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Kurzzusammenfassung

Ferroelektrizitat und quantenmechanisches Elektronentunneln sind gut be-
kannte physikalische Phanomene, die seit einem Jahrhundert untersucht wer-
den. Wahrend dieser langen Zeit beschaftigte sich die wissenschaftliche
Forschung entweder mit Ferroelektrizitat oder mit dem Elektronentunneln.
Niemals zuvor hat eine Verbindung dieser beiden Phanomene stattgefunden
und niemals ist ein neues Phanomen beobachtet worden, das auf ihrer Wech-
selwirkung beruht.

In dieser Arbeit stelle ich das Konzept eines ferroelektrischen Tunnelkon-
takts vor. Der Begriff ferroelektrisch bezieht sich hierbei auf eine Eigenschaft
des Barrierenmaterials. Fin solcher Tunnelkontakt besteht aus einer ferro-
elektrischen Schicht, die sich zwischen zwei Metallelektroden befindet. Die
ferroelektrische Schicht ist dabei diinn genug, um Elektronentunneln durch
sie hindurch zu ermoglichen.

Zum ersten Mal wird die Wechselwirkung von makroskopischen Groflen,
wie z. B. der spontanen Polarisation und der Gitterverzerrung, mit quanten-
mechanischem Elektronentunneln experimentell untersucht.

Begleitet wird die experimentelle Arbeit durch theoretische Ideen und
Vorhersagen iiber den Einfluf} der Piezo- und Ferroelektrizitiat auf das di-
rekte Elektronentunneln.



Abstract

Ferroelectricity and quantum-mechanical electron tunneling are well-known
physical phenomena that have been studied for as long as a century. During
this long period, scientific research has been restricted either to ferroelectric-
ity or to electron tunneling. Never before have these subjects been combined
into a new phenomenon based on their interaction.

Within this work, I present the novel concept of a ferroelectric tunnel
junction, where the term ferroelectric refers to a property of the barrier ma-
terial. This device consists of a ferroelectric layer sandwiched between metal
electrodes. The thickness of the ferroelectric layer is thin enough to allow for
electron tunneling.

For the first time, the influence of macroscopic parameters, such as the
spontaneous polarization and strain on quantum-mechanical electron tunnel-
ing through a ferroelectric tunnel barrier is studied experimentally.

In addition, the experimental work is accompanied by theoretical ideas
and predictions concerning the manifestation of piezoelectricity or ferroelec-
tricity in direct electron tunneling.
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Introduction

In the last few years, tremendous progress has been made in the investigation
of the ferroelectric limit in thickness. This is partly due to the accelerating in-
terest in ferroelectric materials for technological applications, and it is partly
due to the natural scientific interest in understanding and studying the limits
of physical phenomena.

Ferroelectricity is a collective phenomenon discovered at the beginning of
the last century [1]. Thirty years ago Batra and Silverman [2] predicted the
ferroelectric minimum thickness to be around 400 nm. Since then the pre-
dicted minimum thickness has been reduced continuously. This development
is based on a better understanding of the electrical and mechanical boundary
conditions in ferroelectric thin films. Some of the most important contribu-
tions came from Batra and coworkers [3], Kretschmer and Binder [4], and
Pertsev et al. [5]. Based on recently published theoretical studies by Zembil-
gotov and coworkers using a thermodynamic theory [6], as well as on ab-initio
calculations performed by Ghosez and Junquera [7], ferroelectricity in thin
films under favorable boundary conditions is believed to survive in epitaxial
films as thin as a few nm.

The experimental progress in studying finite size effects (i.e. the depen-
dence of ferroelectric properties on the sample size) has been quite remark-
able as well, especially in the last five years. This progress mainly arises
from constructing experiments based on a better theoretical understanding
of ferroelectricity and from improvements in the deposition techniques and
analytical methods. In 1999, Yanase and coworkers showed ferroelectricity in
12 nm thick BaTiOs3 films [8]. In the same year, Tybell and coworkers pre-
sented scanning probe microscopy measurements claiming the demonstration
of ferroelectricity in 4 nm thick Pb7'iO5 thin films [9]. Recently, Streiffer and
coworkers found 180° stripe domains in 3 monolayers of PbTiO3 by in situ
grazing-incidence x-ray scattering and predicted the existence of ferroelec-
tricity in this only 1.2 nm thick film [11, 10].
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The pursuit of the ferroelectric minimum thickness has reached a thick-
ness range where tunneling through these films may be expected.
Quantum-mechanical electron tunneling through an insulating barrier is one
of the most amazing phenomena in physics. The so-called tunneling effect
has been studied for 80 years. In this long period, the combination of ferro-
electricity and tunneling has never been experimentally investigated. Unlike
ferroelectricity, the combination of magnetism and tunneling, as well as su-
perconductivity and tunneling, are the origin of well-known effects known
as tunneling magnetoresistance (Juillere 1975 [12]) and the Josephson effect
(Josephson 1962 [13]), respectively.

Magnetic tunnel junctions and superconducting tunnel junctions, as well
as their combination, have been studied in the past. The aim of this work is
the study of a possible interaction of ferroelectricity and electron tunneling.
It should be stressed that unlike the term magnetic and the term supercon-
ducting in magnetic tunnel junction and superconducting tunnel junction,
respectively, which both refer to a property of the electrode material, in a
ferroelectric tunnel junction the collective phenomenon is situated in the bar-
rier itself.

This thesis is organized as follows. In Chapter 1 piezoelectricity and ferro-
electricity are introduced and various origins of size effects in ferroelectric thin
films are discussed. Chapter 2 deals with the relevant theories on electron
tunneling through a thin barrier. In Chapter 3 the concept of a ferroelectric
tunnel junction is presented. In this Chapter some ideas and predictions
are given about how the ferroelectric polarization reversal and the converse
piezoelectric effect may interact with direct electron tunneling through an ul-
trathin ferroelectric barrier. In Chapter 4 the studied material systems and
the different deposition techniques used in this work are reported. Chapter 5
is about the characterization techniques that were employed to study both
the structural and electrical properties of the thin films. The results of the
former are shown in Chapter 6. In Chapter 7 and 8 a detailed report on
the studies of the electrical properties and current transport mechanisms is
given. It also contains the fabrication procedures of ferroelectric capacitors
and tunnel junctions. Finally, the results obtained in Chapter 8 are evalu-
ated and compared with the theoretical ideas and calculations presented in
Chapter 3.
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Theory






Chapter 1

The ferroelectric thickness limit

The question of whether or not there is a ferroelectric minimum in lateral
dimensions and in thickness is a subject of ongoing discussion for more than
30 years. The pursuit for miniaturization in micro- and nanotechnology is
a challenge that requires the knowledge and understanding of how reduced
dimensions affect the physical properties of a particular material.

This Chapter will start with an introduction of piezoelectricity and ferro-
electricity. Afterwards various origins of size effects in ferroelectric thin films
will be discussed.

1.1 Piezoelectricity

A dielectric material can be polarized by application of an electric field E.
The total surface charge density induced in the material by the applied field
is given by the dielectric displacement vector:

Di :goEi—{—]Di, (11)
where g9 = 8.854 x 10712 Fm™! is the dielectric permittivity of vacuum,

and P is the polarization.

A dielectric material is referred to as a piezoelectric material, if it can be
polarized, in addition to an electric field, by application of mechanical stress.

The direct piezoelectric effect describes the linear relationship between
the applied stress X;; and the resulting charge density D;:

Di = diijjka (12)

where d;;;, represents a third-rank tensor of the piezoelectric coefficients.



The ferroelectric thickness limit

For this work, the converse piezoelectric effect is more important. This
effect describes the field-induced strain S;; in a piezoelectric material:

It can be shown that the piezoelectric coefficients for the direct and con-
verse piezoelectric effect are identical [14]. For symmetry reasons the only
non-zero piezoelectric coefficients are dssz, d3;3 = dzge and diz; = dyjiz =
doe3 = dago [15]. This tensor notation can, therefore, be simplified by in-
troducing the matrix notation [16]. Here, the above mentioned non zero
piezoelectric coefficients are referred to as longitudinal component dss,
transverse component d3; = dz; and shear component di5 = doy, re-
spectively (see Fig. 1.1).

(b)

S5

Figure 1.1: Illustration of the three different non-zero piezoelectric coefficients
for a material with symmetry 8m: a) dss for a dielectric displacement, if a stress
is applied in the same direction or, for a strain, if the electric field is acting in
the same direction. b) ds1 for a dielectric displacement, if a stress is applied in
the perpendicular direction or, for a strain, if the electric field is acting in the
perpendicular direction. c) dys for a dielectric displacement, if a shear stress is
applied or, for a shear strain, if the electric field is acting. [17]

The converse piezoelectric effect is different from electrostriction, observed
in all dielectric materials, since the converse piezoelectric effect is linear in
the applied electric field. The electrostrictive effect is based on a non-linear
coupling between elastic and electric fields. The application of an electric field
produces strain, which will not change on reversal of the electric field, i.e. the
effect is quadratic. With the exception of so-called relaxor-ferroelectrics!, the
electrostrictive effect is relatively small.

'Relaxors (e.g. (Pb, La)(Zr,Ti)O3) display a diffuse phase transition with a broad
maximum in the dielectric permittivity. Relaxors do not obey the Curie-Weiss behavior.
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1.2 Ferroelectricity

Figure 1.2 (a) schematically shows the displacement of the ions in an ABOj3
perovskite structure due to an applied electric field. Ferroelectric materials
exhibit an electric dipole moment, even in the absence of an external elec-
tric field. The polarization associated with the spontaneously formed dipole
moment is called spontaneous polarization ]35. Ferroelectrics possess at least
two equilibrium orientations of the spontaneous polarization vector, ]35. The
spontaneous polarization vector may be switched between those orientations
by application of an oppositely oriented electric field (see Fig. 1.2 (b)) [18].
J Pb2z

E I IPS
® Zr+ Ti4t

@ (b)

| I

.r

Figure 1.2: ABOs3 perovskite structure, here Pb(Zr,Ti)Os, under an external
electric field E applied along the polar axis (a) and in the opposite direction (b).

The hysteresis of the polarization P, as a function of the field F, is shown
in Fig. 1.3 (a) for single-domain single crystals and in Fig. 1.3 (b) for polydo-
main samples. The polarization at zero field is called remanent polarization
P.. Tt is identical to the spontaneous polarization for single domain sam-
ples. In order to reverse the polarization, a coercive field E, is necessary. In
polydomain samples the field necessary to reduce the polarization to zero is
referred to as coercive field E..

I would like to point out that the polarization P, as well as the coercive
field E., are both macroscopic parameters.

Ferroelectric materials undergo a phase transition from a higher symme-
try paraelectric phase to a lower symmetry ferroelectric phase. The paraelec-
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(@) p (b) P

Figure 1.3: Ferroelectric P-E curve for (a) single-domain and (b) polydomain
samples.

tric phase is not ferroelectric, but may be piezoelectric [18]. The temperature,
where this phase transition occurs, is termed T¢.

Mean-field theory

In order to calculate the phase transition, Landau [19] and Ginzburg [20] ex-
panded the thermodynamical potential near the phase transition temperature
in a power series and introduced the spontaneous polarization as an order
parameter. Devonshire used this formalism, which assumes that the same
polynomial is capable of describing both ferroelectric and non-ferroelectric
phases, to characterize the phase transition of BaTiO3 [21].

Following [17], the Ginzburg-Landau theory is equivalent to a mean field
theory, where the thermodynamic quantity - here, a dipole - is considered in
the mean field of all the others. Close to the phase transition temperature,
the free energy I’ can be expanded in a power series with powers of the order
parameter P up to the sixth order:

F(P,T) = %gzzﬂ - 394134 - égﬁpﬁ - P-E. (1.4)

No odd-power terms appear, as the polynomial has to be symmetrical
against polarization reversal. The coefficients go, g4, and gg are in gen-
eral temperature-dependent, but simple examples of first- and second-order
ferroelectric phase transitions are described with g4 and gg independent of
temperature [22]. Around the Curie-Weiss temperature Ty, go can be ap-

proximated by g, = C~HT — Tp).
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The thermodynamically stable states are obtained from the minima of
the free energy (with E = 0) via,

OF

ﬁ = P(QQ +g4P2 +96P4) = 0, (15)
O*F
5P = X! = g+ 394P% 4 5g¢P* > 0. (1.6)

Equations (1.5, 1.6) are solved by P =0 at g, > 0. This is the para-
electric (PE) phase. Other solutions exist for +Ps # 0. These are the
ferroelectric (FE) solutions.

Paraelectric phase

In the paraelectric phase, T' > Ty, the susceptibility is found to follow a
Curie-Weiss law with a critical exponent v = 1:

WD) =75« T=T) 5 =1 (1.7

First-order phase transition

Most perovskites, including PbZr,Ti_,O5 (z < 0.28) [23] and BaTiO3 un-
dergo a first-order phase transition. This type of phase transition is char-
acterized by the appearance of metastable phases, as the new phase has to
nucleate out of the old phase. Sudden changes in the crystal structure and
volume are further characteristics of first-order phase transitions.

Consider the free energy (eqn. (1.4)) for g4 < 0 and gg > 0. In this case,
the thermodynamically stable states are given by

P = 0, (1.8)

or

|g94] + /93 —AC—(T — Tc:) g

P: =
° 296

(1.9)

Figure 1.4 (a) shows the free energy as a function of polarization for a first
order phase transition. Here, the Curie-Weiss temperature 7} is not equal
to the phase transition temperature T;. The following temperature regimes
can be distinguished:
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T > Te: stable paraelectric phase (P = 0)

T > Te: stable PE phase (P = 0), metastable FE phase (+Ps # 0)
T = T¢: coexistence of paraelectric and ferroelectric phase

Ty < T < Tg: stable FE phase and metastable PE phase

T < Ty: stable ferroelectric phase

Somewhere during the cooling through the regime where the paraelectric
phase coexists with the metastable ferroelectric phase (7o < T < T¢), the
system undergoes a transition with a discontinuity in the spontaneous polar-
ization. In other words, the spontaneous polarization jumps from zero to a
finite value corresponding with the first-order phase transition.

In addition, using the known thermodynamical relations, one will get at
T = Te discontinuous changes in susceptibility y and entropy S.

Second-order phase transition

Second-order phase transitions are characterized by a continuous change in
crystal structure and volume. The first known ferroelectric material, Rochelle
salt, NaKCyH,Og - 4H50 [24], as well as PbZr,Ti;_,03 (x > 0.28) [23], un-
dergo second-order phase transitions.

Here, it is sufficient to consider the polynomial expansion of the free
energy (eqn. (1.4)) up to the fourth order and to take g4 > 0. From these
assumptions the following solutions are obtained:

P = 0, (1.10)

T —T¢)
P = —(—C. 1.11
S 940 ( )

Phase transition temperature T and Curie-Weiss temperature T are
identical for a second-order phase transition. The critical exponent for the
order parameter is 1/2:

Ps < (T—-T¢)%  p=1/2 (1.12)
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Figure 1.4 (b) schematically displays the free energy close to the second-
order phase transition as a function of the spontaneous polarization. At the
phase transition temperature, the stable minimum is at P = 0. Decreasing
the temperature will shift this minimum continuously to finite values of the
polarization.

(a) (b)
F >>Te F

T>Te

=T, =T,
TosT<T, T=T,
T<T, T<T,

L]
P P
-Ps +PS

l -P +Py l

Figure 1.4: Schematic presentation of the free energy as a function of polarization
for ferroelectrics with (a) first order and (b) second order phase transition. [17]

In summary, a second-order phase transition is characterized by a con-
tinuous change in polarization, inverse susceptibility, and entropy. Only the
specific heat jumps at the phase transition [17].

Coercive field

This Section is about the coercive field of a ferroelectric thin film. The coer-
cive field corresponds to the electric field necessary to reverse the polarization
from one direction to the opposite direction. In polydomain samples the elec-
tric field that brings the mean polarization of a prepolarized sample down
to zero is referred to as coercive field. In the first paragraph, the Ginzburg-
Landau theory is used to calculate the coercive field for a free-standing film
assuming that the domains all reorient simultaneously and independently.
The second paragraph describes the switching kinetics in a real thin film and
explains the disagreement between the coercive field obtained from Landau-
Ginzburg theory and the experimentally observed coercive field in a ferro-
electric thin film. Finally, the third paragraph deals with the frequency
dependence of the coercive field.
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Coercive field calculated from Ginzburg-Landau theory

Consider a polynomial expansion of the free energy (eqn. (1.4)) up to the
fourth order [25] with the approximation for go given on page 6:

1 1
_ﬂRﬂ:§5@—ﬂMﬂ+yﬁﬂsPE. (1.13)

The conditions of thermodynamic equilibrium, which corresponds to the
minimization of the free energy, are given by

OF T—To

D P PP—E=0 1.14
aP C +g4 ) ( )
O?F T—1T.

= p? . 1.1

Equations (1.14, 1.15) are the necessary and sufficient conditions for a
minimum of F'(P).

From eqn. (1.14) a 3rd order polynomial function is obtained:

ppy~ L= Te

P+ g,P°. (1.16)

The inversion of this function, excluding the parts that are not accessible
for the system, gives the polarization hysteresis function P(F) (Fig. 1.5).
The magnitude of the coercive field F, can be calculated from the extrema
of eqn. (1.16). The conditions

OE T —Te )

- = P? = 1.1
5P o T3uPm =0, (1.17)
0’E

7 6g4P #0 = P #0 (g4 # 0,see p. 7), (1.18)

yield for T'=0 K

Tc

P,y == :
= 3940

(1.19)

P..4+ corresponds to the polarization for the reversal ﬁel§s at _)T =0 K.
Replacing P by P, in eqn. (1.16) yields the coercive field (E 1] P):
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T
’EC| = _?CPCT + g4Pc2rPcr (120)
2T
= S~ Pcr-

3C

Polarization
_—
/
N P
~ ~
.EC S - EC
RN - Electric Field
'Pcr )
//

Figure 1.5: (Solid line) Ferroelectric hysteresis calculated from Ginzburg-Landau
theory, (dashed line) part not accessible for the system.

Using typical parameters for PbZrq 5149503 taken from Ref. [23]%, the
coercive field at 0 K for this material is

|E.| ~ 0.65 MV/cm. (1.21)

It should be noted that the Landau-Ginzburg mean-field theory is based
on thermodynamic equilibrium and does not address dynamics. As a result,
the detailed mechanism of polarization reversal in ferroelectrics is not de-
scribed by this approach.

Switching kinetics

In the previous paragraphs, the coercive field for the polarization reversal has
been calculated using the Landau-Ginzburg theory for a free-standing film.
The experimentally observed coercive field, however, is usually much smaller

2using C' = goC”
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(about one order of magnitude in thin films and two orders of magnitude in
bulk single crystals) - a result of dynamic processes not covered by the static
Landau-Ginzburg theory.

