)
AB,B = AA,B = A

Ip

d=MAcosfln(l - K—
I

) (2.5)

where K = H In-situ experiment give possibility to measure signal of sub-
strate before deposition of overlayer. Using information about attenuation of sub-

strate signal in the deposited overlayer we can calculate thickness:
Iy
d= )\coseln(T) (2.6)

where Iy and I are intensities of signal before and after deposition respectively. All
above equations are corrected for homogeneous layers only. Studying of the initial
ALD cycles we have to do with islands of capped layer. The structure of the sample
with islands of top layer is demonstrated on figure 2.7. The signals from the bottom
layers consist of two contributions. One is covered and attenuated by top layer.
The second one is uncovered. The signals from all three layers can be described by
equations:

Ic = F x NocAc,coaT(Ec) cos0(1 — exp(—dc/Ac,c cosB)) (2.7)
IBcow = F NpA T(Eg)cosf(1—e (—diB dc ) (2.8)
B,cov = BAB,BOA B Xp A5 C08 0 Xp \p.c cos 0 .
d
Igunc = (1 —F)* NpAp poaT(Ep)cosf(1 — exp(— B (2.9)

AB,Bcost
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Figure 2.8: Absorption geometry of HfOo molecules
on SiOy/Si substrate

dp do
T4 con = F %« Ng T(E 0 _ _ 2.10
A, * NaAa,a0 AT (Ex) cos eXp(AA,B COSQ)eXp<)\A70 g (210)
d
A une = (1-F)=x NA/\AAO'AT(EA) COS@GXp( B ) (2.11)

Aa,Bcosf

where F' is the coverage of islands, A4 4, Aa.p and Ay ¢ are attenuation length
of substrate electrons in the substrate A, intermediate layer B and islands C, re-
spectively, Ap g and Ap ¢ are attenuation length of intermediate layer electrons in
the intermediate layer B and islands C, respectively, A4 4 is attenuation length of
electrons from island in the island C'. In the experiment we have three signals: I is
due to islands of material C, Ip = IB cov + IB,unc is the sum of the signals from the
intermediate layer and 14 = 14 cov + IA,unc is the total substrate signal. Operating
with these data we can estimate the thickness of all layers, their stoichiometry and
the coverage, follow the evolution of HfOy growth and changes in the interfacial layer.
When we analyze XPS data and calculate the physical parameters of the ultra thin
layers (one or two monolayers) we should take to account the absorption geometry
of molecules. One possible case is represented in Fig. 2.8. Oxygen atoms from HfO-
molecules is on top and exciting electrons from these atoms are collected directly by
analyzer without any attenuation. In thick layer we can neglect by this contribution,
but for the film with monolayer thickness it is very important.



Chapter 3

Experimental

3.1 The ALD in-situ system

The ALD reactor comprehends a stainless-steel UHV-compatible vessel equipped with
a turbo-molecular pump system, a pressure gauge, a heating finger, a manipulator
and a Gas Delivery System (GDS). The GDS is mounted on a 63mm flange and
is formed by industrial graded electro-polished with various gas lines (Fig. 3.1).
We developed two configurations for the gas delivery: a first one is made by one
metal-precursor source, one oxygen source and one purging gas. In this configuration
the purging gas can be delivered directly into the ALD reactor or may be deviated
into the metal-precursor line for using it as carrier gas. In the second configuration
there could be used two different metal-precursors, as each line is connected with a
remote purging gas source. As in the first configuration, the third line is used for
delivering the oxygen source. Every source is separated by fast pneumatic membrane-
valves (Swagelok Diaphragm Valves), assuring a fast opening/closing time and good
leak. The pumping system consists of a rotary vane pump for pumping the system
from atmospheric pressure and a turbo-molecular pump assuring a base pressure in
the 1078 mBar range. The pumping speed of the turbo-molecular pump makes it
possible to remove the excess gases and the byproducts of the ALD reactions in a fast
and effective way. The pressure behavior during a usual ALD cycle we can see in Fig.
3.2. When opening the valve to the metal precursor the pressure rapidly increases
reaching a pressure of 107° - 1073 mBar, depending on the precursor used. The usual
opening time is between 0.3s and 4s, also depending on the precursor used. To reduce
the condensation of the metal precursors on the walls of either the UHV chamber or
the GDS, both can be heated through heater tapes at temperatures varying between
50°C and 130°C. Between the pulses of the metal precursor and water, all the GDS
and the UHV chamber are purged by introducing the inert gas to a pressure as high
as 1072 mBar. For further increasing the pumping speed efficiency, we perform a
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Figure 3.1: (A) The Gas Line System for ALD process with 3 lines: purging
(line 1), precursor (line 2) and oxygen source (line 3) (B) The Gas Line
System for ALD process for two precursors. The lines 1 and 2 are precursor
source with independent purging gas. The line 3 is oxygen source. The black
arrows show the direction of a gas flow.
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Figure 3.2: Pressure behavior in the ALD reactor during usual ALD cycle
(A). Time of precursor, oxygen and purging pulses (B and C)
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second purging pulse after 5 seconds. This further step assures that the complete
GDS is completed evacuated. After this second purging step the pressure decreases
steeply reaching a value around 5x10~7 mBar within 10s. After pumping out for 20
seconds the water pulse can be performed, being the pressure about 2x10~7 mBar.
The water pulse is also usually about 0.3s-0.5s and brings the pressure in the UHV
chamber up to 1072 mBar. After the water pulse a two-step purge is performed.
The pressure decrease after the water pulse and the purge is slower compared to
the decrease after the metal precursor, as water may condensate easily on the UHV
chamber even when it is heated (usually at 80°C). Anyway, after the complete cycle,
the base pressure is restored within 2-3 minutes. The transfer into the UHV chamber
for the measurements is done opening the valve separating the two vessels. The
measurements chamber has a usual base pressure of about 2x107'0 mBar. This
increases during the transfer, but it decreases again within some minute in the 10710
mBar range, showing that the pressure increase is mostly due to the inert gas in the
ALD reactor. The heating system is necessary as ALD needs a substrate temperature
between 200°C and 400°C for growing amorphous metal oxides [46]. In this range the
possible methods for heating the substrate are the direct heating (for semiconductor
substrates) or the indirect one obtained either by radiative or contact heating. As
the main experiments were done on Si substrates, we employed the resistive heating
by applying a voltage between the two extremes of the Si sample. For obtaining
similar temperature for each new sample and after each cycle we first calibrated the
temperature dependency on the electrical power applied with both a thermocouple
attached to the sample and an IR pyrometer with a large temperature spectrum. For
this purpose we included a ZnSe window flange in the UHV reactor. The temperature
accuracy is of the order of 10°C, but this does not preclude the reproducibility of the
ALD cycles as the usual ALD windows have a typical range of at least 50-100°C. The
software for controlling ALD valves was developed in our group using a NI LabVIEW
Development System [47]. This software makes possible to control up to 8 valves in
the system. It is possible to set the open/close time, the opening order, the number
of cycles and the time between the cycles. The ALD valves are connected to the
computer via a ADVANTECH 8-ch Relay and 8-ch Isolated DI USB Module 4761
[48]. The open/close status is changed by applying a voltage of 24V when the valves
are connected to pressured air at 5 Bar.

