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Abstract

The ferroelectric tunnel junction (FTJ) is a rather old concept but has recently
been in the spotlight for its promising properties in computer memory technol-
ogy and neuromorphic computing. The device consists of a ferroelectric insulator
sandwiched between two electrodes, and by polarisation switching the resistance
along the heterostructure can drastically be adjusted.

The optimisation possibilities of the FTJ are extensive as new materials and pro-
cessing methods are constantly being discovered. In this thesis, FTJ components
will be processed, and an interfacial layer of TiOs will be deposited using plasma-
enhanced atomic layer deposition between a ferroelectric hafnium zirconate (HZO)
layer and electrode to investigate its effect on the performance. Here, the ALD
deposition conditions will be altered as well as the TiO5 layer thickness and place-
ment in the heterostructure. Firstly, the TiO5 deposition technique will be studied
to help understand the impact of the TiO5 layer.

Several FTJs were fabricated and characterised. The highest remnant polarisation
displayed in this thesis was 13.52uC/em with an asymmetric coercive field of -1.7
and 0.9 MV/cm. The TER of the FTJ was 2.9. However, the tool used for HZO
deposition was not working correctly during this thesis, but qualitative conclusions
could still be made.
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Popular Science Summary

Ferroelektricitet upptacktes forst 1921 av professorn Joseph Valasek i kaliumnatri-
umtartrat, ett &mne som ar mer kint som "Rochelle salt". Valasek beskrev likheten
mellan ferroelektricitet och det redan da vil beskrivna ferromagnetismen. Likt fer-
romagnetiska material och deras permanenta magnetiska poler uppvisar ferroelek-
tiska material en permanent elektrisk polarisation, en separation av laddningar.
Pa samma sétt som en magnet har en syd- och nordpol, har ferroelektiska ma-
terial en positiv och en negativ elektriskt laddad pol. Valasek lyckades definiera
karakteristiken hos ferroelektriska material langt innan man upptéckte nyttan av
dem. Sedan dess har ferroelektriska material funnit sin vag in bland en uppsj6 av
olika applikationer sdsom energiférvaring, sensorer, och ljusavledare.

Aven i minnesteknologin har ferroelektriciteten hittat sin plats. Hér anvéinds
laddningsseparationen for att definiera de tillstand som anvénds vid lagring av
data. Hér finns det olika mojligheter men fokus i denna uppsats kommer ligga pa
the ferroelectric tunnel junction, forkortat FTJ, som inte riktigt har en bra svensk
overséittning. I namnet finner vi ordet "tunnel" vilket refererar till det kvant-
fysikaliska fenomenet "tunneling" som beskriver smé partiklars mojlighet att rora
sig igenom material av "hogre potential". Detta kan liknas med att en boll kastas
mot en vigg men istéllet for att studsa tillbaka hittar vi istéllet bollen i rummet
bakom.

FTJ:n ar en elektronisk komponent pd nano/mikro skalan som endast bestar av
ett tunt lager av material med ferroelektriska egenskaper som dr placerat mellan
tva elektroder. laddningseparationen, den ferroelektriska dipolen, i det ferroelek-
triska materialet paverkar den elektroniska uppséattningen i de tva elektroderna.
Den positiva polen attraherar elektroner och repellerar elektronhal (den positiva
motsvarigheten till elektroner). Den negativa polen gor tvirtom. Den elektroniska
uppsittningen dr viktig for laddningsbéararnas (elektroner och elektronhal) moj-
lighet att tunnla igenom strukturen. Detta har en direkt paverkan pa den strom
som kan dras ndr en spanning placeras 6ver strukturen. Genom att byta hall pa
den ferroelektriska dipolen kan man paverka den strom som fas. Detta kréver att
de elektroder som anvdnds paverkas olika mycket av dipolen. Vi far ddrmed en
kontrast i strémmen och tvé olika minnestillstdnd kan representeras.
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Abbreviations

ALD Atomic layer deposition

CVD Chemical vapour deposition

DI De-ionised

DRAM Dynamic random-access memory
FTJ Ferroelecric tunnel junction
GPC Growth per cycle

HF Hydrogen flouride

HfO, Hafnium dioxide / hafnia

HZO Hafnium zirconium oxide

H>,0, Hydrogen peroxide

IPA Isopropyl alcohol

LNL Lund Nano Lab

MFS Metal ferroelectric semiconductor
NH,OH Ammonium hydroxide

PMA Post-metallisation anneal
PUND Positive-Up-Negative-Down
PVD Physical vapour deposition

RTP Rapid thermal processing

SiO, Silicon dioxide / silica
TDMAHf Tetrakis(dimethylamido)hafnium
TDMAT Tetrakis(dimethylamino)titanium
TEMAZr Tetrakis(ethylmethylamino)zirconium
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TER Tunneling electroresistance

TiO, Titanium dioxide / titania
TiN Titanium nitride / tinite
W Tungsten
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Chapter ]_

Introduction

In an increasingly more data-driven world, new memory technologies are researched,
and existing ones are improved. To process and store such huge amounts of data,
in this era of Big Data, the memories must be ultrafast and energy-efficient while
still exhibiting great endurance. The memory cells must also be scalable allowing
for high-density integration on the chip.

In machine learning and neuromorphic computing, the ultimate goal is to emu-
late the human brain using electronic components. The biological synapse, the
structure allowing for weighted communication between neurons, can be realised
with a two-terminal electronic device exhibiting an analogue conductance states.
Similarly to the memory cell, low energy consumption and great endurance are
required for such devices.

A new and promising candidate to cross off the beforementioned requirements
for both the memory element and synaptic device is the ferroelectric tunnel junc-
tion (FTJ). The device consists of a ferroelectric insulator sandwiched between
two electrodes with an asymmetric charge screening. Carrier transport efficiency
through the ferroelectric film depends on the direction of the electric polarisa-
tion leading to distinct resistance states. Memory states can thus be represented.
The direction of the polarisation, and consequently the conduction, can often be
switched gradually. The device can thus emulate a neural synapse.

The device performance is improved if one of the electrodes is semiconducting. The
TER, the ratio between highest and lowest resistance, is dramatically increased,
allowing for higher contrast between resistance states.

In this thesis, titanium dioxide will be investigated as a possible candidate as the
semiconductor electrode of FTJs. Firstly, thin films of TiO, will be deposited
under varying conditions followed by electrical and optical characterisation. Us-
ing the data, deposition conditions giving the optimal characteristics for imple-
mentation in FTJs can be determined. Lastly, the FTJ will be processed and
evaluated.
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Chapter 2

Background

To understand how the FTJs operate and the role of the ferroelectric insulator and
semiconducting electrode, the fundamental physics and electronics behind them
need to be examined. The processing and characterisation methods used in the
thesis work will also be covered, to aid the discussion in later sections.

2.1 Polarisation and Ferroelectricity

From the science of electromagnetism, electric polarisation describes the density
of electric dipole moments in a dielectric material. The polarisation is induced by
the presence of an electric field that separates the charges slightly in the material
resulting in a dipole moment, a dielectric polarisation. Stable charge separation
is possible due to the insulating property of dielectrics, as opposed to a conductor
that would instead conduct a current [IJ.

The displacement field, D, is defined as

where ¢ is the vacuum permittivity, E is the electric field, and P is the polari-
sation. This equation is also known as the constitutive equation for electric fields
and it describes the separation of free and bound charges. For materials of high
dielectric constant, also known as high-+ dielectrics, the displacement can be ap-
proximated as D ~ P [2]. The displacement is also related to the charge scaled
by the area of the dielectric. Using the previously mentioned approximation, the
magnitude of the polarisation can simply be described as

Q
P= (2.2)

where @ is the magnitude of the displaced charges and A is the area [2] [3].

2.1.1 Ferroelectrics

For dielectrics, the electric field and induced polarisation are linearly dependent.
Ferroelectric materials, however, demonstrate a non-linearity as well as retaining
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a polarisation even when the field is removed, called the spontaneous polarisation.
Ferroelectrics are also typically characterised by the ability of polarisation reversal
by applying an electric field of opposite direction. This is more commonly known
as switching [3].

A material’s possibility of exhibiting ferroelectricity can be expected from its crys-
talline structure since a fundamental requirement is non-centrosymmetric sym-
metry. In other words, the crystal is lacking an inversion centre as one of its
symmetry elements. An inversion centre can be defined as a point in the crystal
lattice through which reflection yields an identical point group - an identical crys-
tal structure. The lack of an inversion centre entails that charged lattice ions are
displaced from the centre in the equilibrium state resulting in a net polarisation
[4]. With several possible equilibrium states of the charged ion, the crystal may
thus adopt several polarisation states of different directions. The switching refers
to the reversal of these polarisation directions. In the most simple example, two
polarisation states lie on a single axis, causing the switching to be 180°. These
ferroelectrics are known as uniazial [5].

2.1.2 Landau-Ginzberg-Devonshire Theory of Phase Transitions

The Landau Theory of phase transition is a fundamental theory in the condensed
state physics used to describe many physical systems. It is a phenomenological
theory as it does not concern any interactions at the atomic level, but rather the
phenomena and the symmetry changes of the phase transition [6} [7].

A modified Landau theory called the Landau-Devonshire, is typically used to de-
scribe bulk ferroelectric systems as it simplifies the model by applying a mean-field
theory [7]. With a mean-field approximation, long-range interactions are no longer
considered and are replaced by a mean value. For thin ferroelectric films, the the-
ory can be modified further to account for any spatial variation in polarisation
and potential size effects [6, [7]. The theory is either named Landau-Devonshire-
Ginzberg or simply Landau-Ginzberg in literature.

