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Abstract

Ferroelectricity of doped HfO, was first reported in 2011 by NaMLab in Dresden,
Germany. Ever since the discovery of the unprecedented ferroelectric orthorhombic
Pca2; phase in doped HfO,, a number of research have been conducted. Unlike
conventional ferroelectric perovskite materials, which show degraded ferroelectric
property under certain critical thickness, fluorite structured-doped HfO, maintains its
property under few nm thickness, which is a high gain in terms of scaling and three
dimensional structure. Its Si compatibility is another intriguing factor for
manufacturing. Numerous studies have been conducted to find the origin of
ferroelectric orthorhombic phase within doped HfO,, including effects from film
thickness, dopant type, annealing condition, top electrode presence. A number of
studies on the first principle calculation based on thermodynamics have been also
conducted. However, very few research has been conducted on the kinetics and
bottom electrode effect, on which this dissertation aims to emphasize.

Finding the origin of the unprecedented ferroelectricity within doped HfO, has
suffered from a serious gap between its theoretical calculation, mostly based on
thermodynamic approach. To fill the gap, the first part of the dissertation proposes to
consider the kinetic energy, providing the evidence of the kinetic energy barrier upon
a phase transformation from the tetragonal phase to the monoclinic phase affected by

the TiN top electrode (capping layer). 10 nm thick HfosZrosO, thin films were



deposited and annealed with or without the TiN capping layer with subsequent
annealing at different time and temperature. Arrhenius plot is constructed to obtain
the activation energy for the tetragonal-to-monoclinic phase transformation by
calculating the amount of the transformed phase using X-ray diffraction pattern.
Johnson—Mehl-Avrami and nucleation-limited transformation models are utilized to
describe the characteristic nucleation and growth time and calculate the activation
energy for the monoclinic phase transformation of the HfysZrosO- thin film. Both
models demonstrate that the TiN capping layer provides a kinetic energy barrier for
tetragonal-to-monoclinic phase transformation and enhances the ferroelectric
property.

The second part of the dissertation explains the bottom electrode effect, especially
Ru electrode. Ru has been reported to be oxidized to RuO, during initial atomic layer
deposition process when using O3 for oxidant. This formation of RuO; layer on Ru
electrode is expected to act as a layer to hinder the growth of a non-ferroelectric
monoclinic phase and promote the tetragonal phase formation, which can transform
into a metastable ferroelectric orthorhombic phase. It turned out that Hfy sZro 50> thin
film is crystallized on Ru electrode aided by the formation of RuO, layer at as-
deposited condition without any further post-annealing process. As-deposited film,
however, showed high leakage current and endurance problem, which required
further annealing, which caused Ru diffusion into the dielectric layer and degraded

the ferroelectric property. Without the post-annealing process, ~10 nm Hfy 5Zros0;



thin film produced a large amount of orthorhombic phases which aided in high

remnant polarization of ~17 pC/cm?* at 4 MV/cm with ~10® endurance cycling.

Keywords: ferroelectricity, nucleation and growth kinetics, top electrode capping
effect, Zr doped HfO,, Ru bottom electrode effect, local preferential

growth, endurance, atomic layer deposition
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1. Introduction

1.1. Ferroelectric Doped-HfO: Thin Film

Ferroelectricity was first reported in Rochelle salt by Valasek in the early 1920s,
and it has been utilized in various applications such as microelectromechanical
systems (MEMS), radio frequency identification (RFID) chips, and semiconductor
memory devices.[3] Ferroelectric (FE) materials possess two remnant polarization
states =P, even when the electric field is removed, and these two states can be
assigned to “0” and “1” states for memory applications.”*! Most of the conventional
FE thin films are based on perovskite structured materials, like Pb(Zr,T1)O3; (PZT),
BaTiOs (BTO), and SrBi,Ta,Oy (SBT).! However, they did not show high interface
quality on Si substrate which results in an interfacial SiO; layer leading to formation
of depolarization field, weakening two stable polarization states. In general, these
conventional ferroelectric materials have several weaknesses which include relatively
small electrical bandgap (E, of 3-4 eV), making them vulnerable to leakage current
and electrical breakdown.”®! Therefore, relatively large film thickness (tr~100nm) is
required for charge-based FeRAM, which is a huge demerit for fabrication of three-
dimensional capacitor structures with a technology node of a few tens of

nanometers.[l Also, relatively weak bonding energy of oxygen with the constituent



metal ions generates defects like oxygen vacancies, which is the cause of fatigue,
imprint and retention problems.’! In addition, Pb in PZT is environmentally
hazardous which brings the attention to developing new lead-free FE materials that
are compatible with Si and possess large Eg, P:, and high bonding energy between
metal ions and oxygen.

Fluorite structured HfO is of special interest because it is a simple binary oxide
with high P; at low film thickness of few nm depending on dopants and possesses
energy gap of ~5.3-5.7 eV.[8l HfO is usually in monoclinic phase (m-phase) which is
non-FE. The ferroelectricity of HfO, arises from Pca2; orthorhombic phase (o-phase)
due to its non-centrosymmetric lattice structure. When the electric field is applied,
oxygen ions shift within the lattice resulting in ion displacement and internal dipole,
as is shown in Figure 1.1. When the electric field is removed, the oxygen ions stay
where they were, having certain P; value. Its maximum remnant polarization values
vary with different dopants such as Si, Zr, Y, Al, Gd, Sr, and La.l”-*! The P; values of
the HfO»-based films are usually in the range of 15-25 pC/cm? for Si-, Al-, Gd-, Zr-
and Sr-doped films and La-doped HfO, films exhibit a maximum P, value of ~ 40
uC/cm? at a thickness of ~10 nm, using highly matured deposition techniques such as
atomic layer deposition (ALD).?”! The realization of FE property depends on various
factors. Film thickness, grain size, asymmetric stress, dopants, top capping and
annealing. Although it is not definite of which factor outruns the other, their effects

intermingle to result in more enhanced ferroelectricity.
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Figure 1.1. Formation of ferroelectric orthorhombic phase with and without top
electrode capping. Oxygen ions which are in red create displacement when the field

is applied which creates dipole moment leading to polarization. [/



1.2. Objective and Chapter Overview

The objective of this dissertation focuses on the top and bottom electrode effect on
FE Zr-doped HfO,.

Chapter 2 contains the literature studies on the external factors affecting the FE
property of doped-HfO, thin film. Literature study in depth on top and bottom
electrode effect is included.

Chapter 3 discusses on the presence of a kinetic energy barrier upon phase
transformation from metastable tetragonal (t-phase) or o-phase to bulk stable m-phase.
Phase evaluation is mainly conducted using X-ray diffraction (XRD) of Hfy5Zro50
(HZO) thin film with and without TiN top electrode (TE). Classical Johnson-Mehl-
Avrami (JMA) model is applied with limitation of using such model for
polycrystalline HZO film. Then, new nucleation limited transformation (NLT) model
is proposed to describe the nucleation and growth behavior of HZO film. It turned
out that TiN TE capping layer induces higher activation energy barrier for the phase
transformation to the m-phase, and it not only slows down the nucleation of the m-
phase but also disperses its nucleation time in HZO thin film.

Chapter 4 covers the Ru bottom electrode (BE) effect on HZO thin film. Formation
of RuO; layer between the Ru metal and oxide layer during initial ALD process
hinders the m-phase formation but promotes the metastable t-phase, which can

potentially phase transform to the FE o-phase. HZO thin film showed a FE behavior

4



at as-deposited state with 2P; of ~33 uC/cm?, which has never been reported on Ru
electrode. However, it showed high leakage current which rendered poor endurance
performance. Insertion of Al,Os (AO) suppressed the leakage current but fatigue
problem was still present. When frequency was varied, the film showed 2P; value of
17 uC/cm? at cycling number of 108,

Finally, in chapter 5, the conclusion of the dissertation is made.
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2. Literature

2.1. External Factors Affecting Ferroelectricity of Doped-HfO>

The FE property of doped HfO, strongly depends on the film thickness and
corresponding grain size since it is generally known that film thickness and
temperature budget affect the average grain size. Yurchuk et al. first reported a
decrease of P; as the film thickness gets thicker, which comes together with
crystallization during deposition leading to m-phase formation.!"! Park et al. also
pointed out on the FE property dependency on film thickness for HZO films.!?! They
varied the thickness from 5.5 to 25 nm and annealing temperature from 400 to 800
°C, and figured out that the film showed the highest P; value of 15 uC/cm? at a film
thickness of ~10 nm.!' Its P, value decreased to ~12 and ~5 uC/cm? as film thickness
increased to 17 and 25 nm, respectively, which might have come from the m-phase
formation as the film thickness gets thicker.[!J

It is known that grain size of the polycrystalline HfO, and ZrO, thin film has large
impact on the phase stabilization at a given thickness. The critical grain size to obtain
a t-phase is known to be ~4 nm and ~32 nm for HfO, and ZrO,, respectively, which
gives the critical grain size of HZO about ~18 nm using the Vegard’s law.?* Under

this critical grain size, HZO thin film would be able to obtain the t-phase induced by



the surface or grain boundary effect. Although doped HfO, films grown by ALD seem
to show the critical thickness of ~20 nm over which the m-phase starts to dominate,
considering that Y-doped HfO, grown by chemical solution deposition (CSD) show
FE characteristic up to film thickness of 70 nm, the actual limitation of thickness
cannot be clearly defined.

The asymmetric stress that is applied to the doped HfO, film can also affect the
phase formation. Park et al. have examined on the c/a ratio of the t-phase and the
2b/(a+c) ratio of the o-phase of the bulk HfO, and ZrO,. It should be noted that the
lattice parameter of the c-axis of the o-phase, the polarization direction, is the shortest,
whereas the nonpolar b-axis is the longest. For the t-phase, on the other hand, the c-
axis is the longest lattice parameter, which makes the c-axis of the t-phase
corresponding to the b-axis of the o-phase upon the phase transition. Hence, the
2b/(a+c) ratios of the o-phase (of both HfO, and ZrO,) becomes higher than c/a ratios
of the t-phase. Also, the difference between the 2b/(a+c) ratio of the o-phase and c/a
ratio of the t-phase were higher for ZrO, (1.015-1.016 for the t-phase and 1.036 for
the o-phase, differed by ~2 %) than that of HfO, (1.028—1.029 for the t-phase and
1.038 for the o-phase, differed by ~1 %). *"! Therefore, transition from the t- to o-
phase requires much higher stress (~4 GPa) for ZrO, than HfO,. Park et al. calculated
the strain along a-, b-, and c-axis of the grains of various orientations using the in-
plane stress conditions of the thin film. [?) as a result, the 110-orientation was the most

favorable for the formation of the olll-phase from t-phase, whereas the 111-



orientation was the worst, since almost equivalent strains were formed along the a-,
b-, and c-axis (none of the a-, b-, and c-directions can be tensile while other direction
is compressive). This was indeed the case in an experiment on the HZO prepared by
ALD process on the highly 111-oriented Pt electrode, which resulted in the highly
111-oriented film. ! with no polarization value due to symmetrically applied stress.
In contrast, the HZO film simultaneously grown on a TiN electrode showed no
preferred orientation, and feasible P-E hysteresis, revealing the FE performance

(Figure 2.1).
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2.2. Top Electrode Capping Effect

The FE o-phase is the metastable phase that is stable under certain condition.
Boscke et al. explained that TE capping avoids shearing and volume expansion of the
unit cell during the crystallization process. [!! As shown in the Fig. 2.2, when there is
a TE capping, the t-phase can transform to the o-phase while non-capping induces the
m-phase. When the annealing temperature rises, the t-phase becomes stable, and
when the temperature drops to room temperature, according to the thermodynamic
point of view, the m-phase should be the stable phase without considering the surface
energy effect at thin films of ~10 nm. Since t-phase to m-phase transition requires
volume expansion and shearing effect, if the capping layer hinders such effect, then
the t-phase may become stable which can potentially transform into the FE o-phase.

Cao et al. reported on the effects of various capping electrode on FE properties of
Hfy5ZrosO, thin films. ¥ Authors explained that P value of FE capacitors with
different TE demonstrated increase trend as the thermal expansion coefficient of the
electrode decreases. Also, asymmetry in top and bottom electrodes with different
work function caused internal bias and shifted the hysteresis. As shown in Fig. 2.3.