In most cases, it is energetically favorable to switch the polarization of a
domain not simultaneously, but by moving the domain walls.

Following [26], the switching process commonly proceeds as shown in
Fig. 1.6. Consider a thin film with two stable polarization states visualized
in Fig. 1.6 by the colors grey and cyan. I assume that the film is initially in the
grey-colored polarization state. Primarily inhomogeneous nucleation occurs
at the surface of the ferroelectric film (Fig. 1.6 (a)). This process involves
fluctuations, in other words, cyan-colored domains nucleate, grow in size,
shrink, disappear, and new nucleation occurs. These nucleation fluctuations
continue until the nucleous reaches a critical size. The polarization switch-
ing then develops quickly in a needle-like geometry, growing parallel to the
applied electric field (Fig. 1.6 (b)). Next, the domains spread out sideways
(Fig. 1.6 (c)) switching the film to the cyan-colored domain (Fig. 1.6 (d)).
These processes may also occur simultaneously.

According to [26], in oxide perovskite materials the nucleation time is
about 1 ns and the time for a domain to propagate from the anode to the
cathode is also approximately 1 ns. This can be estimated by assuming a
propagation velocity of the speed of sound inside the material [26]. Unlike
magnetic domain walls, ferroelectric domain walls do not seem to move su-
personically. The sideways growth time is usually the slowest, typically a few
ns to a us. For ferroelectrics other than oxide perovskites the relative values
of nucleation time, forward growth time, and sideways growth time differ.
For example, in tryglycine sulfate nucleation time and sideways growth time
are about the same [26].

The polarization reversal is a complex phenomenon, and there does not
seem to be an universal mechanism which describes polarization switching in
all ferroelectrics. Thin films show more than 10 times higher coercive fields
than single crystals. In addition, the experimentally observed coercive field
E. in thin films usually depends strongly upon film thickness. There is an on-
going discussion about the reasons for these phenomena, and various theoret-
ical models have been proposed [27, 28, 29, 30, 31, 32]. Nevertheless, in most
cases the coercive field increases for shrinking film thickness [33, 34, 35, 36].
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(a) (b)
D | |

(d)

Figure 1.6: Schematic of switching in a ferroelectric film. (a) Inhomogeneous
nucleation at the surface. (b) Needle-like growth of domains. (c) Sideways growth
of domains. (d) Polarization reversal completed.

Frequency dependence of the coercive field

The coercive field does not only exhibit a strong thickness dependence, but
it is also frequency dependent. This is especially important for the applica-
tion of ferroelectrics in memory devices, as these devices have to operate at

several hundred MHz.

As shown in the previous paragraph, polarization switching in ferro-
electrics includes domain wall motion. This motion of domain walls through
a ferroelectric involves a certain resistance, or viscosity, which generally
increases with increasing frequency. Therefore, the coercive field of ferro-
electrics increases with frequency [26].

The traditional approach to describe the switching kinetics in ferroelectrics
is the Kolmogorov-Avrami model [37, 38]. The basic idea of this model is
that ferroelectric domains, which have been initiated from independent nu-
cleation centers, unrestrictedly grow under the action of the applied electric
field. Ishibashi and Orihara predicted that the fractional area A of the cell
that is switched with time depends on the applied electric field E and fre-
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quency f [39]. Assuming that the domain wall velocity is a function only of
the applied field F at the instant ¢t and that the nucleation occurs at pre-
determined positions and at predetermined fields, the switched area is given
by

A(E, f) =1 —exp(—f" - E"), (1.22)

where D is the domain dimension and £ is approximately equal to 6.

Assuming D = 3 for Pb(Zr,Ti)O5 [26], a power law is found for the
frequency dependence of the coercive field:

E.(f) = f"*. (1.23)

Correlation volume of ferroelectrics

In a simple picture, ferroelectricity can be seen as a collective phenomenon,
associated with the alignment of localized dipoles within a correlation vol-
ume, producing a spontaneous polarization [40].

Consider a single dipole in vacuum. Any moment applied to it will rotate
the dipole. Therefore, no stable polarization can be based on a free dipole.
A number of dipoles, however, will align parallel to the polarization due to
the highly anisotropic character of the inter-cell dipole-dipole interaction. It
is long-range parallel to the polarization axis and short-range perpendicular
to the polarization axis. The volume filled up by the number of dipoles,
necessary to achieve a stable polarization, is called the correlation volume.
In Fig. 1.7 the correlation volume is schematically shown.

Please note that there is a short-range repulsion for the parallel alignment
of two adjacent dipoles perpendicular to the polarization axis and energeti-
cally favorable, long-range Coulomb forces for the parallel alignment of two
adjacent dipoles parallel to the polarization axis. Owing to the mentioned
anisotropy, the energy gain associated with the parallel alignment of the
dipoles is larger than the loss in energy associated with the parallel alignment
of adjacent dipoles perpendicular to the polarization axis [41]. According to
Lines and Glass [22], typical values for the correlation volume for many fer-
roelectrics are given by L. ~ 10 — 50 nm and L, ~ 1 — 2 nm.

The reduction of the thickness of the ferroelectric thin film below Lo will
thus reduce the stability of the ferroelectric phase. In other words, the phase
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Figure 1.7: Correlation volume as a result of the highly anisotropic character of
the inter-cell dipole-dipole interaction. [22]

transition temperature T will be lowered and at some point reach 0 K. Fer-
roelectricity will cease to exist.

A change in fundamental ferroelectric characteristics, such as P,., E., T¢
as a function of the sample size commonly is called size effect. Size effects
are not only present in ferroelectrics. They have been discussed for other col-
lective phenomena, e.g. superconductivity [42], superfluidity [43], and mag-
netism [44], as well.

The size of the correlation volume is not only a characteristic feature
of the specific ferroelectric material, but, especially in epitaxial thin films,
it depends on boundary conditions as well. The electrode material and the
substrate lattice parameters may significantly alter the size of the correlation
volume. Our interest in studying possible new effects in ferroelectric films
as thin as a few nm requires an understanding of the influence of electrical
and mechanical boundary conditions on size effects. The knowledge about
the relation between boundary conditions and the ferroelectric properties is
essential to find the conditions that stabilize the ferroelectric phase.
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1.3 Electrical boundary conditions

The fundamental relation between electric displacement 5, field E , and po-
larization P is given by

D =¢yE+ P. (1.24)

Here, the polarization arises from both the spontaneous parallel alignment
of dipoles Pg described in Chapter 1.2 and the polarizability of ferroelectrics
in the presence of an electric field Pr = xE.

A homogeneous, spontaneous polarization along the z-axis Pg = (0,0, Ps)
of a ferroelectrlc film causes a depolarizing field ED = —4n N PS oriented op-
positely to P (where N is equal to one for an infinite plate geometry). The
electrostatic energy associated with this field may be minimized by three
mechanisms: First, by domain formation with oppositely oriented polariza-
tion direction; second, by free-charges from the electrodes (external compen-
sation); and third, by electrical conduction in the ferroelectric film (internal
compensation).

Here, one of the main differences between ferroelectric and magnetic do-
mains becomes evident. The possibility to screen the polarization charges
by external or internal compensation arises from the existence of an electric
monopole, whereas, the absence of a magnetic monopole does not allow a
screening in magnetic domains.

Size effects due to 180° domain formation

Consider a ferroelectric film in vacuum. The ferroelectric film is idealized as
a perfect insulator (i.e. no free charges inside the film), which could compen-
sate the depolarizing field (see Fig. 1.8 (a))). In the absence of an external
electric field the spontaneous polarization can develop along at least two
directions. In order to reduce the electrostatic energy associated with the
depolarizing field, different regions of the ferroelectric - called domains - will
polarize in each of these directions (see Fig. 1.8 (b)). The width of the
formed domains depends on the spontaneous polarization as [ oc 1/Pg [4].
Mitsui and Furuichi [45] found for Rochelle salt that the domain width varies
quadratically with crystal thickness, [ oc d2. This dependence is due to the
fact that the formation of a domain wall costs energy. Hence, the forma-
tion of domain walls will continue only till a balance is reached between the
energy gained from the reduction of the electrostatic depolarizing field en-
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ergy and the energy necessary to create the domain walls. In this case the
long-range depolarizing field inside the film becomes negligible, whereas near
the film surfaces on a length-scale comparable to the domain width a highly
fluctuating depolarizing field is still present [46].

Size effects due to incomplete screening of the depolar-
izing field

External compensation

Large depolarizing fields can be avoided not only by the formation of do-
mains, but also by the accumulation of compensating charges at the surfaces
perpendicular to the polarization. Consider a ferroelectric film sandwiched
between two metallic electrodes in a short-circuit condition. As it was the case
for the ferroelectric film in vacuum, a homogeneous spontaneous polarization
along the z-axis of the idealized insulating film gives rise to a depolarizing
field oriented oppositely to its origin, the spontaneous polarization. Other
than in the vacuum case, the metallic electrodes contain free charges, which
can compensate for the polarization charges. In this case, the width of the
domains is given by [ < 1/(Ps + o) where o is the surface charge density [4].
A monodomain sample is obtained for a complete compensation ¢ = — Py of
the polarization.

It is known, however, that short circuited electrodes do not provide an
exact cancellation of the depolarizing field. A complete compensation of the
polarization charges cannot be achieved due to the separation of the free
charges in the electrodes and the bounded charges in the ferroelectric (see
Fig. 1.8 (c)). The compensation of the polarization depends on the screening
length of the electrode. The Thomas-Fermi screening length in a metal is
approximately 0.5 — 1 A, whereas the Debye-length in a semiconductor is
larger by approximately three orders of magnitude [47].

Batra and Silverman showed that the incomplete compensation of the
polarization charges changes the stability of the ferroelectric phase [2, 48, 49,
50, 51, 52, 3]. The depolarizing field that results from an incomplete com-
pensation of the polarization charges becomes significant when the thickness
of the ferroelectric film is reduced. It results then in a depression of the spon-
taneous polarization and transition temperature. The use of semiconducting
electrodes can even change the nature of the phase transition from second to
first-order [49].
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Figure 1.8: (a) Depolarizing field associated with spontaneous polarization (vac-
uum). (b) Formation of domains to reduce depolarizing field (vacuum). (c) Free-
charges in metallic electrodes partially compensate the polarization charges.

For example, the critical thickness for single-domain ferroelectric tryg-
lycine sulphate (TGS), assumed to be perfectly insulating, has been pre-
dicted to be 400 nm in between semiconducting electrodes and around 4 nm
for metallic electrodes [2]. In another work, ferroelectricity in TGS between
metallic electrodes is predicted to disappear at a thickness of 1 um [53].

If no single-domain assumption is made, then the film will divide into
domains to reduce the electrostatic energy associated with the residual de-
polarizing field resulting from the incomplete charge compensation.

Internal compensation

I. I. Ivanchik considered a single-domain ferroelectric layer with semicon-
ducting properties placed in vacuum [54]. In the presence of a spontaneous
polarization, charges will flow from the interior of the ferroelectric layer to
its surface. This will screen the polarization charges. The diffusion cur-
rent, however, will lead to an electric field inside the ferroelectric, oppositely
oriented to the spontaneous polarization. This electric field for thick films
tends exponentially to zero. For thin films, however, it will not vanish and
a critical thickness can be calculated at which the electric field reaches the
coercive field. Ivanchik calculated for BaTiOs a critical thickness of 20 nm.
At this thickness the ferroelectric phase becomes unstable and the sponta-
neous polarization is reversed after a relaxation time of about 1 minute by
the internal electric field.
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Batra et al. studied the case of internal compensation of the polarization
either by free carriers in space charge layers, or by charges trapped in surface
states of the ferroelectric. They found that space charge regions occur at the
surface of a ferroelectric [49, 3]. The reason for this incomplete compensa-
tion of polarization is the lack of states at the Fermi level for an only slightly
conducting ferroelectric film.

In conclusion, it is unlikely to achieve a monodomain state for thin films
if the injection of charge from external electrodes is excluded.

Size effects due to surface effects

Even if the surface charge is fully compensated at the metallic electrodes, a
finite size effect can be present. Differences in the remanent polarization and
coercive field for thin films compared to bulk material® are often theoretically
accounted for by introducing subsurface layers, whose electric properties dif-
fer from those of the bulk material.

Ions in a subsurface layer have a different number of nearest neighbors
from those in the bulk, therefore, the local polarization is expected to vary
in the vicinity of a surface. A depolarizing field arises from bound charges
inside the ferroelectric. This depolarizing field is different from the one dis-
cussed by Batra et al., which was the result of an incomplete compensation
of polarization. Here, the depolarizing field is due to spatial variations of the
polarization in the film.

Surface effects are described by an inhomogeneous Landau-Devonshire
theory, which includes a spatial variation of the polarization in the vicinity of
the surface [55]. In the approach proposed by Kretschmer and Binder [4, 56,
the free energy is given by Friim = Fyukr+ Fsurface- They introduce the extrap-
olation length A, which measures the strength of coupling in the subsurface
layers. The local polarization near the surface is expected to change over a
distance comparable to the bulk correlation length £ of polarization fluctu-
ations. Please note that the correlation length £ is not identical with the
parameters of the correlation volume L4 and Lo introduced in Chapter 1.2.
Usually A is considered to be positive for ferroelectric thin films, which corre-
sponds to a polarization suppression in subsurface layers. Scott [57] indicates

31 refer to bulk material as a sample for which the bulk properties are dominant over
the surface properties.
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that A is also probably large compared with £. Sometimes A is also assumed
to be negative. In Figure 1.9 the variation of the local polarization in sub-
surface layers is shown for a positive extrapolation length (blue curve) and a
negative extrapolation length (red curve).

d+A Z

Figure 1.9: Variation of the local polarization P(z) across a film of thickness d for
positive extrapolation length \ (blue) and negative extrapolation length A (red). [4]

Among others, Kretschmer [4] and Binder [56], Baudry and Tournier [55],
Tilley and Zeks [58, 59], and Zhong et al. [60], have studied the influence
of the model parameters A and & on ferroelectric properties (e.g. shift of
phase transition temperature) including and excluding depolarizing fields. A
numerical evaluation of the critical sizes using an anisotropic, 3-dimensional,
Landau-Ginzburg-Devonshire model excluding depolarizing fields, was done
by Li et al. [61]. The critical thickness of PbTi0O3 and PbZrq 51Ty 503 at 0 K
was calculated to be 4 nm and 8 nm, respectively.

1.4 Mechanical boundary conditions

All theoretical models and predictions that have been discussed so far have
been made for free standing films. In this Chapter mechanical boundary
conditions will be considered as well. This is necessary, because this thesis
will be focused on epitaxial thin films, which are grown on much thicker
substrates.
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Extrinsic size effects of mechanical origin

The interaction of the film with the substrate can generate significant me-
chanical stresses in the film. Growth stresses may appear during the film
deposition in the paraelectric phase. These stresses strongly depend on pa-
rameters of the deposition process [62]. Energetic deposition techniques, such
as rf sputtering (see p. 59) or pulsed laser deposition (see p. 56), favor com-
pressive growth stresses, whereas tensile growth stresses result from rapid low
energy growth techniques, such as molecular oxide chemical vapor deposition
or thermal evaporation (see p. 57) [63]. It has been shown that during the
growth (usually in the paraelectric state) of thicker films, substantial stress
relaxation is favored by the generation of arrays of misfit dislocations at the
film /substrate interface [63], whereas thinner films grow in their coherent
pseudomorphic cubic phase retaining their epitaxial strain [64].

During cooling from the growth temperature, thermal stresses may arise
in the film due to differences between the mean coefficients of thermal ex-
pansion of substrate and film.

The paraelectric-ferroelectric phase transition, producing dimensional
changes, introduces additional stresses leading to the formation of domains
(elastic stress relaxation) and sometimes to additional formation of misfit
dislocations [63].

Strain induced by the substrate may lead to lattice parameters in epitaxial
thin films that differ considerably from those in bulk material. A misfit-strain
S,, independent of the film polarization state is introduced into the theory
to describe substrate effects on the spontaneous polarization. For perovskite
films grown on cubic substrates, this strain may be defined as S,, = (b—ay)/b,
where b is the substrate lattice parameter and aq is the equivalent cubic cell
constant of a free standing film [65]. This definition of S, is only valid for
fully strained films. Above a critical film thickness, misfit dislocations are
introduced into the film and a substrate effective lattice parameter b* instead
of the actual lattice constant b has to be used [63]:

b* — Qo
b*
Note that the strain is always given with respect to the paraelectric state.

The polarization is coupled to the lattice strain due to electrostriction (see
page 4). Therefore, according to thermodynamic calculations by Pertsev

S =

(1.25)

et al., the magnitude and orientation of the spontaneous polarization ]35



22 The ferroelectric thickness limit

strongly depend on the value of S, [5, 66]. A ferroelectric thin film, such
as BaTiOs or Pb(Zr,Ti)Os, grown on a tensile substrate S, > 0 tends to
form a ferroelectric phase with an in-plane polarization direction, whereas
its growth on a compressive substrate S,, < 0 will stabilize the ferroelec-
tric phase with an out-of-plane orientation and enhance the spontaneous
polarization in this direction. Remarkably, in agreement with experimental
results [8] the spontaneous polarization Pg(S,, < 0) can be larger than the
bulk polarization. Higher values of Pg can be obtained by increasing the
magnitude of compressive strain in the film. This, however, will decrease the
critical thickness at which misfit dislocations are introduced.

In conclusion of this Section, the size effect of mechanical origin is at-
tributed to the thickness dependence of the film in-plane lattice strain S,,.
For a given thickness of the ferroelectric thin film, the highest compressive
strain, which is achievable without leading to misfit dislocations, will best
stabilize the ferroelectric against the paraelectric phase.

Intrinsic size effects in strained epitaxial films

As discussed in Chapter 1.3 on page 19, Kretschmer and Binder added a
surface term to the Landau expansion of the total free energy (eqn. (1.4))
and introduced the extrapolation length A into the thermodynamic theory in
order to describe surface effects. The expansion of the free energy, proposed
by Kretschmer and Binder in the notation of Tilley and Zeks [59], for a film
of thickness d is given by

L= [ [4BP + 0P + LB (£ )] de + KE(P2 + P}).

Here, A is the surface area of the film. P_ = P(0), P, = P(d) and \ is
the extrapolation length. The last term is the added surface term. Later,
the free energy was expanded to powers of the order parameter P of up
to the sixth [67] in order to describe ferroelectric materials that undergo a
first-order phase transition (see Chapter 1.2)

F d
5

As mentioned above, Pertsev et al. studied the influence of substrate
effects on the ferroelectric phase state using a thermodynamic theory. The
two-dimensional clamping and straining of a ferroelectric film by a dissimilar
thick substrate was found to affect considerably its phase state, shifting the
temperature of the ferroelectric transition and changing its order [5, 66].