The Landau theory introduces the Landau free energy, F, a thermodynamic po-
tential much like the Gibbs free energy, that is dependent on thermodynamic
variables and external parameters such as the temperature and electric field [§].
The Landau free energy is also dependent on the order parameter to take into
account the ordering of the phase transition. A first-order is characterised by a
discontinuous change in Landau free energy upon transition while for second-order
it is continuous [8], .

Close to the phase transition, the Landau free energy can be represented with a
Taylor polynomial of sixth degree. In the simple case of uniaxial ferroelectrics, the
Landau free energy density can be expressed as

1 1 1
Fp=Fy+ 5aP“’ + ZbP4 + chG —EP (2.3)

where Fj is the Landau free energy of the unpolarised state. The coefficients, a,
b, and ¢ are dependent on various thermodynamic variables. Due to symmetry
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reasons of the non-centrosymmetric phase, the odd-powered terms in the Taylor
expansion are reduced to zero and are thus not included in the equation. The last
term represents the contribution from the applied electrical field, E [10]. From
the laws of thermodynamics, the equilibrium state is found by minimising the
free energy of the system [3], [10]. Differentiating equation with respect to the
polarisation and putting it to zero, i.e.,

OFp
— =0 2.4
oP (24)
the following expression can be found
E =aP + bP3 + ¢P>. (2.5)

The coefficients, a, b, and ¢, are of great importance for the behaviour of the phase
transition. A simplification introduced by the Landau-Devonshire theory is that
only the first coefficient, a, is dependent on the temperature, T and that it follows
the Curie-Weiss law [3] [10]:

a=ag(T —Tp) (2.6)

where aq is a positive constant and Tg is the Curie temperature. The sign of the
second coefficient, b, directly implies whether the phase transition is of the first
or second order. For first-order reactions the second coeflicient is negative and for
second-order reactions the coefficient is positive [3].

In figure[2.1] the Landau free energy is plotted against the polarisation for the first
order reactions without an external electrical field. For positive a, only one mini-
mum is displayed at zero polarisation. For negative a, meaning that we are below
the Curie temperature, the curve displays two minima at non-zero polarisation
[10].

7
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Polariéation P

Figure 2.1: The Landau free energy as a function of polarisation
given by equation[2.3|and E = 0.

Since the equilibrium states are found by minimising the free energy, the curve
indicates thus that two polarisation states exist (at equilibrium) [3|, [I0]. In this
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case, the two polarisation states are of equal magnitude but opposite signs and
represent the two dipole directions of the uniaxial ferroelectric. The non-zero po-
larisation at zero electric fields is one of the characteristic features of ferroelectrics,
the previously mentioned spontaneous polarisation. Due to the energy barrier be-
tween the two minima, the polarisation is hindered from "jumping" between the
two states and will remain in one of the states [10].

2.1.3 Ferroelectric Domains

As with all ferroics, ferroelectric materials are typically composed of several do-
mains in which the spontaneous polarisation is aligned. Separating these domains
of different directions is an interface called the domain wall and is typically only
1-2 unit cells wide [I1I]. The driving force for the formation of such domains is to
minimise strain energy and achieve net neutrality in the material. The countering
force is the energy needed for domain wall formation as it introduces interfaces in
the crystal [3].

2.1.4 Polarisation Reversal - Switching

As indicated by the last term in equation 2.3 an external electrical field would
modify the Landau free energy curve with the term —FP. Since this is a purely
linear term the two minima are shifted according to as depicted in figure [2.2]
Above a certain electrical field, only one out of the two minima is present and thus
only one polarisation state can be found at equilibrium. Vice versa occurs with a
field of opposite sign. Alternating between the two directions of the electric field,
the direction of the polarisation is switched accordingly. These are the basics of
ferroelectric switching. [7, [I0, 3] A fundamental requirement of ferroelectrics is
the possibility of switching before a dielectric breakdown. The polarisation is in
this case called reorientable. At high fields, the insulating property may be lost
and the material will act as a conductor. The material can no longer uphold a
polarisation [2].

Switching by applying an electric field increases thus the fraction of domains of
aligned polarisation. This can happen in two ways: domain wall motion and
nucleation. Domain wall motion refers to the expansion of domains with polarisa-
tion aligned with the electric field, while nucleation simply refers to new domains
forming. Both mechanisms occur simultaneously in a ferroelectric component [3],
however, nucleation-limited is preferred as it allows for faster switching [12].

2.1.5 The PE Curve

Ferroelectrics are characterised by its Polarisation-FElectric field curve, or "PE
curve" for short. The curve is given by equation 2.5] and is shown in figure 2.3 In
real experiments, the ferroelectric materials typically only exhibit one polarisation
state. Thus the observed response follows the solid line instead of the dashed.
The polarisation response on the electric field is a hysteresis loop, a fundamental
response of ferroelectrics [3].
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From the hysteresis loop, two important characteristic properties of the ferroelec-
tric material, the remnant polarisation Pr and coercive field E¢, can be identified.
Pr, can be found as the non-zero polarisation after switching when the electric field
has been reduced to zero. The remnant polarisation is thus equivalent to the spon-
taneous polarisation. E¢ can be found as the minimum electric field that is needed
to switch the polarisation state. This is thus the field at which the Landau free
energy curve only contains one minimum, as discussed in the previous section. For
real ferroelectric materials, however, the switching typically occurs over a range of
electric fields. A high remnant polarisation and steep range of the coercive field
is an indication of a high fraction of aligned ferroelectric domains in the material
1, 2].

2.1.6 Wake-up and Fatigue

During continuous cycling of the polarisation states, the hysteresis loop of the
ferroelectric may undergo changes. These observed changes can be collected under
two blanket terms, wake-up and fatigue [13].

Wake-up occurs during the initial cycles and is often identified with an increase
in the remnant polarisation. The processes behind the wake-up are not entirely
established but a few have been suggested and some proven. Firstly, repeated
switching may redistribute oxygen vacancies that were formed during deposition.
These vacancies, and other defects, can be seen as obstacles to the domain wall
motion and by so causing domain pinning. Since switching occurs partly via
domain wall motion, the polarisation response to the field is thus reduced. The
redistribution of oxygen vacancies can also increase the fraction of the ferroelectric
phase in the crystal by enabling phase transitions from non-ferroelectric phases
[14]. Ferroelastic switching may also be a process behind the observed wake-up
effect. This type of switching effectively reorients domains whose polar axis is not
aligned with the axis of the electric field. Typically a high electric field is needed
for this to occur. Strain is also induced in the material since the lattice parameters
of the crystal are most likely different [I3].

Fatigue occurs during a higher number of cycles and is identified with a decrease in
remnant polarisation. Similar to the wake-up process, the underlying mechanisms
are not entirely established. The high repetition of cycling increases the defect
concentration in the material and is thus believed to increase the domain pinning.
The increased defect concentration eventually culminates into highly conductive
paths and finally dielectric breakdown |13 [15].

2.1.7 Ferroelectric Hafnium Oxide

Hafnium oxide-based thin films have been widely used in the semiconductor in-
dustry as a dielectric due to their high dielectric constant and compatibility with
silicon CMOS technology [16].

Recently, ferroelectric properties have been discovered in doped HfO5 [I7}[I8]. The
ferroelectric phase is of an orthorhombic crystal structure, space group Pca2q,
that is typically called the O-phase. The structure is illustrated in figure [2.4]
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Four of the negatively charged oxygen ions have two equilibrium positions in the
space bounded by the hafnium atoms. Both positions lie off-centre causing a
displacement of charges in the unit cell; it is non-centrosymmetric and polar. It
can exhibit ferroelectricity. In this case, the ferroelectricity is uniazial in that the
polarisation switches along a single axis [3].

The orthorhombic phase is a metastable
phase and is thus typically not adopted .

by the oxide in nature and must be in- . r
duced. A successful method is to cap . . .
the oxide with a material that exerts .

ture is annealed to high temperatures
due to differences in thermal expansion ‘.
coefficients. This is typically called . .
a post-metallisation annealing (PMA)
treatment [20]. For thin films, the
ferroelectric phase is further promoted .
by doping, and several dopants such .
as lanthanum, silicon and zirconium .
can be used. By doping the PMA . . . . . "
temperature can be drastically lowered
. Zirconium-doped hafnium, also
(lfllled hafnium zirconate, shows great . HE® . . 0*"
and robust ferroelectric properties such
as high remanent polarisation. Experi- Figure 2.4: The ferroelectric orthorombic

mechanical stress [19] while the struc- ‘

Polar axis

mental studies have shown that around pha_s<_a O_f HfO. _T_he figure shows two
a 1:1 ratio of hafnium and zirconium ?qU”.'b”Ufn p95|t|ons O_f the oxygen
results in the strongest ferroelectric ions in the lattice resulting in two po-
properties [22]. At lower doping con- larisation states along the polar axis.

centration, a monoclinic phase called

the "m-phase" is stabilised, while for higher concentrations a tetragonal called the
"t-phase" forms. The m-phase and t-phase are neither ferroelectric but paraelec-
tric and antiferroelectric, respectively. Increasing the fraction of the ferroelectric
phase promotes the ferroelectric properties [22] 23] [18] [24].