Kim et al. reported that the thickness of the TE can also affect FE behavior of HZO
thin film, as shown in Fig. 2.4.! Fig. 2.4 shows the P-E hysteresis curves of HZO
thin film deposited on TiN BE with and without TE during annealing process. It can

be seen that the film does not show ferroelectricity when there is no capping during
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annealing process, indicating that a large portion of the m-phase is grown. On the
other hand, when there is a TE capping layer, the ferroelectricity can be clearly seen.
Also, as the thickness of the TiN TE becomes thicker, FE behavior is enhanced. This
is due to the large mechanical stress from the TiN TE working as a tensile stressor on
the HZO film during the annealing process.

Park et al. compared the TiN and RuO, TE on ~10 nm HZO thin films. % RuO,
TE was expected to enhance the FE behavior of HZO thin film because conducting
oxide electrodes are known to enhance the fatigue behavior. [''"'*) However, when
post-annealing process was conducted, diffusion of Pt and Ru top electrode degraded
ferroelectric property, as shown in Fig. 2.5. Also the reduction of RuO, TE by the
chemical reaction with the reactive TiN BE was one of the causes for ferroelectricity

degradation.
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Temperature

Figure 2.2. Schematic diagram representing experimentally observed transitions
between the ferroelectric orthorhombic phase, anti-ferroelectric tetragonal phase and

non-ferroelectric monoclinic phase.!!
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2.3. Choice of Bottom Electrode

As covered in Chapter 2.2, the TE has large influence on the FE property of HZO
thin film. The BE has a large impact as well. Various studies have shown that FE
property is easily seen on TiN BEs. Although HZO thin film possesses amorphous
phase at as-deposited state, it crystallizes to the anti-FE t-phase or FE o-phase as post-
annealing process follows. Although TiN is widely chosen as the BE, other choices
of electrodes are studied as well.

Fig. 2.6 shows that different substrates renders different electrical properties. It is
due to the compressive/tensile stress that is applied to the dielectric layer during
anneealing process. This in-plane tensile strain is necessary for the phase
transformation from the t-phase to the o-phase. !> The FE properties were enhanced
with decreasing thermal expansion coefficient, with the largest P, value being
obtained on the SiO; substrate.

Also, Park et al. reported on the FE property of HZO thin films on Ir electrode as
well. 18] The critical thickness to show FE behavior degraded fast on Ir BE. This was
due to the oxygen supply from IrO, to HZO layer during initial ALD process which
cuased the formation of smaller in-plane tensile strain and larger grain size of the
HZO films. As a result, different growth behavior was observed which resulted in

different evolution of phases as the film grows.
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There was a report on ferroelectricity of ZrO, monolayer on Pt electrode without

post-annealing process.!”!

~10 nm ZrO; thin film usually shows anti-FE behavior as
t-phase becomes stable.['®] Also, HZO thin film grown by ALD process on Pt usually
does not show FE behavior due to the symmetric in-plane strain that is applied to the
film.!") In this report, remote plasma ALD growth at 300 °C provided sufficient heat

and thermal stresses during the deposition stage to induce the t- to o- phase

transformation in nanoscale ZrO, thin films on Pt electrode.
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3. Nucleation-limited Ferroelectric Orthorhombic

Phase Formation in Hfy.5Zro502 Thin Films

3.1. Introduction

Numerous studies have been conducted to find the origin of ferroelectricity in
doped- or undoped-HfO,, and (Hf,Zr)O, is the material with high advantage in device
scaling by possessing a high remnant polarization (P;) value at a thickness of ~10
nm.l"7 1t is also completely complementary metal-oxide-semiconductor compatible
and can be grown by highly matured atomic layer deposition (ALD) techniques as
thin films. Unprecedented ferroelectricity in HfO, can only occur when a non-
centrosymmetric orthorhombic phase (o-phase, space group: Pca2;) is present, and
its formation has been reported to be highly influenced by various factors such as film
thickness, stress, capping layer, annealing temperature, and time, or type of
dopants.>3121 Not one of these factors dominates the others and critically influences
the formation of the FE o-phase, but they intermingle to determine the final phase
formation.

A number of computational researches have attempted to simulate the experimental
results by employing such factors into the modeling based on the density functional

theory. These works adopted mostly the thermodynamic approach, to more accurately
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comprehend the ferroelectricity phenomena within doped- or undoped-HfO, thin
films. These efforts sprouted from the fact that the emergence of the FE o-phase
cannot be solely explained by the bulk free energy. Materlik et al. calculated the
Gibbs/Helmholtz free energy of the stable phase under a given condition by engaging
the stress and strain effect, combined with the surface energy contribution to
stabilizing the o-phase.l'! They suggested that the bulk and surface free energies of
the o-phase are in between those of the tetragonal phase (t-phase, space group:
P4,/nmc) and monoclinic phase (m-phase, space group: P2i/c) and that there exist a
specific film thickness and grain size range for the o-phase stabilization. For HfO,
and Hfy 5Zro 5O, (HZO) thin films, the thickness ranges for the o-phase stabilization
were 3—5 and 7-15 nm, respectively. Batra et al. sorted out appropriate dopants which
induce ferroelectricity in HfO, materials by using the first principles calculation and
concluded that dopants with larger ionic radii and lower electronegativity favor the
polar Pca2; o-phase.!'* Kunneth et al. explored the influence of the grain surface
interlayer on the interface free energy model by exploiting the grain radius
distribution.’] In that report, they concluded that the thermodynamic model,
employing the film composition and size effects from the surface or interface energy,
is not sufficient to fit the experimental observations and requires the inclusion of
several other factors into the model.”!

Recently, Park et al. commented on the discrepancy between the theoretical

expectation and experimental results and presented that the phase transition kinetics
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during the cooling step may be the potential key factor to fill the gap. ¥ They pointed
out that no matter what the interface/grain boundary energy value was chosen
compared to the surface energy value, the thermodynamic calculation could not solely
reproduce the experimental results. Especially, the effect of annealing temperature on
the m-phase fraction could not be understood based on the thermodynamic model.
Since the entropy of the metastable t-phase or o-phase is higher than that of the m-
phase, the m-phase fraction is expected to be invariable or even decrease with
increasing temperature. From experiment, however, the m-phase fraction increased
as the temperature increased, which implies that the tetragonal-to-monoclinic (t-to-
m) phase transition is a thermally activated process. Moreover, they also concluded
the presence of a higher activation energy barrier of the t-to-m phase transition than
that of the tetragonal to- orthorhombic (t-to-0) phase transition by quantifying the
activation energy barrier of each case. However, they did not consider the annealing
time dependency of the phase transformation, which could render different value of
the activation energy barrier.

Even though many reports have recognized the experimental effects on the
evolution of the FE o-phase, only few researches have extensively examined the TE
capping effect and its ramification upon the phase transformation rate change induced
by its kinetic energy barrier. Capping effect refers to how the presence of the TE
affects the phase formation in the oxide layer during annealing, and it is known to

deter the formation of a non-FE m-phase of doped- HfO,."°! Toriumi et al. showed
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that the Si capping layer on HfO, thin film provided a higher kinetic energy barrier
for the phase transformation between the cubic phase (c-phase, space group: Fm3m)
and the m-phase than the one without it.'*] They proved that such Si capping layer
stalled the phase transformation from the t-/c-phase to the m-phase, but the formation
of the FE o-phase was not dealt with in that paper.

Many reports experimentally proved that doped-HfO, thin oxide films with the
capping show more enhanced FE properties than the one without the capping layer,
yet an extensive investigation on such phenomena was not conducted. Refractory
metal capping, such as TiN, is well known to hinder the surface migration of atoms
on the film surface.!'®) As a result, the TiN capping layer would potentially limit the
grain growth as annealing proceeds, which is closely related to determining the
surface energy value and a resultant stable phase formation. Nonetheless, a few
reports experimentally showed that the grain size might not be the largest contributing
factor to determine the final phase formation, !'*!”) implying that there could be other
potential factors, such as stress effect. Combined effects of the electrode intermixing,
such as Ti or N diffusion into the oxide layer from the TiN electrode, the lattice
mismatch between the oxide layer and the electrode, and the thermal coefficient
difference of the dielectric layer and the substrate upon annealing could engender
mechanical confinement on the dielectric layer and influence the final phase

formation. [>!1:18-23]
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This work aims to demonstrate the capping layer effect by the TiN electrode on the
HZO thin film, based on the phase transformation rate and the kinetic energy point of
view, and underscores its importance when considering the origin of the FE o-phase
in the HZO film. Classical Johnson—Mehl-Avrami (JMA) model was implemented to
describe the nucleation and growth behavior of the HZO thin film. It was found that
the TiN electrode capping on the HZO thin films provided a higher activation energy
barrier of 2-3 eV f.u.—1, where f.u. stands for formula unit, upon phase transition
from the high temperature induced t-phase to the m-phase than to the o-phase.
Classical JMA model, however, could not precisely describe the nucleation and
growth behavior of the HZO thin film. Therefore, an alternative model of nucleation-
limited transformation (NLT) was suggested, of which the origin resides on the
nucleation-limited switching (NLS) model, a model to describe the kinetics of
polarization switching within polycrystalline FE thin films. Quantitative analysis
based on the phase transition kinetics can yield useful information about the
nucleation and growth rate dependence on the electrode, an essential parameter for

materials design.
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3.2. Experimental

Approximately 10 nm HZO thin films were deposited on a TiN(50 nm)/Ti(5
nm)/Si02(100 nm)/Si substrate using an ALD technique at a wafer temperature of
280 °C. HfIN(C>Hs)CHs]4, Zr[N(C2Hs)CH3]4, and ozone were used for Hf precursor,
Zr precursor, and an oxygen source, respectively. Zr/(Hf+Zr) ratios were controlled

by the ALD cycle ratio of Hf and Zr sources and kept at 1:1 ratio, with an equivalent

growth rate of HfO, (1.2 A per cycle) and ZrO; (1.2 A per cycle). Approximately 50

nm thick TiN BE and ~5 nm thick TiN TE were deposited using magnetron sputtering.
To achieve a reasonable amount of the t- and the o- phase within the film, in the first
place, all samples were annealed using rapid thermal annealing at 600 °C for 20 s at
N; ambiance with the TiN TE in place. These samples are referred to as a “pristine
sample” in this work. Then, in order to differentiate PMA samples (annealed with the
top TiN electrode placed) from PDA samples (annealed without the top TiN electrode),
PDA samples are prepared by removing the top TiN electrode by dipping the pristine
samples into the SC1 solution (H,O:H>O,:NH4OH = 50:2:1) at 50 °C for 6 min. The
etch rate of TiN by the SC1 solution was =1.6 = 1.0 nm min—1, so 6 min were
sufficient to etch out the upper 5 nm thick TiN electrode. Subsequent annealing was
followed for both PMA and PDA samples at 400, 500, 600, and 700 °C, using RTA.

RTA was utilized for 10°, 10!, and 10? s samples, whereas a furnace was utilized for
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10° and 10* s samples. The surfaces for the PDA samples were examined by a SEM
(SU70, Hitachi) analysis. Because the SC1 solution could not etch away the (partially)
oxidized TiN top electrode during subsequent annealing, etching with diluted HF
solution was attempted, but the additionally annealed TiN electrode still could not be
removed, possibly due to the significant oxidation or intermixing with the HZO film.
Therefore, SEM analysis could not be applied to the PMA cases. The grain size
analysis was conducted using a watershed method implemented by Gwyddion
software.[**] The composition and the film thickness were examined using X-ray
fluorescence (Quant’X, Thermo SCIENTIFIC) and the depth profiling was conducted
by AES (PHI-700, ULVAC-PHI) analysis. The crystalline structure was analyzed
using the GIXRD (incidence angle = 0.5°) mode of the X-ray diffractometer (X’pert
pro, PANalytical) equipped with a Cu Ko X-ray source. The P—} and small signal
alternating current (10 kHz) e—J curves were measured by a ferroelectric tester (TF
Analyzer 2000, Aixacct Systems) and an impedance analyzer (HP 4194, Hewlett
Packard), where the bias was applied to the TE (with an area 8 x 10* um?, defined by

a metal shadow mask) while the common BE was grounded.
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3.3. Results and Discussions

First, the typical grazing incidence X-ray diffraction (GIXRD) and electrical data
of a pristine HZO thin film, annealed at 600 °C for 20 s at N, ambiance with the TiN
top electrode in place, are presented in Fig. 1. Distinct GIXRD peak at ~30.5° in Fig.
la and deconvolution of the cumulative peak into 011t/1110 and 111m peaks in Fig.
1b clearly indicate that a large amount of the 011t/1110 peaks at ~30.5° was created
within the film with small amount (4 + 1%) of the 111m at ~31.6°. Hysteresis curve
of polarization—voltage (P—V) and butterfly-shaped dielectric constant—voltage (e-V)
graphs of the pristine sample in Fig. 1c verify the FE switching behavior, indicating
that FE o-phase has been formed in the HZO thin film. Electrical data were obtained
after the wake-up process of 10° field cycling with double rectangular pulses with a
height of 3 V at a frequency of 10° Hz. The values of 2P; and peak dielectric constant
near the coercive voltage were =35 uC cm—2 and ~37, respectively, revealing that the
quality of the film appropriately fits the criteria of this work to observe the phase
transition from the ferroelectric phase to non-FE phase.