1
dz+ —~E(P2+P}). (1.26)

1 1 1 1 dP \*
fBP2+ZCP4+ ~DP°+_E < — ) o

2 6 2 dz
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Zembilgotov et al. developed a phenomenological theory, which describes
intrinsic surface effects on the polarization properties of films grown epitaxi-
ally on much thicker substrates [6]. This theory considers both surface effects
discussed on page 19 and substrate effects discussed on page 22. Zembilgo-
tov et al. considered epitaxial thin films of perovskite ferroelectrics grown
in a high-temperature paraelectric state on a thick (001)-oriented compres-
sive (S, < 0) cubic substrate and sandwiched between extended identical
electrodes. Films with a positive extrapolation length, corresponding to a
polarization reduction in subsurface layers, were studied. Assuming that
the polarization changes only along the film thickness direction and ignoring
the depolarizing field, the Helmholtz free energy per unit area (eqn. (1.26))
modifies to

F L. 1
i /0 F(2)dz + ﬁgn(PE + P3), (1.27)
; S . . 1 dP 2
F(z) = St 5 + a3(Sm) P? + a3 P* 4 a11, P° + 39 ( - ) . (1.28)
2 2
az = a; — Sm& Wy = ayy + —2— (1.29)

511+ 512 s11+ 812

Here, a1, a;; and aqq; are the dielectric stiffness and higher-order stiff-
ness coefficients at constant stress; );; are the electrostrictive constants; s;;
are the elastic compliances at constant polarization; A is the extrapolation
length; z is the out-of-plane direction; P is the out-of-plane polarization and
P_.; and P, are the polarization values on the film surfaces, i.e. at z = 0
and z = d, respectively. The dielectric stiffness constant a; is assumed to be
a linear function of temperature near the Curie-Weiss temperature (Curie-
Weiss-law: a1 = (T — Tj)/2¢0C'). All other coefficients are assumed to be
independent of temperature. Using this thermodynamic approach it is possi-
ble to calculate the mean polarization P as a function of the film thickness d,
temperature 7', and misfit-strain 5, in the epitaxially grown heterostructure.

The intrinsic size effect on the polarization in strained films was shown
to be governed by the normalized film thickness d/&* and the ratio A/&*.
Here, £* = \/g11/|aj| is the modified correlation length, which differs from
the bulk correlation length & = \/g11/|a;| of a mechanically free bulk crystal.
The correlation length &5(S,, = 0) = (T = 0) was found to be about 1 nm
for PbT1O3 and 5 nm for BaTiOs [6].
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The variation of the film mean polarization P, with temperature 7" shown
in Fig. 1.10 (a) for PbTi0O3 and in Fig. 1.10 (b) for BaTiO3, results mainly
from the temperature dependence of the dielectric stiffness a;. The surface
effect hinders the development of spontaneous polarization during the film
cooling. This intrinsic size effect is considerable only for ultrathin films and
manifests itself in a decrease of the ferroelectric transition temperature T¢,
as well as in a reduction of the mean polarization P(T') relative to the thick
film polarization.
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Figure 1.10: Normalized mean polarization P(T)/PL70 of epitaxial (a) PbTiOs
grown at Sy, = 0 and (b) BaTiO3 grown at S,, = —4.6 x 1073 as a function of the
temperature T'. Numbers indicate the normalized film thickness d/&j. &5(Sm = 0)
coincides with the bulk correlation length {o(T = 0). [6]

The transition temperature for ultrathin epitaxial films is governed by
the competition of substrate and surface effects on T (see Fig. 1.11 (a) for
PbT'iO3 thin films). On the one hand, the transition temperature T¢ shifts
to higher values at negative misfit strains provided by a compressive sub-
strate, on the other hand, the negative surface effect (A > 0) tends to reduce
Tc. Note that for thicker films surface effects can be neglected. A significant
suppression of the transition temperature is expected to occur only at small
misfit strains and a thickness of about 2§, and below.

Finally, the mean polarization P has been calculated at room temperature
as a function of the misfit-strain S,, (see Fig. 1.11 (b) for BaT'iOj3 thin films).
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At large, compressive strain, substrate effects override surface effects and the
mean polarization P is considerably increased for thicker films (d > &) and
ultrathin films (d ~ &), as well. According to the non-linear thermodynamic
theory used by Zembilgotov and coworkers, the out-of-plane polarization of
an epitaxial thin film may exceed the bulk spontaneous polarization. This
effect is achieved for epitaxial films when they are grown on a sufficiently
compressive substrate creating a large negative misfit in the epitaxial system
and when they are sufficiently thin to avoid strain relaxation via generation
of misfit dislocations.
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Figure 1.11: (a) Ferroelectric transition temperature T calculated as a function
of misfit-strain S,, for PbTiOj3 films of several thicknesses. (b) Mean polarization P
calculated as a function of misfit-strain Sy, for BaT'iOs3 films of several thicknesses.
Numbers indicate the normalized film thickness d/&y for respective curves. The
correlation length &5 (S, = 0) = £(T = 0) was found to be about 1 nm for PbTiO3
and about 5 nm for BaTiOs. [6]

Zembilgotov et al. pointed out that their mean-field phenomenological
approach is probably not valid for film thicknesses of about 1 nm and below.
Nevertheless, they believe that films with a thickness of about 4 nm and
above can be successfully described in the continuum approximation. Bear-
ing this in mind, their mean-field approach predicts that intrinsic surface
effects on ferroelectricity become weaker in epitaxial films grown on strongly
compressive substrates, and an only 2 nm thick PbTiO;3 film under a suffi-
ciently large compressive strain is ferroelectric at room temperature.
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Recently, a further expansion of the total free energy has been sug-
gested [68], accounting for the electric field inside the ferroelectric, the energy
associated to the formation of domain walls in polydomain films, and spatial
inhomogeneities of the polarization inside the film:

Ffilm = Fpur + Fsurface + Fstrain + Felectric field + Faomain wall + Fgradient' (130)

The existence of ferroelectricity in ultrathin films is further theoretically
supported by ab-initio calculations [69, 70]. Using an effective Hamiltonian,
Ghosez and Rabe predicted a stable ferroelectric phase in a free-standing
PbTi0; film as thin as a few unit cells [7, 69].

The predicted minimum thickness for ferroelectricity has decreased over
time significantly. Early works from Batra and Silverman predicted a min-
imum thickness of 400 nm. Nowadays, theoretical studies predict ferroelec-
tricity in ultrathin films with only a few monolayers. This substantial change
of the predictions over time is mainly due to a better understanding of the in-
fluence of electrical and mechanical boundary conditions. On the other hand,
not only the predictions are more accurate nowadays. Especially in the last
5 years a lot of experimental work has been done and the outcome of the im-
proved deposition and analytical techniques has been quite considerable. Ten
years ago the thickness dependence of the remanent polarization was usually
shown on a micrometer-scale [36]. Nowadays this dependence is plotted on a
nanometer scale. Yanase et al. showed nicely shaped P-F curves for 12 nm
thick BaT'iO3 films [8]. Based on their AFM-investigations, Tybell et al. re-
ported on the existence of ferroelectricity in 4 nm thick PbTiO5 [9]. Recently,
Streiffer et al. found 180° stripe domains in 3 monolayers of PbTi0O5 [11, 10]
by in-situ grazing-incidence x-ray scattering and followed the existence of
ferroelectricity in this only 1.2 nm thick film.

In conclusion, under suitable boundary conditions ferroelectricity is likely
to survive in films as thin as a few nm. The pursuit for the ferroelectric
minimum in thickness has reached a thickness range where electron tunneling
through these films may be expected.



Chapter 2

Quantum-mechanical tunneling

Electron tunneling through a thin insulating layer or vacuum in between two
electrodes has been studied for 80 years. The observation of the tunneling ef-
fect supported the wave - particle dualism and, therefore, played a significant
role in the development of quantum mechanics during the twenties [71, 72].

In this Chapter the tunneling through a metal-insulator-metal contact
will be described as a quantum-mechanical effect. It will be shown that
for a sufficiently thin insulating barrier, a current flow through this barrier
is possible as a result of an overlap of the wave functions of the electrons
in both metals. Elastic and inelastic tunneling will be introduced and the
temperature and voltage dependencies of these conduction mechanisms will
be discussed.

2.1 Tunneling effect

Consider two metals, M; and M,, separated by a thin insulating barrier
with thickness d. In a simple model the barrier can be described by a one-
dimensional, symmetric square potential of height V5 and width d. This
model only holds for a system for which the barrier heights ®; and ®, at both
metal-insulator interfaces are the same. For tunnel junctions with different
electrodes, however, different barrier heights have to be assumed resulting, in
a simplified model, in a trapezoidal potential barrier [73]. In Fig. 2.1, a tun-
nel junction is shown schematically, consisting of a thin insulating layer with
thickness d in between two metal layers, M; and Ms. At 0 K the electrons,
which exist in M; and M, in pairs in discrete energy levels, fill up the well to
the Fermi levels Er; and Epg, respectively. The work functions of the metals
Wy and W5 represent the minimum energy required to free electrons from the
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interior of the respective metals at 0 K. ®; and &, are the barrier heights at
the metal-insulator interfaces. A trapezoidal potential barrier, with energy
gap E, and affinity x of the electrons, is used to describe the barrier. In
this simplified model, space charges in the barrier and image forces [74] are
neglected. When electrons are described by wave functions, an electron in
M; will have a finite probability of being found in M,. Applying a positive
voltage V at the metal electrode My will shift the Fermi level of this electrode
by an amount of eV vertically downwards. This results in a net current of
electrons tunneling from M; to M,.

M;, M, Metal layers

Vacuum level, | lat
1 nsulator

Barrier thickness
Fermi levels

Work functions of metals
Barrier heights

Barrier function

Energy gap
Affinity of electrons

Figure 2.1: Band model for a metal-insulator-metal tunnel junction. [74]

The one-way tunnel current is proportional to an integral over all energies
of the product of the number of electrons in one metal by the number of
unoccupied states in the other metal at the corresponding energy times the
probability for an electron at that energy to tunnel through the barrier. The
net current is given by the difference in the opposed one-way currents. With
the assumption that the tunneling probability is independent of £ and that

it is equal for the opposed one-way currents, the net tunnel current is given
by [75]



2.1 Tunneling effect 29

I(V) = const x /pg(E—eV) p(E) [f(E—eV)—f(BE)] IM(E)]?dE. (2.1)

Here, p; and p, are the densities-of-states functions for M; and Ms, re-
spectively. f(F) is the Fermi distribution function and M (E) is the transfer
matrix element for the electrons of energy E from one side of the barrier to
the other one. In the WKB approximation [76], which implies that the band
structure of the metal-insulator-metal system varies only slowly compared to
the electron wavelength, the tunneling probability is given by [77]

d
MEB) =exp (-2 [ [~k do), (2.2
0
where x and k, are the coordinate and the electron wave number, respec-
tively, normal to the film plane. The parabolic energy-momentum relation
may be written as

2 h2k2
Pe 0% _ g (2, V), (2.3)

2m*  2m*

where ®(x,V) is the barrier function and E, is the energy of electrons

in the barrier with the effective mass m*. For E, > ®(z), the electron

wave number is real, meaning that the electron wave function is periodic

(U ~ eti*=¥)  On the other hand, for the electrons tunneling through the

barrier (E, < ®(x)), the electron wave number is imaginary and the electron
wave function decays exponentially (¥ ~ e**+%) inside the barrier.

Using eqn. (2.3) the tunneling probability modifies to

IM(E)? = c-exp ( —‘%T /Od V2 (0(x,V) — E, ) da:) . (2.4)

In order to simplify the calculations, Simmons [78] replaced the barrier
®(x) by an average barrier ® = (®; + ®,)/2. However, by applying this
approximation of an average barrier height, all information about barrier
asymmetry is lost. Therefore, Brinkman introduced the parameter A® =
®y — Dy to account for an asymmetrical barrier [79]. He pointed out that even
using the same metal material for top and bottom electrodes, different growth
conditions at the metal/insulator and insulator/metal interfaces could lead
to an asymmetry in the barrier. According to Brinkman, the tunnel current
density for ® > eV, d > 10 A, A®/® < 1 is given approximately by
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V)
A

Vo = d-Ad &

~ 10 2 3

= 3.16- 10" exp (~1.025 dVo)| v -0.0213 g V00100 = VR
(2.5)

Here, the current density is given in A/cm?, the barrier height in eV and

the barrier thickness in A.

2.2 Elastic and inelastic electron tunneling

The theories that will be introduced in this Chapter were developed to de-
scribe the different electron tunneling conduction mechanisms through amor-
phous barriers, e.g. amorphous silicon. Amorphous silicon is characterized
by a large number of localized states in its forbidden band. The existence
of those localized states, characteristic of non-crystalline materials, is crucial
for the electron transport in amorphous materials. It is believed that the
presence of a relatively high density of local defects in perovskite materi-
als may allow the use of those theories for these crystalline grown materials
as well [80, 81]. Local defects with an attractive potential act as localized
states. Only the existence, not the origin of these localized states near the
Fermi surface, is important for electron tunneling. In fact, Mott’s 7~/ law
(see p. 34) has been successfully used to identify variable range hopping as
the dominant conduction mechanism in crystalline STT703 at temperatures
above 130 K [80]. Direct tunneling and tunneling via N localized states have
been found to fit experimental data for Sr7iO5 tunnel junctions [82, 83] and
for SrTiO3 bicrystal junctions [84], although doubts about the applicability
of those theories were pointed out by the author himself.

Direct tunneling

The incident electron wave function decays inside the barrier exponentially
over a distance known as the localization length . For a barrier thickness
d, not much thicker than the localization length, direct tunneling from one
electrode to the other is observed (see Fig. 2.2). It is known that the local-
ization length for an amorphous silicon barrier is o' ~ 7 A. For epitaxial
SrTiOs, the localization length was found to be ~ 4 A [82, 83].

For small voltages the direct tunneling conductance is simply [85]:

Gl = G . exp (—2ad ) . (2.6)
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There is only a weak temperature dependence of the direct tunneling
conductance [86] due to thermal broadening of the Fermi surface at finite
temperatures [87]. However, as the barrier thickness increases transport via
localized states (elastic and inelastic) becomes dominant.

(a)
(b)

\ﬁ/
ﬁf /\E/ I Ae = KT

M,

(c)
©

M,

Figure 2.2: Sketch showing (a) direct tunneling, (b) resonant tunneling and (c)
tunneling via two localized states

Resonant tunneling

An elastic electron transport via a localized state is referred to as resonant
tunneling. Unlike direct tunneling, where electrons from one electrode are
transferred to the other as a result of an overlap of the electron wave func-
tions in both electrodes, here the barrier thickness is much thicker than the
localization length and the transfer is composed by two single tunnel events.
An electron tunnels from the left electrode to a localized state, then from
this localized state to the right electrode (see Fig. 2.2). It has been shown
that only localized states, situated at (d+a~')/2 and within an energy width
Er + g, are likely to contribute to the resonant tunneling conductance [85].
Here, I' is referred to as the intrinsic width of the states. The total resonant
tunneling conductance is given by the sum over the contributions from each
resonant channel within the junction area A. In a simplified notation, the
resonant tunneling conductance is given by

Gres = G exp (—ad ) . (2.7)
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It can be easily seen from equations (2.6, 2.7) that for a sufficiently large
barrier thickness d the resonant tunneling conductance becomes dominant
over the direct tunneling conductance G; > Gy,.

There are also theoretical studies [88, 89] claiming that resonant tunnel-
ing through two or more localized states should exist and predominate in
the limit of very thick barriers at extremely low temperatures. The larger
contribution to the conductance by phonon-assisted, inelastic hopping pro-
cesses described in the following Section, however, prevent them from being
experimentally observed.

Resonant tunneling is usually temperature-independent. As for direct
tunneling, there is only a weak quadratic temperature dependence resulting
from a smearing of the Fermi energy at finite temperatures. Glazman and
Shekter [90], however, showed that an electron-phonon interaction will lead
to an elastic and inelastic resonant tunneling part. The inelastic resonant
effects will introduce a weak temperature-dependent correction to the reso-
nant tunneling conduction.

It is generally believed that inelastic effects, resulting from electrons in-
teracting with lattice phonons and phonon-assisted electron hopping destroy
the phase coherence, which is essential to the resonance, and thereby reduce
their relative significance.

Inelastic hopping via two or more localized states

In their phenomenological theory, Stone and Lee [91] proposed that vari-
able range hopping (p. 34) is the main inelastic conduction mechanism that
competes with resonant tunneling. They obtained their results treating the
inelastic processes from a scattering point of view. No microscopic model of
electron phonon interaction was assumed.

The dynamics of the tunneling process was first treated quantum me-
chanically by Glazman and Matveev [92]. They investigated in detail the
process of inelastic tunneling through two localized states. Each of these is
assumed to couple elastically only to the nearer electrode, whereas the cou-
pling between them is assumed to be inelastic, via interaction (emission or
absorption) with phonons (Fig. 2.2).

Electron-phonon interaction causes hopping between two localized states.
This is especially important for the states with an energy separation of the
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order of kgT', since when kg7 >> T the elastic coupling between those states
is negligible.

In the low bias-voltage limit, eV < kpT', the studies by Glazman and
Matveev predicted

G oc TW . exp ( —2ad ) :

3

Three different factors result in this specific power law. First, a first-order
expansion made in the small parameter eV /kgT contributes T~'. Second, the
integration over a linear phonon dispersion (appropriate for low-energy acous-
tic phonons) combined with the typical energy scale to which the phonons
have to couple in order to give rise to the hopping, together contribute 7/2.
And finally, a T2 contribution is obtained from the requirements that the
first localized state is within ~ kgT of the Fermi level, so that electrons are
available to tunnel onto it, and that the second state is within ~ kg1 of the
first, so that phonons are available to couple to them [85].

(2.8)

In the high bias-voltage and low temperature limit eV > kgT, a similar
power law is obtained

GhP o VU L exp ( (2.9)

—2ad )

The conduction, due to inelastic hopping along optimal chains, is expo-
nentially larger than that of the resonant tunneling in the barrier thickness.
This more than compensates for the small probability of realizing such con-
figurations.

As the temperature is further increased and as the barriers become thicker,
the energy window for hopping increases, and hopping chains with larger
numbers of localized states optimally located, though even rarer, may dom-
inate the conduction process.

The equations (2.8, 2.9) for hopping via two localized states can be gen-
eralized to give the average hopping conductance of the chains consisting of

N localized states.

Low bias-voltage limit: eV < kgT,

GhoP o TN=R/NFDT . exp ( —2ad ) .