2.2 Ferroelectric Tunnel Junction

As briefly mentioned in the introduction, the ferroelectric tunnel junction is a
promising component for both memory technology and neuromorphic computing.
A simple FTJ is realised by growing a thin layer of a ferroelectric insulator between
two metal electrodes; i..e a metal-ferroelectric-metal (MFM or MIM) structure.
Carrier transport efficiency through the insulator is dependent on the direction of
the polarisation allowing for discrete resistive states. High resistance contrast is
achieved by replacing one of the metal electrodes with a semiconducting material,
i.e. an metal-ferroelectric-semiconductor (MFS) structure [25].
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Charge carrier transport through the ferroelectric insulator is mainly through three
mechanisms, thermionic injection (TT), Fowler-Nordheim tunnelling (FNT), and
direct tunnelling (DT). Quantum tunnelling is the phenomenon of small particles
travelling across thin barriers of higher energy than the particle, something that
is not possible in classical physics [26]. The ferroelectric insulator in the FTJ can
be represented by such as barrier and tunnelling can occur if the layer is thin
enough. As hinted by its name, direct tunnelling represents the charge carriers
that tunnel through the barrier directly. Fowler-Nordheim tunnelling represents
charge carriers that tunnel through a thinner barrier due to the barrier modulation
caused by the applied voltage. This mechanism is primarily prevalent when high
voltages are used. Thermionic injection represents those electrons of high enough
thermal energy to pass over the barrier [27].

Figure illustrates the MFS FTJ and its bandstructure when the polarisation
has been switched completely in the two directions. This is the case of n-doped
semiconductor. When the direction of the polarisation is towards the metal elec-
trode, the small negative pole repels the negative charge carriers, the electrons, in
the semiconductor. This is analogous to an upward bending of the semiconductor
bands, as shown in the figure. This phenomenon is conventionally called deple-
tion effectively resulting in an Schottky barrier [28]. With polarisation pointing in
the other direction, the negative electrons are attracted instead and a downwards
band bending happens. In this case, no change in barrier width has occurred [25].

M 3 M F s
/
\
\c S
— Ey
(i (ii)
Figure 2.5: Schematic of the metal-ferroelectric insulator-

semiconductor (MFS) heterostructure and the corresponding
bandstructure at the two polarisation states of the ferroelec-
tric. The semiconductor is n-doped.
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The direct tunnelling current density, Jpr, for a MIM FTJ can be expressed
as

Prpo, — YV)3/2 _ (@ eV3/2
Jom o Rl0((@ra — GV~ (Bpa+ F)) 2

042[\/‘1)3,2 - - \/‘I>B,1 + )2

(2.8)

C=_ 4€m670xide 4d\/ 2me7oa:ide ]
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where ®p; and ®p 5 are the potential barriers at the interfaces, e is the electron
charge, and me ozide is the effective electron mass in the oxide. V' is the applied
voltage over the junction |27, [29]. As shown in figure and by the equation, the
tunnelling current is exponentially dependent on the barrier width, d.

10*4 4
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Current density [A/cm?]
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310 3:2 3:4 3:6 3:8 4:0
Tunnel distance [nm]

Figure 2.6: The current density as a function of the tunnel distance
at an applied voltage of 0.5V. The following parameters are
used in the simulation: ®p ;1 = ®p o = 1leV, and Mme ogide =
me = 9.109F — 31kg

Applying this to the MFS FTJ, the increased barrier width due to depletion of
charge carriers in the semiconductor results thus in an exponentially smaller tun-
nelling current. A high resistance contrast, also called tunnelling electroresistance
TER, is achieved between the two polarisation directions [29]. The state of highest
resistance and lowest resistance is typically called the high-resistive state (HRS)
and low-restive state (LRS). The TER can be identified as the ratio between the
current prior and post switching. The modulation of the barrier width, Ad, can
be compared to that of the depletion width of a Schottky diode:

. QES(VZ' —V)
Ad = ’/qu (2.9)
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where €, is the dielectric constant of the semiconductor, Vj; is a built in voltage,
and Np is the donor doping concentration [30]. The TER is thus dependent on
the dielectric constant of the semiconductor and doping concentrations.

Thermionic injection and Fowler-Nordheim tunnelling lack such an exponential
dependence on the barrier width and should thus not dominate for high TER in
MFS FTJs. For the direct tunnelling to dominate the layer must be very thin, in
order of some nanometers [27].

2.2.1 The Memristor

Together with the capacitor, inductor, and resistor, the memristor is one of the
four fundamental two-terminal circuit elements. The four elements and their re-
lationship is shown in figure The name "memristor" is a portmanteau of
the words "memory" and "resistor" as it behaves like a resistor with a memory.
[31] The memristance relates the flux-linkage with the charge variable through a
memristance, M, by

dé = Mdq (2.10)

where ¢ is the flux-linkage and ¢ is the charge. The equation points to an in-
tegral relationship between the state variables of the memristive systems, and a
memristance that is a function of the integrated current. The memristance is thus
dependent on the current that has passed through - a memory effect [311,[32].

Resistor Capacitor

Inductor Memristor

Figure 2.7: The four fundamental two-terminal circuit elements; the
resistor, capictor, inductor, and the memristor. The figure show
their relationship to each other via the state variables.

As mentioned in section polarisation reversal of a ferroelectric is the action
of increasing the fraction of domains of which the polarisation is aligned with the
applied electrical field. The gradual increase in aligned domains imply that the
junction resistance of the FTJ can be controlled over a range of resistance levels
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[33]. This is also called partial polarisation reversal. The FTJ thus shows mem-
ristive behaviour. The memristive behaviour is necessary and the fundamental
property that allows the FTJ to work as both a multistate memory and artificial
synapse [32].

2.2.2 FTJs as Memory Element

The observed performance of the FTJs is of great interest as it could possibly
fulfil the requirements of the next generation of computer memory elements. The
performance is characterised by the switching time, energy consumption, cycling
endurance, and retention. The memory elements are further characterised by
their volatility, readout operation, scalability, and eventual multilevel state rep-
resentation [12]. Owing to the FTJ’s great performance is the physics of the
polarisation-dependent resistive-type operations of write and readout [34].

The switching time is directly dependent on the switching operation of the FT.J.
As mentioned earlier, the polarisation reversal in the thin layer can either occur
via the nucleation or domain-wall motion model [I2]. Fastest switching have been
observed for nucleation-limited reversals, reaching down to the sub-nanosecond
regime. In these cases, the switching time is limited by the experimental setup
or in the most extreme case by the phonon frequencies [35]. Since the memory
state is determined by an applied electrical field, instead of a current as for many
other type of memory, the energy efficiency of FTJs has great potential. The
energy consumption can be estimated to below 10 {J per switch [12]. The cycling
endurance is dependent on the before-mentioned fatigue and dielectric breakdown
caused by primarily defect formation. However, studies has shown that sufficient
cycling is possible [35]. A common problem with ferroelectrics is insufficient charge
compensation at interfaces causing the polarisation to degrade. This affects the
retention which describes the memory cell’s ability to retain any polarisation state.
Studies has shown, however, that depolarisation in FTJs and thus retention is not
a problem [12] [35].

The volatility describes whether the memory cell retains the memory state once
power has been cut. The memory cell may either be volatile, i.e. the memory
is lost, or non-volatile, i.e. the memory is saved. Since the equilibrium state is
separated by an energy barrier, as shown in figure non-volatility is ensured.
The polarisation state does not need a supply of current or voltage to retain, which
is the definition of the spontaneous polarisation. Non-volatiliy is a common feature
of resistive-type memories. The switching at coercive fields or higher also enables
non-destructive readouts by using read-voltages below this critical point [34 [35].
As mentioned earlier, the current through the FTJ is exponentially dependent
on the tunnelling barrier width. This is what makes it possible to achieve such
a high TER. Additionally, as a result of this highly non-linear IV characteristic,
the ultimate scalability of the FTJ is equal to 4F? [34]. F is the smallest feature
size that can be fabricated and is, for example, equal to the wavelength of light
used in lithography, a process which will be brought up in the next section [30].
4F? is the ideal 2D memory cell size; the scalability of FTJs is thus excellent.
The simple architecture of the FTJ could also allow for efficient 3D packing. The
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possibility of multistate representation in the FTJ due to the gradual increase of
aligned domains was already mentioned in previous section. This can however limit
the scalability since several domains are needed for multistate representation. In
the increasingly more data-driven world, modern workloads require huge storage
capacities and efficient data processing. With today’s computer architecture, the
von Neumann model, the data storage and processing are separated, creating a
need for efficient data transfer between the two as well. The development of data
transfer has however not kept the same pace as the processing and memory leading
to undesired latency. This limitation of the data handling is also called the von
Neumann bottleneck. The memristive behaviour of the FTJ, and other resistive
type memory elements, can be the solution to this problem. The solution is in-
memory computation in which data processing and storage can be kept at the
same place, thus completely avoiding the need for transfer [36].

2.2.3 FTJs as Artificial Synapse in Neuromorphic Computing

The brain and its minimal power consumption and extreme processing power can
be seen as the blueprint for the ultimate supercomputers. The operating principles
of the human brain need thus to be mimicked, which is the basis of neuromorphic
computing [37]. A fundamental principle of the human brain is the electrical spike
transmission between neurons in the so-called synapse. In short, by adjusting the
strength of these transmissions, also called the weight, the human brain learns.
This is also called synaptic plasticity. An ultrafast, energy-efficient, nanoscale
memristive device has the possibility of emulating the works of a synapse as the
weight can be represented by the resistance (or more intuitively the conductance).
The conductance of the memristor is dependent on the history of applied voltage
and thus plasticity is ensured [37, 38].