3.2 In-situ XPS and XAS system at BESSY

UHV-compatible ALD reactor is attached to a chamber provided for XPS and XAS
measurements at the beamline U49/2-PGM2 in BESSY II, Berlin, Germany (Fig.
3.3). The synchrotron light focused onto the 1x1 cm? sample in a 45° incidence
geometry [22]. The emitted electrons were collected in an angle-integrated mode with
a 180° hemispherical energy analyzer SPECS PHOIBOS 150 positioned at an emission
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Figure 3.3: Diagram of in-situ XPS and XAS system with attached ALS
reactor at BESSY

angle of 45°. The total energy resolution was set to about 100 meV for the spectra
recorded at 150 eV, to 150 meV for the Ols, and to 200 meV for the Hf4d core
level both measured at 600 (or 640) eV. The photon energy range of the U49/2
beam line in BESSY Il is very large covering energies as low as 90 up to 1800 eV
[23]. We have chosen the photon energies 150 and 600 (or 640) eV for the surface
sensitive investigation of the Si2p and Ols core level peaks. The surface sensitivity
was further increased by setting the emission angle to 45°. Thanks to these settings,
we can show here very sensitive measurements that are not possible with the standard
lab sources. The XAS spectra were recorded using both the total electron yield TEY,
by measuring the drift current on the sample, and the partial electron vyield, by
measuring the intensity of the electrons with a kinetic energy of 50 eV with the
electron analyzer.
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3.3 Used Precursors

In our experiments we used three different precursors Hafnium tetrachloride, Tetra-
(ethylmethylamino)hafnium and Tetrak(dimethylamino)hafnium. They have various
physical and growing ALD properties. Hafnium tetrachloride represents halides. It is
a solid source material (powder) for the atomic layer deposition. In HfCl, molecular
hafnium is bonded with four chlorine molecules. It has molecular weight is 320,30
g/mol. At room temperature HfCly has too low vapor pressure (VP). Boiling point
is 320°C. In our experiments the HfCly precursor was heated up to 170°C. At this
temperature pressure in ALD reactor changes from value 10~® to 5.5x107°. The
time of hafnium precursor pulse was 360 seconds. The optimized temperature of
the substrate found in most studies is 300°C , showing well-saturated growth with
a growth rate of 0.5-1.0 /cycle, the exact value depending on the reactor set-up.
Hydrogen and chlorine impurity levels at 300°C have been reported to be 0.6-0.8
and 1.5 at-%, respectively [49]. The chlorine level could be reduced by annealing at
high (900-1050°C) temperatures [50]. However, annealing caused crystallization even
in very thin layers [51]. The chlorine residues tend to accumulate at the interface
region between the film and Si substrate [52]. Problems related to the HfCl,/H20
process include also the fact that the metal precursor, being a fine solid, can gen-
erate particle contamination and the ALD reaction by-product is corrosive acid HCI
[53]. In addition, the inhibited growth of hafnia on H-terminated Si, leading to an
island-type growth [54, 55] remains as a challenge. A common solution to overcome
this problem is to use thin thermal or chemical SiO5 as a starting layer. However,
as lower-k interfacial layer is introduced, to achieve sub-1.0 nm EOT values with low
leakage becomes more difficult. For these obvious reasons alternative chemistries for
the ALD of HfO5 has been the subject of many researches. One possible candidates
is alkylamides. TEMAH( is used essentially for the deposition of pure HfOs. It can be
used both in ALD or MOCVD mode for the deposition of high-k films, with Os, O3
and HyO being the most common co-reactants. TEMAH( is a clear liquid that reacts
immediatly upon contact with water or moisture, with the evolution of ethylmethy-
lamine and hafnium oxide/hydroxide formation. TEMAHf has an increased volatility
and does not suffer from being a solid at room temperature. TDMAH( is solid at RT
and becomes liquide at 60°C. A distinct benefit of using Hf alkylamides, TEMAHf and
TDMAMHT, is that they are liquid at the evaporation temperature eliminating the par-
ticle contamination problem [18]. Furthermore, the alkylamides are reactive towards
water and give impurity levels that are at least for C and N reasonably low, e.g. 0.3-
0.6 at-% of C and 2-3 at-% of H when Hf(NEtMe),/H2O ALD-process was applied at
250°C [56]. The suitable ALD growth temperature range for the Hf(NEtMe),/H20O
process is reported to be below 350°C [18] but slight decomposition of the precursor
was probably affecting the growth rate already at temperatures around 300°C [56].
As compared with TEMAH(f, higher impurity levels were detected in films obtained
from TDMAHf and water. In addition, the surface roughness increased rapidly at
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Hafnium  Tetra- | TEMAHf TDAMHf
chloride

Formula HfCl4 [(CH3)02H5)N]4Hf [(CHg)QN]4Hf
Molecular Weight 320.30 g/mol 410.90 g/mol 354.79 g/mol
Substrate Temperature || 300°C 350°C 250°C
Precursor Temperature || 170°C RT 60°C

Precursor Pulse

10~ °>mBar for 6
min

10~ °>mBar for 4
sec

10 °mBar for 1
sec

Oxidation Pulse

10~ 2mBar for 20
secC

10~ 2mBar for 1
sec

10~ 2mBar for 1
sec

Purge Pulse

10~ 2mBar for 120
sec

10 2mBar for 1
sec

10 2mBar for 1
sec

Ols, Si2p

Ols

Number of cycles 8 cycles 20 cycles 12 cycles
Measurements XPS: Si2p, Ols, | XPS: Si2p, Ols, | XPS: Si2p, Ols,
Hf4d, VB XAS: | Hf4d, VB XAS: | Hf4d, VB

Table 3.1: The parameters of the experiments with different precursors
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temperatures around 250°C [57]. All experimental parameters are collected in Tab
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Results and discussion