2.1
N +1 (2.10)
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High bias-voltage and low temperature limit: eV > kgT,

G%Jp o VN-[2/(N+1)] . 6xp ( —2ad > ’

2.11
N+1 ( )

Variable range hopping

In the bulk limit, d > [y gy, variable range hopping is the dominant con-
ductance mechanism. Mott realized that the typical length of a hop, the
variable hopping length [y gy, had to be short enough so as to have a finite
overlap of the electron wave functions on the two localized states involved.
On the other hand, it had to be long enough to find a state with a compara-
ble Fermi energy [93]. Mott predicted that the length of a hop increases with
decreasing temperature as 7~ /*. The conductance, which is proportional to
the probability of such a hop, is thus, given by

6V — Gy e (- (1)1, 21

where T' is a characteristic temperature.

Shklovskii proposed an analogous current-field relation for hopping in the
limit of high fields [94]. He predicted that at sufficiently low temperatures
(eV > kgT) the current-field characteristic should be given by

JVRH — JVRH oy, ( - ( % )1/4), (2.13)

where the current density J(E) is assumed to be homogeneous and E is
a characteristic field.

In summary, the total conductance at any temperature is the sum of the
contribution of elastic and inelastic processes:

Gy (T) = Gi" + G + Y GWP(T) + GVR(T). (2.14)

N=2



Chapter 3

Concept of a Ferroelectric
Tunnel Junction

Technological and theoretical progress in the last few years allows the depo-
sition of epitaxial ferroelectric films as thin as a few monolayers. Encouraged
by this development, we present the concept of a ferroelectric tunnel junc-
tion (FTJ), with a thin ferroelectric barrier allowing electron tunneling. An
FTJ is shown schematically in Fig. 3.1. It consists of two conducting elec-
trodes separated by an ultrathin ferroelectric layer. Unlike superconducting
or magnetic tunnel junctions, the term ferroelectric is not associated with a
property of the electrode, but with a property of the barrier itself. Prior to
the work presented in this thesis, there has been no experimental work on the
combination of ferro- or piezoelectricity and quantum-mechanical tunneling
phenomena. Only shortly before completing this thesis, we learned about
a patent from Philips Corp. [95] and a publication from IBM [96] that deal
with this topic. However, neither of them has published any experimental
results or theoretical calculations.

In the following, I will present our ideas and theoretical studies on a
possible interaction between piezoelectricity or ferroelectricity, on the one
hand, and quantum-mechanical tunneling through the ultrathin ferroelectric
barrier of an FTJ, on the other hand, and, if such an interaction can be as-
sumed, how exactly this develops. First, a piezoelectric, but not necessarily
ferroelectric, barrier material will be considered. Afterwards tunnel junctions
with a ferroelectric barrier will be studied. However, before going into de-
tail, some preliminary ideas developed in many stimulating discussions with
various talented people are shown in Fig. 3.2. It should be noted that all of
the drawings shown were made before any measurements on ultrathin films
were performed. No further comment on these drawings will be made. Nev-
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Figure 3.1: Concept of a ferroelectric tunnel junction. Two electrodes sepa-
rated by an ultrathin ferroelectric layer. Combination of macroscopic phenomena
(i.e. polarization and strain) and quantum-mechanical tunneling.

ertheless, the reader is strongly encouraged to return to this page and have
a look at Fig. 3.2 after reading this thesis.

3.1 Piezoelectricity and tunneling

As discussed in Chap. 1.1, piezoelectric materials show a linear relationship
between the applied electric field (or voltage) and the induced strain in the
film. This is referred to as the converse piezoelectric effect. For example,
a voltage V applied along the z-axis of a piezoelectric film induces a lattice
strain Ss3 in the film according to

d—dy  dsV
do  do

Here, d is the thickness of a barrier material, dj is the thickness of the bar-

Sy = (3.1)
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Figure 3.2: Results of discussions about the interplay of ferro- or piezoelectric-
ity and quantum-mechanical tunneling with (a) U. Poppe, (b) N. A. Pertsev,
(c) Ch. Buchal, and (d) H. Kohlstedt.

rier in the absence of an applied field and d33 is the longitudinal component
of the piezoelectric third-rank tensor d,j; in matrix notation (see Fig. 1.1 (a)).

In the following, various effects of lattice strain on the barrier properties,
identified in collaboration with N. A. Pertsev, will be discussed. There are
mainly three effects that arise from a change of strain in a piezoelectric film:
first, the barrier thickness changes; second, the effective mass of electrons in
the barrier changes due to a change of the lattice parameters; and third, the
conduction and the valence band edges shift.

Change in barrier thickness

The most obvious consequence of the converse piezoelectric effect (i.e. the
linear voltage dependence of the strain in the material) is the contraction or
expansion of a piezoelectric material when a voltage is applied to it. The
strain-free thickness of the piezoelectric material increases by the piezoelec-
tric coefficient ds3 times the applied voltage V. Consider a piezoelectric film
with a strain-free thickness in the z-direction equal to dy. If a voltage is
applied along the z-axis, the thickness d is given by
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d = dy+ ds3V. (3.2)

Note that a voltage- or field-induced change in the thickness of the piezo-
electric barrier implies an increase or decrease of the distance between the
electrodes of a tunnel junction. This is particularly important due to the
exponential dependence of conductance on the barrier thickness, which is a
specific feature of tunneling.

Change of effective mass

Strain increases or decreases the thickness of the piezoelectric barrier. The
change in the barrier thickness involves a change in the lattice parameters of
the barrier, as the number of atoms inside the barrier does not change. Using
the Tight-Binding method [97] proposed by Bloch, which is appropriate if
electrons are "tightly bound” to the nuclei of the atoms or, in other words,
when the distance between neighboring atoms, a, is large in comparison to
the size of the atoms, the following relation between the effective mass m*
and the energy width of the conduction band AE¢s (eqn. (5.20) in Ref. [47])
is obtained:

2 h
e —— 3.3
mn a? - AEC ( )
Using the exponential dependence of the energy width of the conduction

band on the distance between neighboring atoms [47],

AEq ~ exp ( S ) (3.4)
TOC
where r, < a is a positive constant, gives
a
m* ~ exp ( — ) . (3.5)
Ta

Considering the strain-induced change of the lattice parameters, a =
ap + apSss (see eqn. (3.1)), the partial derivative of the effective mass with
respect to the strain is given by

e ()2 a

Consequently, the effective mass of electrons inside a piezoelectric film
can be written as
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. ., . om*
m = my + ng 533 s (3 . 7)
% 3m* d33V

"0t 5y dy

where the derivative of the effective mass with respect to the strain is

positive, gT”;?) > 0.

Shift of the conduction and valence band edges

The strain induces changes in the band structure of the barrier [98, 99, 100,
101]. Due to strain, both the conduction band and the valence band states
are modified, leading to shifts of the corresponding band edges relative to
their values for unstrained material. For simplicity, only the shift of the
conduction band edge, F2, will be discussed here in the one-band model
in WKB approximation. In the one-band model, only the conduction (or
valence) band is considered, while the energy gap is virtually infinitely large.
This implies for a metal-insulator-metal structure, that the barrier height
must be sufficiently small in relation to the width of the band gap [77]. The
electron wave number k near the bottom of the conduction band is given
by [77]

K = kX+ k7, (3.8)
. Zmﬁ Ez 2mj EJ_
N h? h? ’
2m*
= S5 (E—Eo).

The bottom of the conduction band may be written as

Ec = Eg+ Ad(z,V). (3.9)

Here, E is the bottom of the conduction band at V' = 0 volts, and
A0 is the shift of the bottom of the conduction band as a function of the
coordinate z and the applied voltage. The coupling of the conduction band
edge to strain is described by the conduction band deformation potential
k. The bottom edge of the conduction band is shifted under a strain Ss3
(longitudinal component of strain, see Fig. 1.1, p. 4) by the conduction band
deformation potential k33 times strain S33. In addition, and assuming a
homogeneous electric field inside the barrier, if a positive voltage V' is applied
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at the metal electrode Ms, the Fermi level Epy is moved downwards by an
amount of eV, and the conduction band Eg, is consequently shifted by —% Z.
This gives

V
Ec(Z, V) = Eg + K33 533 - % Z, (310)
d33V eV
= E?
O T Tyt dgV

To our knowledge, the deformation potential s is not known for any fer-
roelectric material. However, x turns out to be negative for most of the
materials in the literature [100], . Also, and most importantly, the defor-
mation potential for the piezoelectric material GaN is negative [102]. Thus,
it is likely that the conduction band deformation potential for ferroelectrics
with oxide perovskite structure is negative as well.

Influence on tunneling probability

For simplicity, we consider only direct tunneling through the piezoelectric
barrier of the FTJ. The tunneling probability (eqn. 2.4) for electrons in the
conduction band of the electrode, assuming that the effective mass is constant
in the z-direction, is given by

d
IM(E)? = ¢ - exp <—4%-\/2m*/0 V(Ec(zV)—F) dz). (3.11)

Ec(z,V) is the energy of electrons near the bottom of the conduction
band of the barrier with the effective mass m*.

Replacing the barrier thickness d, the conduction band bottom Eg, and
the effective mass m* by the strain-dependent terms yields

4 om* ds3V
2 . _ * 33
IM(E)|* = c-exp ( ™ \/2 mg ( 1+ 95 do ) (3.12)

do+d3sV d V
_E d ) .
/ \/ do + d33V P T do ©

The tunneling probability for a piezoelectric barrier material is obtained
by integration and a Taylor expansion around V' = 0 for the effective mass
term as
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V2 m dy + da;: 1
IM(E)|* = c-exp(—87r my do + dssV (l—i— > (3.13)

3h eV 2m§
3/2 3/2
X |:<Eg+H33d33dK—E> —(Eg—i-/ﬂ}ggdggdz—ev—E) :|) .
0 0

Here, the terms accounting for the strain-induced change of the barrier
thickness, the effective mass of the electrons and the shift of the conduction
band are printed in red, green and blue, respectively. From this equation
we can extract the change of the tunneling probability, and thus predict the
change of the tunneling conductance for the application of a voltage inducing
either a tensile strain S33 > 0 or a compressive strain S35 < 0:

e Tensile strain S33 > 0:

— Distance between electrodes increases for tensile strain
= Tunneling conductance decreases \

— Change of the effective mass due to increased lattice parameters
= Tunneling conductance decreases

— Shift of the conduction band assuming a negative deformation po-
tential
= Tunneling conductance increases

e Compressive strain S33 < 0:

— Distance between electrodes decreases for compressive strain
= Tunneling conductance increases

— Change of the effective mass due to decreased lattice parameters
= Tunneling conductance increases

— Shift of the conduction band assuming a negative deformation po-
tential
= Tunneling conductance decreases ™\
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Here, the colors of the arrows correspond to the color code used above.
Assuming that the deformation potential is negative (see p. 40), there is no
unambiguous behavior of the tunneling conductance for tensile or compres-
sive strain. Indeed, we cannot predict an increasing or a decreasing tunnel-
ing conductance for a given voltage-induced strain. Nevertheless, unless the
three effects discussed above compensate each other, a strain-induced change
of the tunneling conductance, and thus, a strain-induced change of the tunnel
current is expected for a piezoelectric barrier.

3.2 Ferroelectricity and tunneling

Fig. 3.3 (upper part) shows the strain produced in a ferroelectric material
by the application of a voltage. This converse piezoelectric effect for a fer-
roelectric material differs from that for a piezoelectric, but not ferroelectric
material, only by the existence of two linear curves (one for each polarization
state) and the jump from negative to positive strain at the coercive volt-
ages £V,. The free energy as a function of the polarization is plotted in the
lower part of Fig. 3.3. The blue balls in plots (a)-(e) indicate the specific
free energies Fip = F'(P) at the corresponding strain-field positions. The free
energy functional possesses three extrema. Two of them are stable (i.e. the
minima indicated by the blue ball in (b) and (e)). They correspond to the
stable polarization states of the ferroelectric thin film at V' = 0 volts and
P = +P,. # 0. The third extremum of the free energy Fp is unstable. This
extremum corresponds to the voltages V' = £V, and coincides with a jump
in the strain from a negative to a positive value (e.g. (¢)).

No clear behavior has been obtained in our theoretical treatments of the
tunneling conductance for a given voltage-induced strain in a piezoelectric
material. Both the strain effects on the barrier thickness and the effective
mass of electrons inside the barrier result in qualitatively similar changes of
the tunneling conductance, whereas the effect on the position of the conduc-
tion band results in the opposite impact on the tunneling conductance. At
present, no numerical calculations including all three effects discussed above
are possible, due to a lack of knowledge of the deformation potential and
the exact strain dependence of the effective mass of electrons. It is, how-
ever, possible to simulate the effect of a strain-induced change of the barrier
thickness on the tunnel current through a ferroelectric tunnel junction. This
will enable us to get a feeling as to what extent the expected influence of
the converse piezoelectric effect on the barrier thickness may alter the I-V
characteristic of an F'TJ.
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Figure 3.3: Upper part: Illustration of the strain-field relation of a ferroelectric
material. Lower part: Corresponding free energy plotted as a function of the
polarization. Blue ball indicates free energy at specific strain-field positions marked

(a)-(e).
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Modified Brinkman model accounting for a strain-induced
change of the barrier thickness

Fig. 3.4 (a) illustrates the voltage dependence of the barrier thickness d of
an FTJ. The blue and red curves indicate the curves for the two stable po-
larization states. We consider only direct tunneling through the ferroelectric
barrier and modify the Brinkman model (eqn. (2.5)) to account for the volt-
age dependence of the barrier thickness (eqn. (3.2)):

(V) — 316 1010& exp ( —1.025 (do + d33V)\/$> (3.14)

A do + ds3V
do + ds3V) - AP (do + d33V)? 3 }

2
T V2 +0.0109

X V —0.0213 (

Using this modified Brinkman model, the I-V characteristic (Fig. 3.4 (b))
and corresponding dynamic conductance dI/dV (Fig. 3.4 (c)) for an FTJ has
been calculated. The parameters chosen for the simulation are dy = 3 nm,
dsz = 200 pm/V (typical of PbZrg 5314503 thin films used in this work),

V.=01V,®=05eVand A® =0.1eV.

Three striking features can be observed in Fig. 3.4 (b) and (c). The first
characteristic feature is represented by the jumps at £V, which coincide with
the jumps in the barrier thickness shown in Fig. 3.4 (a). Both jumps reduce
the current flowing through the ferroelectric barrier. This can be easily un-
derstood as the thickness of the barrier suddenly increases at both coercive
voltages, leading to a reduced tunneling probability.

The second characteristic feature is the behavior of the red and the blue
curves around V' = 0 volts. Going through the origin, the blue and the red
curves change the relative resistance with respect to each other. For exam-
ple, when the voltage is switched from negative values to positive values, the
blue curve changes from a higher resistance state to a lower resistance state
with respect to the red curve. The reason for this phenomenon is simple. At
V' = 0 volts, the voltage-induced strain changes the sign (see Fig. 3.3 (upper
part)). This implies that the thickness of the ferroelectric barrier changes
from being larger than dy to being smaller than dy and vice versa for the red
curve. For example, if a positive voltage (0 < V < V,) is applied, then the
thickness of the barrier increases for the polarization state corresponding to
the red curve, and it shrinks for the polarization state corresponding to the
blue curve.
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Figure 3.4: (a) Consequence of the converse piezoelectric effect for a ferroelectric
material: Voltage-induced change of the thickness d of a ferroelectric material.
(b) Application of Brinkman model to tunnel junctions with ferroelectric barriers
(i.e. FTJ). (¢) Dynamic conductance for current characteristic shown in (b). See
text for details.

The third striking feature is a shift of the minimum of the dynamic con-
ductance from V = 0 volts to positive and negative voltages for the red and
blue curves, respectively. This feature does not have a simple physical expla-
nation. Roughly speaking, it is a result of the superposition of the quadratic
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relation of the dynamic conductance (in a strain-free material) for direct
tunneling with the linear change of the barrier thickness.

Microscopic interface effect of the polarization switch-
ing on tunneling

The polarization reversal involves a shift of ions inside the ferroelectric bar-
rier with respect to each other. This modification of the internal atomic
structure changes the sign of the barrier function slope. This is deduced
from the work of Karrer, Stutzmann and coworkers [103, 104], as well as of
Rizzi and Liith [105], on the piezoelectric GalN.

In the wurtzite structure of GalV, atoms of opposite electronegativity lie
above each other along the symmetry axis and the charge displacement gives
rise to a dipole along the same axis. The group I[II-nitride GaN was grown
by molecular beam epitaxy, either with Ga-face or N-face at the Pt/GaN
interface. It turns out that the (Schottky) barrier height differs for the Ga-
and N-face. It is 1.1 eV for the Ga-face with the polarization directed away
from the interface and 0.9 eV for the N-face with the polarization directed
towards the interface. The growth of the piezoelectric GaN with Ga- and
N-faces can be regarded as a model for the polarization reversal in a ferroelec-
tric material with, other than that, the same properties as GalN. Consider a
GaN film sandwiched between Pt electrodes with a Ga-face at one interface
and a N-face at the other interface. In a simplified model, different barrier
heights at the interfaces result in a trapezoidal potential barrier. The bar-
rier function ®(z) describing this system is a linear function in z, assuming
a growth of the heterostructure along the z-axis. The growth of the same
heterostructure with switched faces means reversing the polarization. At the
same time, the sign of the slope of the barrier function is changed.

Fig. 3.5 displays the application of the Brinkman model (eqn. (2.5)) to
a tunnel junction with fixed barrier thickness d = 2 nm, average barrier
height ® = 0.5 eV, and barrier asymmetry A®,.4 = 0.5 eV (red curve) and
Ady,. = —0.5 eV (blue curve). These values for ® and A® transform into
the barrier heights @4 ,.q = 0.25 €V, ®9,.q = 0.75 eV and @y . = 0.75 €V,
Dy prue = 0.25 €V for the red curve and the blue curve, respectively. Thus,
the simulation shown corresponds to a reflection of the barrier function ®(z)
at the center of the barrier (i.e. d = dy/2). A voltage-induced change of the
barrier thickness and further expected effects discussed above are neglected.
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Figure 3.5: (a) Ferroelectric hysteresis loop, (b) current I and (c) corresponding
dynamic conductance dI /dV as a function of the applied voltage. Fit parameters:
d=2nm, ®=05eV, AD,.q =05 eV, Ady,. = —0.5eV.

Surprisingly, the I-V curve and the dynamic conductance dI/dV plot-
ted in Fig. 3.5 show the same characteristic features as those observed and
discussed in Fig. 3.4, where the curves were calculated for a strain-induced
change of the barrier thickness. Despite the similarities, both effects are in-
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dependent of each other. By changing the sign of A®, only the quadratic
term in the voltage in the Brinkman equation (eqn. 2.5) is changed. For a
positive A®, the current-voltage curve is shifted downwards by a quadratic
term in voltage and vice versa for a negative A®. As a result, the current
for the red curve Inge~o with respect to the current for the blue curve Iang<q
is reduced for positive voltages and it is enhanced for negative voltages. The
shift in voltage observed for the dynamic conductance is a simple mathe-
matical consequence. The quadratic term in voltage that is changed in the
Brinkman equation becomes linear for its derivative. Hence, a change of the
sign of A® results in a shift of the dynamic conductance along the voltage
axis.