The FTJ is a candidate to be implemented as the synaptic device in artificial neu-
ral networks due to the partial polarisation reversal that allows for a continuous
range of resistance (or conductance states). The synaptic weight can be repre-
sented [24]. Plasticity has been observed in FTJs as the partial polarisation is
dependent on both the amplitude and width of the voltage spikes [39]. However,
as mentioned in the previous section, the multilevel representation can be lost as
the 2D scaling of the FTJ reaches down to ferroelectric domain size. The con-
tinuous range of resistance levels and thus synaptic weight, is lost. Ferroelectric
switching is, however, probabilistic and allows for synaptic weight updates through
stochastic switching [40)].
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2.3 Processing Methods

In this section, relevant tools for the fabrication and evaluation of ferroelectric
tunnel junctions will be described. In microfabrication, typically several "bottom-
up" and "top-down" processing step is needed for both the component and any
connected circuitry.

2.3.1 Atomic Layer Deposition

Atomic layer deposition belongs to the family of chemical vapour deposition (CVD)
techniques as the film formation occurs via reaction of vaporised reactants. The
technique allows for high film uniformity, and thickness and composition control
on the atomic level [30, 4I]. The basic principle of ALD is sequential exposure
of chemical reactants, as shown in figure 2.8] ALD differs thus from conventional
CVD where a continuous supply of the reactants is dosed onto the sample simul-
taneously. By so, chemical reactions can only take place on the sample surface
and once fully covered the deposition is saturated. This self-limiting deposition of
only one monolayer is what allows for precise thickness control [42].

. 7
@ ° ® e _r
¥ = — x .
Precursor exposure Purge
1 1 ALD cycle ‘
P _ O
° o ©® r o: >

LA1403 15NN L A4 A1 400

Purge Plasma exposure

Figure 2.8: lllustration of the four steps that comprises one ALD
cycle. The figure includes an example of chemical reactants,
and does not necessarily depict a real example.

In addition to the chemical reactant pulses, a typical ALD cycle also contain two
purge steps to remove unused reactants and reaction products. Naturally, this is
carried out with a flow of an inert gas such as nitrogen or argon after dosage of
each chemical reactant [42]. The inert gas is often also used as a carrier gas for
the chemical reactants. The cycle is repeated until the desired film thickness is
achieved. The process is often characterised by the deposition rate in A Jcycle, its
growth per cycle (GPC) [30].

To achieve thickness control the sample surface needs to be fully saturated by the
chemical reactants. Saturation is ensured by using long enough pulse and purge
times and by using an appropriate temperature. In figure 2.9 the temperature
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dependence of the GPC is shown. At too low and too high temperatures, the
deposition is imperfect leaving behind a so-called "ALD window" at intermediate
temperatures. Here the GPC is constant at one monolayer per cycle. At too low
temperatures, insufficient energy is available for the reactions resulting in limited
kinetics and even precursor condensation. At too high temperatures, precursor de-
composition and desorption occur instead [30]. Precursor decomposition involves
the breakage of weak molecular bonds [43] above the sample surface leading to
uncontrolled deposition [44].

Condensation Decomposition

1 monolayer

GPC

Limited kinetics ALD Window Desorption

Temperature

Figure 2.9: A schematic of the dependence of the growth per cycle
(GPC) on the deposition temperature. The figure shows a tem-
perature interval of constant GPC of 1 monolayer, called the
ALD window.

To decrease the temperature needed and to also introduce new precursors to the
world of ALD, plasma can be used in the oxidising step. The technique is rea-
sonably called plasma-enhanced ALD. Due to a high content of ions and radicals
in the plasma, it is highly reactive and thus allows for the previously mentioned
advances. Oxygen and nitrogen gas are typically used as plasma sources. The
plasma is ignited using a radio frequency electric field to tear apart the charges in
the gas. The plasma can be generated remotely to only be dosed over the sample,
to protect the sample from the high-energy ions [45], 46].
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2.3.2  Photolithography

Photolithography is a processing technique used to create patterns in thin films.
In the process, a light-sensitive polymer material, called a photoresist, is exposed
to light. A mask containing the wanted pattern is installed to block parts of the
light and thus the pattern is transferred to the resist. This is illustrated in figure
By dipping the photoresist in a development solution, the resist is dissolved,
washed away, and leaving behind the patterned structure [30], 47].

Depending on its response to the light,
a photoresist may be classified as pos-
itive or negative. Exposed positive
photoresists become more soluble while
negative resists harden. During the de- e Lens
velopment, the exposed positive resist
is thus washed away, and the mask pat-
tern and transferred pattern are the
same. For negative resists, the ex-
posed resist remains, and the trans-
ferred pattern is "inverted". [30] The
resist is typically spun onto the sam-

Mask
ple using a spinner. In this way, an T

acceptable uniform thickness is attain- Photoresist
able, and the thickness can be con- Substrate
trolled using the spin speed and time

[30]. After spinning, the resist is pre-
baked to promote adhesion and to re-
lease any built-in stress. The prebake
also hardens the resist by evaporation
of solvents [47].

Light source

Figure 2.10: lllustration of the patterning
of a light sensitive material in pho-
tolithography.

2.3.3  Wet Chemical Etching

Wet chemical etching is a material-removing method used either for contamination
cleaning or for selective removal of surface layers. In the latter, etchant-resilient
masks can be used to define structures in the etched film. Such masks can be
achieved using photolithography |30} 48]. A great adhesion between the film and
photoresist is in that case beneficial.
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2.3.4 Metallisation: Sputtering and Evaporation

Evaporation and sputtering are two of a few methods for the deposition of films of
metals and compounds. Both belong to the family of physical vapour deposition
(PVD) techniques, in that the metal or compound does not react upon deposition.
High-vacuum is typically used in these systems to avoid contamination of any gas
molecules. The thickness of the thin film can be monitored during the processes
using a quartz microbalance [23] [49].

Sputtering

In sputtering, a metal source is subjected to a bombardment of high energy par-
ticles causing metal atoms or even clusters to be ejected from the surface. The
atoms travel through the chamber vacuum and are deposited on the surface of
the sample. Plasma can be used as a source of such high energy particles and
is typically formed from a gas of inert species of high molecular weight, such as
Argon. High voltages tear the electrons apart from their host atoms leaving them
positively charged. As shown in figure 2.11], the anode lies behind the sputtering
target and accelerates the positively charged particles to the target. Magnetrons
with strong magnetic fields are typically utilised to confine the plasma close to the
target, thus avoiding any damage to the sample and also creating a high-density
plasma [41].

The magnetrons supply the electric field needed to form the plasma and can either
be direct current (DC) or radiofrequency (RF) powered. Direct current only works
for conducting materials and radiofrequency for non-conducting. If direct current
powered, a depolarisation field would occur on the surface of the non-conducting
target due to accumulation of positive plasma ions. An alternating fields prevents
thus this [50].

Evaporation

In evaporation processes, the metal source is heated to produce vapour either
through evaporation or sublimation. The vapour transfers atoms from the source
to the sample surface. Direct resistance, electron beam, and laser beam are a
few examples of means of heating. Evaporation through electron beam has its
advantages over the other methods such as cleaner deposition, faster [5I] and
more controllable deposition rates [49].

Figure 2.11]i illustrates the basics of the electron beam evaporator. The beam is
produced by an electron gun consisting of an anode and cathode powered by a
strong electrical field. The electrons are accelerated by the field and travel with
high energy to the metal source. Since electrons scatter easily by gas molecules,
the high vacuum in the crucible is important. To produce and control the electron
beam would otherwise be restricted. The energy of the electron beam is transferred
to the metal and converted to thermal energy. The sample holder is placed above
the metal source and condensates the vapour resulting in film formation [49].
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Figure 2.11: A schematic of (i) a sputterer and (ii) an electron
beam evaporator used for thin film deposition.

2.4 Characterisation Methods

2.4.1 Spectral Ellipsometry

Ellipsometry is an optical characterisation method used to determine the refrac-
tive index, thickness, roughness, and uniformity of thin films. The ellipsometer
measures the change in polarisation as linearly polarised light is reflected onto the
sample at different angles and over a range of wavelengths [52].

Any polarisation state can be represented with two orthogonal vectors, the s and
p components. The reflected light is elliptically polarised and can be represented
as a rotation, v, and phase shift, d, of the s and p components, see figure 2.12]
The change in polarisation upon reflection is dependent on the sample thickness
and optical properties [53].

However, the correlation between the film thickness and the measured change
in polarisation is intricate. A regression model is therefore used to fit the ac-
quired data to an existing model. Ellipsometry is, thus, an indirect measurement
method. The deviation between experimental and model is measured as an MSE
(mean square error) and should, naturally, be as low as possible. [53] Although
indirect, the properties can be accurately determined by using appropriate models

[52].
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Figure 2.12: The change in polarisation upon reflection on a sample.
This is utilised in spectral ellipsometry.

2.4.2 Four-probe Method

A common way to measure to resistivity of thin semiconductor films is the four-
probe method. The basic principles behind the method is to source a current
between the outer probes and measuring the voltage drop between the inner. By
doing so, the contact resistance is excluded since no current is drawn by the inner
probes.