4.1 Ex-situ investigation of industrial layers of Hf-oxide
on Si by X-ray Photoelectron Spectroscopy

The ALD growth of hafnium oxide has been extensively investigated to obtain the
best parameters of the ALD process to obtain good quality films. The most of
experiments were carried out ex-situ. It means the investigated sample is exposed
by an ambient influence, that can lead to undesirable additional contamination and
reactions. As well as ex-situ measurements are made after certain number of ALD
cycles and obtained information is an average approximation of the total effects of
the performed cycles. In this section we want to demonstrate what kind information
we can extract from ex-situ XPS spectra of industrial prepared Hf-oxide layers and
show large disadvantages. In Fig. 4.1, 4.2 and 4.3 VB, Ols and Si2p spectra are
collected. This sample was prepared by ALD and then ex-situ measured by XPS using
SR. From experimental set-up we know that the sample is Si substrate p-type with
SiOy and deposited 3nm overlayer of Hf-oxide, then sample was annealed. Ex-situ
spectra give possibility to make qualitative analysis of the studied sample. Position
and shape of spectra give information about chemical content. In Fig. 4.1 we show
VB spectrum. The largest feature is Hf4f level peak at binding energy about 17.4eV
indicating Hf content in the sample. Also we can observe two peaks at 25eV and
lower 10eV due to oxygen atoms. In Fig. 4.2 Ols spectra are showed. It is one broad
peak at 531.7eV and shoulder at lower BE about 530.7eV. The first peak comes from
oxygen content in interface and indicate silicate formation. The second one is due
to oxygen in Hf-oxide. Peak due to oxygen from SiO; is absent. In Fig. 4.3 you can
see Si2p spectra. There are two features: one is signal from substrate at 98.7eV and
second one comes from atoms of Si in the interface at about 102eV. The position of
the second peak confirms the silicate formation in the interface. For the quantitative
analysis we use the eq. 2.2. Actually we cannot use this equation directly, because
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Figure 4.1: Ex-situ VB spectra for in-
dustrial Hf-oxide layer. The spectra
were measured with photon energy of
200 eV. The major features of the VB
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Figure 4.2: Ex-situ Ols spectra for in-
dustrial Hf-oxide layer. The spectra
were measured with photon energy of

800 eV.

and the core level lines are indicated.

measured intensity is relative value and in analysis we should use relation between
intensities of different core level peaks. Using 2.4 we can calculate thickness of IL.
For SiO5 or Silicate interface this equation does not depends on type and thickness
overlayer, because kinetic energy of both excited electrons from the substrate and
the interface is almost equivalent and these electrons are attenuated in the same
way. From the calculation the thickness of IL is about 2.4nm. Now we come to large
disadvantage of ex-situ experiment, because we don’t know exactly initial conditions
of substrate and cannot follow changes in the IL during and after depostion of Hf-
oxide and after annealing. In contrast all this information can be obtained from
in-situ experiment. To obtain information about structure of the sample should be
used equation:

Iro, _ At 0,170, (1 — exp(=d/AH 0, HfO,)) (4.1)
Is; A5i,5i €XP(—d i 0,/ NH 104,51 €08 0) exp(—drr,/A1L,5i cos 0)
where K is NH1029170,T(Br0)  Eop o ity experiment this equation contains

~ NsiosiT(Esi) ) ) .
several uncertainties: the first one is thickness of the overlayer, the second one is

changing of IL and the last one is stoichiometry of deposited layers. The first two
parameters can be calculated from in-situ experiments using ratio between substrate
signal and IL. Then stoichiometry can be estimated using Eq. 4.1. Ex-situ experi-
ments give not enough information for complete analysis. Particularly when we deal
with very thin films in-situ experiments are necessary. In following sections we will
discuss advantages of in-situ XPS and XAS measurements.
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Figure 4.3: Ex-situ Si2p spectra for Figure 4.4: Structure of the ex-situ in-
industrial Hf-oxide layer. The spectra vestigated sample.

were measured with photon energy of

800 eV.

4.2 Investigation of in-situ layers by XPS, XAS

4.2.1 Quantitative analysis

The high sensitivity of SR based electron spectroscopy is used to follow the intensities
of the substrate signals as well as those of the hafnium oxide layers after each cycle.
For the substrate, we use the Si2p core levels and the valence band (VB) spectra. The
HfO5 layer is characterized via the Ols emission, the Hf4f emission in the VB region,
and for a better quantitative assignment also the Hf4d levels. Further information is
obtained from the analysis of the XAS (only for the HfCl4 experiment) spectra that
were recorded at the Si2p edge and the Ols edge after each completed cycle. The
intensities of all spectra shown here were divided by the incoming photon flux or the
lp current measured by gold mesh, which are a function of time in a synchrotron.

In Fig. 4.5, 4.6, 4.7 and 4.8 we show the Si2p, VB, Ols and Hf4d variation
for the etched substrate (blackline) and the complete ALD cycles. For the HfCly
experiments spectra are showed after each complete ALD cycle up to the seventh.
For TDMAH(f experiment we show spectra for substrate and after each two complete
ALD cycles up to the twelfth. In Fig. 4.5 Si2p spectra are showed. The photon
energy used for these spectra was 150 eV. The resolution for these spectra was set
to about 100 meV, giving the possibility to observe the spin-orbit splitting (about
0.61 eV) of the bulk Si-related (Si™®) component of the Si2p at about 99.5eV. Also
the intermediate oxidation components (Sit!, Si*2, and Si*3) can be observed at
binding energies between 100 and 103 eV, while the emission from the SiOs results
in a strong contribution at about 103.5 eV. The photon energy is selected to ensure
the highest surface sensitivity as here the photoelectrons come out from the first one
to two layers. By comparing the intensities of the oxide and substrate components,
it was possible to estimate the SiOs thickness to about 0.5 nm for the HfCl4 and
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Figure 4.5: Si2p spectra for HfCly (a) and TDMAH(f (b). Black lines are the
clean substrate, color lines are after complete ALD cycle. The spectra were
measured with photon energy of 150 eV. The peaks at about 99.5 eV are due
to bulk Si component, and the peaks at about 103.5 eV are due to the SiO9
component from the substrate. The features between 100 and 103 eV are due
to the suboxide components.
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Figure 4.6: VB spectra for HfCly (a) and TDMAH(f (b). Black lines are the
clean substrate, color lines are after complete ALD cycle. The spectra were
measured with photon energy of 150 eV. The major features of the VB and
the core level lines are indicated.
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Figure 4.7: Ols spectra for HfCly (a) and TDMAHS (b). Black lines are the
clean substrate, color lines are after complete ALD cycle. The spectra were
measured with photon energy of 600 eV and 640 eV for HfCly and TDMAHf

respectively.
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Figure 4.8: Hf4d spectra for HfCly (a) and TDMAH( (B). The background, due
to the Si2s plasmon tail from the substrate, was subtracted. The spectra were
measured with photon energy of 600 eV and 640 eV for HfCl; and TDMAHf