Next, postmetallization annealing (PMA) and postdeposition annealing (PDA)
samples were prepared as described in the Chapter 3.2 to analyze the influences of
PMA and PDA processes on the phase transition in HZO thin film. The initially
annealed HZO thin films with (PMA) or without (PDA) of the top electrode were

additionally annealed at 400, 500, and 600 °C for 10°, 10!, 10%, 10°, and 10* s of which
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GIXRD patterns are illustrated in Fig. 2a-f. Annealing temperatures of 400, 500, and
600 °C were selected because HZO thin film is usually heat treated under such
temperature range.5®! Annealing below 10*> s was performed using rapid thermal
annealing (RTA), whereas annealing above 10? s could not be completed using RTA
due to the possible high load on the RTA machine and, therefore, the furnace was
selected instead. Temperature rising and cooling rate are much faster for the RTA
(15 °C s—1 for rising and 7.5 °C s—1 for falling) than that of the furnace annealing
(0.2 °C s—1 for rising and 0.1 °C s—1 for falling). However, considering the long
annealing time above 10° s, such difference could hardly produce a significant
disparity in the phase outcome and, therefore, was neglected. Each annealing
condition rendered the collective combination of different phases, and the peak
intensity of the t-/o-phase decreased as annealing time increased with increase in the
m-phase peak intensity, representing the transitional phase transformation from the t-
/o-phase to the m-phase. Clear difference in GIXRD patterns of the PMA and PDA
samples annealed at the same temperature indicates that the presence of the top
electrode produced different phase outcome. Although epitaxial growth is hardly
applicable to polycrystalline thin film, the local epitaxial growth along the plane
direction of the TiN electrode should not be neglected as a potential factor to influence
the phase outcome. In fact, few works have reported a possible epitaxial growth of
7ZrO? or HZO thin film on TiN electrode under limited conditions.?*?* However, local

epitaxial growth was generally not observed in the past works,??7] unless the film
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deposition condition is carefully controlled, because the lattice constant difference is
as large as ~15% between the HZO thin film and the TiN electrode (t-HZO lattice
constant: a = b =5.04 A, ¢ = 5.13 A, ¢-TiN lattice constant: a = 4.28 A).l'l Also, Kim
et al. have presented that the FE behavior and the orientation of the HZO thin film,
grown on amorphous Al,O; and TiN, were almost the same.?”! Therefore, local
epitaxial growth of HZO thin film along the plane direction of the TiN electrode and
corresponding phase outcome can be neglected in this work.

In order to compare (semi-)quantitative fraction of each phase created for different
samples, the GIXRD peaks near ~28.5°, 30.5°, and 31.6° were de-convoluted for the
t-/o-phase and the m-phase, a similar procedure conducted in Fig. 1b. Although the
peak area integration near such degree range cannot precisely represent the relative
fraction of the t-/o-phase in the whole film, peak intensity is strong enough to easily
compare and analyze the phase fraction relativity. Such method of deducing the
relative amount of the phase created in the film has been widely accepted, *! and a
similar approach was conducted in this study as well. Peak positions of the —111m at
28.5°, 1110/011t at =30.5°, and 111m at 31.6° are indicated in the figure as dotted
lines. Here, hklx stands for hkl plane of the x-phase, where x can be t (tetragonal), o
(orthorhombic), or m (monoclinic). Additional peak was present near 27.5° in Fig.
2¢,f, which could be ascribed to a rutile (110) TiO, peak, and further analysis on its
formation is to be followed for the subsequent 700 °C annealing experiment discussed

later.
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After peak deconvolution, m-phase percentage was calculated using (/i11m + I-111m)/
(liim + I-1uim + lonwinie) to obtain the relative fraction of the transformed m-phase
from the t-/o-phase with respect to the annealing time and temperature. Here, Jnix
stands for the areal intensity of the hkl diffraction peak from the x-phase. The
quantified fraction of the transformed m-phase can be substituted into the JMA model
to comprehend the mechanism of the phase transformation kinetics. The JMA
stochastic model predicts the phase transformation fraction as a function of time with
a general form of Equation (1) for isothermal phase transformation, where 7y, is the
ratio of the transformed m-phase, k the rate constant, n the Avrami exponent or the

dimensionality factor.

ryp=1—e O™ (1)

Amount of the m-phase in the pristine sample (after the first crystallization
annealing at 600 °C for 20 s) obtained from Figure 1b was comparable in every
sample, which was calculated to be =~ 0.05 + 0.01. Then, rn under each annealing
condition was calculated using peak deconvolution. Assuming that the nucleation and
growth behavior in HZO thin film follows the JMA model, the natural logarithm of
the transformed m-phase ratio versus annealing time is plotted in Fig. 3. The slope of
the best-fitted line indicates the dimensionality of the nucleation and growth behavior,

which came out to be 0.17-0.37 and 0.20-0.44 for PMA and PDA samples for all
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temperature ranges. Rest of the constant values are summarized in Table 3-1. The
slope value increment as annealing temperature increases indicates a faster
transformation rate into the m-phase as the RTA temperature increases, which is a
reasonable outcome considering that the t-to-m phase transformation is a thermally
activated process. However, the obtained dimensionality factors are quite low
compared to the normal n value (between 1 and 3) reported, 283% although it is
comparable to the value of ~0.3, obtained by Toriumi et al.['! They, however, did not
conduct further analysis on such low dimensionality, even though the dimensionality
of the nucleation and growth to be less than 1 is difficult to comprehend. In JMA
model, slope n can be further expressed as n = a + b x ¢, where a represents time-
dependent nucleation rate, b, the dimensionality of the growing particles, and c, the
growth mode with 0.5 to be volume-diffusion controlled and 1 to be interface-
migration controlled. **) When the value is equivalent to 1, it refers to a constant
nucleation and growth time. When the value is smaller (or larger) than 1, it indicates
that the nucleation rate is decreasing (or increasing) as annealing time increases. Rate
decreasing behavior can be interpreted as such that the presence of the TiN electrode
impeded the growth of nuclei within HZO thin film. Considering that non-uniform
nucleation can lead to a reduction of the crystallization rate, *!) TiN TE seems to
encourage the inhomogeneous nucleation behavior. It was, therefore, necessary to
take nucleation inhomogeneity into account to more precisely explicate the nucleation

behavior in HZO thin film by utilizing different model from JMA.
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The growth of polarization domain during ferroelectric switching occurs in a
similar geometry to the nucleation and growth, and thus, the same equation can be
utilized to explain the nucleation and growth behavior of the m-phase in the HZO
film. In fact, a number of reports on ferroelectric domain switching have employed
the nucleation model to explain the FE switching kinetics.*2* JMA model of
nucleation and growth is similar to the Kolmogorov—Avrami—Ishibashi (KAI) model
in FE switching field, where KAI model describes the polarization switching kinetics
in terms of the unrestricted growth of domain in response to the applied electric
field.*3% KAI model has generally been applied to the uniform switching behavior

33341 However, it has been

of ferroelectric single crystals or epitaxial thin film.!
reported that such model cannot be applied to polycrystalline films due to the broad
distribution of switching time.l**! As mentioned, the JMA model is based on the
assumption of homogenous nucleation and unimpeded growth, which is unlikely to
happen in polycrystalline HZO thin films. When the new phase is nucleated by the
embryos which already exist in the mother phase, kinetics of the phase change can be
demonstrated by a combination of factors such as density, growth, and transformed
volume of embryos in regard to a characteristic time scale.*?! NLS model takes into
account such condition by integrating the Lorentzian distribution of logarithmic
switching time during the domain growth.** Hence, such analysis can be applied to

the results obtained in this study by integrating the Lorentzian distribution time of

nucleation to JMA model, with a general form of Equations (2) and (3), and it will be
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referred to as NLT in this study. In these equations, 7, is the ratio of the transformed
m-phase, n the dimensionality factor, # the characteristic nucleation time, A4 the
normalization constant, and w the half-width at half-maximum of a central value,
to,med-

In the oxide thin films, defects such as vacancies are present even at well-prepared
single-crystal surfaces, and a number of defects in a polycrystalline thin film
potentially are very likely to drive the nucleation and growth more readily.?”) Because
the film was previously annealed at 600 °C for 20 s using RTA, the film was mostly
crystallized into a polycrystalline phase which was confirmed by the clear GIXRD
peaks. Moreover, the presence of the TiN TE could also induce the distribution of the
transformation rate of different regions under the electrode compared to the free
surface. Therefore, adapting the NLT model would be an adequate approach to

describe the nucleation and growth behavior of HZO thin film.

I = [ (1 — e Wt")F(bg ty)d(bg to) )
A w
F(bg tO) - ;[(bg to—bg tom ed)2+W2] (3)

Fig. 4a, b shows the fitting of the NLT model onto the raw data of the transformed
m-phase amount at each annealing temperature, obtained from the GIXRD

deconvolution. Although it would be more conclusive to conduct the fitting using a
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larger number of raw data points, the given number of data points was just enough to
confirm the overall trend of the nucleation and growth behavior within the different
temperature range of PMA and PDA. It can be seen that NLT fitting appropriately
approximated the data points under different temperature. Data values were
normalized to the value of 100, which implies that as annealing time approaches an
infinite value, all phases will eventually fully transform to the m-phase. This
assumption arose from the fact that portion of the m-phase increased in the HZO thin
film even without grain growth as the temperature increased, indicating that once
thermally activated, the m-phase formation is inevitable despite the surface energy
contribution. It should be also noted that the most stable phase in HZO thin film in
terms of the bulk free energy for all tested conditions would be the m-phase. In order
to decrease the uncertainty that could come from various fitting parameters, n value
was fixed as 1, which implies a constant nucleation rate since the cluster tends to
grow steadily beyond the critical size. P*) Such assumption was also made for the
HfO, thin film in several previous reports. [+

From the NLT plot, the tomed Value can be deduced, which indicates the median
value of to with Lorentzian distribution. For nucleation and growth model, to mea would
indicate the time when the nucleation readily occurs. The value of the tomes decreased
from 4 x 107 to 10* s and from 4 x 10° to 5 x 10?> s for PMA and PDA samples,
respectively, as the RTA temperature increased from 400 to 600 °C. fomeq values of

PMA samples were proven to be higher than that of PDA samples by approximately
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two orders of magnitudes, which implies that the capping layer increased the
nucleation barrier within HZO thin film and lowered its rate, which is a similar result
deduced from the activation energy of linear JMA fitting. This again explains why n
came out to be smaller than 1 in a previous JMA model fitting because the presence
of the electrode suppressed the nucleation just as the different #o,meq values indicated.
Although the #omea value of the PMA samples could have come out to be lower than
that of the PDA samples due to a large number of defects created between the
electrode and the oxide layer, giving more probabilities for the nuclei creation, a large
activation energy barrier formation by the capping effect seems to be more effectively
involved than the defect effects. Fig. 4c, d shows a distribution function with respect
to log . Lorentzian distribution parameters of w for PMA and PDA samples are
embedded within the figures. Compared to the PMA samples, #omed, Which is the 7
value at the highest distribution function peak in the figure, of the PDA samples was
formed at a smaller fmea value with a narrower width (smaller w value) of the
distribution peak. These results imply that the TiN capping layer not only delays the
nucleation of the m-phase within the HZO film but also disperses its nucleation time
resulting in a more inhomogeneous nucleation and growth behavior.