2.4.3 PUND Method

The standard method of characterising the ferroelectric response is the PUND
method. The principle behind the method is to distinguish the current produced
as the ferroelectric polarisation is switched in the material. This is possible by
applying a voltage pulse train consisting of two positive pulses followed by two
negatives. The four pulses are called the positive-up-negative-down and gives the
method its name. In the first pulse, "P", the ferroelectric polarisation is switched
and the current is produced by the charge displacement. A capacitive and leakage
current is also produced and thus the ferroelectric current cannot be identified.
These unwanted currents are naturally the largest at the highest applied voltage,
while the ferroelectric current response should lie around a bias corresponding to
the coercive field. Since the polarisation is retained by the ferroelectric material,
the following pulse of the equal sign, "U", does not include the ferroelectric current.
By subtracting the current produced by the two pulses, only the ferroelectric
current remains. The same logic is applied to the two last pulses, "N" and "D".
[3] The PUND scheme is shown in ﬁgure and is typically initiated with a pulse
to set the polarisation to one direction.

The polarisation response can be calculated from the current produced by the
polarisation switching. The polarisation density was defined by equation in
section Since the total charge is the integral of the current I, the polarisation
response of the ferroelectric can be expressed as

P = % = %/tl(t) dt (2.11)
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Figure 2.13: The voltage scheme used in PUND measurements.

and the PE hysteresis curve can be plotted [3].
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Chapter 3

Processing and Characterisation

In this chapter, the processing and characterisation steps of the titanium dioxide
thin films and ferroelectric tunnel junctions will be presented. The steps will
contain the methods mentioned in the previous chapter.

3.1 Titanium Dioxide Thin Films

A 2-inch silicon wafer with an overlayer of SiOy was used as the substrate for the
TiO4 films. Before deposition, a model of the SiO5 overlayer was constructed in
the Woollam RC2 ellipsometer in LNL to ensure acceptable measurements of the
subsequent TiO5. The wafer was also cut into smaller pieces.

The deposition of TiOy was carried out using the Cambridge Nanotech Fiji F200
ALD tool in LNL. TDMAT was used as the titanium precursor, oxygen plasma as
reactant, and Argon as carrier gas. The plasma was generated by Industrial Power
Systems Seren AT3 at 13.56 MHz and 300 W. Several samples were grown and the
plasma exposure time, precursor pulse length, and temperature were altered for
three separated experiment series. For all depositions, the number of cycles was
200 and the purge time was 5 seconds long.

The thickness and refractive index of each of the samples were measured on six
points with the ellipsometer. The data was measured at three angles; 60°, 65°,
and 75°. The data was used to calculate the GPC.

3.1.1 Four-probe Measurements

The resistivity of the TiOs layer for each of the samples was measured using the
four-probe method (4P). A series of processing steps were needed to create the
4P structure. In figure [3.I] an illustration of the sample during several of the
processing steps is shown. Figure |3.1] represents the structure attained directly
after the ALD.

Firstly, the samples were cut into approximately 1x1 cm dies and then cleaned by a
30 seconds stir of acetone followed by IPA and dried with an N2 gun. The samples

23
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were also cleaned using the PlasmaPreen plasma asher at LNL for 30 seconds with
Faraday’s cage. After that, the samples were dehydrated on a 115°C hotplate for
5 minutes. S1813 positive photoresist was spun on top of the samples using a
spinner programmed to 5000 rpm for 63 seconds, followed by a UV exposure for
5.5 seconds. The MJB4 mask aligner at LNL was used for the UV lithography.
The photomask that was used contained the semiconductor strip structure needed
for the 4P. After exposure, the photoresist was developed by dipping the samples
in MF319 developer and stirring for 50 seconds. The samples were thereafter
stirred in DIW for 60 seconds. At this point, only photoresist masked from the
UV exposure remained, as illustrated in figure B-Iji. To improve adhesion between
the photoresist and the underlying TiOs layer, the samples were put on a 120°C
hotplate for 10 minutes.

(i) (i)

D

(iv) (v) (vi)

]

Photoresist

Tio2
Sio2
Si

Ny

Figure 3.1: lllustration of the sample structures during different
stages in the processing. The TiO5 layer thickness was around
10-20 nm; The dimensions are not to scale.

The samples containing the structured photoresist were dipped into a 1:100 HF
solution (48wt% HF:DIW) for 5 minutes to etch the exposed TiOs. The samples
that were subjected to temperatures over 250°C were not etched by the solution.
An attempt of etching using hot (90°C) concentrated (98%) sulphuric acid with
aluminium oxide as an etching mask was made but without success. The temper-
ature series was thus disregarded for further processing and characterisation. For
the remaining samples, an etch rate of approximately 3.8 nm/min was determined
by dipping a test sample in the solution in intervals of 1 minute and measuring
the thickness using the ellipsometer in between each interval. Using an optical mi-
croscope the solution was observed selective to only the TiOq layer. The samples
were thereafter dried and transferred to a beaker containing remover 1165. The
beaker was left on a 90° hotplate, lid on, for 30 minutes to remove the structured
resist that was working as an etch mask. Figure [3.Ijii illustrates the structure at
this point.

The samples were dehydrated on a 110°C hotplate for 5 minutes before a negative
photoresist, Ma-N 440, was spun on top. The spinner was programmed to 6000
rpm for 45 seconds. The resist was baked for 3 minutes on a 95°C hotplate
followed by a UV exposure for 50 seconds. The mask used in this step contained
the structure for the 4P contacts. The photoresist was developed by dipping the
samples in MaD 532 /s for 105 seconds followed by 60 seconds in DIW. Dissimilar
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from the previous positive photoresist used, only the exposed resist in this step
remained. Figure illustrates the structure at this point.

To remove any resist residues the samples were
put in the plasma asher for 30 seconds with
Faraday’s cage. Using the Temescal E-beam
evaporator at LNL, a 5 nm thick titanium fol-
lowed by a 200 nm gold layer as a top electrode
was deposited on top of the sample. The sam-
ples were dipped in 70°C acetone for 20 minutes
in intervals of 10 minutes to "lift off" the metal
layer. The photoresist underneath the Ti-Au
layer was dissolved by acetone, detaching the
metal layer from the sample. Thus, only in ar-
eas without photoresists, does the metal layer
remain. To speed up the process, a pipette was
used to blow the hot acetone onto the sample
after each 10-minute soak. Figure 3.Ii illus-
trates the structure at this point. The final
structure from above, including the probe pads, Figure 3.2: The gold structure

is also illustrated in figure 3.2l The dashed used for four-probe measure-
lines indicate the section illustrated in figure ments on the TiOy strip
B

Four-point measurements were carried out using the T'S2000-SE semi-auto probe
station and the B1500A semiconductor device parameter analyser at EIT. On
probe pads A and D, as seen in figure a current was sourced and on probe
pads B and C the voltage was measured. Using the current sourced and voltage
measured the resistance and resistivity were calculated. As shown in the figure,
the TiOg strip is only connected by two probes, one shared by pad A and B and
the other by C and D. The structure is thus not of a four-probe and resistivity
could not be calculated correctly. The inner and outer probes are not separated,
which is a requirement as discussed in section and thus the contact resistance
could be excluded.

The samples were annealed in the RTP 1200-100 system at LNL for 30 minutes at
300°C. The same four-point measurements prior to the anneal were then carried
out.
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3.2 Ferroelectric Tunnel Junctions

The heterostructure of the ferroelectric tunnel junctions assembled in this thesis
is shown in figure 3.3] TiN and W will be used as bottom and top electrodes,
and HZO as the ferroelectric insulator. Since the processing flow contains mostly
"bottom-up" techniques, the order of the heterostructure is relevant as the un-
derlying layers will be affected by the ongoing process. This may affect the per-
formance of the FTJ. Therefore, each experiment in this thesis will be conducted
twice, once for each order of the heterostructure. The case of TiO2 as the interfa-
cial layer between the bottom electrode, TiN, and the HZO will be referred to as
"bottom TiO2 and the other case as "top TiO2", figure 3.3} and [3.3]i respectively.
Figure [3.4] illustrates the bottom TiO, structure during a few important steps of
the process flow.

Using information about the electrical resistivity and GPC of TiOs thin films
deposited by ALD, acquired from the previous section: "Titanium Dioxide Thin
Films", several series of FTJ fabrications were planned. In these series, the TiOq
deposition conditions were altered. An FTJ without the TiO4 layer, acting as a
reference FTJ, was also made. To investigate the effect of the final oxygen plasma
ashing (before electrode sputtering), a sample without said step was made. A
reference sample without the ashing step was also made.

TiO2
HzZO

TiN

(i) (i)

Figure 3.3: The heterostructure of the FTJs constructed in this
thesis. The difference between the two images is the placement
of the TiO, layer. Dimensions are not to scale.

The bottom TiN electrode was formed using the AJA Orion 5 sputterer at LNL.
The magnetron was RF powered at 150 W for 10 minutes to form an approximately
10 nm thick layer. Silicon wafers were used as substrate. After this step the wafer
was cut into smaller, 1x1 cm, pieces or "dies".

The deposition of HZO was carried out using the Picosun Sunale R-100 ALD
tool at LNL. An approximately 4.5 nm thick layer was grown using 45 cycles.
The thickness was confirmed using the ellipsometer. The reaction was carried
out in 200°C. TEMAZr and TDMAH(f were used as the zirconium and hafnium
precursor, and water as the oxygen source. The reaction was carried out in 200°C.
The deposition was identical for all samples. To induce the orthorhombic phase,
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a 50 nm thick layer of W was sputtered on top of the HZO using the AJA Orion
5 sputterer. The magnetron was DC powered with 100 W. The samples were put
in the RTP system and annealed at 600°C for 30 seconds. The W layer was,
thereafter, wet etched away by dipping the samples in a 60°C 30% H2O- solution
for 1 minute. The samples were also dipped in a 60°C 25% NH4OH solution for 1
minute to etch any W oxides formed.