respectively.
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TDMAHf experiment. Also in the VB regime, we use the high surface sensitivity
of the 150 eV excitation energy (Fig. 4.6). Here the substrate emission shows the
typical features of the SiOy VB [58]. The deposition of HfO2 results in a shift of the
VB maximum from its value of about 5 eV in SiO5 to a value of about 3 eV in HfO,.
Most prominent are the strong features of the Hf4f levels occurring between 15 and
20 eV. In Fig. 4.7, the Ols spectra measured with photons of 600 eV and 640eV
for the HfCl, and TDMAHTf experiments respectively, are reported. Also in this case,
the photon energy is selected for obtaining data with a high surface sensitivity. It
should be noted that the gain in sensitivity is about one order of magnitude when
comparing to conventional laboratory sources. The variations in the Ols level after
each cycle in experiment with the HfCl; and TDMAH(f precursors, Fig. 4.7(a) and
4.7(b) show first a decrease of the intensity, followed by a shift from 533 to about
532 eV. An emission arises around 530.5 eV that is characteristic for HfOy [59] after
the 3¢ and 8" for the HfCl; and TDMAHf experiments respectively. These data
clearly show the growth of HfOs. In Fig. 4.8 , we show the photoemission data
taken around the Hf4d emission. In all experiment, the emission from the Hf4d levels
increase in intensity showing growth of HfOs. For HfCl, data (Fig. 4.8(a)), we find
a contribution at around 200 eV, attributed to the CI2p emission. We have extracted
the information about the composition of the overlayer for each cycle by comparing
the ratios O/Hf estimated from the intensities of the Ols and Hf4d peaks. Also
we should analyze Si2p spectra to determine thickness of overlayer and interfacial
layer formation. For obtaining the intensity values, we have executed a fit to the
O1ls and Si2p spectra in order to separate the SiOy component from the HfO9 in
the Ols spectrum and the Si substrate from the Si2p. The fit of Si2p spectra are
showed in Fig. 4.9. Before fitting spin orbital splitting was removed using 0.61eV as
splitting energy and 0.5 as statistical ratio. The fit was performed using a Levenberg-
Marquardt least-square algorithm using Voigt functions. In the fit Si contributions
with oxidation states from +0 to the +4 are represented. The shifts peaks relative
to the SiT% component of Sit!, Sit2, Sit3 and Sit* are 0.98eV, 1.85eV, 2.64eV and
3.87eV respectively. For successful fitting we have add two more components Sia
and Sif near the bulk peak, at -0.28eV and 0.31eV respectively. Those contributions
are addressed to Si-Si bonds in the interface between Si and SiOy [60]. The Ols
spectra fit is included three components (Fig. 4.10): two strong contributions from
SiOy and HfO4 at binding energy 533 and 530.5eV respectively, and small peak at
higher binding energy due to CO contaminations. To obtain the intensities of Hf4d
peaks area under the curves were taken. The characterization of the Hf-oxide by
means of photoemission is usually made considering the energy position of the Hf4f
and Ols peaks. We compare the binding energy of our in-situ samples with that
present in literature and with other samples produced with standard ALD reactors
and measured ex-situ. We find the binding energy of the HfOs component in the
O1ls and Hf4f spectra to be about 530.5 and 17 eV, respectively. Those measured
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Figure 4.9: The fit Si2p spectra Figure 4.10: The fit Ols spectra after
of etched Si/SiOy substrate using a 6 ALD cycle with HfCl4 precursor
Levenberg-Marquardt least-square al-

gorithm using Voigt functions.

binding energies are very similar to the samples produced in a standard way with no
silicate formation, as it would result in a larger binding energy of Ols and Hf4f. We
have to note that from the line shape of the Si2p peak it is not easy to determine
the presence of silicate because of the existence of suboxide in the same energy range
observable in our measurements thanks to the high sensitivity of our setup.

4.2.2 Evolution of interfaces HfO,/SiO,/Si

The attenuation of the Si2p peak, due to the elastic and inelastic scattering processes
experienced by the electrons of the substrate as they travel through a film of thickness
d, will be used to investigate the overlayer thickness as a function of ALD cycle. Also
data from Si2p spectra give information about evolution of interfacial layer IL of
SiOy during ALD growth of HfO5. From the spectra in Fig. 4.5, we have obtained
the intensity values (peak area) of the substrate, oxide and suboxide components of
the Si2p level. The ratio between Sit* and Sit" components are collected in Table
4.1 for both HfCl; and TDMAHf experiments. The intensity of two components
of Si2p spectra versus ALD cycles are showed in Fig. 4.11 and 4.12 for HfCl4 and
TDMAHTf respectively. All lines are normalized to intensity in the etched substrate
for a better comparison. The intensity axes are showed in exponential scale. We can
note the different attenuation of the bulk Si component at about 99.5 eV and of the
SiOy component at about 103.5 eV. This fact could be due to the formation of an
extra Si-oxide growing at the interface between the substrate and the HfO4 oxide, as
proposed by other authors on the basis of both [33, 61] experimental and theoretical
investigations. Actually if we consider ratio between Si™* and Sit® components and
use the equation 2.5, we can calculate growth of IL during ALD. Total thickness
and relative growth of IL are reported in Tab. 4.1. For experiment with the HfCly
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Figure 4.11: Si2p intensity of the bulk
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Figure 4.12: Si2p intensity of the bulk
Si and Sit* components as function of
the ALD cycle using TDMAHTf precur-
sor. The intensity values are reported
on a logarithmic scale.

precursor initial thickness of Si-oxide layer is 0.47nm what corresponds to about 1
monolayer. The IL growth is about 0.10nm and 0.21nm after three and six ALD
cycles. How we will show later 3 and 6 ALD cycle are corresponded to 1ML and
2ML of HfOq respectively. It means growth rate of IL is about 0.11nm per 1ML
of Hf-oxide. We should note there is no further IL growth after 2 ML of HfOs.
In TDMAH(f experiment initial thickness of Si-oxide layer is 0.55nm it is a little bit
thicker than for substrate in HfCl4 experiment. And we have mention that we use
silicon substrate with chemical oxide and native oxide in experiments with HfCly
and TDMAHY( respectively. Estimated growth of IL is 0.11 nm and 0.28 nm after 8
and 12 ALD cycles. From the later analyses we can note that after 8 and 12 ALD
cycles thickness of Hf-oxide are about 0.5 and 1.0 nm, 1ML and 2ML respectively.
The growth of IL after IML HfO5 is comparison with first experiment, but after
second layer of Hf-oxide it is larger and equals 0.17nm. The addition growth of
IL can be explained by further analyze of physical properties of Hf-oxide layer. A
stoichiometry of this layer shows oxygen-rich Hf-oxide and oxygen can penetrate to
substrate and form addition SiOs. Information about IL growth is important not for
only final properties of semiconductor devises, but also for determination properties
and growth model of Hf-oxide layer.

4.2.3 Model of growth

We will continue to use the attenuation of the Si2p peak to investigate the overlayer
thickness as a function of ALD cycle and to determine model of HfOs growth. Our
studying we base on equation I = I exp(—ﬁ), but we have note, this equa-
tions include attenuation from growth Hf-oxide layer and increasing thickness of IL
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HICl, TDMAHf

Si+4/Si+O trr Grp Si+4/Si+0 trr Grp
Substrate 2,17 0,47 | 0,00 Substrate 2,88 0,55 | 0,00
1 cycle 2,21 0,47 | 0,01 2 cycles 3,63 0,62 | 0,07
2 cycles 2,51 0,51 | 0,04 4 cycles 3,40 0,60 | 0,05
3 cycles 3,15 0,57 | 0,10 6 cycles 4,06 0,65 | 0,10
4 cycles 3,71 0,62 | 0,15 8 cycles 4,29 0,67 | 0,12
5 cycles 4,12 0,65 | 0,18 10 cycles 4,77 0,70 | 0,15
6 cycles 4,74 0,68 | 0,21 12 cycles 7,38 0,84 | 0,29