As a conclusion to this Chapter, we have presented the concept of a
ferroelectric tunnel junction and called this novel device an FTJ. Theoret-
ical calculations were presented to determine the influence of the converse
piezoelectric effect on the direct tunnel current of a tunnel junction with a
piezoelectric or ferroelectric barrier. Three effects have been identified lead-
ing to a strain-induced change of the tunnel current. It is expected that the
thickness of the barrier changes, the effective mass changes, and that the
positions of the conduction and valence band edges shift when a voltage is
applied to an FTJ producing a strain in the barrier material. Unfortunately,
only two of these effects, namely the change of the barrier thickness and the
change of the effective mass, have the same consequence (i.e. the tunneling
conductance decreases for tensile strain), whereas an increase of the tunnel-
ing conductance is expected for tensile strain, arising from a change of the
position of the conduction band edge. Thus, we cannot unambiguously pre-
dict the consequence of the converse piezoelectric effect on the tunnel current.
Nevertheless, we have calculated the I-V characteristic and the dynamic con-
ductance for a tunnel junction accounting for two different effects. First, a
voltage-induced change of the barrier thickness was modelled by modifying
the Brinkman theory. Second, the microscopic interface effect was consid-
ered, resulting from the switching of the polarization and leading to a change
of the atomic structure. Using typical parameters for PbZry 501104303, a fer-
roelectric material studied in this work, in both cases clearly different curves
were obtained for two oppositely directed polarization states. Particularly,
these simulations show that the mentioned effects on the tunnel current are
large and should be observable in experimental direct tunneling curves as
well.



Chapter 4

Heteroepitaxy of oxide
perovskites

Perovskite is named for a Russian mineralogist, Count Lev Aleksevich von
Perovski. The mineral was discovered and named by Gustav Rose in 1839
from samples found in the Ural Mountains.

Functional oxide perovskites are receiving more and more attention due
to their unique dielectric, pyroelectric, piezoelectric, ferroelectric, magnetic
and superconducting properties.

This Chapter deals with the perovskite materials used within this work
and with the deposition methods employed for their growth.

4.1 Material systems

The heterostructures that have been primarily studied in this PhD thesis
are Pt (or STRuQO3) /| PbZrys59T104803 / SrRuOsz and Pt (or SrRuOs) /
(Ba, Sr)Ti03 | SrRuOs, both grown on SrTiO3 (100) substrates. In this
Chapter a brief description of the materials used, excluding Pt!, will be
given. The main emphasis will be on the properties which led to the specific
material being chosen for use in this work. In addition, some properties will
be mentioned which, in the author’s opinion, are interesting. The following
Sections, however, should not be regarded as comprehensive lists of the prop-
erties of these materials.

1Pt served as the top electrode and was either sputtered or e-beam-evaporated by
Th. Schneller, RWTH Aachen, or H. Haselier, Forschungszentrum Jiilich, respectively.
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Pb(Zr, Ti)Os

In the past years, ferroelectric PbZr,Ti;_,O3 solid solutions have been in-
vestigated for applications such as non-volatile memory devices [106], pyro-
electric detectors [107], as well as electromechanical actuators, optical appli-
cations, and infrared detectors [108]. Epitaxial thin films have been grown
by rf-sputtering [109], pulsed laser deposition [110], metal organic chemical
vapor deposition [34, 111], and molecular beam epitaxy [112].

Haun and coworkers have extensively studied the physical and struc-
tural properties of PbZr,T;_,Os3 solid solutions and have obtained impor-
tant results using a Landau-Ginzburg phenomenological theory [23, 113].
Fig. 4.1 (a) depicts the phase diagram and Fig. 4.1 (b) the lattice constants
as a function of the composition of PbZr,Ti;_,Os.
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Figure 4.1: (a) Phase diagram as a function of the composition and temperature
and (b) lattice parameters as a function of the composition of PbZr;Ti1_,0s3. [114]

According to [23], the paraelectric-ferroelectric transformation of
PbZr,Ti,_,0s5 is a first-order phase transition for x < 0.28 and a second-
order phase transition for x > 0.28. In thin films, however, the second-
order type phase transition is extended to at least z > 0.1 due to two-
dimensional clamping of the film on a thick substrate [5], irrespective of the
misfit strain [115].
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PbZr,Ti,_,O3 has various stable phases depending on temperature and
composition. A morphotropic phase boundary separating the tetragonal from
the rhombohedral phase is situated around x = 0.48. Recently, an interme-
diate monoclinic phase close to the morphotropic phase boundary has been
discovered [116]. The existence of this phase for single crystals has been con-
firmed subsequently by simulations based on first-principle calculations [117],
as well as thermodynamic calculations involving an expansion of the free en-
ergy up to the eighth order [118]. For thin films, Pertsev and coworkers
have developed phase diagrams for several PbZr,Ti,_,0O3 compositions tak-
ing into account the misfit strain in thin films [115]. These phase diagrams
reveal the existence of a monoclinic gap in thin films for all studied composi-
tions (x = 0.4—0.9) in a certain misfit strain range. In Fig. 4.2 (a) the phase
diagram taken from [115] is shown for PbZrysTip503, and in Fig. 4.2 (b)
the misfit strain dependence of the polarization components P,, P, and P,
at room temperature is calculated for PbZrq¢T19.40s3.

Of course, the spontaneous polarization Ps does not only depend on the
misfit strain, but also on the Zr/Ti ratio. Pure PbTiO5 exhibits the high-
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Figure 4.2: (a) Phase diagram of (00l)-oriented single domain PbZry 5T 503
films epitaxially grown on dissimilar cubic substrates. First- and second-order
phase transitions are shown by thick and thin lines, respectively. The quadruple
point at S, = 0 corresponds to the Curie-Weiss temperature of stress-free bulk
material. (b) Misfit strain dependence of the polarization components P, P,, and
P, in single domain PbZr¢T9.403 at room temperature. [115]
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est spontaneous polarization of 81 uC/em?. Ps decreases with increasing

Zr-content. For PbZrgs5:T194303, a value of 49 uC/cm? has been deter-
mined [23]. PbZr,Ti,_,O3 close to the morphotropic phase boundary ex-
hibits the strongest piezoelectric effect [14]. In fact, PbZrq59Ti94505 was
chosen for this work as a ferroelectric film because this composition com-
bines a large spontaneous polarization with the strongest piezoelectric effect.

Pb(Zr,Ti)O5 has a composition-dependent band gap of about 3 eV, in
contrast to B, ~ 9 eV for conventional dielectrics, such as SiO, [22]. There-
fore, a significant electronic conduction can be present in this material. Bulk
Pb(Zr,Ti)O; is often considered to be p-type conductive due to holes gen-
erated by the presence of lattice vacancies [119, 120], but there are also
references in the literature according to which it is mixed or n-type conduc-
tive [26]. In comparison to other semiconductors, such as Si (£, = 1.12 €V,
m* ~ 107! my) and GaAs (E, = 1.42 eV, m* = 6.6 - 1072 myg) [121, 97,
the band gap of Pb(Zr,T%)O; is very high and the electronic effective mass
is low (m* &~ 1073 my) [122]. Assuming a perfectly ionic and trap-free fer-
roelectric material, one can calculate the barrier height from the difference
between the metal work function and the electron affinity of the ferroelectric.
Experimental values, however, are usually smaller, thus the barrier height is
often calculated from a different relationship given in [123]. Experimental
values for the barrier height of Pt/Pb(Zr,Ti)O3 and SrRuOs/Pb(Zr,Ti)O3
are 0.6 eV [122] and approximately 0.35 eV [123], respectively.

(Ba, Sr)TiOg3

High-permittivity (high-k) materials have been investigated for many years.
One of the most promising materials for future, high-density dynamic random
access memories (DRAM) is (Ba, Sr)Ti0O3 because of its high dielectric con-
stant [124]. Epitaxial thin films have been grown by rf-sputtering [125, 126],
pulsed laser deposition [127], metal organic chemical vapor deposition [128],
and molecular beam epitaxy [129, 130, 131, 132, 133].

As illustrated in Fig. 4.3, the ferroelectric transition of (Ba, Sr)T%iOj3 sin-
gle crystals can be shifted in temperature by adjusting the Ba to Sr ratio.
BaTiOs is a ferroelectric material with a Curie temperature of 120 °C, while
SrTi0Os3 is a paraelectric with no confirmed ferroelectric phase transition (see
p. 55). At room temperature, the solid solution system is in a ferroelectric
phase when the Ba content is in the range from 0.7 to 1.0, and in a para-
electric phase for a lower Ba content. Bulk BaTiO3; undergoes a first-order
paraelectric to ferroelectric phase transition. However, as it was the case
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for Pb(Zr,Ti)Os, the ferroelectric transformation of BaT'iO3 in an epitaxial
layer may become a second-order phase transition due to two-dimensional
clamping of the film on a thick substrate [5].
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Figure 4.3: Ferroelectric phase transition temperature and lattice parameters as
a function of the Ba-component in (Ba, Sr)Ti03. Crosses and open circles show
experimentally determined values. [134]

Also, the permittivity e, can be tuned by varying the composition of
(Ba, ST)Ti03. At room temperature, it reaches its maximum of about 12,000
for Bay7S10.3T103 single crystals. In thin films, however, the measured val-
ues for the permittivity are reduced to €, = 250 — 1000 [135].

Despite the lower spontaneous polarization in BaTiO3 single crystals of
only 26 1C'/cm? and the weaker piezoelectric effect, BaTiO3 was used in this
work as a ferroelectric material. Its advantages compared to PbZrg 591704803
are the smaller lattice mismatch (see Fig. 4.3), allowing for a thicker misfit-
dislocation-free ferroelectric film and the chemical similarity to SrT70s5.
Since SrTi03 has already been successfully used as a barrier in mangan-
ite tunnel junctions [80, 136], it is likely that BaTiO3 is a good choice for
a ferroelectric tunnel barrier. In addition, BaTiOs does not contain any
volatile elements, such as Pb in Pb(Zr,Ti)O3 and, thus, the stoichiometry is
more easily controlled.
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According to Hartmann and coworkers [123], the barrier height of
SrRuO3/(Ba, Sr)Ti0; is similar to that of SrRuO;/Pb(Zr,Ti)O5 of ap-
proximately 0.35 eV.

SrRuQO;

SrRuO3 has been studied extensively and has become a widely used epitaxial
electrode for perovskite ferroelectric materials. Single crystalline SrRuQs is
a pseudo-cubic perovskite and a metallic conductor with a paramagnetic to
ferromagnetic phase transition at 160 K [137]. Its work function is smaller
than that of Pt of 5.3 eV [26]. It is 5.0 eV if SrRuOj is fully oxidized, and it
is reduced to 4.6 eV in the case of oxygen deficiency [123]. Most reports on
bulk materials indicate that its crystal structure is orthorhombic with lattice
parameters of a = 5.55 A, b = 5.56 A, and ¢ = 7.84 A [138, 139]. Three
different phases have been found between 10 K and 1273 K [140, 141, 142].
Epitaxial thin films have been grown by sputtering [143], pulsed laser de-
position [144, 145, 146], metal organic chemical vapor deposition [147], and
molecular beam epitaxy [148, 149] on SrTi0O3 and LaAlO3 substrates.

SrRuOj3 is an excellent electrode for the growth of a variety of ferroelectric
materials, including Pb(Zr,Ti)O3 and BaT'iO3. In addition to its perovskite
crystal structure and pseudo-cubic lattice constant of 3.93 A [150], which
provide excellent structural compatibility with these ferroelectrics, ST RuOs
has been shown to significantly reduce fatigue in these materials [151] - an
important advantage over metal electrodes [152].

SrTiO3 (100) substrate

The choice of the substrate material is of great importance for the epitaxial
growth of heterostructures. On the one hand, the growth of high-quality
epitaxial materials requires substrates with structural and chemical compat-
ibility to avoid structural defects, including dislocations, cracking, or even a
complete loss of epitaxy, as well as interfacial reaction layers or interdiffusion
of unwanted elements into the film. On the other hand, I have extensively
discussed the influence of mechanical boundary conditions on the ferroelec-
tric properties of thin films (Chap. 1.4). Strain induced by the much thicker
substrate may alter the single crystal lattice parameters, shift the tempera-
ture of the paraelectric to ferroelectric phase transition, and even change the
order of this phase transition in epitaxial thin films.
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In view of the above mentioned considerations, (100)-oriented SrT'iO3
was chosen as substrate material. It represents an insulating and compres-
sive substrate for the SrRuOs bottom electrode and the Pb(Zr, T%)O5 and
(Ba, Sr)Ti03 ferroelectric thin films. It thus allows for an epitaxial high-
crystalline growth of these thin films and stabilizes the ferroelectric phase in
the out-of-plane direction.

SrTi03 is a quantum paraelectric material that exhibits an increase in
the dielectric constant as it is cooled [153]. It shows a structural phase tran-
sition to a tetragonal phase at 105 K [154]. Ferroelectricity in slightly off-
stoichiometric S771,03_s has been demonstrated [155, 156, 157]. However,
in pure SrT@O3 crystals, the ferroelectric transition is not observed. There-
fore, this compound is regarded as an incipient ferroelectric. It is expected,
however, that the situation may change dramatically in SrTi0O3 epitaxial
thin films. S7T%O3 thin films grown on a sufficiently compressive or tensile
substrate have been predicted to exhibit ferroelectricity at room temperature
in the out-of-plane or in-plane direction, respectively [154].

4.2 Deposition techniques

Although significant time was spent to set up a high-pressure sputtering sys-
tem and learning the complex growth techniques of molecular beam epitaxy,
the description of these techniques will be brief. Additional information can
be found in Refs. [158, 159].

A large variety of thin film deposition methods have been developed in
the last decades. The choice of the best method is difficult and depends on
the specific material to be grown on a specific substrate and the purpose of
the deposited film. The deposition techniques can be divided into physical
vapor deposition and chemical vapor deposition. Physical methods are char-
acterized by a particle source and generally a free flight to the substrate. For
chemical methods, so-called precursor molecules fill the reactor vessel as a
vapor, dissociate at the hot substrate surface and release the atoms to be
deposited [159].

One of the main differences between the different physical vapor depo-
sition techniques is the mean free path of the atoms or molecules. This is
the distance that a particle travels, on the average, before experiencing a
collision. Assuming that gas atoms may be considered as non interacting
with a Maxwell velocity distribution the mean free path A of the atoms or
molecules is obtained:
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1
V27 Nd?

where d is the molecular diameter and N the concentration of the gas [159].
Substituting N by the law of the ideal gas N = p/kgT yields

A= (4.1)

kT
V2mpd? .

For instance, the mean free path at a typical growth temperature of 600°C
in oxygen (d = 370 pm) is given by

X:

(4.2)

—2
A= 198 107 cm. (4.3)
p [mbar]

In the following Sections, the physical vapor deposition techniques used in
this work will be described. High-pressure sputtered SrRuOs; and
PbZrg50T194303 thin films, as well as SrRuO3 and BaT'iO3 thin films by
molecular beam epitaxy, were grown by the author himself, whereas pulsed
laser deposited BaT'1O3 thin films were provided by J. Schubert and his group
at ISG, Forschungszentrum Jiilich.

Pulsed laser deposition

Pulsed laser deposition (PLD) is a physical vapor deposition technique allow-
ing the growth of high-quality films with high growth rates (a typical growth
rate is 1 nm/s). A sketch of the PLD-system is shown in Fig. 4.4 (a). A
pulsed laser beam from an excimer laser? is focused onto a rotating target
in a gas pressure environment of about 107 mbar. A plasma (Fig. 4.4 (b))
containing energetic neutral atoms, ions and molecules is formed as a result
of the high energy density of 2—5 .J/cm? at the target surface and reaches the
substrate surface with a broad energy distribution of 0.1 eV to > 10 eV [159].

PLD has been used successfully to grow numerous perovskites exhibiting
superconducting [160, 161] or ferroelectric properties [162]. For example,
1 pm thick BaTiO;3 films have been prepared by PLD for electro-optical
applications [127]. These films grown on M gO substrates have been used for
waveguides with low optical losses.

2for instance, KrF excimer laser with a wavelength of 248 nm and a repetition rate of
10 Hz
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Figure 4.4: (a) Sketch of a PLD system. (b) Picture of a PLD plasma plume.
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Mbolecular beam epitaxy

Molecular beam epitaxy (MBE) is a physical vapor deposition technique with
demonstrated versatility and flexibility used to grow numerous complex com-
pounds. The MBE technique relies on the thermal evaporation of elements
from individual sources in a high vacuum environment (107 —1072 mbar). A
schematic view and a picture of the MBE system itself is shown in Fig. 4.5 (a)
and (b), respectively.

MBE is used successfully for the growth of III-V compound semiconduc-
tors, such as GaAs and InP. The controlled synthesis of III-V materials is
complicated due to the strongly different vapor pressure of the constituents.
The separate control of the individual atomic species makes MBE an attrac-
tive choice to explore the growth of compounds [163].

Oxide MBE is relatively new. It was initially used for the growth of lay-
ered perovskite superconductors [164] after the discovery of high temperature
superconductivity in oxides [165].

Its unique layering capabilities, able of depositing monolayers of several
different elements in rapid succession, are superior to other thin film deposi-
tion techniques [167]. In addition, unlike single source sputtering and laser
ablation, MBE does not require the fabrication of the desired compound.
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Figure 4.5: (a) Sketch of a MBE system [166]. (b) Picture of the Oxide-MBE
system at The Pennsylvania State University.

Thus, the growth of many metastable compounds and structures that can-
not be realized by bulk synthesis techniques can be achieved in a MBE sys-
tem. The use of in-situ diagnostic tools, such as RHEED (see p. 64) and the
UHYV environment make MBE extremely attractive for interface and growth
science.

Sputtering

Plasma sputtering is a physical vapor deposition technique known for
150 years, when W. R. Grove first observed the sputtering of surface atoms.
Different sputtering techniques, such as dc- and rf-sputtering with or without
a magnetron arrangement have been used to grow a variety of materials.

Fig. 4.6 (a) illustrates the principle of dc-sputtering. A potential of sev-
eral 100 volts is applied between the target (cathode) and the heater (anode)
accelerating positively charged ions towards the target. These accelerated
particles sputter off the deposits, which finally arrive at the substrate. The
discharge is maintained as the accelerated electrons continuously collide with
the sputter gas ionizing new ions.
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For insulating targets, such as ferroelectric targets, dc-sputtering is not
suitable. Insulating targets have to be rf-sputtered. A frequency of typi-
cally 13.6 MHz is capacitively coupled to the target. A symmetrical arrange-
ment of cathode and anode would result in similar sputtering and resput-
tering rates and no growth would be obtained. Therefore, non-symmetric
conditions are introduced by the coupling of the rf and by the geometrical
design of the target and the grounded heater and vacuum chamber.