= w

= HZO
. TiO2
I TiN

® (i) (iii)

@ Photoresist

(iv) (v) (vi)

Figure 3.4: lllustration of the FTJ sample structure during different
stages in the processing. Important to note is that the TiO; is
placed beneath the HZO layer, i.e. a bottom TiO, FTJ.

To form the W top electrode, the samples were dehydrated on a 110°C hotplate
for 5 minutes before a layer of MaN 440 resist was spun on top. The spinner
was programmed to 6000 rpm for 45 seconds. The resist was thereafter baked for
3 minutes on a 95°C hotplate followed by a UV exposure for 50 seconds using
the MJB4 mask aligner. The photoresist was developed by dipping the samples
in MaD 532/s for 105 seconds followed by 60 seconds in DIW. To remove any
resist residues, the samples were put in the PlasmaPreen asher for 30 seconds with
Faraday’s cage. Using the sputterer, a 50 nm thick layer of W top electrode was
sputtered on top of the samples. The samples were dipped in 70°C acetone for 1
hour in intervals of 30 minutes to lift off the W overlayer. To speed up the lift-off
process, a pipette was used to blow hot acetone onto the samples after each 30-
minute soak. The top electrode structure is included in figure [3:3] The structure
consists of two electrode pad rings.

The formation of "bottom TiO5"-FTJs started with bottom TiN electrode layer
formation followed by TiOy deposition, ferroelectric HZO film formation and lastly
top W electrode formation. For "top TiO5"-FTJs the process was identical except
for the ALD deposition being placed after HZO formation.

3.2.1 PUND and IV Sweeps

Polarisation measurements, PUND and IV sweeps, were carried out using the
TS2000-SE probe state and the B1500A analyser. Firstly, a high voltage of 15 V
was applied to the outer pad rings of two FTJs to break the oxides and thus a
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short-circuit was made. Either of the two outer pads can now be used to reach
down to the bottom electrode (TiN) layer.

Using a script in the B1500A analyser, PUND measurements containing five tri-
angular voltage pulses of 1.5 V and 0.9 ms were applied to one of the outer rings
and an inner ring of another FTJ nearby. The PUND scheme is illustrated in
figure Using the B1500A analyser, an IV sweep was carried out to -1.5
and 1.5 V. The TER was calculated from these sweeps. A similar PUND scheme
was repeatedly applied 10000 times to the FTJ to allow for wake-up to occur.
Identical PUND measurements and IV sweeps were thereafter carried out. From
the PUND measurements, the PE curve could be calculated and plotted.



Chapter 4

Results and Analysis

In this chapter, firstly the process series and the results given by the characteri-
sation methods will be presented. Comparisons and trends will also be identified
to aid the discussion in the analysis.

4.1 Titanium Dioxide Thin Films

In the first series, the titanium precursor pulse length was increased from 0.2 to
1.1 seconds in steps of 0.3, with 10 seconds of plasma exposure and a reactor
temperature of 200°C. In figure [fI] a boxplot of the GPC for the increasing
TDMAT exposure time is shown. The almost equivalent median GPC at 0.8 and
1.1 seconds indicates that surface saturation of the TDMAT molecule has been
reached. As mentioned in section this is a prerequisite for the self-limiting
process that allows for thickness control and film uniformity. The dispersion at
1.1 seconds, however, interferes slightly with this hypothesis. Such an increase is
not expected but could be due to the characterisation method (ellipsometry) and
thus not indicative of a true larger dispersion.
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Figure 4.1: Boxplot of the growth per cycle, given in A/cycle, for
the different TDMAT pulse lengths used ALD deposition.
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In the second series, the plasma exposure time was increased from 1 to 10 sec-
onds in steps of 3. The TDMAT pulse length was 0.8 seconds and the reactor
temperature of 200°C. A boxplot of the GPC for the plasma times is shown in
figure {.2] Saturation could be identified around 7 and 10 seconds given that the
GPC does not increase and dispersion decreases. However, the GPC actually de-
creases which is not expected. The difference in GPC is also small by comparison
to shorter plasma times (1 and 4 seconds)

0.76
0.72 ;
0.68 -

os4] i

T T T T
1 4 7 10
Plasma exposure time [s]

GPC [A/cycle]

Figure 4.2: Boxplot of the growth per cycle, given in A/cycle, for
the different plasma exposure times used in ALD deposition.

Lastly, in the final series, the temperature was increased from 200 to 300°C in
steps of 25°C. The TDMAT pulse length and plasma time were 0.8 and 10 sec-
onds, respectively. The GPC for the temperature series is shown in figure [1.3] In
this case, a saturation could be considered at the lower temperatures of 200 to
250°C. At higher temperatures, the GPC increases significantly for which precur-
sor decomposition could be the cause, which is mentioned in section [2.3.1] The
film uniformity and phase composition can no longer be controlled.
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Figure 4.3: Boxplot of the growth per cycle, given in A/cycle, for
the different reactor temperatures used in ALD deposition.
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In table and the resistivity of samples evaluated by the four-probe method,
before and after the 300°anneal, are tabulated. The resistivity of most samples can
be considered to be on the higher end of the semiconducting regime and bordering
pure insulators. A decrease in resistivity is observed due to the high temperature
anneal, which is in line with other studies. Annealing increases the grain size
resulting in fewer grain boundaries causing scattering [54]. The samples that were
deposited with 0.8 and 1.1 seconds of TDMAT pulse lengths post anneal display
however a somewhat smaller resistivity of 0.09M Qecm and 0.10M Qem. The four-
probe measurement also revealed that most samples did not exhibit a pure ohmic
relation, i.e. linear IV curve. As mentioned in the processing details, section [3.1.1]
the contact resistances were not able to be excluded in the measurements. This
could be the cause of the non-linear dependence. In figure [£.4] examples of both
an ohmic and non-ohmic relation from the data are shown. The resistance was
calculated from the most linear parts of the graph, indicated by the dashed lines.
The preciseness of the measured resistivities is thus questioned. Similar values
have, however, been measured in other studies [54].

Voltage [V]
Voltage [V]

-100 -7.5 -50 -25 00 25 50 75 100 -100 -75 -50 -25 00 25 50 75
Current [pA] Current [pA]

(i) (ii)

Figure 4.4: The sourced current and measured voltage from four-
probe measurement of two of the samples; i exhibiting an ohmic
and ii non-ohmic relation. The gray dashed lines indicates the
datapoints used to measure the resistance.

As mentioned in section the samples deposited at temperatures over 250°C
were disregarded from further processing and characterisation. The samples were
not able to be etched and have thus most likely been crystallised into the anatase
phase.

Since the same number of cycles was used for the TiOs layer the thickness varied
from approximately 11 nm to 30 nm. 11 nm thick TiO5 layer was grown in the
first series with the shortest TDMAT pulse length of 0.2 seconds. The 30 nm thick
layer was deposited in the third series with a reactor temperature of 300 °C.
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Table 4.1: The calculated resistivity from four-probe measurements
of TiOy semiconductor strips deposited using ALD with varying
plasma exposure times. The resistivity after a 300°C 30 minute
anneal is included. The TDMAT pulse length was 0.8 seconds

and reactor temperature 200°C.

1 2.62 3.93
4 6.78 5.94
7 2.55 1.84
10 5.01 1.67

Table 4.2: The calculated resistivity from four-probe measurements
of TiO2 semiconductor strips deposited using ALD with varying
TDMAT pulse lengths. The resistivity after a 300°C 30 minute
anneal is included. The plasma exposure time was 10 seconds

and reactor temperature 200°C.

0.2 3.94 1.32
0.5 4.91 0.38
0.8 3.61 0.09
1.1 4.25 0.10
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4.2 Ferroelectric Tunnel Junctions

As mentioned in section several FTJs of varying ALD deposition conditions
were constructed; this is summarised in table Two reference samples were also
made without the TiOs layer, i.e. only two metal electrodes and the HZO layer.
One of the reference samples was not subjected to the final oxygen plasma ashing

step prior to top electrode formation.

Table 4.3: The ALD deposition conditions and approximate thick-
ness of TiOy layer used in the FTJs.

Sample TDMAT pulse | Plasma Thickness Other

index length (s) exposure (s) | (nm)

A1(B/T) | 0.2 10 1.5

A2(B/T) 1.1 1 15

A3(B/T) | 1.1 10 1.5
300°C anneal

s 1‘1 10 15 post-deposition

B2(T) 1.1 1 15 300°C ann(f;a.l
post-deposition
300°C anneal

. o 10 15 post-deposition

C1(B/T) | 1.1 30 1.5

C2(B/T) | 1.1 60 15

D1(B/T) | 1.1 10 A

D2(B/T) | 1.1 10 10

E1(T) 1.1 30 A TiO9 placed
only on top

E2(T) 1.1 30 10 TiOy placed
only on top
Without oxygen
plasma ashing;

B2 H 3 10 TiO9 placed
only on top

Starting with the reference samples, the PUND response, PE curve, and IV curve
are shown in figures for both with and without the oxygen plasma ashing step.
The coercive field and remnant polarisation for the two samples are tabulated in
table [£.4] Such high leakage currents were not expected when compared to studies
carried out previously by Athle et al. [55]. In the study, a current density of
around 3x10~2 A/cm? was measured at -1.5 V. In this study, a current density of
around 24 A/cm? was measured at the same bias instead. Since then the status
of the relevant instruments has been investigated and irregular depositions have
been observed with the Picosun ALD tool. The deposition conditions of the HZO
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layer are thus uncertain not only for the reference samples and indicate that a
low-resistive HZO has been made. Probably, conductive paths are formed due to
a high defect density.