Table 4.1: Calculated ratio between Sit* and Sit? components of Si2p spectra,
total thickness of interfacial layer t;; and IL growth Gjp during ALD for the
etched substrate and after the each ALD cycle for the HfCl4 and after each two
cycles for the TDMAHT.

described above. In this case we should modify this equation:

diro, Grr

I =1 — _
0 exp AHfO, COS 0 A cosd

(4.2)
where df 0, is the thickness of Hf-oxide overlayer, Gy, is the growth of IL during
ALD. We know already IL growth and can subtract attenuation due to this growth
from the total substrate signal. These date are shown in Fig. 4.13 and Fig. 4.14
for HfCly and TDMAHT( respectively. The close line is experimental data and the
dash line is calculated using Eq. 4.2. For the experiment with HfCly we obtain
for the cycles 3 and 6 an HfO5 thickness of about 0.45 and 1 nm, respectively.
For TDMAHf experiment we obtain the same thickness of HfOy layer after 8 and
12 cycles. These thicknesses are very near to the nominal thicknesses of one and
two layers, respectively, while the values of the other cycles do correspond to some
fractional coverage. This result demonstrates the ALD growth of Hf oxide with a
rate of one layer per three cycles for HfCly experiment. We need 8 and more 4
ALD cycles for growing first and second monolayer respectively in the experiment
with TDMAHf precursors. In fact, one has to consider that with an ALD growth
rate of 1/r, every layer is completed only after r cycles and only after r cycles the
exponential attenuation with a length of Nx0.5 nm may be observed, where N is
the number of completed layers. In the intermediate i*" cycle, on the other hand,
the expected attenuation cannot be purely exponential, but is rather the sum of the
exponential attenuation, with exponential index exp(—Nx0.5/A cos §) multiplied by a
coverage fraction i/r, and the remaining uncovered surface for which no attenuation
is observed. This is therefore smaller than the purely exponential attenuation. This
behavior is observed in Fig. 4.13 for the intermediate cycles 1 and 2 and 4 and
5, where the attenuation of the Si2p intensity is smaller than exponential. The
deviation from a purely exponential attenuation of the Si2p intensity can be also due
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to the formation of islands, but one should not confound the behavior of the intensity
attenuation in an ALD growth with that of Stranski-Krastanov and Volmer-Weber
growth modes. In the ALD mode, the complete coverage is reached exactly when
the layer is completed, while for the island growth this will occur for an average
thickness larger than the single layer height. Here we see that after three cycles,
corresponding to one layer, the exponential attenuation is restored, indicating the
occurrence of the ALD growth. For TDMAHf experiment the situation is more
complex. At first there is not constant growth rate. For first layer we need eight
ALD cycles and only four ALD cycles to grow second layer. Also attenuation for
intermediate ALD cycles is large than the purely exponential attenuation. These
behavior can be explained by large changes of physical properties happened during
these ALD cycles. We want evidence that a covering of one Hf-oxide layer does not
necessarily mean that the density of the HfOg is the nominal density of 9.68 g/cm3.
To have an estimate of the oxide density independently from the Si2p attenuation,
we compared the values of the O and Hf atoms in the Hf-oxide in the first and
second layer, and we found a relative changing of density, as it will be shown below.
The variation of density may influence the thickness measurement made by X-ray
photoelectron spectroscopy, as the attenuation length A may depend on the actual
density of the scattering material [62, 63]. Anyway, the estimation of A, which is
usually made on the base of complex theoretical models, is not unambiguous, and may
depend on the measurement geometry [64]. Moreover, when such theoretical models
are adopted for the estimation of A, one should consider that in the monolayer range
that estimation may suffer of large uncertainties, and should be corrected for the
possible presence of defects related to nonstoichiometry or contaminations. Finally,
from the independent observation of the exponential attenuation of the Si2p peak
intensity and the calculation of the relative density increase, we find that the actual
value of X does depend only slightly from the density of the HfO2 (less than a
10% increase for a density increase of a factor 2), at least in the first two layers, in
accordance with the estimation made by using the QUASES-IMFP-TPP2M software
based on the Tanuma-Powell-Penn theory.

4.2.4 Physical properties in-situ prepared layers of Hf-oxide

We have just mentioned that the Si2p attenuation with the ALD growth of Hf-oxide
is not univocally related to the actual nature of the Hf-oxide, like its stoichiometry, its
density, and the possible presence of contaminations. To investigate these properties,
we have used the intensities of the Hf-oxide component in the Ols and the Hf4d, one
has to take into account the intensity attenuation experienced by the core electrons
in a similar way as described for the Si2p core level. The area Cl2p peaks from
contamination by chlorine was taken into account in HfCly. The relation between
the measured intensity of a core level and the number of the emitting atoms is given
by the Eq. 2.2. The determination of reasonable values for the boundaries in the
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integrals of that equation may be very difficult when considering amorphous materials.
Although the HfO4 films grown at 300 °C are certainly amorphous, it is reasonable to
think that in the first layer the O (or Cl) atoms are placed above the Hf atoms and
are very near to the vacuum side, while the Hf atoms are near the center of the film,
between the vacuum and the interface. This consideration enables us to choose 0.25
nm as xg and 0 nm as x; for the calculation of the number of O and Cl atoms in the
first layer, while for the calculation of the Hf atoms we may reasonably choose x;
= 0.25 nm and x5 = 0.5 nm. For the second layer, where the amorphous nature of
the HfO, becomes more important, this assumption is not correct anymore (see Fig.
4.17). In this case, we have considered a homogeneous distribution of O, Cl, and Hf
atoms in the second layer maintaining the same ordered distribution of atoms in the
first layer. By doing this, we have obtained the O/Hf, CI/Hf, and O 4 CI/Hf ratios
reported in Fig. 4.15 for the experiment with the HfCl4 precursor and the O/Hf ratio
for the experiment with the TDMAHT precursor. Also data are collected in Table 4.2.
If we address to the HfCl4 experiment, the values of Cl/Hf are very large in the first
two cycles, but already in the third cycle that ratio appreciably decreases following an
exponential attenuation, leading to the conclusion that Cl contamination is mostly
localized at the SiO3/HfOx2 interface. On the contrary, the values of the O /Hf atomic
ratio are zero in the first two cycles, because of the absence of oxygen atoms bond
hafnium, and increase after the third cycle. Except for the first two cycles, the total
ratio is almost constant up to the seventh cycle. We want to point out that those
values depend on the actual atomic distribution of the Hf, Cl, and O species. In fact,
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HfCly TDMAHf
O/Hf | Cl/Hf | C14+O/Hf Hf Ony O/Hf
1 cycle 0 1,9 1,9 2 cycles | 383778 | 532625 | 2,3
2 cycles 0 1,1 1,1 4 cycles | 817748 | 983239 | 2,7
3cycles | 1,6 | 04 2 6 cycles | 844812 | 1316850 | 2,1
4 cycles 1,6 | 0,2 2 8 cycles | 892040 | 1550120 | 1,9
5cycles | 1,8 | 0,1 1,9 10 cycles | 814995 | 1704850 | 2,3
6 cycles | 1,9 | 0,1 2 12 cycles | 798918 | 1848910 | 2,2