To obtain the activation energy value of the transformation rate of each PMA and
PDA type, Arrhenius plot of #mea Was constructed as shown in Fig. 4e. Activation
energy calculation was built on the assumption that the phase transition occurred via

thermal activation. The slope was obtained from the best -linear-fitting, which was
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converted to activation energy values of ~2.14 and 1.67 eV f.u.—1, for PMA and PDA,
respectively, by multiplying the Boltzmann’s constant. Higher activation value of the
transformation rate into the m-phase for PMA samples clearly demonstrates that the
TiN capping layer posed a higher activation energy barrier upon t-to-m phase
transformation. As a result, higher amount of the t-/o-phase remained which resulted
in the enhanced ferroelectric properties produced in several reports.[>-810-12.39-42]
Compared to the reported activation energy value of 1.2 eV f.u.—1 for the c-phase
to the m-phase of Si capped HfO, thin film!'>! or ~0.3 eV f.u.—1 for the t-phase to the
m-phase of TiN capped HZO thin film,['* the activation energy obtained in this study
was quite high. 1.2 eV f.u.—1 of the work of Toriumi et al. was higher than that of the
work of Park et al. because the former activation energy value was obtained under
the assumption that n was ~0.3, whereas, the latter ~0.3 eV f.u.—1 was obtained under
the assumption that » was 1. The reason why the value obtained in this study was
higher than ~0.3 eV f.u.—1, even though n was considered to be 1, can be understood
by the pre-crystallization process conducted in this study. It is known that pre-
developed state like that of the nano-crystalline phase can influence the growth of the
subsequent phase after annealing. ') Already in a polycrystalline form with the t-
phase being dominant after the first RTA at 600 °C for 20 s, pristine HZO sample
would only obtain the m-phase from the adequate distortion and phase transformation
from the already present t-phase. However, when the film was in an amorphous state,

once the activation energy was overcome by the heating, crystallization with lower
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energy would be stabilized, and the m-phase would more readily form. Also, defect
concentration in the oxide layer or the interface layer could be different, leading to a
different kinetic energy barrier value, considering that oxygen vacancy diffusion has
a higher activation energy barrier of 1-3 V. “**] To sum up, both the JIMA and NLT
models effectively showed that the capping layer generated a higher kinetic energy
barrier and hampered the nucleation of the m-phase within HZO thin film.

To aid in understanding, schematics in Fig. 5 show the comparison between the
JMA and the NLT based nucleation and growth behavior. For pristine samples after
the RTA process, the initially dominant crystalline phase would be the t-phase as
shown in the figure. The phase transition from the o-phase to the t-phase with
increasing temperature has been confirmed in previous studies. 04471 The
polycrystalline film was assumed in the NLT model schematic, filled with different
size and plane direction of the phase domain. JMA model assumes that nucleation
and growth occurs homogeneously within the film, which may well apply to the
(mostly) single crystalline mother phase. Although the pristine samples will be in a
combination of t-phase, o-phase, and m-phase, t-phase will be the dominant phase as
the figure indicates. Therefore, for simplicity, it is assumed that only the t-phase is
present in the pristine state. Once the embryo reaches the critical radius as annealing
time increases, it starts growing homogenously at a similar rate, indicated as a shaded
circle in the JMA growth schematic. On the other hand, the NLT model presumes that

the film consists of several areas that possess independent nucleation time. Once the
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nuclei of the m-phase are formed within the t-phase domain, it will grow at a
relatively higher rate than the nucleation rate. In other words, the growth time is not
a dominant factor in determining the phase transformation rate, but the nucleation
time. As time continues, the transformed area will depend on the rate of the m-phase
nuclei formation within the t-phase domain, which will be influenced by the TiN TE
in this study.

Next, grain size was analyzed using SEM to figure out if any other factor like the
grain size could have affected the m-phase formation retardation. Due to the difficulty
of removing (partially) oxidized TiN TE for the cases of PMA samples, SEM analysis
for only PDA samples was conducted. Fig. 6 shows the distribution of the grain size
of the PDA samples of different annealing time and temperature using a watershed
method implemented by Gwyddion program. ¥ Gwyddion program compares the
contrast image of the grain and grain boundary to find out a local minimum of the
contrast and calculate the grain size distribution within the selected SEM image.
Many reports have used such method to compare the grain size distribution effectively,
and detailed procedures can be found elsewhere. '44%5% Because the distribution of
the grain size was sporadically plotted (raw data plotted within the figure as
transparent dots), it was difficult to compare the distribution of each annealing
condition. Hence, the Gaussian fitting of the dispersed data was employed as drawn
with a solid line. Although a slight difference in grain size could be observed for

different annealing temperatures, the difference was insignificant. This finding
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implies that the different annealing time and temperature in this experiment had little
influence on the grain size, and, thus, the observed difference in the m-phase fraction
can hardly have a relationship with the grain size.

Auger electron spectroscopy (AES) analysis on the PMA and PDA samples were
conducted with representative annealing time of 10* and 10* s at 600 °C as illustrated
in Fig. 7. Compared to Fig. 7a, showing the atomic concentration profile of the
pristine sample, Fig. 7b, ¢ proves that TiN TE was still present for PMA samples,
whereas Fig. 7d, e proves that TiN TE was completely removed for PDA samples.
Fig. 7b—e show that high concentration of oxygen diffused into the electrode layer in
tandem with the electrode elements diffusing into the oxide layer, as depicted with a
broader width of Ti and N concentration. A number of results were reported that Ti
and N diffusion could lower the t-phase free energy and promote its formation over
the m-phase. '2% A number of reports have commented that the electrode materials
can readily diffuse into the oxide layer and intermix together with the oxide layer. '~
531 This could be a possible reason for the no etching of the TiN TE after the PMA by
both SC1 (H,0:H>0,:NH4OH = 50:2:1) and diluted hydrofluoric acid (HF) solutions.

To further support the NLT model, higher thermal budgets of 700 °C for 102, 10°,
and 10* s were applied for PMA and PDA samples. In this case, only furnace
annealing was utilized. The furnace annealing for 10! s was not conducted because
controlling annealing time of 10' s was not viable—it would not make much

difference from 10 s sample. When the GIXRD analysis was conducted as shown in
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Fig. 8a-c, not a dramatic change of the m-phase at either 28.5° or 31.6° was observed
as time increased, which implies that a transformation into the m-phase was
significantly deterred even though the annealing temperature was the highest. It must
be reminded that the m-phase fraction was already quite high even at the shortened
time of 10 s (see Fig. 9 for more quantitative analysis).

Interestingly, at an annealing temperature of 700 °C, putative rutile (110) TiO,
phase XRD peak was observed at 27.5°, which was only present in the 10° and 10* s
annealing at 600 °C. Considering that more intermixing of the electrode can occur at
700 °C, rutile TiO, seems to hamper the further m-phase formation. As annealing
temperature increased from 600 to 700 °C, the rutile TiO, formation became more
active than the m-phase formation. Considering that grain size difference was
negligible as annealing time increased at 700 °C as discussed in Fig. 6d, grain size
effect can be ruled out. Fig. 9a—d summarizes the variations in the m-phase fraction
and average grain size as a function of annealing time for the case of PDA samples,
when the annealing was performed at 400, 500, 600, and 700 °C, respectively. These
figures more clearly show that the relative fraction of the m-phase increased as
annealing temperature and time increased, while the grain size almost stayed constant.
Such results coincide with the results obtained by Park et al. that different annealing
temperature did not produce any difference in the grain size. !’ Grain size is closely
related to the surface and interface/grain boundary energy, and it has a large

contribution to the phase formation in HZO thin films. When as-deposited, nano-
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crystalline nuclei are more prone to the t-/o-phase formation at room temperature due
to the surface and interface/grain boundary energy involvement. However, as nuclei
fully grow and form grains during the annealing process, the surface and
interface/grain boundary energy contribution alone cannot sufficiently stabilize the t-
/o-phase over the m-phase at room temperature. They can only decrease the difference
in relative Gibbs free energy between the t-/o-phase and the m-phase, when compared
to the bulk free energy difference. Nonetheless, the t-/o-phase and the m-phase can
coexist at room temperature due to other predominant effects, such as the kinetic
energy barrier in this case. When the metastable nuclei form the high-temperature t-
/o-phase at the annealing temperature, they seem to retain the very t-phase and not a
more stable m-phase when cooled down to room temperature, due to the presence of
the kinetic energy barrier. As annealing temperature and time increase, the t-/o-phase
starts obtaining enough thermal energy to overcome the kinetic energy barrier and
transforms to the more stable m-phase. Once the m-phase is formed, it cannot change
back to the metastable phases at room temperature. Similar interpretation based on
the kinetics can be applied for thicker films as well. According to the nucleation
theory, a larger driving force results in a smaller nuclei size and higher nucleation rate.
(541 There will be a large driving force for the phase transition toward the m-phase
during deposition of thick films because not only the m-phase is the more stable phase
at the deposition temperature of 280 °C, but also the longer deposition is needed.

Therefore, the nucleation of the m-phase might sufficiently occur due to the higher
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nucleation rate and longer deposition time. Analysis on the nucleation kinetics of
HZO films with different thickness is beyond the scope of the present work, and more
qualitative experiments are to be followed.

It could be argued that relative fraction of the m-phase seems to have saturated to
the maximum degree at a faster rate at 700 °C so that no further phase transformation
would occur even the annealing time proceeds. However, when additional annealing
was conducted at 600 °C for a longer time of 105 s, the relative fraction of the m-
phase surpassed the amount of the m-phase created at 700 °C for 10* s (data not
shown), which infers that there is a room for more m-phase transformation even at
700 °C. To comprehend such results, a literature survey was conducted. Seo et al.
reported that the rutile TiO; phase could hinder the m-phase formation of HfO, and
support the t-phase formation due to the small lattice mismatch between them (rutile-
TiO; and t-phase HfOy). It is believed that a similar phenomenon was observed in this
experiment. > Retardation of the m-phase growth may not be solely attributed to the
rutile TiO, formation, but the experimental results evidently show that the m-phase
formation decreased once rutile TiO, phase had formed. Such results are also in
accordance with the report that Ti and N stabilized the metastable t- and o-phases. '*
201 More interpretation on such behavior is to be conducted in depth in the future.

Fig. 10 shows the GIXRD peak shift of the t-/o-phase as annealing temperature and
time change. t-/o-phase peak slightly shifted toward the lower degree range, as

annealing time increased for all temperature range. As the annealing time increased,
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the t-phase transformed to the o-phase possibly due to the 2D stress effect as reported

(6211 When the t-/o-peak positions were compared for PMA and PDA

elsewhere.
samples annealed at the same temperature, they were present at a higher 20 degree
for PMA than PDA. Higher 26 degree value implies a smaller interplanar spacing of
the HZO t-/o-phase, which again infers that stronger tensile stress was applied to the
film when capping was present. A few reports have emphasized the importance of the
in-plane tensile stress in controlling the ferroelectric properties of HZO thin film. 567
TiN TE layer induced a tensile stress effect on the HZO film, which was why PMA
samples usually showed more enhanced FE behavior than PDA samples. In addition,
as discussed in Fig. 7, Ti and N diffusion from the TE (combined with effects from
the BE) deters the formation of the non-ferroelectric m-phase, since Ti decreases the
t-phase free energy over the m-phase energy of HfO, when the relaxation patterns of
metal-oxygen bond were considered from the first principles calculation.!'® Small
doping of N also assists the HfO, ferroelectricity.!'® Therefore, a tensile stress effect
and TE interfacial effect, combined with Ti or N diffusion into the HZO layer, helped
to mitigate the rapid phase transition from the t-phase to the m-phase. This resulted
in the more t-/0-phase formation, as experimentally supported by the higher activation
energy barrier value, combined with a larger fomea and w value from NLT model

described in this work.
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Figure 3.1. The grazing-angle incidence X-ray diffraction patterns of ~10 nm
Hfy.5Zr0.50- thin film a) after rapid thermal annealing at 600 °C for 20 s. b) Peak
deconvolution with —111m, 011t/111o, and 111m at 28.5°, ~30.5°, and 31.6°,
respectively. ¢) P—V and &-V indicate the adequate polarization switching behavior.
The reference powder patterns were obtained from the Inorganic Crystal Structure
Database on HfO, with the reference codes 98-002-7313 (monoclinic P2,/c), 98-017-
3966 (tetragonal P4,/nmc), and 03-065-5759 (cubic Fm3m TiN). The orthorhombic