The general effect of the TiO interlayer can still be identified by comparison of
the samples with the reference. Since the HZO of the samples with TiOs was
not subjected to an oxygen ashing step, the data should be compared to the
reference sample without said ashing step, i.e sample Ru. Both R and Ru have
been subjected to the metal capping and post-metallisation anneal treatment and
thus a larger remnant polarisation is expected from the reference sample without
the ashing step. Sample R shows, however, a hysteresis curve similar to that of
ferroelectrics with adjacent TiOs. The ferroelectrics of both R and Ru is thus
going to be used as a comparison.

The reference sample with the ashing shows a surprisingly and unexpectedly large
TER in the IV graphs, figure Since the structure of the reference sample is
MIM, the TER should only be defined by the difference in the screening length of
the two metal electrodes. Given that the remnant polarisation is similar to that
of the TiO5 samples, the fraction of the ferroelectric orthorhombic phase could be
concluded to be unaffected by the ashing step. The increase in TER could thus
be the result of an increased asymmetric charge screening or heightened tunnel
barrier possibly caused by a tungsten oxide formed. This has been observed in a
study by Bégon-Lours et al. [50].
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Figure 4.5: The PUND response with calculated PE curve and IV
graph for the reference samples with, R (i) - (iii), and without,
Ru (iv) - (vi), the oxygen plasma ashing step. The purple and
orange dots in the PE curves display the curves’ intersect with
E =0and P =0, and can thus be an indication of the remnant
polarisation and coercive field.

In the first series, sample names AX(B/T), three FTJs of varying TDMAT and
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Table 4.4: The shifted coercive field (E.— and E¢, ), remnant po-
larisation (Pg), and TER for the reference samples after 10000
cycles.

R -2.12 0.84 10.13 1.84
Ru -2.28 2.49 1.22 1.21

plasma pulse lengths were made. Three for each ordering of the structures, AXB
or "bottom TiOs" and AXT or "top TiOs". The TDMAT and plasma pulse
lengths were 0.2 and 10 seconds, 1.1 and 1 seconds, and 1.1 and 10 seconds,
corresponding to the extreme values in the previous investigation. The thickness
was approximately 1.5 nm. The PUND response, PE curve, and IV curve are
shown in figure [£.6] for series AXB and figure [£.7] for series AXT. The coercive
field and remnant polarisation are tabulated in table [4.5]
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Figure 4.6: The PUND response with calculated PE curve and IV
graph for sample A1B (i)-(iii), A2B (iv)-(vi), and A3B (vii)-
(ix). The purple and orange dots in the PE curves display the
curves' intersect with £ = 0 and P = 0, and can thus be an
indication of the remnant polarisation and coercive field.
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curves' intersect with £ = 0 and P = 0, and can thus be an
indication of the remnant polarisation and coercive field.
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Table 4.5: The shifted coercive field (E.— and E¢), remnant
polarisation (Pg), and TER for sample series AXB and AXT
after 10000 cycles.

AlB -1.76 0.85 12.88 2.16
A2B -1.88 0.87 9.85 2.39
A3B -1.77 0.842 12.18 2.74
A1T -1.92 0.58 3.42 1.22
A2T -1.87 0.60 1.61 1.63
A3T -2.00 0.54 3.37 1.18

In the second series, sample names BXT, identical "top TiOs"-FTJs to the previ-
ous samples were made but a 300°C anneal using the RTP system for 30 minutes
after the ALD deposition was included. The PUND response, PE curve, and IV
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curve are shown in figure 4.8l The coercive field and remnant polarisation are
tabulated in table .6l The 300°C anneal can directly be assumed as having little
to no effect on the performance of the FTJ since the TER is almost identical. A
negligible effect on the ferroelectric properties of the HZO layer is also observed.
This is primarily prevalent in the almost identical PE curves.
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Figure 4.8: The PUND response with calculated PE curve and IV
graph for sample B1T (i)-(iii), B2T (iv)-(vi), and B3T (vii)-
(ix). The purple and orange dots in the PE curves display the
curves' intersect with £ = 0 and P = 0, and can thus be an
indication of the remnant polarisation and coercive field.

Table 4.6: The shifted coercive field (E.— and E¢.), remnant
polarisation (Pg), and TER for sample series BXT after 10000

cycles.
B1T -2.06 0.58 1.82 1.10
B2T -1.97 0.53 4.79 1.68

B3T -1.94 0.53 2.58 1.09
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In the third series, sample names CX(B/T), the plasma pulse length was extended
up to 30 and 60 seconds. To stay consistent, the TDMAT pulse length was 1.1
seconds and the thickness was approximately 1.5 nm. Both "bottom TiOs" and
"top TiO2"-FTJs were constructed. No post-deposition anneal was carried out
in this batch. The PUND response, PE curve, and IV curve are shown in figure
for series CXB and figure for series CXT. The coercive field and remnant
polarisation are tabulated in table [4.7]
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Figure 4.9: The PUND response with calculated PE curve and IV
graph for sample C1B (i)-(iii) and C2B (iv)-(vi). The purple
and orange dots in the PE curves display the curves’ intersect
with £ = 0 and P = 0, and can thus be an indication of the
remnant polarisation and coercive field.

Table 4.7: The shifted coercive field (E._ and Ecy), remnant
polarisation (Pg), and TER for sample series CXB and CXT
after 10000 cycles.

C1B -1.70 0.90 13.52 2.82
C2B -1.67 0.93 8.65 3.28
C1T -1.88 0.62 4.12 1.01
C2T -1.96 0.62 3.46 1.00

So far the data shows that the ferroelectric response is asymmetric as the electric
field is swept between the two directions. This is most evident in the shifted PE
curves towards negative electric fields. Such a shift is a typical indication of a built-
in electric field in the FTJ [67]. To flip the polarisation to one of the directions
the applied bias needs to overcome this field. In the other, the fields are added
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Figure 4.10: The PUND response with calculated PE curve and IV
graph for sample C1T (i)-(iii) and C2T (iv)-(vi). The purple
and orange dots in the PE curves display the curves’ intersect
with £ = 0 and P = 0, and can thus be an indication of the
remnant polarisation and coercive field.

and thus a smaller field is needed to flip.

The built-in field is also observed in the reference samples indicating thus that
the faulty deposition is causing the built-in field. Additionally, the charges that
would produce the built-in field in FTJ heterostructure could originate from many
other different reasons. Firstly, the majority of domains could have been formed
in one preferred direction and due to domain pinning the direction remains while
switching [58]. The built in field would thus decrease during wake-up. Since the
PE curves are plotted after 10000 cycles, this effect should be negligible. Another
reason could be piezoelectric effects that occur on the interfaces due to lattice
mismatch and broken symmetries [57]. Additionally, there is depletion and accu-
mulation of charge carriers around the junctions and interfaces [59], such as the
Schottky junction between HZO and metal electrode, W or TiN. A built-in field
could also be produced if the TiO, layer is charged. However, all PE curves, ei-
ther top or bottom TiOs, are shifted towards negative fields. This implies that
for bottom placement, the TiO must be positively charged and negative for top
placement. Defects in the crystal lattice, such as oxygen vacancies, could be the
reason for the no net charge.

In the fourth series, sample names DX (B/T), the thickness of the TiO4 layer was
increased to approximately 4 and 10 nm. The TDMAT and plasma pulse lengths
were 1.1 seconds and 10 seconds. The PUND response, PE curve, and IV curve
are shown in figure for series DXB and figure for DXT. The coercive field
and remnant polarisation are tabulated in table .8
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with £ = 0 and P = 0, and can thus be an indication of the
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Table 4.8: The shifted coercive field (E.— and Ecy), remnant
polarisation (Pg), and TER for sample series DXB and DXT
after 10000 cycles.

D1B -1.93 3.66 8.55 2.05
D2B -2.20 2.71 10.21 3.48
D1T -2.30 1.09 1.21 1.00
D2T -2.48 2.10 0.40 1.00

In the final series, sample names EXT, the thickness was increased to 4 and 10
nm with a plasma pulse length of 30 seconds. A sample, index E2Tu, was made
identical to the 10 nm sample but without the final oxygen plasma ashing step
before top electrode formation. The PUND response, PE curve, and IV sweep are
shown in figure [f.13] The remnant polarisation and coercive field are tabulated in

table 1.9

Table 4.9: The shifted coercive field (E.— and E¢.), remnant
polarisation (Pr), and TER for sample series EXT and sample
E2Tu after 10000 cycles.

E1T -2.11 2.01 0.39 1.00
E2T -2.45 3.45 0.33 1.00
E2Tu -3.43 3.42 0.37 1.00

As with the reference samples, the majority of the samples exhibit unexpectedly
high leakage currents. As mentioned in section the TER is defined as the
ratio of the current in two resistive states and is thus promoted by smaller leakage
currents. Additionally, a high leakage current is naturally undesired for memory
and synaptic device implementation as it elevates power consumption. The leakage
currents are summarised in figure [£.14] The current at -1.5 V during the negative
IV sweep has been plotted for the different samples corresponding to increasing
plasma exposure and TiOs thickness. The current here is comprised of both leakage
currents and the ferroelectric current response. Only currents after 10 000 cycles
are included to ensure that wake-up has happened.