Table 4.2: Calculated ratio between intensity of Hf4d core level and HfO5 com-
ponent of the Ols core after the each ALD cycle for the HfCly and after the each
two cycles for the TDMAHT.
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Figure 4.15:  O/Hf, Cl/Hf and Figure 4.16: O/Hf atomic ratio calcu-
(O+4Cl)/Hf atomic ratios calculated lated from the intensities (peak area)
from the intensities (peak area) of the of the Ols and Hf4d in TDMAH( ex-
Ols, Hf4d and Cl2p core level lines in periment

HfCly experiment

if we consider a completely amorphous Hf-oxide for both the first and second layer,
the ratio estimation would be about 20% larger, while for both layers completely
ordered the ratio would be about 20% smaller. Within a defined structure model, the
error sources are given by the uncertainties on the actual values of o and A. These
may be estimated to be of the order of 5

On the basis of our experimental results, we can conclude that the film changes
its chemical nature while growing during the first cycles. In the first two cycles, the
Hf atoms are bond to the substrate oxygen atoms and to the Cl atoms of the HfCly
molecule. Between the third and the fifth cycles, the incorporation of O becomes
more efficient but it does not reach the saturation, and therefore not all O atoms
are bridge bond to the Hf centers. Finally, the building of O bridging bonds takes
place, with the increase of the O/Hf ratio and the formation of bulk-like HfOy after
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Figure 4.17: Growth model used for calculating the O/Hf ratio in the first
and second layer.

the sixth cycle.

These findings compare very well with the results of the XAS measurements at
the Ols edge. The line shape of the XAS spectra change abruptly with the sixth
cycle, as can be observed in Fig. 4.18. In order to put in evidence this abrupt change,
we have calculated the integral of the XAS spectra at the Ols edge for each cycle.
The integral of the XAS spectra is related to the number of the emitting atoms and to
their chemical state (through the absorption coefficient). When a chemical property,
such as bond type or valence state, of the emitting atoms changes, the absorption
coefficient also varies, inducing a strong modification of the XAS line shape and
of the integral intensity. Also the variation of the number of emitting atoms leads
to modifications in the integral of the XAS signal, but these are usually very small
and are not accompanied by mutations of the line shape. In Fig. 4.19, we report
the measured values of the integral intensity as well as the signal-to-background
(S/B) ratio as a function of number of cycle. The S/B ratio is proportional to the
number of O atoms involved in the x-ray absorption and has an almost linear behavior
with increasing HfO2 thickness. On the contrary, the increase of the integral value is
initially linear, up to the cycle number 5, changing its behavior from the cycle number
6. The abrupt variation of slope observed with the sixth cycle in the integral intensity
is not observed in the S/B ratio indicating a mutation in the chemical property of the
HfOs. The line shapes of the XAS spectra for the cycles six to eight are different from
the previous ones and are very similar to those of bulk HfO» reported in literature,
presenting the two characteristic sharp peaks at 533 and 537.5 eV. With the sixth
cycle, the second layer is completed, and therefore the contribution of the SiO5 from
the substrate becomes very weak. The difference in the integral of the XAS spectra
is related to the mutation between the first layer, where the HfO, is very sparse,
and the second layer, for which the HfO5 is dense and bulk like. In fact, in the
first layer, the Hf atom is bond to the O atoms from the substrate (bond to Si), to
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line) and S/B ratio (black line) val-
ues of the Ols TEY for the clean sub-
strate and after each ALD deposition
cycle. The increase of the TEY in-
tegral intensity is almost linear up to
the fifth cycle and then changes at the

sixth cycle. Between sixth and eighth
cycles, the increase is again linear but
steeper.

Cl atoms (as was shown above), and to the OH groups, and it cannot be defined
as bulk-like because the bridging O are very rare and both the oxygen and hafnium
atoms are undercoordinated. On the contrary, the second layer is denser than the
first one and with an almost ideal stoichiometry, meaning that the bridging O atoms
are much more abundant and with the correct coordination. The Hf atoms are bond
to the O from the HfOq of the first layer and the OH groups on the surface in an
almost bulk-like configuration. In the experiment with TDMAH(f precursor behavior
of O/Hf is different. We should note that contamination from TDMAHf ligands
contains nitrogen and carbon atom and can not be distinguished from substrate
contamination. But level of this contamination is very small and can be neglected.
Using model of growth of Hf-oxide described above, we calculated the ratio O/Hf.
These values are plotted in Fig. 4.16. Already after first cycle stoichiometry of Hf-
oxide is two. In the next three cycles the ratio grow up to 2.7 value. It means after
the fourth ALD cycle we have oxygen rich Hf-oxide. Actually if we compare VB band
spectra of the TDMAHf and HfCl, experiments Fig. 4.6, we can note relatively large
intensity of the O2s and O2p states in comparison with the Hf4f levels in the TDMAHf
experiments. Then the next 4 cycles up to the eighth ALD cycle the ratio goes down
and equals 1.8 after the eighth ALD cycle (1 layer). The start of the growth of
the second layer is accompanied by the O/Hf ratio growth. The stoichiometry after
the ninth ALD cycle is 2.3. The subsequent ALD growth shows decreasing of the
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O/Hf ratio. And after completed second layer it equals 2.2. Excess oxygen atoms in
the Hf-oxide layer is defects. They work like additional scattering points. And this
information gives possibility to explain larger attenuation of the substrate signal Fig.
4.14 after intermediate cycles 2-7 and 9-11.

4.2.5 Contamination content in the HfCl; experiment

The variation intensity of Ols and ClI2p during ALD can give important information.
In relation to these experimental results the origin of the Cl contamination proposing
a mechanism based on the adsorption geometry of HfCl4 onto the -OH terminated
substrate. Those variations could not be observed in the ex-situ experiments as the
films were investigated after a certain number of cycles, and the information obtained
there was an averaged one. We find that the oxidation step in the first two cycles
is very ineffective as no HfO, component in the Ols was observed [see Fig. 4.21].
On the contrary, the CI2p intensity increases constantly in the first three cycles [Fig.
4.20]. The low efficiency in the first oxidation steps leads to the Cl contamination
of the HfOy at the SiO2/HfO5 interface. At the third cycle, when the effectiveness
of the oxidation increases steeply and water reacts with the adsorbed molecule, the
Cl content still increases linearly with a slope of 275 a.u. The amount of Hf and O
deposited at the third cycle is much larger than in the previous two cycles. This fact
reduces the Cl contamination of the first Hf-oxide layer to 20%. In the fourth and
fifth cycles the amount of Cl decreases: this could occur if the chlorine atoms were
covered by stoichiometric HfOs. If we suppose that all Cl atoms were covered after
the fifth cycle, then that attenuation should be of the form: I = Iyexp(—d/Acos®),
with d = 0.5 nm, A = 1.2 nm, and 8 = 45. Anyway, the value measured after the
fifth cycle is smaller than the expected one. This leads to two possible scenarios: (1)
the Cl atoms were not only covered by new HfOq but also removed (at least 20% of
the initial quantity), most probably during the oxidation steps of cycles 4 and 5; (2)
those Cl atoms were not covered at all and the decrease of Cl intensity is only due to
the reaction of the Cl atoms of the first layer with water during the fourth and fifth
cycles. In this case only 45% of the Cl incorporated in the first layer withstands the
oxidation.