In this work, high-pressure sputtering was used. The high-pressure
sputtering technique of oxide materials was developed by U. Poppe [168]
and served initially for the growth of oxide superconductors. A planar on-
axis arrangement of target and substrate is used (Fig. 4.6 (b)). The high
sputtering pressure of 2.5-3.5 mbar (5\ =6-1073 cm at 600°C), in compari-
son to 1072 mbar (A = 2 cm at 600 °) used for conventional sputtering, leads
to multiple scattering of the negatively charged oxygen ions accelerated to-
wards the substrate. As a result of the thermalization of the charged ions,
the resputtering of the deposited films, caused by negatively charged ions, is
negligible. This technique yields excellent thin films due to the low kinetic
energy of the deposits.
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Figure 4.6: (a) Schematics of a DC-sputter system. Electrons (red), positive
charged plasma ions (cyan) and neutral deposits (green) are shown. (b) Picture
of a high-pressure sputtering system.

A disadvantage of the high-pressure sputtering technique might be the low
deposition rate of some few nm per hour. To enhance the deposition rate, the
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low ionization degree of less than 1 % of the atoms of a plasma is improved
by use of magnetic fields forcing the electron onto helical paths close to the
cathode, resulting in a much higher ionization probability. This so-called
magnetron sputtering can be used for high-pressure sputtering [169], as
well as for regular sputtering [170].



Chapter 5

Characterization techniques

The substantial progress in studying the ferroelectric limit has been achieved
not only due to the advance in the understanding of boundary conditions, on
the one hand, and improvements in the deposition techniques, on the other
hand, but to a large extent on the capability of sophisticated analysis and
characterization methods, too.

This Chapter provides a brief overview and description of the primary
characterization tools used in this thesis. More information can be found in

Refs. [171, 172, 173].

5.1 Structural characterization

Diffraction techniques are generally used to analyze the structural properties
of crystals, powders and thin films. Different incident exciting probes, such
as photons, electrons, or neutrons having different energies, are used to study
the samples. This is partly due to the fact that in order to resolve the struc-
tural characteristics of a sample, the wavelength of the probing beam has to
be in the same order of magnitude as the length scale of the structures under
investigation. It is also partly due to the need of a strong interaction between
probe and sample. For instance, magnetic properties are best investigated
by neutrons, because of the strong interaction of magnetic fields with the
magnetic moment of a neutron. The information is extracted from a change
in energy, momentum, polarization or spin.

In this Chapter the most frequently used structural characterization tech-
niques are presented.
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X-ray diffraction

X-ray diffraction and reflectivity measurements provide information on the
crystal structure, layer thickness (details can be found in Ref. [172]), sur-
face roughness or, in case of a multilayer, the multilayer period and interface
quality.

Within this work, studies of the crystallographic structure were performed
by x-ray diffraction (XRD) measurements using a Philips X ’pert MRD four-
circle diffractometer with a copper x-ray tube (characteristic wavelength Cu-
Kaj, A = 0.15406 nm). For some few experiments a Picker four-circle diffrac-
tometer was used. Fig. 5.1 shows a schematic of the four-circle geometry. The
detector (angle 26) and the sample (angle § or w) can be rotated indepen-
dently in the axis perpendicular to the scattering plane, which is defined by
the incident and diffracted beam. This enables probing of the crystalline
planes in a film parallel to the substrate surface. The ¢ and 1 circles allow
probing of reflections and planes that are not parallel to the surface of the
substrate.

B —20 scan

B NeTsean . B TSe

Figure 5.1: Simplified illustration of the four-circle x-ray diffractometry.

A x-ray beam! that impinge on the sample surface under the angle of

!photons emitted by the anode of the x-ray tube with an energy characteristic for the
anode material
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incidence 6 is elastically scattered by electrons. For a periodic structure, the
constructive interference of the scattered probe results in sharp diffraction
peaks at diffraction angles 26 determined by the Bragg-condition [97]

2d-sinf =nA (n=1,2,3,...) (5.1)

where d is the distance between the atomic layer in a crystal and A is
the wavelength of the incident x-ray beam (Fig. 5.2). The out-of-plane lat-
tice parameter (distance between the lattice planes parallel to the surface
plane) can be determined by a 6-26 scan. If size effects are neglected, the full
width at half maximum in 26 (FWHM in 260) can be used as a measure of the
spread in the distance between the lattice planes parallel to the surface plane.

Detector

Sample

X

Figure 5.2: X-ray diffractometry in symmetrical reflection geometry.

The lattice parameters a, b and ¢ of the unit cell and the Miller indices
(hkl) can be determined from differently oriented grains using

1 h? kP

%—?4'?-{—6—2. (5.2)

A direct determination of the in-plane lattice parameter in a 00/ oriented
thin film can only be performed in transmission geometry or in gracing angle
geometry. The former geometry involves the thinning of the thick substrate,
whereas the latter geometry requires the use of a synchrotron x-ray source
because of the low intensity of the diffracted beam. Therefore, we chose to
calculate the in-plane lattice length using the out-of-plane lattice parameter
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and the (202) reflection? (measured at 1) = 45°) of the corresponding thin
film from the below written formula (obtained from eqn. (5.2) for a tetragonal
system a = b # ¢)

2= diy (° +K2) - ¢
A= dpyl?

(5.3)

The mosaic spread is a measure of the crystalline quality of a single-
crystalline film. It usually involves the measurement of the variation in in-
tensity of a simple Bragg reflection as the sample is rotated (w and ¢ angle)
and tilted (¢ angle). For a 00/ oriented thin film the so-called rocking curve,
or w scan of a Bragg reflection, is performed to determine the spread and
tilt of the film with respect to the substrate surface normal (Fig. 5.3 (a)).
Here, the angles of sample and detector are first tuned to a Bragg-reflection
angle. Next, the rocking curve is measured by rotating the angle 6, while
the detector remains at a fixed position. For a single crystal, the intensity
of the reflected beam approaches zero, when 6 does not satisfy the Bragg-
condition, but when the sample is composed by atomic layers that are not
perfectly aligned to each other, a finite intensity is measured for 6 # 260/2.
Hence, the FWHM in w provides a measure of the spread in the orientation
of the atomic layers parallel to the substrate plane.

The thin film orientation in the substrate plane is investigated, recording
¢ scans of the substrate and thin film (hOh) reflections. An illustration of
the spread of the atomic layer in the substrate plane is shown in Fig. 5.3 (b).

Reflective high energy electron diffraction

Reflective high energy electron diffraction (RHEED) is a real time, in-situ
analysis technique [174, 175] for use in high-vacuum. This surface-sensitive,
diffraction technique is characterized by its nonintrusive nature during crys-
tal growth and its surface sensitivity. Typical RHEED geometry involves a
beam of high energy (5-40 keV) electrons striking the surface of the sample
at a low angle of incidence (1-3°) and diffracting toward a phosphorous detec-
tor screen. The diffracted electrons are detected as a diffraction pattern on a
phosphor screen and are recorded by a CCD camera attached to the screen.
Given the shallow angle of incidence and the energy of the impinging beam,
the penetration depth of the electrons is low and RHEED is extremely surface

2In principle, every reflection containing an out-of-plane and in-plane contribution is
suitable, however the sensitivity for the in-plane contribution increases for larger angles of

of .
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Figure 5.3: Ilustration of the mosaic spread measured (a) by a rocking curve (w
scan) and (b) by a ¢ scan. In (a) the solid-line red arrow indicates the sample
normal, whereas the dashed-line red arrows indicate the plane normal for the
respective plane. In (b) the red arrows indicate the orientation of a plane that is
for the actual angle ¢ in the scattering plane (solid line) and that is for an angle
¢ different from the actual one in the scattering plane (dashed line).

sensitive providing information on the top few monolayers of the deposited
film. In addition, the small angle of incidence allows the monitoring of highly
insulating oxide materials without the common charging problems associated
with normal incidence electron probe techniques, such as low energy electron
diffraction (LEED). Extensive information on the characteristics of the film
surface can be obtained from a RHEED image, including its crystallinity,
roughness, in-plane lattice constant, and phase purity. In addition, analysis
of the RHEED intensity oscillations during growth can be used for composi-
tion and flux control. [167]

The radius of the Ewald sphere [97] is given by 7 = A~! with \ being the
wavelength of the probe beam. The wave length of x-rays is large compared
to the wave length of the high energy electron beam used in RHEED. Thus,
the Ewald sphere for x-rays is bent, whereas the Ewald sphere of the electron
beam is almost flat. As a result, the Ewald sphere correspond to a given two-
dimensional plane of the reciprocal lattice of the crystal. All points belonging
to this plane will therefore appear in the electron diffraction [174, 163].

Kikuchi lines [176] appear on a diffraction pattern when the diffracting
crystal is not too thin and when it is not so imperfect that the black and
white lines are too blurred to be seen [171]. They are formed by electrons
that have been diffusely scattered with some loss of energy [177]. Some of
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these diffusely scattered electrons find themselves going in exactly the right
directions to reflect from some planes in the crystal.

Rutherford backscattering spectrometry

Rutherford backscattering spectrometry (RBS) is a technique for determin-
ing stoichiometry, layer thickness, interface quality and crystalline perfection
of a thin film.

In RBS, the sample is placed in front of a collimated beam of mono-
energetic, low mass ions. For instance, within this work, the experiments
were performed with 1.4 MeV He™ ions. A small fraction of the ions that
impinge on the sample are scattered back elastically by the nuclei of the
atoms and are collected by a detector. The detector determines the energy
of the backscattered ions, resulting in a energy spectrum - the so-called RBS
spectrum.

In the random configuration (Fig. 5.4, left side) the sample is rotated to
avoid the channeling of the Het beam. The energy transferred from a He™
ion to the sample atom depends on the kinetic energy of incident ion and
mass of the stationary sample atom. Energy loss, due to inelastic scattering
by the electronic structure of the sample atoms, occurs for Het ions that
penetrate deeper inside the sample. The energy of the ions collected in the
detector, thus, provides information about the mass of sample atoms and the
thickness of layers. In addition, information about the interface sharpness
between two layers is obtained from the abruptness of the low energy edge of
the energy interval for the respective sample atoms. Stoichiometry and layer
thickness are obtained from the comparison of the so-called random spectrum
(Fig. 5.4 (a)) with a simulation provided by the program RUMP [178].

The channeling spectrum is recorded without rotating the sample during
the measurement (Fig. 5.4 (b)). Here, the sample is aligned to a low index
crystal direction, allowing the beam to be guided by the atomic rows leading
to a reduction of the probability of being backscattered. Defects inside the
film will lead to scattering out of the channeling direction and a fraction of
these ions will be backscattered and collected by the detector. A measure
of the crystalline perfection of the sample is, therefore, the minimum yield
Xmin- This is the minimum in the intensity ratio of channeling and random
spectra.
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Channeling

Detector

Figure 5.4: Illustration of Rutherford backscattering spectrometry. Random (left
side) and channeling (right side) experiments. [179]

Atomic force microscopy

Scanning probe microscopy (SPM) is a fast developing technique that allows
the surface analysis of thin films and single crystals with atomic resolution. A
fine tip scans the surface of the sample. The interaction between surface and
tip depends on the physical properties of the surface being investigated. A
large family of SPM-related techniques have been developed to study various
interactions between tip and surface arising from different physical proper-
ties. An overview can be found in Ref. [180].

The scanning probe technique used in this work is the atomic force mi-
croscopy (AFM)? illustrated in Fig. 5.5. Here, a sharp tip positioned at a
small distance from the sample scans the sample relative to the probing tip.
The deflection of the cantilever as a function of lateral position is measured
by means of a reflected laser beam striking a 4-quadrant photodiode, and it is
subsequently visualized in a 3-dimensional surface image. Different scanning
modes are used depending on sample properties and requested information.
In the non-contact mode (distance between tip and sample surface greater
than 1 nm), the tip-sample surface interactions involve van der Waals, elec-
trostatic, magnetic or capillary forces. In the contact mode, ionic repulsion
forces are dominant.

3 AFM investigations presented in this work were performed by K. Szot, Forschungszen-
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Figure 5.5: Schematic of the principle of atomic force microscopy [181].

High-resolution transmission electron microscopy

Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM)
yield extensive information on a variety of sample properties, such as mor-
phology, structure at and near interfaces, density of defects inside the sample
and lattice parameters. The samples have to be specially prepared for the
measurements, which means that TEM is a destructive analyzing technique?.

5.2 Electrical characterization

In this Chapter the primarily used electrical characterization techniques are
described.

Ferroelectric hysteresis measurement

The setup to measure ferroelectric hysteresis loops consisted of an aixACCT
TF Analyzer 2000 with high-speed module and an oscilloscope Tektronix
TDS220. The oscilloscope is used to increase the sampling rate and band-
width necessary to perform measurements at high frequencies [182]. The
aixACCT analyzer measures the hysteresis in the virtual ground mode. The
frequency and voltage range provided by this commercially purchased system
is 1 Hz - 250 kHz and 0 V - 13 V (23 V for frequency below 100 kHz).

trum Jiilich.
4TEM and HRTEM measurements shown in this work were carried out by C. Jia,
Forschungszentrum Jiilich and W. Tian, University of Michigan.
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The new software (Vers. 1.43) allows for an individually edited waveform.
The typical waveform and excitation signal, however, used to measure a hys-
teresis is shown in Fig. 5.6 (a). The first pre-polarization pulse (black) estab-
lishes a defined negative relaxed polarization state P,..,_. This first pulse is
followed by three bipolar pulses with a relaxation time tp of 1 sec between the
pulses. The current response, corresponding to the second and fourth pulse,
is recorded and integrated to obtain the green and blue polarization loops
shown in Fig. 5.6 (b). The second pulse (green) starts in P.,;_ and cycles
a complete hysteresis loop (green loop). The hysteresis loop of this second
pulse ends in the negative remanent polarization state P,_. The third pulse
(black) establishes a positive relaxed polarization state P,.. Subsequently,
the fourth pulse (blue) starts in the negative relaxed polarization state Pye
and ends in the positive polarization state P, . Finally, the closed hysteresis
loop plotted in red in Fig. 5.6 (b) is calculated from the second half of the
second pulse and the second half of the fourth pulse.
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Figure 5.6: (a) Excitation signal for hysteresis measurement. (b) Typical hystere-
sis measurement graph indicating the starting point of pulse 2 (green) and pulse 4
(blue).

Ferroelectric fatigue measurement

One of the failure mechanisms of non-volatile ferroelectric memory devices
is the loss in the remanent polarization as a function of cycles. This failure
mechanism is called fatigue.

The same measurement setup is used as for the measurement of hysteresis
loops. After measuring an initial hysteresis loop, the sample is cycled. This
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cycling involves permanent polarization reversals with a frequency and volt-
age amplitude to be selected prior to measurement. The fatigue treatment is
interrupted regularly for hysteresis measurements. Usually the remanent (or
relaxed) polarization of the in between recorded hysteresis measurements is
plotted as a function of the logarithm of the total number of fatigue cycles.

Current-voltage characteristic

I-V curves have been measured in a four-point arrangement to eliminate
lead resistances. The fabrication process of the junctions will be described
in Chapter 8. Most measurements shown here, have been recorded using
a battery-powered current source. The voltage dependence of the dynamic
conductance dI/dV was either simultaneously measured with a lock-in am-
plifier, or it was calculated from the I-V characteristic. Measurements in a
temperature range from 4.2 K to 300 K have been performed in a continuous
flow cryostat.
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Chapter 6

Structural properties

All films grown by PLD, MBE and high-pressure sputtering were routinely
characterized by XRD. RBS experiments have been carried out for most
PLD and high-pressure sputtered thin films and for many MBE-grown films.
AFM measurements were used to optimize the smoothness of the film surface.
A few samples were investigated by HRTEM. The RHEED tool was only
available in the MBE chamber.

6.1 Pulsed-laser-deposited (Ba, S7)Ti0O3 thin films

BaTiO3 (BTO) and Bag 5571517703 (BST) thin films were grown by PLD on
SrRuOs3/SrTi05 substrates. The optimized growth temperature was 800°C
and the oxygen growth pressure 2 - 1073 mbar for both, BTO and BST thin
films. Details of the 100 nm thick high-pressure sputtered Sr RuOj3 thin films
are presented in Chap. 6.3.

XRD investigations were carried out and all films grown under optimized
growth conditions were found to be single-crystalline having the c-axis ori-
ented in the out-of-plane direction. BaTiO3 and Bag ;5710517103 thin films
have exact parallel orientations with the Sr7TiOs; substrate
([010)]BTO/BST || [010]SRO || [010]STO). BaTiO5 shows an out-of-plane
lattice parameter expansion for thinner films. The out-of-plane lattice pa-
rameter increases from 4.08 A to 4.20 A for thin films with a BaT%O; film
thickness between 200 nm and 6 nm. The in-plane lattice parameter of
3.90 A for the 6 nm thick film reveals that at least up to this thickness
BaT1i03 grows fully strained on the strained SrRuOj3 layer and the SrT%03
substrate. In contrast to BaT'iOs, the c-axis length of Bag 55757103 thin
films is 4.01 A for all investigated film thicknesses ranging from 25 nm to
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200 nm. No data is available concerning the a-axis length of BST. Finally,
the full width at half maximum (FWHM) in w is small (BTO: 0.3°, BST: 0.1°)
confirming the good quality of the PLD-grown thin films.

Fig. 6.1 shows RBS spectra and channeling measurements performed on
(a) a 60 nm thick BaTiO3 film and (b) a 56 nm thick Bag ;57057703 film,
both of them grown on SrRuO3/SrTiO3 substrates. The results are similar
for all film thicknesses studied. A comparison with a simulation provided by
RUMP [178] results in a Ba/T' ratio of 1. The minimum yield value of 3%
measured at the Ba-signal reveals the good crystalline quality of these films.
RBS investigations on Bag 557051103 films confirm a stoichiometric growth
and an excellent crystalline quality based on a minimum yield value of 0.4%
measured at the Ba-signal.
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Figure 6.1: Rutherford backscattering spectrometry of (a) a 60 nm thick
BaTiOs film and (b) a 56 nm thick Bag;Sr9517i03 film, both of them grown
on SrRuOs3/SrTi03(100) substrates.

AFM measurements were performed on an area of 1x1 um? to investigate
the surface roughness (see Fig. 6.2). The measured root mean square (rms)
roughness of 3 A on both a 60 nm thick BaTiO; and a
Bag5Srg5T105 thin film of similar thickness is only slightly larger than the
surface roughness of the commercially purchased SrTiO3 (100) substrates.