Pca2, reference peaks were calculated from the literature.
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Figure 3.2. The grazing-angle incidence X-ray patterns of ~10 nm Hfy sZro sO> thin
film after subsequent rapid thermal annealing process at a,d) 400 °C, b,e) 500 °C, and
c,f) 600 °C for postmetallization annealing/postdeposition annealing with annealing

time variations of 10°, 10!, 10°, 10%, and 10* s. Representative phase peaks are

indicated as dotted lines.
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Figure 3.3. Best-linear-fitted lines of Johnson—-Mehl-Avrami model of transformed
monoclinic phase after a) postmetallization annealing and b) postdeposition

annealing at 400, 500, and 600 °C under different natural logarithm time scale.
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PMA PDA

Slope y-intercept k Slope y-intercept k
400 °C 0.169 -3.49 1.06 x 107° 0.212 -3.31 1.65% 107
500 °C 0.324 -3.82 7.67 %107 0.282 321 114 x 107
600 °C 0373 —3.75 4.28 x10°5 0438 —2.96 1.16x 107

Table 3-1. Various constant values obatined from the best fitted line of Johnson—
Mehl-Avrami of transformed monoclinic phase after postmetallization annealing and

postdeposition annealing at 400, 500, and 600 °C.
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Figure 3.4. Nucleation-limited transformation model integrated fitting on

transformed monoclinic phase with respect to annealing time at 400, 500, and 600 °C
for a) postmetallization annealing and b) postdeposition annealing Hfy sZrosO> thin
film. Distribution function versus logarithm ty is plotted for ¢) postmetallization
annealing and d) postdeposition annealing samples with w values embedded within
the figures, and e) Arrhenius plot of characteristic nucleation time, tomed, With the

activation energies of 2.14 and 1.67 eV f.u.—1, respectively.
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Figure 3.5. Schematic diagram showing the difference between nucleation and
growth behavior of tetragonal phase to monoclinic phase transition based on
Johnson—Mehl-Avrami model and nucleation-limited transformation with respect to
annealing time. First figure on the far left for each model represents the pristine

Hfy 5710505 thin film.
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Figure 3.6. Grain size distribution of =10 nm HfysZrosO; thin film after
postdeposition annealing at a) 400 °C, b) 500 °C, c) 600 °C, and d) 700 °C using
watershed method implemented by Gwyddion software. Gaussian distributions for

dispersed data are shown with solid lines.
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Figure 3.7. Auger electron spectroscopy depth profiles of the =10 nm Hfp 5Zro 50;
thin film after a) rapid thermal annealing at 600 °C for 20 s. Subsequent
postmetallization annealing for b) 10° and c) 10* s and postdeposition annealing for

d) 10° and €) 10* s were conducted.
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Figure 3.8. The grazing-angle incidence X-ray diffraction patterns of ~10 nm
HfosZrosO, thin film after postmetallization and postdeposition rapid thermal
annealing at 700 °C for a) 10, b) 10°, and c) 10* s with rutile (110) TiO, phase at

27.5°. Representative phase peaks are indicated as solid lines.
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Figure 3.9. Monoclinic phase fraction (left axis) and mean radius of grains (right
axis) of =10 nm Hfy 5Zro 5O, thin film with respect to the rapid thermal annealing time

at a) 400 °C, b) 500 °C, ¢) 600 °C, and d) 700 °C.
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Figure 3. 10. Tetragonal/orthorhombic phase peak position at ~30.5° change of the
grazing-angle incidence X-ray diffraction patterns of ~10 nm Hf, 57150, thin film
with respect to the annealing time variance at a) 400 °C, b) 500 °C, and c) 600 °C for

post-metallization and post-deposition annealing.
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3.4. Conclusion

In conclusion, the variations in the relative fraction of the m-phase in ALD HZO
film as a function of annealing time and temperature were studied mainly via the
GIXRD and peak deconvolution. The HZO films were first crystallization annealed
with the TiN top electrode at 600 °C for 20 s, and further annealing at different time
and temperature was performed with or without the TiN capping layer. The JMA and
NLT models were used to calculate the activation energy barrier of the m-phase
formation. The dimensionality factor in JMA formulation, however, oddly came out
to be less than 1, which conveyed a sense of nucleation retardation. Therefore, the
NLT model was utilized to explain nucleation and growth behavior within HZO thin
film further. It turned out that a capping layer hampered the nucleation and growth
rate with higher and more distributed value of the characteristic nucleation time than
non-capped films with #mes activation energy barrier values of 2.14 and 1.67 eV
f.u.—1 for PMA and PDA films, respectively. Almost constant grain size even after
the prolonged annealing time proved that the grain size variation did not contribute
much to the phase transformation kinetics. The rutile TiO, phase formed at an
annealing temperature of 600 and 700 °C constrained further m-phase formation.
Formation of the TiO; indirectly indicated that intermixing with the electrode and the
oxide layer is inevitable. While the Ti and N diffusion potentially lowers the t-phase

free energy over the non-FE m-phase, a TiN TE produced the tensile stress on the
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oxide layer, encouraging the favorable condition to generate FE phase within the
HZO thin film. Previous researches focused on the thermodynamic approach to
explain the origin of ferroelectricity within doped HfO, thin films and embedded
various factors into the density functional theory model to search for the most
influential factor. However, this technique showed a wide gap between the calculated
and experimental results. This study suggests that not only the contributing
thermodynamics factors but also the kinetic effects, which could be further

supplemented by the TiN capping layer effect, should be considered.
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4. Ru Bottom Electrode Effects on the Ferroelectricity

of Hfy5sZro502 Thin Films

4.1. Introduction

Since the discovery of unprecedented ferroelectric (FE) orthorhombic phase (o-
phase) in Si doped-HfO, thin film, origin of its ferroelectricity has been widely
investigated.['! Fluorite-structure doped HfO, possesses many advantages over
conventional perovskite materials like Pb(Zr,Ti)Os (PZT) or SrBiTa,O9 (SBT).
Doped HfO, can be scaled down to few nm scale without losing its ferroelectricity, it
is atomic layer deposition (ALD) friendly for three dimensional structure, and is Si
compatible. [*! FE property which arises from the presence of non-centrosymmetric
o-phase is realized under certain circumstances when external factors such as
thickness™™), asymmetric stress'®), top electrode capping!'!, annealing®*!, and doping!>*
come into play. Although these external effects are considered, it has not been
possible to fully demonstrate the experimental results by implementing the first
principle calculation. In fact, aside from the thermodynamic point of view, which is
the main basis of the first principle calculation conducted in the past, the kinetics

effect also seems to play a critical role to render FE o-phase.
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Imperfect demonstration of experimental results using modeling still implies the
lack of understanding of the FE origin of doped HfO, thin film, which brings
electrode effect into attention since it seems to play critical role yet not much studies
have been proposed. Although a number of studies of doped HfO, are based on TiN
TE and BE, other type of electrode has been chosen as well. There were reports on
different TE effect on Zr doped HfO, thin film. Pt TE showed degraded FE behavior
due to symmetric strain applied to the film and RuO, showed a poor FE behavior due
to Ru diffusion into the dielectric layer. ! Park et al. showed that the effect of the Pt
TE is less influential than the Pt BE effect, indicating that the BE effect could be more
phenomenal than the TE effect. Park et al. presented the effect of (111) Pt BE on the
FE o-phase formation and showed that since Zr doped HfO, undergoes symmetric
strain which hinders the o-phase formation. [! Hoffmann et al. showed that the 2P,
value can be as high as ~80 uC/cm? at 4 MV/cm for Gd doped HfO, thin film on TaN
BE. Park et al. reported on the Zr doped HfO, on Ir with 2P; of ~33 uC/cm? at 2.5
MV/cm and commented that oxygen supply from IrOy resulted in the enhanced ALD
behavior in initial steps that created formation of the smaller in-plane tensile strain
and the larger grain size which was not very favorable for the o-phase formation.?!
Lin et al. showed that pure ZrO, film can show ferroelectricity on Pt BE with 2P; of
~27 uC/cm?, which is contradictory to the report by Park et al.. ! Although a clear
explanation behind why it showed such result was not presented, it showed that the

choice of the BE is important.
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There has not been a report on doped HfO, on Ru BE. Ru is a stable metal and still
is conductive when oxidized to RuO, (resistivity ~35 pQecm) which is a large
advantage in terms of fabrication process. When TiN electrode is used, it is easily
oxidized to TiON or TiO, which acts as a parallel capacitor and decreases the actual
field across the FE layer which again increases the operating voltage. Also,
conducting oxide is known to improve fatigue problem. Oxygen vacancies can be
easily generated as TiN acts as an oxygen sink and takes away the oxygen from the
FE layer. This could deteriorate the leakage problem. However, RuO, with higher
formation energy (-201.190 kJ/mol) than TiO, (-833.972 kJ/mol) so doped HfO, will
not easily give up the oxygen. 2% Seo et al. have reported that the formation of rutile
TiO; can promote the formation of tetragonal phase (t-phase) while anatase TiO,
promotes monoclinic phase (m-phase). ['! Also, Kim et al. have reported that O3
oxidant during ALD process oxidizes Ru electrode and forms RuO. which promotes
rutile TiO, formation. ["*! Although lattice constant of rutile TiO, is slightly different
from that of rutile RuQ,, if the lattice mismatch is quite matched, rutile RuO;, can
hinder m-phase and promote t-phase, which can transform to FE o-phase.

Lee et al. reported that when JMA fitting was conducted on the amount of the m-
phase transformation of the Zr doped HfO; thin film during PMA and PDA at 700°C,
it produced much smaller slope compared to that of 600, 500, or 400 °C although it
should have shown higher slope due to higher thermal energy provided upon phase

transformation. ' However, due to rutile TiO, formation from the top and bottom
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TiN electrode, phase transformation from the t-/o-phase to the m-phase was
significantly reduced. Similar to the work by Seo et al., the structure of the rutile
phase of TiO- seems to be quite similar to that of the t-phase of HfO,, hindering the
formation of the m-phase. [!°! Therefore, rutile RuO, which has a similar crystal
structure to rutile TiO: is expected to hinder the non-FE m-phase formation during
growth. In this work, the influence Ru or RuO, BE on the FE property of Zr doped

HfO; is investigated during ALD process.
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4.2. Experimental

The polycrystalline (Hf,Zr)O, thin films were grown by a atomic layer deposition
on Ru(30nm)/TiN(8nm)/Si0,(100nm)/Si substrate. Hf[N(C,Hs)CH3]4,
Zr[N(C2Hs5)CHs]4, and Os (with a concentration of 180gm™) were used for Hf
precursor, Zr precursor, and an oxygen source, respectively, as shown in Fig. 4.1.
Pt(30nm)/RuO>(30nm) top electrode with an area of 8 x 10* um? was fabricated by
DC magnetron sputtering at 110°C substrate temperature. Annealed samples were
post-metallization-annealed at 500°C for 30 sec in N, ambience. The The grain size
analysis was conducted using a watershed method implemented by Gwyddion
software.['”! The composition and the film thickness were examined using X-ray
fluorescence (Quant’X, Thermo SCIENTIFIC) and the depth profiling was conducted
by AES (PHI-700, ULVAC-PHI) analysis. The crystalline structure was analyzed
using the GIXRD (incidence angle = 0.5°) mode of the X-ray diffractometer (X pert
pro, PANalytical) equipped with a Cu Ka X-ray source. The P-V loops of the
Pt/RuO»/(Hf,Zr)O»/Ru/TiN/Si0/Si capacitors were tested using an axiACCT TF-
2000 analyzer at a frequency of 1kHz in virtual ground mode. Capacitance — voltage
(C-V) and current — voltage (I-V) characteristics were also checked using Hewlett
Packard 4194 impedance analyzer and Hewlett Packard 4145B semiconductor
parameter analyzer, respectively, to confirm the feasible dielectric performance of all

the capacitors. All bias was applied to top Pt electrode while the BE was grounded.
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4.3. Results and Discussions

Since not many studies of doped HfO, were conducted on Ru BE, it was necessary
to confirm the self-saturation behavior during ALD process as shown in Fig. 4.2.
Feeding and purge time of metal precursor and oxidant were varied for each TEMA -
Hf and TEMA-Zr, and showed good self-saturation behavior. This indicates that the
film is successfully grown during ALD process. When ALD process temperature was
varied, as shown in Fig. 4.3, it showed that 300 °C is the critical temperature above
which the chemical vapor deposition (CVD) process begins to occur. In order to
maximize the local preferential growth of HZO on Ru electrode, the temperature
between ALD and CVD were chosen. Linearly increasing thickness with respect to
the ALD cycle numbers, it shows that the temperature range is in between ALD and
CVD. About 2.1 A/cycle and 1.7 A/cycle growth per cycle (GPC) were obtained
which is quite high compared to the GPC of ~1.2 A/cycle for HZO on TiN BE. 7]
Since the processing temperature is between the ALD and CVD process, the GPC
came out to be quite high. Further explanation on the abnormal high growth of HZO
thin film on Ru electrode will be discussed later in the chapter.