At the sixth cycle the CI2p intensity again increases. The increase with respect
to the fifth cycle is 227 a.u., i.e., similar (although smaller) to the constant value
observed in the first layer. This result indicates that when new Cl is introduced into
the film it is always done with the same quantity. We turn now to a discussion
on the possible reactions taking place at the surface when HfCly is introduced into
the system. The HfCl; molecule may interact with the-OH terminated surface by
ligand exchange with either one, or two -OH groups [32], leading to two different
adsorption geometries: an apical attachment, resulting in the adsorbed species -O-
HfCls and the release of one Cl atom through the formation of one HCI molecule; or
an edge attachment, resulting in the adsorbed species -O-HfCly and the release of



36 CHAPTER 4. RESULTS AND DISCUSSION

. HfO,/Si0,/Si(001) HfO,/Si0,/Si(001)
z JHfC1,(6min)/H,0(20s) z -HfCIA(Gmin)/H20(205) —
> 1pv=s600ev . / 5 hv=600ev
2 /- 2
= 3]
c | g 2 ]
] [
-t -t
= / v £ 1
T -
3 . 3 1
o o
o ]
& cizp 2 leuu’ O1s
o 7 o)
o 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Number of cycle Number of cycle

Figure 4.20: Peak the of the Cl2p for Figure 4.21: Intensity of Ols core lev-
each ALD cycle for the HfCly experi- els of Hf-oxide component for each
ment. ALD cycle for the HfCly experiment.

two Cl atoms through the formation of two HCl molecules. Another possible reaction
is that of HfCl,y dissociated in oxygen bridges on silica, proposed for the ALD of
TiO2 by Hair and Hertl, and Kynney and Staley, but its occurrence is still a matter
of debate. The ligand-exchange reactions are discussed in various theoretical works
that address the observed GPC in the ALD of HfOy with HfCl; and H3O to the
steric hindrance of the adsorbed species or the hydroxylation of the substrate [32].
Ylilammi [29] showed that the observed GPC is in agreement with the occurrence
of the edge attachment only, while Green and Alam calculated that the adsorption
complexes should be 39% of type-HfCl3 and 61% of type-HfCly for explaining the
observed GPC by means of steric hindrance alone [30]. The energy balances of the two
geometries are different because the apical geometry, with only one ligand exchange,
needs a smaller activation energy than the edge geometry. Moreover, the probability
of adsorption for the two geometries depends also on the density of -OH groups at
the substrate, as for the edge geometry [30] two-OH groups are needed, while for the
apical geometry [30] only one -OH group is necessary, see Fig. 4.22. Unfortunately, at
present there is no theoretical investigation dedicated to compare the energy balancing
of the two adsorption geometries in order to predict the occurrence of one or the other
geometry. Actually, it is possible that the probability for the two geometries depends
on the substrate. This was not explicitly considered in the theoretical investigations
present in literature, with the exception of the work of Puurunen [32] and Deminsky
et al. [65], where the authors consider the surface hydroxylation or dehydroxylation to
simulate the experimentally observed GPC or their dependence on the temperature.
Deminsky et al. proposed a mechanism for the inclusion of Cl into the oxide film
based on the steric repulsion between chemisorbed surface groups and adsorbed HfCl,
molecules [65]. We interpret the observation that chlorine is incorporated always at
fixed quantity as a consequence of the adsorption geometry. The HfCl, adsorbed in
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Figure 4.22: Representation of the two ligand-exchange geometries.

a definite geometry does not react efficiently with HoO to exchange the Cl atoms
with the -OH group, as that reaction is hindered. That geometry can be called
for the moment hindering geometry. The other geometry can be called catalyzing
geometry, as the molecules adsorbed in that geometry oxidize very efficiently. In
the first two cycles only the hindering geometry is observed and produces a Cl-rich
chemical adsorbate, while in the third cycle both geometries are possible and the
observed ratio between the hindering and the catalyzing geometries is about 9:100.
That ratio is calculated considering the ratio between the Cl and the Hf increases in
the third cycle. Those increments were then normalized assuming that every HfCly
adsorbed in the hindering geometry introduces two Cl atoms in the film, as observed
after the first cycle. So, we consider as hindering the edge geometry, with a Hf atom
bond to two O from the substrate and two Cl atoms. The hindering geometry could
be preferred in the first two cycles because of defects and/or atomic roughness on
the substrate surface. If one considers the dissociative adsorption of water that could
occur during the oxidation steps, where O atoms from the substrate react with HoO
forming two-OH groups on the substrate surface, one could suppose that the two
groups would participate to the ligand-exchange reaction with the edge geometry.
The surface defects and/or atomic roughness could capture the -OH groups allowing
only-OH couples and enabling only the edge geometry. During the first two cycles
the adsorption of HfCly occurs only at those sites; in the third cycle the remaining
surface is completely covered and the observed ratio between the two geometries
would be the statistical ratio. The Cl atoms resulting from the HfCl; adsorbed in
edge geometry are oxidized with more difficulty, having a higher activation energy
compared to those in the apical geometry, possibly because of the dependence of
the activation energy for the oxidation reaction on the interaction of the Cl atoms
among them and with the neighboring metal atoms. During the formation of the
second layer, the adsorption of HfCly is not possible on those sites terminating with
the Cl atoms as no ligand exchange is possible, but the oxidation steps in the fourth
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Figure 4.23: Intensity of Hf4d core levels of Hf-oxide
component for each ALD cycle for the HfCly experi-
ment.

and fifth cycles may remove a part of the Cl atoms still present in the first layer.
Finally, in the sixth cycle the statistical ratio is again obtained, and the increase in
ClI2p intensity is once more observed. This mechanism would be in agreement with
the nonlinear increase in the Hf4d intensity (See Fig. 4.23), that is very strong at the
third and sixth cycles. At those cycles both adsorption geometries are possible and
the total adsorption probability is increased with respect to the first and second, and
to the fourth and fifth cycles where one geometry is preferred to the other. Finally,
it is worth to note that, as already observed from other authors, the presence of Cl
atoms as substitutional impurity produces at least one cation vacancy in its nearest
neighborhood because of the larger ionic radius of Cl compared to that of O [65].
The Hf vacancy could then bring stress into the oxide film that could be relaxed by
releasing the Cl atom, substituting it with O. The stress relaxation would then give
the energy necessary for the additional oxidation of the first layer during the growth
of the second layer.