One might be tempted to theorise that the TiO2 scavenges oxygen from the HZO
resulting in conductive paths along the defects, or trap states. The steady increase
in leakage current with increasing plasma exposure for bottom TiOs samples goes,
however, against this theory. The extended plasma duration is believed to increase
the oxygen concentration at the surface of the film resulting in a superstoichio-
metric TiO, with x values above 2 [60]. The high content of oxygen in the TiO4
layer would thus minimise the scavenging of oxygen from HZO.
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The proposing increase in oxygen vacancy defects in the HZO should also affect
the properties of the HZO and the performance of the FTJ [61], [62]. As mentioned
in section there is an optimal stoichiometry for the performance. In figure
[15]the PE hysteresis’ dependence on the oxygen plasma is displayed and could be
of interest in this theory. For bottom TiOg structures, the hysteresis curve barely
changes and there is no clear relation between the remnant polarisation and the
exposure time. For top TiOs structures, similar observations can be made at a
higher exposure time. As indicated by the yellow curve, however, the remnant
polarisation is considerably smaller for 1 second of plasma exposure time. In a
study by Chiappim et al. [60], the superstoichiometric TiOx was identified for a
plasma exposure time of 0.25 - 2 seconds. This can thus be an indication that
supersaturation is observed for all samples over 1 second of plasma. Thus, the
theory of oxygen scavenging from the HZO could be applied to the case of top
TiOy and 1 second of plasma. The samples of higher plasma (top TiO2) are
already supersaturated with oxygen.

— 10s
— 30s
—— 60s

Polarisation [uC/cm?]
Polarisation [uC/cm?]
o

Top TiO2

-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
Electric Field [MV/cm] Electric Field [MV/cm]

(i) (i)

Figure 4.15: The PE curves from the (i) bottom TiO2 and (ii)
top TiOy samples of varying plasma exposure time in the TiO5
ALD deposition. The other deposition parameters were identi-
cal. The data from samples A2(B/T), A3(B/T), C1(B/T), and
C2(B/T) was used.

An opposing theory is mentioned in a study by Martinez et al. [63] and in a study
by Brown et al. [64]. For bottom TiOy FTJs, the adjacent TiN is theorised to
reduce the TiO4 layer. The TiOg is thus deficient in oxygen and the scavenging
of oxygen ions from the HZO could be promoted. Examples of reduced states of
TiO, are TizO3, TizOs5, and TiO. This theory is supported by the 600°anneal
that the bottom TiOs samples are subjected to. Diffusion is generally expressed
with an Arrhenius equation and is thus increased exponentially with temperature.
An oxygen-deficient TiO, is also more conductive than the stoichiometric [64] and
could thus also partly explain the high leakage currents. This is most prominent
for the samples of 10 nm thick TiOs from which sourcing such a large current
would not be possible if the TiO5 was a dielectric. The lower resistivity calculated
from the four-probe measurements supports this.

The effect of the oxygen concentration in the HZO layer on the ferroelectric prop-
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erties is also touched upon by a comparison of the reference samples with and
without the final oxygen plasma ashing step. However, the PE curve for the ref-
erence sample with the ashing step is similar to that of the samples with TiOs.
The ashing step has thus most likely little to no effect on the oxygen concentration
in the HZO. By comparing the ferroelectric properties and FTJ performance of
the TiO4 sample with and without the oxygen ashing step, E2T and E2Tu, the
effect of the oxygen concentration in the heterostructure could be further illumi-
nated. The PUND responses and PE curves are almost identical, indicating that
the plasma oxygen ashing step has little to no effect. The TiOy layer is 10 nm
thick and deposited with 30 seconds of oxygen plasma exposure. Little to no effect
is thus expected.

As shown in figure the leakage currents is drastically decreased with increas-
ing TiO9 thickness when placed on top but more or less constant when placed on
the bottom. This can be explained by the low-resistive HZO layer that is most
probably formed due to the faulty deposition. When placed on the bottom, the
TiO; is subjected to a 600°C anneal resulting in increased grain sizes and lower re-
sistivity. This was observed earlier in section[4.1] In other words, in this case, both
the TiOs and HZO are low-resistive resulting in the overall high leakage current.
For top TiOs, however, the TiOs layer was not subjected to the high temperature
anneal and the layer should be semiconducting or even insulating. The resistance
through the heterostructure should thus increase noticeably with increasing TiOg
thickness. As shown in figure this is exactly the case.

The effect of the faulty deposition can also be observed from the PE curves.
In figure and the PE curves are summarised showing the dependence
of the curves’ appearance on the plasma exposure time and TiOs thickness and
placement. Assuming the low-resistive (leaking) HZO, most of the applied voltage
should fall over the TiO2 layer placed on top. This is because the TiOo layer
is more resistive than the leaking HZO. The resulting small voltage drop over
the HZO should result in an insufficient electric field for polarisation switching
and consequently reduced remnant polarisation. As shown in the figures, this is
the case. With increasing TiOs thickness a greater part of the voltage falls over
the TiOy causing even further reduced remnant polarisation. This is observed in

specifically figure

Nonetheless, the PUND responses, PE hysteresis curves, and IV graphs show that
the TiOg layer, in most cases, improves the performance of the FTJ. The largest
TER is found in the IV curve from sample D2B, figure at approximately
3.5 and from sample C2B, figure at approximately 3.2. The TER of the
reference samples is approximately 1.8 and 1.3 with and without the ashing step,
respectively. In general, the samples of bottom TiO, display superior ferroelectric
properties and FTJ performance. Interestingly, the ferroelectric current in the
PUND response of samples C1T and C2T, figure [4.10i and [4.10iv] after 10000
cycles are very distinguishable but the TER is close to zero. Once again this is a
result of the leaking HZO. The highly conductive paths through defects cause the
electron transport to be independent of the barrier shape.

As discussed in section [2.2] the FTJ performance is promoted by using a semi-
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Figure 4.16: The PE curves from the (i) bottom TiO2 and (ii)
top TiO2 samples of varying TiO2 thickness in the TiOs ALD
deposition. The other deposition parameters were identical.

The data from samples A3(B/T), D1(B/T), and D2(B/T) was
used.

conducting electrode due to the barrier modulation resulting in high TER. The
top TiO2 placement should thus be optimal but the performance is limited by the
small voltage drop over the HZO caused by the faulty deposition.
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Chapter 5

Conclusions

The majority of the results indicate that ferroelectricity has been achieved in the
samples and thus TiOs is a possible candidate as the semiconductor electrode of
ferroelectric tunnel junctions. The TiOs layer establishes an asymmetric charge
screening between the two polarisation states resulting in a difference in barrier
width and thus a resistance contrast. This is most easily concluded from the PUND
responses, showing a distinct ferroelectric current peak, and from the PE curves,
showing a non-zero remnant polarisation. Irregular deposition of the ferroelectric
HZO using the ALD tool was discovered after the thesis work which most likely has
affected the result. High leakage currents were observed due to a low-resistive HZO
layer and thus limiting the ferroelectric properties. The highest leakage currents
were observed for FTJ with a TiO4 layer placed prior to HZO deposition. By so,
the TiOs was subjected to a 600°C anneal resulting in lower resistivity. Oxygen
scavenging from the TiOs by the adjacent TiN electrode could also result in a
conductive TiO5. For TiOg placed post HZO deposition, the TiO5 is assumed
still be semiconducting. In this case, however, the FTJ performance was limited
due to the low resistive HZO resulting in reduced ferroelectric switching. Greater
ferroelectric properties could thus be observed for top TiOs samples in future
studies when the ALD tool is working correctly.

The highest remnant polarisation displayed in this thesis was 13.52 uC/cm? with
an asymmetric coercive field of —1.7 and 0.9 MV/ecm. The TiOy was deposited
under 200°C with 1.1 and 30 seconds of TDMAT pulse length and oxygen plasma
exposure time, respectively. The TER of the corresponding FTJ was approxi-
mately 2.9.

5.0.1 Outlook

Further analysis of the samples is needed to pinpoint the cause and consequences.
A common topic throughout the analysis was the faulty HZO deposition and oxy-
gen vacancies (and other defects), that could result in the high leakages and differ-
ences in FTJ performance. Thus, x-ray photoelectric spectroscopy (XPS) would be
beneficial in aiding the discussion. In addition, grazing incidence x-ray diffraction
(GIXRD) would help determine the crystallographic composition of the HZO layer
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and thus the fraction of the ferroelectric phase. Naturally, it would be beneficial
to process new samples once the ALD tool is working correctly again.

Other parameters that define the performance of the FTJ, both as a memory ele-
ment and as an artificial synapse, are also beneficial to investigate. As a memory
element, endurance and retention are of prime interest to measure. The switching
speed should also be interesting to investigate. As observed in all samples, the
leakage current is very high and would thus result in extreme power inefficiency.
Solutions, such as modification of the TiOs layer’s electrical properties, to min-
imise the leakage current are thus important to discover. Additionally, the FTJs
could also be tested as artificial synapses in a simple network. Here it could be
beneficial to measure the partial polarisation reversal phenomenon and possibly
the ferroelectric domain sizes.
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