Grazing incidence X-ray diffraction (GIXRD) analysis was conducted at as-
deposited state without post annealing process as shown in Fig. 4.4. Surprisingly,
HZO thin film showed X-ray peak at ~30.5° indicating that the film has been

crystallized as t-/o-phase on Ru bottom electrode. HZO film usually shows

72



amorphous state on TiN BE 7% but there seems to be enough thermal energy and
small lattice mistmatch between the t-/o-phase and Ru electrode promoting the locally
preferential growth behavior.

Fig. 4.4 shows the close-up of the peaks that were present in wide angle X-ray data.
It is a challenging task to differentiate the phase difference between the t- and the o-
phase through XRD response due to their structural similarity. According to the
Vegard’s law, the peak position of the t-phase and the o-phase is approximately
estimated to be 30.8 and 30.4°, respectively. As process temperature increases, the
peak intensity increases, indicating that the more the thermal energy provided, the
more crystallinity the film obtains. Also Fig. 4.4 shows that as the process temperature
increases, 0(020/002) and t(200) peak intensity increase, indicating that Ru BE has a
large impact on the structure formation of the HZO thin film. T. Schenk et al. reported
that the factor to enhance the FE behavior of La doped HfO: is the high crystallinity
of the o-phase formation along (020) and (002) direction. "' HZO prepared in this
work seems to possess similar phases, indicating the possible high P, within the film.

When normal 6-20 mode was conducted, only the peak at ~30.5° was shown
indicating that (111) o-phase or (011) t-phase were grown normal to the surface of the
film. Such locally preferential growth of HZO thin film was not seen when the film
was grown on TiN BE. P! Such growth on Ru BE could be the cause of high GPC on
Ru. According to the report by Park et al., local preferential growth of (111) HZO on

(111) Pt BE produced higher GPC than on TiN BE due to competition between the
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surface energy and the interfacial energy. [! Because (111) oriented HZO thin film
had low surface and interface energy when grown locally epitaxially on (111) oriented
Pt BE, it showed higher GPC than on TiN BE. Similar behavior is occurring on Ru
BE indicating that the direction of the film growth and the BE are highly related
during growth. Fig. 4.4 and Fig. 4.5 show that Ru is highly crystallized toward (002)
direction. If the film is grown on crystallized BE, it will have lower surface energy
compared to that of amorphous TiON or less crystallized TiN BE with lack of
preferred orientation. Therefore, it will be easier for the film to grow homogenously
and crystallize on crystallized BE, which is the case in this work.

As process temperature increases, not only the peak intensity increases but also the
peak position shifts to the lower 20 position, as shown in Fig. 4.5. This implies that
either more o-phase is formed as process temperature increases or the film is under
high in-plane strain condition, both of which promote the FE property. Also, it can be
seen that the m-phase starts to appear at process temperature of 330 °C, indicating
that the m-phase becomes stabilized above certain temperature even with the
structural similarity between HZO and Ru BE. Since the phase change is a thermally
activated process, as also shown in Chapter 3, high temperature would give enough
thermal energy to overcome the activation energy barrier between the t-/o-phase and
the m-phase.

Fig. 4.6 shows the atomic force microscopy (AFM) image of the HZO thin film

deposited at different process temperature of 290, 310, and 330 °C. The roughness
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affects both the crystallinity and electrical behavior. However, the film deposited at
290 and 310 °C showed similar root-mean-square (RMS) value of 1.44 and 1.27 nm,
respectively. The RMS value for the film deposited at 330 °C was 7.6 nm with oval
shape of hillock-like formation. Sputtered Hfy sZr 50O, thin film annealed under O,
ambience showed such behvaior which caused by the oxidation of TiN BE layer.!'!
Although TiN BE was not used, in this work, TiN adhesion layer under Ru BE might
have oxidized during O; oxidant feeding step at high process temeprature of 330 °C.
Also, replaced nitrogen with oyxygen could rise to the surface as the gas form which
could push up the dielectric layer, causing high roughness. Hence, process
tempertaure of 310 °C seems to be the boundary temperature with no abnormal hillock
formation or any protrusion.

Fig. 4.7 shows the grain size distribution data obtained through Gwyddion program
using images obtained from SEM. Details of the method can be found in other works.
(197 The figure shows that the grain size difference of the film deposited at 290, 310,
and 330 °C is minimal, and the summary of the grain size and roughness with the
respect to the process temperature is shown. Compared to grain size of the HZO thin
film grown on TiN BE, grain size of HZO thin film on Ru BE shows a similar value.
Such grain size induces o-phase rather than t-phase due to the surface energy effect,*!!
which is why the HZO thin film on Ru BE shows ferroelectricity even though the t-

phase should be more stable phase on rutile RuO,, if present. Formation of RuO, will

be discussed further later in the chapter.
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Since the temparture of 310 °C could be still high, the uniformity of the film was
checked by depositing ~40 nm HZO on both Ru and TiN BE. Fig. 4.8 shows the
columnar growth of the HZO thin film with high conformity showing that process
temperature of 310 °C would not be too high to affect the film layout.

Fig. 4.9 shows the polarization-electric field (P-E) hysteresis of the ~11.6 nm as-
deposited HZO thin film without post-annealing. It is surprising that the film shows
full polarization switching behavior with 2P, ~ 32 uC/cm? at 4 MV/cm. When the
field cycling is conducted with 4 MV/cm, the film showed high leakage current
leading to early breakdown below 10° field cycling number. When the field-cycling
is conducted using 2.5 MV/cm, the film showed a wake-up behavior above 10° field
cycling and hardbreak at 2.15 x 10°. Wake-up behavior is a common behavior in FE
mateirals that during field-cycling, the defects are redistributed, depining the
polarization and increasing the P.. It is worth noting in Fig. 4.9 that the pristine as-
deposited film without any wake-up showed only one current switching peak,
indicating that the film is crystallized into the o-phase rather than the t-phase.

Fig. 4.10 shows the film thickness dependence on the polarization switching
behavior. Since HZO thin film is not a perfect epitaxial film, BE effect will be
significant at thinner film and its effect will decrease as film thickness increases. As
expected, the dielectric consatnt decreases as film thickness increases, indicating that

high amount of the t-phase is present in 7.6 nm and the m-phase starts to appear at 21
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nm. The abasence of the double peak which indicates the presence of the t-phase
could be due to the low electric field bias applied to the thin film.

When XRD pattern was obtained as shown in Fig. 4.10, 21 nm film showed the m-
phase formation. When compared with HZO thin film deposited on the TiN BE with
post-annealing treatment, **! the HZO film on Ru BE seems to show less amount of
the m-phase at 28.5 and 31.6° as film thickness increases  Also, the annealing
temperature affects the m-phase formation as well at film thickness of ~10 nm.
Compared with the XRD pattern obtained in this work, it is highly meaningful to
obtain highly crystallized HZO thin film with similar P, behavior with low m-phase
formation even when the film thickness is above 21 nm.

Based on the the work by Kim et al. and Seo et al., it was expected that Ru BE
would be oxidized to RuO, during initial ALD growth.!'!) If Ru is oxidized to rutile
RuO., it would promote the t-phase and hinder the m-phase due to the small lattice
mismatch. The XPS anlysis was conducted to confirm if there has been the RuO,
formation which would produce the different XPS peak from Ru electrode, as shown
in Fig. 4.11 (a). When XPS analysis is conducted, C-C peak should be calibrated to
285 eV due to possible peak shifts from sample charging and other undesired effects
during sample preparation. However, Ru has its 3ds, orbital peak near 284 eV, which
overlaps with the peak from C-C peak. Therefore, for accurate analysis, Ru 3ps»
orbital near 461.2 eV is selected. When the peak was fitted with two sets of peaks,

there was a very small RuO, peak present. Also, when X-ray fluorescence (XRF) was
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measured on the before and after the HZO deposition on Ru BE, as shown in Fig. 4.
11 (b), Ru layer density decreased, indicating that Ru has been oxidized to RuO- or
RuOx. However, when time-of-flight secondary ion mass spectrometry (TOF-SIMS)
analysis was conducted, as shown in Fig. 4. 11 (b), very little signal of RuO, was
obtained, indicating that the amount of RuO; layer is not significant after the
deposition of HZO thin film.

In-plane strain calculation was conducted to see if the film is under proper in-plane
tensile strain. Using GIXRD pattern, in-plane strain calclation was conducted and Fig.
4.12 shows that ~11.6 nm HZO film deposited at 310 °C on Ru BE goes through the
same in-plane strain % as that deposited on TiN BE with PMA. ¥l When the in-plane
strain percentage is above 1.5 %, it is known that condition to obtain o-phase is
fulfilled. It seems that Ru electrode, with little support of RuO,, promotes the the o-
phase formation with proper lattice mismatch. In order to see that deposition
temperature is not the main factor of t-/o-phase formation, HZO film was also
deposited on TiN at the same temeparature. It shows that normal process temperature
of HZO thin film on TiN BE renders the amorphous phase at as-deposited state and
significant m-phase starts to appear at high process temperature, which was not
shown for the film deposited on Ru BE.

When the endurance test was conducted for different film thickness, as shown in
Fig. 4.13, all samples went thourgh hard breakdown between 10°-10° cycling.

Compared to endurance limit of HZO thin film deposited on TiN BE, the endurance
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performance is highly poor. When the high cycling field is applied, the leakage
current issue rises, and when the field is low, fatigue problem occurs. It is known that
field cycling at coercive field region promotes fatigue beahvior.'3 Overall, it is
necessary to enhance the endurance performance by reducing the leakge current.

The initial growth of HZO thin film deposited at 310 °C seems to create large
amount of defects, pinning the polarization domain. When the growth bevhaior is
compared for HZO on TiN and Ru BE, it can be seen that activation energy changes
from 6.96 kJ/mol to 18.21 kJ/mol at tempearture of 290 °C on TiN BE, whereas it
changes from 6.36 kJ/mol to 26.36 kJ/mol at tempearture of 310 °C on Ru BE, as
shown in Fig. 4.14. Change in activation energy implies that the adsorption of metal
precursors chnages its behavior from ALD to CVD growth. The thermal
decomposition of metal precursor is not influenced by the type of the BE, and high
GPC indicates that the deposition temperature is quite high. Although it has been
reported that C concentration increases as process temperature decreases during ALD
growth, ¥ its concentration increases as process temperature increases during CVD
growth. Due to the high concentration of C impuriteis, the leakage current issues were
present for film depsoited at 310 °C.

Auger electron spectroscopy (AES) analysis in Fig. 4.15 shows the depth profile
for Zr doped HfO, thin film deposited at 290 and 310 °C. It can be seen that C
concentraiton is higher for the film deposited at high temperautre, which would be

the cuase of high leakage current. Therefore, it was necessary to decrease the process
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temperature even though the crystallinity could decrease. TEMA-Hf and TEMA-Zr
shows self-saturation growth behavior on 285 °C as well, as shown in Fig. 4.16.
Although GPC of Zr doped HfO, on TiN decreased from 1.7 A/cycle to 1.2 A/cycle,
indicating that the process temperature dropped to ALD window range, the GPC of
the film deposited on Ru electrode still showed high GPC. As explained, locally
preferential growth promoted the growth and increased the GPC.

Fig. 4.17 shows the P-E analysis of 7.7, 9.9, 19.7 nm HZO thin film deposited at
290 °C deposition temperature after 10° field cycling without any post-annealing.
Although it seems that the film is not as leaky as the film deposited at 310 °C, low
dielectric constant extracted from e-E plot indicates that the film is not as fully
crystallized. Also, large m-phase can be seen for 19.7 nm which did not induce any
FE switching behavior. It is conjectured that since the film did not have enough
thermal energy to locally grow preferentially on Ru electrode, the m-phase inhibition
effect was not as significant leading to stable m-phase as thickness increases. When
the field-cycling was conducted, overall endurance was enhanced compared to that
of 310 °C. However, the film could not endure high field cycling of 3.0 and 3.5
MV/cm, leading to hard breakdown. At 2.5 MV/cm, the film showed fatigue behavior,
as shown in Fig. 4.18.