4.3 In-situ study of individual steps of ALD process

An important advantage of the in-situ approach in ALD experiments is possibility
to measure a sample after each individual ALD steps: after metallic precursor pulse
and oxidation. In this experiment we can exactly observe the absorption geometry
of precursor, the efficiency of the oxidation step and follow IL changing during ALD
process. We carried out the experiment with TEMAHT like metallic precursor and
water, in which we made 3 complete ALD cycles and measured the sample after
precursor and oxidation pulses. The XPS spectra of Ols, VB, Si2p and Cls are
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showed in Fig. 4.24, Fig. 4.25, Fig. 4.26 and Fig. 4.27 respectively. At first we
measure clean substrate after HF etching (black line). Then we make the usual
metallic precursor pulse with following nitrogen purge and measure the sample (color
close curves). After these measurements oxidation is made with following nitrogen
purge (color dot curves). In that way we complete the first ALD cycle and in the
similar way investigate the next cycles. Unfortunately this experiment was not so
good. Experimental parameters were wrong. At first the substrate temperature was
too high, more than 350°C. And silicon dioxide was too thin with island surface.
These reasons resulted in complex growth (not ALD) Hf-oxide and silicate formation
in the interface. It leads to not possibility to make quantitative analysis. Nevertheless
even this experiment show large advantageous in comparing with ex-situ experiment.
Here we can follow spectra shape changing after precursor and oxidation steps. In
Fig. 4.24 you can see Ols spectra. After the first metallic precursor pulse there
are large changes in comparison with substrate spectra. The peak becomes broader
due to second component of Hf-O bonds at lower binding energy. Hafnium content
onto the sample is confirmed by VB spectrum in Fig. 4.25. We can observe the
Hf4f peak at about 18eV. Also large changes happen after the oxidation pulse. The
total intensity of Ols increases because of growth of IL and particularly a replacing
of TEMA ligands by OH groups. The replacing of TEMA ligands is evidence in the
shape changing Hf4f peak in VB spectra, and in the growth of oxygen 2s and 2p
states. The next XPS spectra show similar behavior. After the metallic precursor we
have shift in Ols spectra and increasing intensity of the Hf4f peak. The following
oxidation lead to further shift of Ols together with growth of total intensity. The
changing of Hf4f can be observed, but it is smaller in comparison with the first cycle.
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The evolution can be observed also in Si2p and Cls spectra in Fig. 4.26 and Cls
respectively. From Si2p spectra is evidence the changing in chemical properties of
overlayer what is resulted in different attenuation of the silicon substrate signal.
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Conclusions

We have studied the ALD growth of HfO4 in the very early stages making use of
SR based photoemission and XAS. The quality of the film was comparable to those
grown in commercial ALD reactors for both HfCl4 and TDMAHf precursors. We
have observed that the growth proceeds homogeneously also in the monolayer range,
without formation of islands. The growth rate for HfCl; precursor we have obtained
is one layer per three cycles and is not linear within the layer completion. During
the third and sixth cycles, the growth accelerates to complete the first and second
layer, respectively. We have also observed that the first layer is very sparse, while
the second one has probably the nominal density of HfOo. The first layer has a large
density of Cl contamination that remains localized most probably at that interface,
as also observed by Ferrari et al [66]. These observations were possible thanks to
the high resolution photoemission and XAS measurements that were made in situ,
avoiding any contamination of the layers and allowing the study of fractional covered
surfaces. A very important further remark that we can make is that during the first
two cycles, the oxidation step was not successful and started becoming effective only
within the third cycle with the completion of the first layer. This observation is in
good accordance with the findings of Frank et al. They have observed that the initial
growth of Al;O3 on H/Si with trimethyl aluminum (TMA) and D20 proceeds through
a nucleation step where the Al on the surface, delivered with the TMA, acts as a
catalyst for the oxidation step and the formation of Al,O3. In addition to the results
of Frank et al. [34], we observe that after the first two nucleation cycles, the HfOq
growth changes abruptly in the third cycle with the completion of a very sparse first
layer, which cannot be densified with a further cycle as the second layer starts to grow
already with the fourth cycle. The growth of the second layer is also accompanied by
an abrupt change occurring at the sixth cycle as observed in the XAS spectra. In that
case, the transition from nonstoichiometric Hf-oxide to stoichiometric bulk-like HfO4
can be deduced by the modification of the XAS line shape, confirming the findings
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we obtained with photoemission. Our results shed light on the understanding of the
early growth of high-k oxides on Si. In particular, we show that the oxidation steps
in the very first cycles are critical for the final properties of the oxide/ semiconductor
system, as the Cl contamination at the SiO2/HfOy takes place during those early
cycles. The growth rate for TDMAHTf is not constant. The first layer is completed
after 8 cycles and the second layer after the next four ALD cycles. The properties of
obtained layer show oxygen rich Hf-oxide content for the intermediate ALD cycles.
We think it lead to larger growth of IL of SiOs during ALD in comparison with HfCl,
precursor.

We have shown the evolution of the ClI2p intensity during the ALD growth of the
HfO, film, observing a nonmonotonic behavior. Our results permit a new possible
interpretation of the adsorption and reaction mechanism leading to the formation
of HfO5: we address those intensity variations to the dependence of the adsorption
geometry of the HfCl; molecule on the presence of defects and/or atomic roughness at
the substrate surface. This interpretation was possible because the in-situ approach
delivers detailed information on the properties of the film and the substrate after
each single ALD cycle, while the ex situ experiments give only averaged information.
Our proposed mechanism may lead to new theoretical investigations as it should be
confirmed by the energy balancing of the two main reaction mechanisms, namely,
the ligand exchange with one or two -OH groups, which were not yet compared in
detail. We conclude that the one-ligand exchange is energetically favored with respect
to the two-ligands exchange, and that the oxidation reaction after the two-ligand
exchange reaction needs a larger activation energy than the one-ligand exchange.
The combination of these two properties leads to the presence of Cl contamination in
the HfOq films. For removing it, one should increase the efficiency of the oxidation
step, for example, by using ozone, although ozone would increase the thickness of
the SiOg, especially during the first two ALD cycles, in which the SiO2 surface is
also exposed to the oxidant. Ozone would further oxidize the initial SiO5 and the
interfacial layer would increase. The increase of SiOg is unwanted in the practical
use of HfOq, because a thick SiO2 would decrease the EOT of the Si/SiOy/HfOq
stack. Also we showed that one of the greatest advantages in using our method is
the possibility to maintain a very reactive surface (like the surface partially covered
with unreacted HfCly and partially terminated with SiO3) for a relatively long time
in the same physical-chemical status, thanks to the UHV conditions. It would be
impossible to perform an ex situ experiment on a SiOy surface after only one ALD
cycle because moisture in the ambient air would react with the substrate and the Cl
atoms immediately. We reported that in-situ investigation gives possibility to study
individual steps of ALD process and follows reactions occurring after a precursor and
oxidation pulses. This type of experiments allows more accurate studying the growth
model and the absorption geometry in ALD. We show that the very high sensitivity
of photoemission coupled with SR may be a very useful tool for investigating the
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properties of ALD films in the sub-monolayer range. And of course we should note
that most of all obtained properties can be investigated by in-situ experiments only,
and usually ex-situ experiments miss this information.
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