HRTEMs of a 10 nm thick BaTi05 film sandwiched between SrRuO;
thin films reveal a Ruddlesden-Popper type planar fault at the lower inter-
face. Figure 6.3 (a) shows a low magnification image of the film system
viewed along the [110] direction of BaTiOs. At the lower interface, as in-
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Figure 6.2: Atomic force microscopy of (a) a 60 nm thick BaT'iOs film and (b) a
56 nm thick Bag5Sr5Ti03 film, both of them grown on SrRuQOs/SrTiO3(100)
substrates.

dicated by a horizontal arrow, a bright fringe occurs. Figure 6.3 (b) shows
a cross-sectional [110] high-resolution image of the interfacial defect. The
defect can be recognized by a local lattice expansion. A double row of dots
of about equal contrast is found corresponding to SrO columns, meeting
each other as denoted by a pair of black arrows. The Ruddlesden-Popper
fault occurs on the side of small spacing, i.e. in the SrRuO3 layer. We
attribute the formation of the Ruddlesden-Popper fault to the growth condi-
tions of the BaTiO3 layer. Both SrRuQOj3 layer were high-pressure sputtered
and no stacking fault whatsoever was observed for similar heterostructures
with Pb(Zr,T%)O5 intermediate layer. It is thus likely that decomposition
takes place during the exposure to the higher-temperature and lower oxygen
pressure conditions in the PLD chamber. Indeed, RHEED observations (see
Chap. 6.2, p. 77) indicate that RuOs easily evaporates from the SrRuO3 sur-
face and surface-near region. Based on this knowledge, a SrO double layer
is possible. A more detailed analysis is given in [183].

As indicated by a thick arrow in Fig. 6.3 (a), occasionally interface steps
occur. These in turn give rise to the formation of nanotwins or other de-
fects in the BaT'iO3 layer. Residual epitaxial strain was detected in all three
film layers by electron diffraction analysis. The strain in the BaTiO3 device
layer is found to be particularly strong. The lattice parameters obtained by
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Figure 6.3: High-resolution TEM of a 10 nm thick BaTiO3 film sandwiched
between SrRuQOs thin films grown on a SrTi0O3(100) substrate. [183]

HRTEM are consistent with the data obtained by XRD. While no misfit dis-
locations were found in the lower interface area, dislocations were observed
in the upper part of the BaTiO5 layer giving rise to a partial relaxation of
the BaTiO3 thin film.

A strain-induced shift of the paraelectric to ferroelectric phase transition
temperature resulting from a two-dimensional clamping of the substrate will
be demonstrated using pulsed-laser-ablated BST thin films in Chap. 7.2,
p. 106. The thickness dependence of ferroelectric properties for PLD-grown
BTO films will be studied in Chap. 7.3, p. 108. In addition, the electrical
characterization of ultrathin BTO films with a film thickness of 6 nm will be
discussed in Chapter 8.

6.2 Molecular beam epitaxy of SrRu(O; and
BaTi0O5 thin films

Single crystalline SrRuO3 and BaTiO5 thin films were grown by MBE on
SrTi03 (100) substrates. All SrRuOs thin films were grown 100 nm thick.
The thickness of BaTiOs thin films varied between 2 nm and 100 nm. The
SrTi03 substrates were etched prior to deposition based on the procedure
developed by Masashi Kawasaki [184] and modified by Ivan Bozovic [185].
The etch procedure yields smooth TiOs-terminated SrTiO3 surfaces. In ad-
dition, SrRuOj3 thin films were grown on lattice-matched DyScOs.

The growth of SrRuOj; was particularly challenging. Due to the high
evaporation temperature of Ruthenium, e-beam evaporation was used. The
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ruthenium flux demonstrated significant drift during deposition. Neverthe-
less, a successful growth of SrRuO5 was possible because Ru or RuOy evap-
orates easily from the sample surface [186, 187, 188]. By growing SrRuOj;
using a layer-by-layer technique with a slight Ru-excess flux, a stoichiometric
growth was achieved. Specific features in the RHEED pattern were used to
identify large Ru-excess. The Ru-flux could be adjusted during the deposi-
tion by modifying the opening time of the Ru shutter, the e-beam current
and by manually adjusting the e-beam spot (see Fig. 6.4).
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Figure 6.4: RHEED oscillations monitoring the specular spot of the [100] azimuth.
(a) Stable Ru-flux, (b) unstable Ru-flux. The sketch in the center schematically
shows the SrRuQOs3/SrTi03 heterostructure.

MBE-grown SrRuOs3 on SrTi0O3 substrates

SrRuOj3 thin films grown fully strained on Sr7Ti05 (100) substrates adopt
their a-axis lattice parameter of 3.895 A. If in first approximation a constant
cell volume is assumed, a c-axis length of 3.95 A is expected. A signifi-
cantly larger c-axis resulting in a larger cell volume is indicative of non-
stoichiometry or the introduction of defects. The XRD measurements show
that the expected out-of-plane lattice parameter is reached only for the high-
est investigated growth pressure of 5 x 107% torr! in an 05/(10%)0O3 mixture.

LAll growth pressures used for the growth by MBE are given in torr, as this was the
pressure unit used at PennState University. Nevertheless, the author is aware of the fact
that torr is not a SI unit. To calculate the growth pressure in mbar the following relation
is useful: 1000 mbar = 760 torr.
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c-axis [A]

The growth pressure and growth temperature were limited due to limitations
of the heater that was used, and the threat of oxidizing the sources inside
the chamber. An annealing of the samples after growth did not show any
improvement, i.e. a smaller c-axis length. As can be seen from Fig. 6.5 (a),
at a given growth pressure the c-axis lattice parameter gets closer to the de-
sired value when ozone (10 %) is added to oxygen (solid blue line). A lower
growth temperature also decreases the c-axis length, however, at the same
time the full width at half maximum (FWHM) in w increases (red lines). At a
given growth temperature the c-axis length decreases for higher growth pres-
sures, but at the same time again the FWHM in w increases (see Fig. 6.5 (b)).
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Figure 6.5: Results from XRD measurements on MBE-grown SrRuQs thin films.
In (a) the temperature dependence for the growth in pure Os (dashed line) and in
an Oy/O3 mixture (solid line) at a growth pressure of 1 x 1079 torr is shown. In
(b) the O2/O3 mixture growth pressure dependence of the c-axis length and the
FWHM in w at 605°C. Note that these XRD measurements were performed with
a Picker four-circle diffractometer with a resolution limit in w of 0.3°.

These results demonstrate the need for growth in an Oy/O3 mixture at
a growth pressure and temperature above the range investigated here in order
to grow fully strained (and defect-free) SrRuOs; thin films on
SrTi0O; (100) substrates with an out-of-plane lattice parameter of 3.95 A and
a low FWHM in w.

The RHEED patterns shown in Fig. 6.6 confirm the increasing crys-
talline quality of the MBE-grown SrRuQOs5 thin films for higher growth pres-
sures. All pictures were taken after the growth of 100 nm thick films. The
0,/0O3 mixture growth pressure increases from the left to the right starting at
7% 1077 torr and ending at 5x 1076 torr. All thin films were grown at 605°C.

FWHM in o [°]
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Figure 6.6: RHEED patterns of 100 nm thick SrRuQs films grown by MBE at
605°C in an Oy/O3 mixture. The upper and lower patterns show the [100] and
[110] azimuth patterns, respectively.

RBS channeling experiments are consistent with XRD and RHEED re-
sults. The minimum yield x,.;, decreases from 13% at growth pressures of
7 x 1077 torr to 2.5% at 5 x 1079 torr (Fig. 6.7).

AFM measurements demonstrate that SrRuOj3 thin films grown at sta-
ble Ru-flux have smooth surfaces. Fig. 6.8 shows a 3-dimensional illustration
of the surface of a 100 nm thick SrRuOs3 film. The root mean square rough-
ness is only 2.4 A on an area of 5 x 5 um? in size.

The metallic behavior of the temperature dependence of the resistivity
is shown in Fig. 6.9 for various growth pressures. The resistivity decreases
for higher Oy/O3 pressures. The best value of 450 uC'/cm? at room temper-
ature is obtained for the highest growth pressure of 5 x 1076 torr. A kink
in the p(7T)-curve is observable at the ferromagnetic-to-paramagnetic phase
transition. The phase transition occurs at about 142 K for the film grown at
5 x 107 torr. This smaller value compared to bulk (see Chap. 4.1) could be
due to a Ru-deficiency [187].

MBE-grown SrRuO3 on lattice-matched DyScOs

DyScOs is a novel substrate made by IKZ (Institut fiir Kristallziichtung,
Berlin). We report on the first results on SrRuOs thin films grown on
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Figure 6.7: RBS random and channeling experiments of 100 nm thick SrRuQOs
films grown by MBE at several growth pressures at 605°C in an O2/O3 mixture.

DyScOs substrates. SrRuOs3 thin films were grown at 605°C and 3x 107 torr
in an Oy/O3 mixture.

SrRuO3 grown on DyScOs substrate is an almost perfectly lattice-
matched heterostructure. Their pseudo-cubic lattice constants are 3.93 A and
3.94 A, respectively. DyScO;z does not undergo a phase transition between
1000°C and room temperature and was found to have a similar thermal
expansion to other oxide perovskites (e.g. BaTiOs, SrRuOs or SrTiO3),
with an average thermal expansion of 8.4 ppm/°C [189]. The idea is to grow
BaTiOs3 thin films on ST RuO3/DyScO3. The smaller lattice mismatch of this
heterostructure compared to BaT'iOs thin films grown on SrRuO3/SrTiO3
substrates should introduce less misfit-strain in the BaTiO5 thin films. The
critical film thickness for strain-relief via introduction of misfit dislocations
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Figure 6.8: 3-dimensional AFM illustration of a 100 nm thick Sr RuOs film grown
by MBE. The root mean square roughness is 1.8 A and 2.4 A on areas 1 x 1 um?
and 5 x 5 pm? in size, respectively.

will be shifted to thicker films. As a result, the growth of thicker, fully
strained and dislocation-free BaT'iO3 thin films should be achievable.

XRD measurements confirm the excellent lattice match between SrRuQOs
and DyScO;. Fig. 6.10 (a) shows a theta-2theta scan. No peak separation
for SrRuO3 and DyScO;3 was observed for the pseudo-cubic [150] (001),
(002) and (003) reflexes. A magnification of the pseudo-cubic (004) reflexes
is shown in Fig. 6.10 (b). Here, four peaks are visible corresponding to the
Ka; and Kay reflexes of SrRuO3 and DyScOs. These reflexes correspond
to out-of-plane lattice parameters of 3.937 A and 3.945 A. The higher inten-
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Figure 6.9: Growth pressure dependence of the resistivity for 100 nm thick

SrRuOs films grown by MBE at 605°C for several growth pressures in an Oz/Os3
mixture.
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sity suggests the former length to correspond to the much thicker DyScO3
substrate and the latter to the MBE-grown SrRuOs3 thin film. The FWHM
in w (Fig. 6.10 (c)) for both materials is below 0.05°, which is the resolution
limit of the x-ray diffractometer that was used.

Fig. 6.11 shows the RHEED patterns for various azimuths (in orthorhom-
bic and pseudo-cubic notation) of the as-delivered DyScOs5 substrate.

The RHEED patterns of the [100] azimuth (in pseudo-cubic notation)
before, during and after growth are shown in Fig. 6.12. In addition, a picture
of the pseudo-cubic [110] azimuth taken after growth is included. The nice
RHEED pattern after growth including Kikuchi lines indicate an excellent
crystalline quality and a smooth surface.
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Figure 6.10: XRD measurements of a 100 nm thick SrRuQOs film grown by MBE
on a DyScOs substrate. (a) A theta-2theta scan, including (b) a magnification of

the pseudo-cubic (004) peaks and (c) the rocking curves for the separated peaks
shown in (b) are displayed.
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Figure 6.11: RHEED pattern for various azimuths of an as-delivered DyScOs3
substrate.

No conclusive results can be drawn from the RBS channeling experiments
due to an overlap of the film signals with the Dy-signal from the substrate.

The 3-dimensional AFM illustration shown in Fig. 6.13 reveals some
roughness. The root mean square roughness for this 1 x 1 um? area is
3.7 A. This contradicts the smoothness indicated by the RHEED pattern
after growth. Kikuchi lines, as visible in the RHEED-patterns after growth
for both the [100] and [110] azimuth, are clearly indicative of a smooth sur-
face. Therefore, we believe that the volatile Ru or RuOy was evaporated
from the surface layers while cooling the sample or a chemical reaction oc-
curred after removing the sample from the chamber and exposing it to air.

HRTEM investigations carried out by W. Tian, a member of the group
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Figure 6.12: RHEED patterns before, during and after the growth of ST RuO3 on
a DyScOs substrate.

of X. Pan, University of Michigan, reveal a clean and atomically-abrupt in-
terface (Fig. 6.14 (a)). No defects are observable in high-resolution TEM.
Figures 6.14 (b) and (c) are [111] zone axis selected-area electron diffrac-
tion (SAED) patterns taken from the film and substrate with the incident
electron beam along the same direction. The epitaxial orientation rela-
tionship between the film and the underlying substrate was identified as
SrRuOs (110)[111]]|DyScO3 (110)[111]. A careful scan throughout the en-
tire TEM specimen reveals that the film is untwined and single domain.

In summary, SrRuO3 was successfully grown on a novel substrate ma-
terial, DyScOs, providing a perfect lattice match. Only a few substrates
were available so that no optimization could be carried out. Nevertheless,
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Figure 6.13: AFM picture of a SrRuQOs film grown on DyScO3 substrate. The
rms roughness on this 1 x 1 um? sized area is 3.7 A.

an excellent crystalline quality of SrRuQOj3 thin films grown on DyScO3 sub-
strates was achieved according to XRD, RHEED and HRTEM investigations.
HRTEM investigations reveal a twin-free and single domain growth. These
first results make further investigations very promising with the aim of study-
ing the effect of the smaller lattice mismatch on the critical thickness of e.g.
BaT105 films.

(b)

SrRuO, [111] zone DyScO, [111] zone

Figure 6.14: (a) HRTEM image of the SrRuOs/DyScOs3 interface along the [110]
direction. [111] zone axis selected-area electron diffraction (SAED) pattern taken
from the (b) SrRuOs film and (c) DyScOs substrate.
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Layer-by-layer and codeposition growth of BaT703

BaTiO5 thin films were grown on SrTi0; substrates using two different
growth techniques, known as layer-by-layer and codeposition. The layer-by-
layer growth technique was used for SrRuOs as well. Here, a sequence of
monolayers (i.e. BaO, TiOy, BaO, ...) is deposited. For codeposition growth
the fluxes of the different elements are adjusted to each other prior to depo-
sition and the monolayers are obtained by reorientation of the atoms on the
substrate stimulated by thermal and kinetic energies. The optimized growth
conditions were 650°C and 5 x 107¢ torr Oy/O3 for growth temperature and
growth pressure, respectively.

In summary, no significant difference was observed between 60 nm thick
BaT1i03 films deposited either by the layer-by-layer or codeposition tech-
nique. BaTiO5 thin films grown by layer-by-layer and codeposition show
an excellent crystalline quality (channeling minimum yield X, = 1.3 %)
a slightly increased out-of-plane lattice parameter (4.08 A) and a partially
relaxed in-plane lattice parameter (3.96 A). The BaTiOs layer grows on
SrTi03 substrates without distortion (BaT'i05(220) || SrTi03(220)). For
both growth techniques, the FWHM is 0.4° and 0.8° in w and in ¢, respec-
tively.

MBE-grown BaTiO3 on SrRuO3/SrTiOs substrates

BaTi0O3 was grown in-situ by the layer-by-layer technique either on SrRuO3
thin films or sandwiched between SrRuQOs3 films. The thickness of the bot-
tom and top SrRuOj3 thin films were always 100 nm and 25 nm, respectively.
BaTiOs thin films were grown with thicknesses ranging from 2 nm to 100 nm.

The most striking result is the large difference in quality between fully
strained and partially relazed BaT'iOs thin films. BaT1Os with a film thick-
ness of up to about 25 nm grows fully strained on the SrRuOs/SrTiO3
substrate with an outstanding crystalline quality. At about 25 nm relax-
ation takes place, probably via the introduction of misfit dislocations, and
the crystalline quality drops significantly. This can be clearly seen from XRD
measurements, RHEED images and RBS channeling experiments.

XRD measurements are shown in Fig. 6.15 and 6.16. Strained BaT105
films have an in-plane lattice parameter of 3.895 A following the in-plane
lattice parameter of the SrTiOs substrate and the strained SrRuQOs layer.
The out-of-plane lattice parameter is elongated (4.19 A). The cell volume is
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not changed compared to the bulk cell volume (a = 3.98 A, ¢ =4.025 A,
Veen = 63.75 A3) indicating that up to 25 nm film thickness of the BaTiO;
layer no significant number of dislocations are introduced into the thin film.

Intensity [a.u.]

0 | 20 | 40 | 60 | 80 | 100 | 120
2-Theta [degrees]
Figure 6.15: XRD theta-2theta scan of 60 nm thick relaxed (solid line)

and 25 nm thick strained (dashed line) BaTiOs thin films grown in-situ on
SrRuOs/SrTi0O3 (100) substrates. Arrows indicate BaT'iOs (001) reflexes.
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Figure 6.16: XRD (a) rocking curve and (b) phi-scan of 60 nm thick relazed (solid
blue line) and 25 nm thick strained (dashed blue line) BaT'iOs films grown in-situ
on 100 nm SrRuOs3 (red line) on SrTi0O3 (100) substrate.
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At a thickness of about 25 nm, BaTi03 films grown in-situ on
SrRuO3/SrTiO3 substrates relieve the stress. For a 60 nm thick film the
in-plane lattice parameter increases to 3.98 A and the out-of-plane lattice
parameter decreases to 4.06 A. These films probably relieve the stress by
introducing dislocations and other defects. As a result, the cell volume and
the mosaic spread increase considerably (Fig. 6.16). For a relaxed film the
full width at half maximum in w increases from 0.1° to 0.7° and in ¢ from
the resolution limit of the XRD of 0.3° to 1°. Both relaxed as well as strained
BaTiO5 thin films have parallel orientations with the SrRuOs3 thin film and
the SrTi05 substrate ([010]BTO || [010]SRO || [010]STO).

In Fig. 6.17 RHEED images for (a) a fully strained 25 nm thick film and
(b) a relazed 60 nm thick BaT'iO3 film are shown. The upper images corre-
spond to the [100] azimuth and the lower images to the [110] azimuths. Fully
strained films show nice RHEED images. Even Kikuchi lines can be observed
for both azimuths. This is clear evidence for the brilliant crystalline quality
and smoothness of strained films. On the contrary, relaxed thin films show
stripes in the RHEED images and no Kikuchi lines are observable clearly
indicating a significantly worsened crystalline quality.

RBS experiments confirm the results obtained by XRD and RHEED (see
Fig. 6.18). Fully strained BaT'iO3 thin films have lower minimum yield X
values than relazed films. The most striking feature, however, is the interface
peak in the Ba-signal, which is clearly observable for the relazed film, but not
for the strained film. This proves the amazing BaTiO3/SrRuQO3 interface
quality of strained films.