The early hard breakdown may be due to defects that were created during the film
growth, which led to post-annealing. The post-annealing process was conducted at

300, 400, 500 °C at N, and O, ambience, as shown in Fig. 4.19. However, the
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annealing condition only degraded the FE behavior. According to the Park et al., post-
annealing process led to Ru and Pt diffusion into dielectric layer leading to degraded
FE behavior. 1 Fig. 4.20 shows the AES results of HZO thin film with and without
post-annealing. There are some Ru amount that diffuse into the HZO layer before
post-annealing. However, significant amount of Pt and Ru diffuses into the HZO layer
which is the same as the result reported by Park et al. ! Therefore, annealing process
does not render any positive effects on the FE behavior on HZO film on Ru electrode.

This comes to the conclusion that post-annealing does not induce any positive
effects and should there be no post-annealing. Since as-deposited film showed high
leakage current leading to early break down, Al,O3 (AO) layer was inserted. It has
been reported that insertion of Al causes increase in the conduction band offset,
decreasing the leakage current. 5! 2 cycles of AO have been inserted 6 cycles before
the total super cycle ends. Fig. 4.21 shows that leakage current has been suppressed
when the deposition temperature changes from 310 to 290 °C and even further when
2 cycles of AO layer were inserted. P-E hysteresis behavior shows high 2P; values
even at high electric field due to leakage current suppression. However, although
reduced leakage current led to a longer endurance cycle number, fatigue problem still
was not solved.

It has been reported that the fatigue behavior is closely related to the pulse width,
amplitude and temperature, which is interconnected to several fatigue mechanism of

domain wall pinning, oxygen vacancy re-distribution and injection.l'® RuO, is a
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conducting oxide electrode which should work as oxygen vacancy sink, taking away
oxygen vacancies from the dielectric layer and provide oxygen. However, it is not the
case in this work. There seems to be a chare trapping that holds the carriers, hindering
the movement and leads to fatigue behavior. Also, as field cycling continues, it seems
that dead layer exists holding the charges. If the fatigue is due to the migraiton of free
carriers toward the bound charges of the domain walls, fatigue rate should differ since
such process requires time, and the slower the switching, the stronger the fatigue. ")
Fig. 4.22 shows the endurance behavior as field-cycling continues for ~6.53 nm of
HZO thin film. When the frequency is increased from 100 kHz to 500 kHz and 1
MHz, the fatigue rate seems to decrease, indicating that the fatigue is due to the bound
charges of the free carriers. There could be many reasons for such fatigue behavior
such as grain size and porosity. As the grain size decreases and the porosity increases,
the fatigue becomes more dramatic. 2*** Considering that HZO film grown on Ru
has lower density of 7.9 g/cm?® than that on TiN of 8.7 g/cm’, as shown in Fig. 4.23,
it seems necessary to make the film denser.

At field cycling frequency of 1 MHz, the film showed very small fatigue behavior
with 2P; of ~17 uC/cm? at field cycling number of 10%. Recent studies have dealt with
as-deposited FE film, since post-annealing process renders leakage problem
combined with difficulty of crystallization with annealing as the film thickness keeps
decreasing. However, no report has shown the endurance property of as-deposited

doped HfO, thin film, possibly from leakage current or fatigue issues that was present
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in this study. Although the fatigue problem was not completely solved for HZO thin
film on Ru, the FE behavior of HZO film at as-deposited state is still remarkable.
Therefore, it is necessary to figure out whether it is the Ru itself or small presence of
RuO; that is rendering the in-situ crystallization of HZO film.

To confirm the presence of RuO, layer, transmission electron microscopy (TEM)
analysis was conducted as shown in Fig. 4.24. It can be clearly seen that HZO film
has been fully crystallized even without the post-annealing process. When fast fourier
transform (FFT) was conducted on the images, HZO majorly showed o-phase with d-
spacing of 2.9-2.98 A for (111) direction which is quite similar with that obtained
from the HZO on TiN BE. 2 Ru BE showed (002) direction as expected from XRD
measurements. The presence of RuQ; is difficult to determine because of its thin
thickness and distinguishing the interface between oxide layer and the electrode is
challenging. When TEM image was conducted on RuO- between TiO- and Ru, it was
difficult to distinguish each layer as well. 12! Therefore, only the fact that HZO has
been well crystallized on Ru BE can be confirmed from TEM analysis.

Even though the deposition temperature of 290 °C is within the ALD window, GPC
of the HZO on Ru BE is quite high as was shown in Fig. 4.16. To analyze the very
initial growth period, shorter than 10 feeding cycle was invested and shown in Fig.
4.25. According to Lee et al., oxide electrode with high formation energy can easily
give away the oxygen to dielectric layer deposited on top, causing the initial growth

to be highly reactive. 2% In their report, SrTiOs (STO) grew very quickly on IrO,,
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RuO,, and Ru BE due to the oxygen supply from the BE. Also, in their other report,
they have figured out that Ru is the material that can easily oxidize and reduce. This
characteristic allows Ru BE to oxidize to rutile RuO; in the initial step of the ALD
process and reduce to Ru during metal precursor feeding. ! They called this step as
substrate-enhanced growth mode. When the thickness gets thicker, dielectric layer
gets less influenced by the oxygen supply from the BE and GPC becomes less radical.
This saturated-constant GPC occurs during linear-growth mode. It is very likely that
such phenomenon is occurring on HZO on Ru BE. During initial ALD growth, Ru
oxidizes to rutile RuO, during O; feeding step. As subsequent metal precursor starts
feeding, it takes the oxygen from RuO, and becomes metal oxide by reducing RuO,
to Ru. As O; feeds again, it not only re-oxidizes the Ru but also the metal precursor
that is attached either Ru or metal oxide, resulting in more dramatic oxygen
scavenging effect than the previous step. As thickness gets thicker, oxygen is no
longer supplied from the BE and reaches constant, less radical GPC. The reason why
RuO; was not detected in either XPS or TOF-SIMS (unlike the result from Kim et
al.’%!) is RuO, has been almost completely reduced after few ALD cycling.
Considering that HfO, and ZrO; has the formation energy of -991 kJ/mol and -1041
kJ/mol compared to that of -833.972 kJ/mol for TiO,, HZO film grabs the oxygen
tighter than TiO, which even causes more reduction of RuQO. To aid in understanding,

a schematic figure is prepared in Fig. 4.26.
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To further confirm that rutile RuO, promotes the HZO t-/o-phase, ~10 nm of HZO
thin film was grown on rutile RuO, BE. As can be clearly seen by XRD analysis
shown in Fig. 4.27, t-/o-phase is highly grown on RuO, compared to other BE at the
same temperature. Also, O3 feeding time was varied to manually create the RuO; layer
from Ru, and as O; feeding time increases, higher XRD peak intensity was observed
with higher GPC. This implies that longer Os feeding makes RuQ, thicker which can
supply more oxygen to HZO layer, boosting up the GPC during intial ALD growth.
Therefore, it can be certain that rutile RuO, promotes the t-/o-phase within HZO thin
film. As mentioned earlier, since the grain size of the film falls into the range where
o-phase is stable over t-phase, ferroelectricity was observed for the as-deposited HZO
film. Although there is a fatigue problem to be solved, this study could be the starting
point that leads to enhanced FE behavior for as-deposited film at a film thickness as

low as ~6.5 nm.
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Figure 4.8. Scanning electron microscopy images of ~40 nm Hf sZro 5O, thin film

on Ru and TiN bottom electrode
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and after deposition of HfysZrosO, and time of flight secondary ion mass

spectrometry of ~ 10 nm Hfo 5ZrsO; thin film.
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Figure 4.12. Grazing incidence angle X-ray diffraction pattern for ~I11 nm
Hfo 571050, thin film deposited at different temperature on TiN and Ru bottom
electrode. Bottom left figure shows the Mohr Circle used to calculate the in-plane

strain % shown on the bottom right figure.
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4.4. Conclusion

In summary, ~10 nm of HZO thin film has been deposited on Ru BE using TEMA -
Hf and TEMA-Zr using ALD. During the initial ALD growth, rutile RuO2 layer was
formed which promoted the formation of the t-/o-phase within the HZO film. This
was confirmed by RuO, BE and high GPC of HZO thin film on Ru and O3 pre-treated
Ru, which was much higher than that on TiN BE. Oxidized RuO, was reduced again
during metal precursor feeding step, which was why RuO, was not detected in either
XPS or TOF-SIMS analysis. The as-deposited film showed 2P, of ~23 uC/cm? at 2.5
MV/cm which is almost comparable to ~10 nm HZO deposited on TiN BE with post-
annealing process. The small lattice mismatch between rutile RuO, and t-/o-phase of
HZO rendered in-plane tensile strain above 1.5 % which came out to be the same as
that obtained for HZO thin film deposited on TiN BE after post-annealing process.

Although FE behavior is outstanding at as-deposited state, high leakage current
hindered high endurance performance. This could cause from the C impurities which
was confirmed by AES. In order to decrease the C impurities, the deposition
temperature was lowered to 290 °C, which falls under the ALD temperature range.
However, lower deposition temperature led to lower effect from the Ru electrode
which induced formation of the m-phase or amorphous phase in the film, confirmed
by smaller dielectric constant. Due to smaller C impurities, endurance cycling was

tested and the film endured longer cycling than that deposited at 310 °C. However,
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the hard break down occurred near 10° cycling number, which is much lower than 107
cycling number obtained from HZO thin film deposited on TiN after post-annealing.
The choice of the TE can affect the endurance behavior but changing the TE to Pt did
not induce much difference indicating that the fatigue behavior could be arising from
the Ru BE. When the measuring frequency is varied, the fatigue rate decreased as
frequency increased, indicating that the fatigue is arising from the migration of free
carriers toward the bound charges of the domain walls. Although there exists much
enhancement to do, ~6.53 nm of HZO showed 2P; value of ~17 pC/cm? at cycling

number of 103,
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5. Conclusion

In this dissertation, the study on the ~10 nm of ferroelectric Hfy 5Zro 50O, thin film
was conducted with regards to the top and the bottom electrode. First part of the
dissertation covered the nucleation and growth behavior of ~10 nm Hfy 5ZrysO> thin
film with and without the TiN top electrode during post-annealing process. It was
found out that the phase transformation from the tetragonal phase to monoclinic phase
is hindered when the top electrode is capped during post-annealing process. Classical
John-Mehl-Avrami model could not describe the nucleation and growth behavior of
polycrystalline HfosZrosO, thin film, which led to new nucleation-limited-
transformation model, taking dispersion time of nucleation into account. As a result,
TiN top electrode not only deterred the phase transformation from the tetragonal to
the monoclinic phase, but also disperses the nucleation time.

Second part of the dissertation covers the effect of the bottom electrode, Ru. When
rutile RuO; is formed during initial atomic layer deposition process, due to the small
lattice mismatch between the rutile phase and the HfO, tetragonal phase, the
monoclinic phase formation was hindered and tetragonal/orthorhombic phase was
promoted even without post-annealing process. Decreasing the deposition
temperature from 310 to 290 °C induced less C impurity and smaller leakage current,
yet it required further suppression by using Al,O; layer insertion. However, the

fatigue problem occurred which was due to migration of free carriers toward the
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bound charges of the domain walls. To be free from such effect, the measuring
frequency was increased to 1 MHz, and ~6.53 nm of Hfy5Zr( 50> thin film showed
2P, value of ~17 pC/cm? at cycling number of 108

It is believed that this study of the top and bottom electrode would enhance the
understanding the formation of the ferroelectric phase within Hfo 5ZrsO; thin film,
and promote further studies to improve its performances at thinner films for future

technology node.

119



List of Publications

1. Referred Journal Articles (SCI)

<First author>

1.

Y. H. Lee, S. D. Hyun, H. J. Kim, J. S. Kim, C. Yoo, T. Moon, K. D. Kim, H. W.
Park, Y. B. Lee, B. S. Kim, J. Roh, M. H. Park, C. S. Hwang “Nucleation-Limited
Ferroelectric Orthorhombic Phase Formation in HfysZrosO, Thin Films” Adv.
Elec. Mater. 1800436 (2018)

Y. H. Lee, H. J. Kim, T. Moon, K. D. Kim, S. D. Hyun, H. W. Park, Y. B. Lee,
M. H. Park, C. S. Hwang “Preparation and Characterization of Ferroelectric
Hfo5ZrosO> Thin Films Grown by Reactive Sputtering” Nanotechnology 28,

30, 305703 (2017)

<Co-author>

1.

M. H. Park, H. J. Kim, G. Lee, J. Park, Y. H. Lee, Y. J. Kim, T. Moon, K. D. Kim,
S. D. Hyun, H. W. Park, H. J. C, J.-H. Choi, C. S. Hwang “A comprehensive study
on the mechanism of ferroelectric phase formation in hafniazirconia
nanolaminates and superlattices” Applied Physics Reviews, 6, 041403 (2019)

M. H. Park, Y. H. Lee, C. S. Hwang “Understanding ferroelectric phase

formation in doped HfO2 thin films based on classical nucleation theory”

123



Nanoscale 11, 19477-19487 (2019)

K. D. Kim, Y. J. Kim, M. H. Park, H. W. Park, Y. J. Kwon, Y. B. Lee, H. J. Kim,
T. Moon, Y. H. Lee, S. D. Hyun, B. S. Kim, C. S. Hwang “Transient negative
capacitance effect in atomic-layer-deposited Al,O3/Hfy 371070, bilayer thin film”
Adv. Funct. Mater. 1808228 (2019)

M. H. Park, Y. H. Lee, T. Mikolajick, U. Schroeder, C. S. Hwang
“Thermodynamic and kinetic origins of ferroelectricity in fluorite structure
oxides” Adv. Elec. Mater. 1800522 (2018)

M. H. Park, Y. H. Lee, H. J. Kim, Y. J. Kim, T. Moon, K. D. Kim, S. D. Hyun, C.
S. Hwang “Morphotropic Phase Boundary of Hfi—«ZriO, Thin Films for
Dynamic Random Access Memories” ACS Appl. Mater. Interfaces 10,49, 42666
(2018)

S. D. Hyun, H. W. Park, Y. J. Kim, M. H. Park, Y. H. Lee, H. J. Kim, Y. J. Kwon,
T. Moon, K. D. Kim, Y. B. Lee, B. S. Kim, C. S. Hwang “Dispersion in
Ferroelectric Switching Performance of Polycrystalline Hfy sZro sO> Thin Films”
ACS Appl. Mater. Interfaces 10, 41,35374 (2018)

T. Moon, H. J. Lee, K. D. Kim, Y. H. Lee, S. D. Hyun, H. W. Park, Y. B. Lee, B.
S. Kim, C. S. Hwang “Diode Property and Positive Temperature Coefficient of
Resistance of Pt/Al,O3/Nb:StTiOs” Adv. Elect. Mater. 4, 12, 1800388 (2018)

M. H. Park, Y. H. Lee, T. Mikolajick, U. Schroeder, C. S. Hwang “Review and

perspective on ferroelectric HfO,-based thin films for memory applications” MRS

124



10.

11.

12.

13.

Communications 8, 3, 795-808 (2018)

M. H. Park, Y. H. Lee, H. J. Kim, Y. J. Kim, T. Moon, K. D. Kim, S. D. Hyun, T.
Mikolajick, U. Schroeder, C. S. Hwang “Understanding the formation of the
metastable ferroelectric phase in hafnia-zirconia solid solution thin films”
Nanoscale 10, 716-725 (2018)

Y. J. Kim, H. W. Park, S. D. Hyun, H. J. Kim, K. D. Kim, Y. H. Lee, T. Moon, Y.
B. Lee, M. H. Park, C. S. Hwang “Voltage Drop in a Ferroelectric Single Layer
Capacitor by Retarded Domain Nucleation” Nano Lett. 17, 7796-7802 (2017)

K. D. Kim, Y. H. Lee, T. Gwon, Y. J. Kim, H. J. Kim, T. Moon, S. D. Hyun, H.
W. Park, M. H. Park, C. S. Hwang “Scale-up and optimization of HfO,-ZrO> solid
solution thin films for the electrostatic supercapacitors” Nano Energy 39, 390-
399 (2017)

M. H. Park, Y. H. Lee, H. J. Kim, T. Schenk, W. Lee, K. D. Kim, F. P. G. Fengler,
T. Mikolajick, U. Schroeder, C. S. Hwang “Surface and grain boundary energy
as the key enabler of ferroelectricity in nanoscale hafnia-zirconia: a comparison
of model and experiment” Nanoscale 9, 9973-9986 (2017)

T. Moon, H. J. Jung, Y. J. Kim, M. H. Park, H. J. Kim, K. D. Kim, Y. H. Lee, S.
D. Hyun, H. W. Park, S. W. Lee, C. S. Hwang “Resecarch Update: Diode
performance of the Pt/Al,Os/two-dimensional electron gas/SrTiOs structure and

its time-dependent resistance evolution” APL Materials 5, 042301 (2017)

125



2. Conferences

1. Y.H. Lee, M. H. Park, H. J. Kim, T. Moon, K. D. Kim, S. D. Hyun, H. W. Park,
Y. B. Lee, B. S. Kim, C. S. Hwang “Effective phase transformation kinetics of
ferroelectric HfysZros0, films by the presence of the top electrode” High-k
oxides by ALD, Poland, March 7-10 (2018) poster

2. Y.H.Lee, M. H. Park, Y. J. Kim, H. J. Kim, T. Moon, K. D. Kim, S. D. Hyun, C.
S. Hwang “Examination on the effects of various sputter deposition conditions
on ferroelectric HfysZros0, films” ISAF/ECAPD/PFM Conference 2016,
Darmstadt, August 21-25 (2016) poster

3. Y.H.Lee, M. H. Park, Y. J. Kim, H. J. Kim, T. Moon, K. D. Kim, S. D. Hyun, C.
S. Hwang “Preparation and characterization of ferroelectric Hfy sZro 5O films by
RF-sputtering method” KJC-FE11, Sungkyunkwan University, Seoul, Korea,
August 9-11 (2016) poster

4. Y.H.Lee M. H. Park, Y. J. Kim, H. J. Kim, T. Moon, K. D. Kim, S. D. Hyun, C.
S. Hwang “Characterization of Ferroelectric Hfy sZro 5O, Films by RF-sputtering
Method” 12" Korean Dielectric Symposium, Muju, January 1-February 2 (2016)
poster

5. Y.H.Lee, M. H. Park, Y. J. Kim, H. J. Kim, T. Moon, K. D. Kim, S. D. Hyun, C.
S. Hwang “Preparation and Characterization of Ferroelectric Hfy 571050, Films
by RF-Sputtering Method” 23 Korean Semiconductor Workshop, Kangwon,

126



February 22-24 (2016) poster

6. Y. H. Lee “RF Sputtering and Characterization of Ferroelectric Hfy sZro 5O, Films”
Ist International Symposium on Emerging Functional Materials, Songdo,
November 4-6 (2015) poster

Y. H. Lee, M. H. Park, H. J. Kim, Y. J. Kim, T. Moon, K. D. Kim, C. S. Hwang “The

Ferroelectric and Antiferroelectric Properties of HfO,/ZrO, Nanolaminate Systems”

ISAF-ISIF-PFM-2015, Singapore, May 24-27 (2015) poster

127



w2}

AT7E A= EHo] sk
FAZF el

ol A]

L —

o
Ry

-

o}

Ay =24 2 nm TR

NaMLab

AFel HfO»
HZH ATl E

Pca2,

-
T

dol d3tE = 7

Abstract (in Korean)

E

o
it

il

of uke} ApAId) w52

151

Ho

Ll

SR e

\

o

1ol F a3l o

s

g Ae At gol] B Ho] oA

Rkl
4

S

g
2

°
pal

Zx4,
T
s

b AT e ALg
ol

s gkt
]

°©

3

A

2

’

EHE
A77}

5o 9x ¢t Ru
@ Axtel 9

)
7,
ul o
1o -
A

=

for

A
o

128

] tetragonal 2ol monoclinic

9 = A SEAME Zr

1

Il
=

3k
=



SRR

=72 5o wE activation energy WaIgks 78 4+ Qth E

A= 10 nm o HfpsZros02 B S2Fsto] TIN A A5 52

USRS

3 j=]
314 E4

Az &% e wepa] o7t dojys AEE X-ray
HE F3 735l Arrhenius plot = %3l activation energy

4 Qltt. 1A A< Johnson—Mehl—Avrami E 9O =%

ek

Hfo57r0502 ¥FF2] nucleation and growth %S 4

AL WAAE HPow AE A<= nucleation—limited—

transformation R @& AFE3lo] Hfgs5Zr0s502 BFH2] nucleation and

growth 4 A& 2 g 4= it}

Eo|E Ru 3¢ A =F0] HfosZros02 B mx]= o gkoj

s St Ru 5 A= YA &S AAIR AME-E)Y]

HfosZros02 Btehs dabs TaHor S2d o x7] &l rutile

e RuO. 7} A7|Al ¥ +=4dHl o]+ tetragonal phase ¢} lattice

mismatch 7} 3#] ¢o} local preferential 3t Hfos5Zro50:5 A4 3A7] 1L

H] 7} 5714391 monoclinic phase & A A7l 3§ Wlgko 2 A7}

Ao] in—situ dAFE F

krl

slom AWMAHOR Ru M-
T2 ® HfosZrosO: ®Ere] A5 F dx2) flo] 2437t
= Holi=d ol TiN s A= flol ST 7 A2 &

ST AR B He BEoAnh sk & dAZE 9= Ru 9



HLULQ 7(:)]_?_

"

2 7 ARE 2o ALOs & Ajlete] v AR/E
AA L fatigue i=AIZF ;A =A@ttt ©]= domain wall pinning

o] 93 Axtolx olo] Wt aRE H43 1A frequency & M

e
o,

39S W 10° 9 AA AtolEFHe)A 17xC/em® ¢ 2P, &

ne

AT,

%
2

2016-38100

o] 4 %

130



	1.  Introduction.
	1.1.  Ferroelectric Doped-HfO2 Thin Film.
	1.2.  Objective and Chapter Overview.
	1.3.  Bibliography

	2.  Literature..
	2.1.  External Factors Affecting Ferroelectricity of Doped-HfO2.
	2.2.  Top Electrode Capping Effect.
	2.3.  Choice of Bottom Electrode.
	2.4.  Bibliography

	3.  Nucleation-limited Ferroelectric Orthorhombic Phase Formation in Hf0.5Zr0.5O2 Thin Films.
	3.1.  Introduction
	3.2.  Experimental
	3.3.  Results and Discussions.
	3.4.  Conclusion...
	3.5.  Bibliography...

	4.  Ru Bottom Electrode Effects on the Ferroelectricity of Hf0.5Zr0.5O2 Thin Films
	4.1.  Introduction
	4.2.  Experimental
	4.3.  Results and Discussions.
	4.4.  Conclusion 
	4.5.  Bibliography 

	5.  Conclusion.
	List of Publications
	Abstract (in Korean)


<startpage>22
1.  Introduction. 1
 1.1.  Ferroelectric Doped-HfO2 Thin Film. 1
 1.2.  Objective and Chapter Overview. 4
 1.3.  Bibliography 6
2.  Literature.. 8
 2.1.  External Factors Affecting Ferroelectricity of Doped-HfO2. 8
 2.2.  Top Electrode Capping Effect. 12
 2.3.  Choice of Bottom Electrode. 18
 2.4.  Bibliography 22
3.  Nucleation-limited Ferroelectric Orthorhombic Phase Formation in Hf0.5Zr0.5O2 Thin Films. 24
 3.1.  Introduction 24
 3.2.  Experimental 29
 3.3.  Results and Discussions. 31
 3.4.  Conclusion... 59
 3.5.  Bibliography... 61
4.  Ru Bottom Electrode Effects on the Ferroelectricity of Hf0.5Zr0.5O2 Thin Films 67
 4.1.  Introduction 67
 4.2.  Experimental 71
 4.3.  Results and Discussions. 72
 4.4.  Conclusion  113
 4.5.  Bibliography  115
5.  Conclusion. 118
List of Publications 120
Abstract (in Korean) 125
</body>