HRTEM investigations shown in Fig. 6.19 demonstrate that ultrathin
BaTiO;5 films grow homogeneously on SrRuO3;/SrTiO;s (100) substrates.
No defects are observable in the BaTiO3 layer. The striking feature here
is the tremendous sharpness of the interface. A similar HRTEM result was
obtained for a 2 nm thick BaT1O5 film.

In conclusion, fully strained BaTiOs films can be grown on SrRuO3/
SrTi05 (100) substrates up to a critical thickness of 25 nm. It is expected
that strained BaTiOs thin films can be grown even thicker on
SrRuQO3/DyScO5 substrates. Fully strained BaT'iOs thin films show an ex-
cellent crystalline quality, tremendously sharp interfaces with the bottom and
top SrRuOs layers and a non-observable defect density in HRTEM. These
structural properties were found and supported by XRD, RHEED, RBS and
HRTEM investigations.
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(a) (b)

[100]

Figure 6.17: RHEED images of the [100] azimuth (upper images) and the [110]
azimuth (lower images) of (a) a strained 25 nm thick BaTiOs and (b) a relaxed
60 nm thick BaTiOs film grown in-situ on SrRuOs3/SrTi0O3 (100) substrates.

Ferroelectric properties of MBE-grown BaTiOj3 films will be discussed in
Chap. 7.2, p. 104.

6.3 High-pressure sputtered SrRuO3; and
Pb(Zr,Ti)Os thin films

We deposited PbZrg 52704303/ Sr RuO3 thin films on SrTi03 (100) sub-
strates by high-pressure sputtering in pure oxygen atmosphere. A stoichio-
metric ST RuQ3 target was used to grow stoichiometric thin films, whereas
a PbZrgssTi94303 target with a lead excess of 20% was necessary to com-
pensate the loss of this volatile component and to fabricate stoichiomet-
ric PbZrg 50114803 thin films. All SrRuOj3 thin films were grown 100 nm
thick. The thickness of the PbZrg 52194503/ SrRuO;5 thin films varied be-
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Figure 6.18: RBS experiments for (a) a strained 25 nm thick BaTiO3 and (b)
a relazed 60 nm thick BaTiOs film grown in-situ on SrRuOs3/SrTi03 (100) sub-

strates. The black circle shows the interface peak of the Ba-signal for the relaxed
film.

Figure 6.19: High-resolution TEM of a fully strained 5.4 nm thick BaTiO3 film
sandwiched between SrRuQs3 layers grown in-situ.

tween 2 nm and 250 nm. A deposition rate of 12 nm/h and 45 nm/h has
been achieved for PbZrg 50194803 and SrRuOs, respectively. The deposi-
tion parameters, namely deposition temperature Tp, oxygen pressure pos,
target-substrate distance drg and the de- and rf-power (pg4. and p,¢) for the
SrRuOs3 and PbZrg 55114303 deposition respectively, were investigated in
a wide parameter range. All thin films were deposited ez-situ in order to
characterize them individually?.

2No difference in the crystalline quality was found between films deposited in-situ
and ez-situ. This may in part be due to the high deposition pressure that cleans [190]
the surface of carbon and hydrogen deposits or impurities before the following film is
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The optimized growth conditions for sputtered PbZrg 501" 4503 thin films
were found to be Tp = 650°C, po2 = 3 mbar, drg = 21.5 mm and p,; =
8.2 W/ecm?. SrRuOs films were obtained with a high crystalline and elec-
trical quality in a wide range of deposition parameters covering the set of
deposition parameters for PbZrg501%94303. Therefore the same sputter pa-
rameters as for PbZrg 55194303 were chosen for SrRuQOj3 being the applied
de-power density pg. = 6.4 W/cm?.

X-ray diffraction (XRD) (Fig. 6.20 (a)) indicates that both
PbZry5T104303 and SrRuOs layers are single-crystalline and have their
c-axis oriented in the out-of-plane direction. No significant secondary phase
contribution, e.g. pyrochlore phase [191, 192, 109] in PbZrg 5214303 films,
was observed under optimized growth conditions. PbZrgs01%94503 and
SrRuO3 thin films both have exactly parallel orientations to each other
and the SrTi05 substrate ([010]PZT|[010]SRO||[010]STO) (Fig. 6.20 (b)).
Both the sputtered PbZrg 5:110.4803 and SrRuQOs films possess a small mo-
saic spread (PbZrgseTi94503: FWHM in w < 0.05°, FWHM in ¢ = 1°
SrRuOs: FWHM in w < 0.05°, FWHM in ¢ < 0.3°).

In comparison to the bulk parameters (a,c = 3.93 A) the SrRuQOs layer
is compressively strained in the film plane and its in-plane lattice parameter
follows that of the SrTiOs (100) substrate (a = 3.895 A). Considering the
lattice parameter of the substrate, the SrRuOj3 layer is forced to adopt a
tetragonal structure with the elongated c-axis (3.96 A) parallel to the film
normal. PbZrg 59194505 thin films grown on these SrRuO3/SrTiO3 sub-
strates show a slight thickness dependence of their c-axis oriented along the
out-of-plane direction and their a-axis length oriented along the in-plane di-
rection (Fig. 6.21 (a))3. Even PbZrg5:T'.4505 thin films as thin as 8 nm are
partially relaxed. The strain introduced by the SrRuQOs/SrTi0O5 substrate
is progressively relieved for thicker films. The linear dependence of the mis-
fit strain as a function of the inverse film thickness shown in Fig. 6.21 (b)
is consistent with a strain relief via introduction of misfit dislocations [63]
leading to an increased cell volume for thicker films (Fig. 6.21 (a)).

RBS experiments reveal the outstanding film quality of high-pressure
sputtered SrRuOj; thin films (Fig. 6.22 (a)). The interface peak in the chan-

deposited.
3Note that the in-plane lattice parameter is calculated from equation (5.3) using the
(202) peak position of the corresponding thin film (Fig. 6.20 (c)).
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Figure 6.20: (a) Theta-2theta scan, (b) ¢ scan of (101)-reflexes of thin films
and substrate, and (c) theta-2theta scan at 1) ~ 45° for high-pressure sputtered
PbZrg52Ti0.4803/SrRuOs thin films on a SrTiOs (100) substrate. The circle
indicates the negligible pyrochlore phase intensity considering that the viewgraph
is plotted on a logarithmic scale.

neling measurement is barely visible. A minimum yield x;,;, of only 1° is
obtained. An even lower value is probably prevented by the overlap of the
Ru and Sr surface peaks.

Rutherford backscattering investigations verify the stoichiometric growth
of PbZry53T194803 under the above mentioned optimized conditions. Al-
though each deposition parameter has an influence on film quality and has
to be considered when trying to grow the best achievable PbZry 551104303
films, film quality is mainly determined by the deposition temperature Tp.
The stoichiometry, especially the Pb-content, is very sensitive to Tp. For
example, increasing Tp by 10°C above the optimized deposition temperature
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Figure 6.21: (a) Thickness dependence of the out-of-plane and in-plane
lattice parameters of high-pressure sputtered PbZrys0T7%9.4803 thin films on
SrRuO3/SrTi03 (100) substrates. The lines are only guides to the eyes and do
not correspond to a physical model. (b) Misfit-strain as a function of the inverse
film thickness.

leads to a 10% deficiency of the volatile lead. This results in a considerable
deterioration of the PbZry 55194803 thin films as confirmed by XRD and
RBS channeling investigations.

Fortunately, ST RuO5 does not only have an outstanding quality itself, but
it also significantly improves the crystalline quality of PbZrg521"9.4803 thin
films. Various PbZ7rg 501194803 thin films with thicknesses between 10 nm
and 100 nm were grown on SrRuQO3/SrTi0Os and on SrTi0Os substrates.
The good quality of PbZry 50114303 achieved on SrTi03 substrates is sig-
nificantly improved on SrRuQO3;/SrTi0O3 substrates for all thicknesses. As
example 60 nm thick PbZrq 5014503 films are shown in Fig. 6.22 (b) and
(c) for their growth on different substrates. The interface peak is greatly
reduced for PbZrg 5014303 grown on SrRuO3/SrTi03. This can be easily
taken from the Pb-signal in the channeling measurements (big arrow). The
improvement of PbZrg 52114303 thin film quality is not only limited to the
interface region, but it is also true inside the film at a non-interface near
region. In Ref. [193] we rule out the idea of a smaller lattice mismatch and
favorable thermal expansion coefficients as a possible explanation for the
observed improvement. A chemical interdiffusion across the interface dur-
ing high-temperature film deposition, however, is possible. The formation of
SrPbOs at the interface with a lattice parameter of 4.17 A might help to relax
the in-plane strain and improve the interface between PbZry501%9.4803 and
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Figure 6.22: RBS random and channeling experiments for (a) 100 nm thick
SrRuOs film on SrTi0s3, (b) 60 nm thick PbZrg 52104803 film on SrTi0O3 and
(C) 60 nm thick PbZry 591104803 film on STRUOg/ST‘TiOg.

SrRuO3/SrTi05. This idea is supported by energy-dispersive x-ray spec-
troscopy [194]. We believe, however, that the main reason for the improved
interface as well as the enhanced crystalline quality of the PbZrg 50110.4803
thin films is the defined SrO termination at the ST RuO3 surface (see page 77).
This may prevent the formation of grain boundaries, which can form at spots
where different terminations are adjacent to each other [195].%

AFM measurements were performed to investigate the surface roughness.
Flat surfaces with atomical steps were measured for 100 nm thick SrRuQO3
on SrTi0s; samples (Fig. 6.23 (a)). The rms roughness of 1.6 A is even

“Note that the SrTiO3 (100) substrates were utilized as-delivered without any treat-

ment prior to deposition. As a result, SrO and TiO, terminations are present on these
substrates.
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lower than the rms roughness measured on an as-delivered Sr7TO3 substrate
(2.3 A). This is particularly remarkable as the SrRuQj thin films were sput-
tered on SrTi03 substrates that had not been H F-etched prior to deposition
to ensure a 170y terminated surface.

Ultrathin PbZrg 52704303 films deposited on these SrRuO3/SrTiO3 sub-
strates display a smooth and very homogeneous surface (Fig. 6.23 (b)). The
rms roughness on a 5 x 5 um? area of a 6.5 nm thick film is only 2.5 A.

The roughness increases for thicker films (e.g. rms: 8.9 A for 25 nm and rms:
10 A for 100 nm thick PbZrg5,T0.4503).

(b)

Figure 6.23: 3-dimensional AFM illustrations of (a) a 100 nm thick SrRuOs
film on a SrTiOs substrate and (b) a 6.5 nm thick PbZry592T10.4803 film on a
SrRuO3/SrTi03 substrate.

HRTEM images were taken of 10 nm thin and 4 nm ultrathin
PbZrg59T104803 films. The latter is shown in Fig. 6.24. For both film
thicknesses very homogeneous and atomically sharp interfaces without any
observable defects in the PbZrgssT94305 films were obtained [194, 196].
The lattice parameters obtained by HRTEM are consistent with the data for
thicker films obtained by XRD.

Summarizing this Chapter, we grew fully strained Sr RuQOs thin films on
SrTi05 (100) substrates. Film quality, surface smoothness and interface
sharpness are brilliant. SrRuQO3 does not only serve as a conducting bottom
layer, but it also significantly improves the crystalline quality of high-pressure
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Figure 6.24: HRTEM image of a 4 nm thick PbZrg 5211704803 film sandwiched
between SrRuQs layers.

sputtered PbZrg 501945803 thin films. These films exhibit a high crystalline
quality and ultrathin films are especially fascinating due to their smoothness
and interface sharpness.

Extrinsic effects on ferroelectricity, such as the influence of the capacitor
patterning method and the electrical boundary conditions will be demon-
strated using high-pressure sputtered films in Chap. 7.1, p. 98 and p. 101.
Ferroelectric properties and their thickness dependences for high-pressure
sputtered PbZry 521194803 based capacitors with the thicknessof the ferro-
electric layer ranging from 8 nm to 250 nm will be discussed in Chap. 7.3.
Finally, results for tunnel junctions with ultrathin PbZry 5071194303 barriers
(3 nm - 6 nm) and studies of the current mechanism through these devices
will be presented in Chapter 8.



Chapter 7

Ferroelectric properties

In order to measure ferroelectric properties, top electrode/FE layer/bottom
electrode heterostructures were patterned into capacitors with areas of 25 x
25 pum? to 200 x 200 um?. Three different methods, described below, were
used in this work to prepare capacitors.

The lift-off technique is shown schematically in Fig. 7.1 (a). Photo
resist is spun on top of the ferroelectric thin film and conventional pho-
tolithography defines the area of the capacitors. After sputtering Pt a lift-off
process removes the photo resist together with the Pt in between the capac-
itors.

The second method is an ion-beam etching (IBE) technique. First,
all three layers of the heterostructure are deposited on the (100)-oriented
SrT103 substrate. Conventional photolithography and an Ar-etching step
timed to stop in the ferroelectric layer or at the interface between bottom
electrode and ferroelectric layer define the shape and the area of the capaci-

tors (Fig. 7.1 (b)).

The third method is a shadow mask technique, which is shown schemat-
ically in Fig. 7.1 (c). Here, the top electrode is deposited through a shadow
mask. The smallest areas obtained by this method and the specific shadow
mask used here are about 1.5 x 103um?. Size and shape of the capacitor area
vary significantly from capacitor to capacitor. The areas of the capacitors
have to be determined by optical techniques and software solutions [197].
The maximum error in the determination of area size is estimated to be
about £ 10%.
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Figure 7.1: Illustration of the patterning of capacitors by (a) lift-off, (b) ion beam
etching, and (c) shadow mask technique.

7.1 Influence of different patterning methods

Pt/PbZrg 52704803/ ST RuO3 heterostructures with a ferroelectric film thick-
ness between 23 nm and 165 nm were patterned into capacitors using either
a lift-off process or an ion-beam etching technique, both described in the
previous Section.

Fig. 7.2 shows the hysteresis curves and corresponding current responses
for (a) lift-off patterned capacitors with film thicknesses of 89 nm, 61 nm and
23 nm, and (b) ion-beam etched capacitors with film thicknesses of 165 nm
and 23 nm. The square shape of the P-E curve is softened for thinner films.
Imprint! is observed for all loops. It is enhanced in capacitors processed by
lift-off and it is progressively more pronounced for decreasing film thickness.

mprint describes a shift of the P-E curve along the E-axis. An overview and a
physical model describing this effect can be found in [198, 199].
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Figure 7.2: P-E curves and corresponding current responses for (a) lift-off and
(b) ion beam etched capacitors measured at a hysteresis frequency of 10 kHz.

The reported values for the remanent polarization and the coercive field
are calculated from:

b= S (Py+I[Po]), (7.1)

E. = 5 (Eq+E-|). (7.2)

N =N =

For lift-off processed capacitors the remanent polarization decreases from
44 uC'/em? to 29 uC'/em? as the film thickness is reduced. Contrary to
this behavior, no decrease in the remanent polarization is observed for ion
beam etched capacitors. These capacitors show a remanent polarization of
49 pC/em?. Remarkably, the remanent polarization obtained is equal to
the predicted spontaneous polarization of a stress-free bulk PbZry 551704803
crystal [23]. We conclude that at a ferroelectric film thickness of 23 nm
either no intrinsic size effect is present for ion-beam etched capacitors, or
the intrinsic size effect is compensated by the strain effect resulting from the
compressive substrate.
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The size effect observed for lift-off processed films cannot be explained by
extrinsic effects, such as film composition or quality, as the thin film deposi-
tion was identical for both patterning techniques. A possible explanation for
the reduced remanent polarization could be a chemical decomposition of the
ferroelectric layer at the surface, due to its exposure to solvents, photo resist,
and developer during the lift-off process. This possibly leads to (sub-)surface
layers in the ferroelectric film with suppressed ferroelectric properties.

The measured current responses shown in Fig. 7.2 (a) and (b) for lift-
off and ion-beam etched capacitors, respectively, strongly indicate that the
lift-off process damages the surface of the ferroelectric layer. Leakage cur-
rents increase for [lift-off processed capacitors first for positive voltages at
the top electrode (corresponding to positive electric fields in the current re-
sponse). In contrast, for ion beam etched capacitors the leakage currents
for positive voltages at the top electrode are considerably lower. Therefore,
higher electric fields can be applied if necessary to saturate the P-FE curve
of capacitors with thinner PbZrg55T70.4303 films. Here, leakage currents
appear first for positive voltages at the bottom electrode (corresponding to
negative electric fields in the current response). This observation suggests
that leakage currents in ion-beam etched capacitors first originate from the
PbZry 501104803/ Sr RuO3 interface, whereas leakage currents for lift-off pro-
cessed capacitors already increase with smaller applied electric fields origi-
nating from the Pt/PbZry 521194305 interface. As a consequence of leakage
currents, it might not be possible to apply sufficiently large bias-voltages? in
order to saturate the P-E curves.

We believe that the PbZrg 501043803 surface treatment during the lift-off
process results in a damaged surface layer leading to a reduced remanent
polarization for thicker films. In addition, the typically observed increase of
the coercive field for thinner films [200], and the non-saturation of the P-F
curves due to increased leakage currents at higher voltages are responsible
for the decreased remanent polarization for thinner films.

The second striking feature, which can be observed in Fig. 7.2 (a) and
(b), is the increasing coercive field as the film thickness is decreased. This
behavior is obtained irrespective of the patterning technique. However, the
reported increase is considerably stronger in ion-beam etched capacitors.

2The application of a sufficiently large bias-voltage leads to the integration of high
leakage currents (in addition to the displacement current). In this case, the P-E curve
would not be the result of the integration of the displacement current.
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We believe that a larger surface roughness arises from the surface treat-
ment during the lift-off patterning, leading to the weaker increase of the coer-
cive field obtained for lift-off processed capacitors in comparison to ion-beam
etched capacitors. Surface roughness at the interface leads to an inhomoge-
neous field distribution at the Pt/PbZrq 514503 interface. In other words,
the electric field at the interface is locally enhanced. As a result, the polar-

ization reversal is likely to start at lower externally applied electric fields (cf.
Fig. 1.6).

We conclude that etch degradation and residuals at the edges of the ca-
pacitors are less significant than the contact of the PbZrg 5104303 surface
with chemical solvents during lift-off processing. Nevertheless, in order to
avoid any possible risk resulting from the contact of the ferroelectric surface
with chemical solvents and from etch degradation and residuals, a shadow
mask was used to fabricate the capacitors characterized in Chap. 7.3. Re-
cently, our research group started using nano-stencil masks [201]. These
specific shadow masks allow the fabrication of capacitors with sub-pum areas
without damaging the ferroelectric layer.

7.2 Influence of boundary conditions

In Chap. 1.3 and 1.4, the influence of boundary conditions on ferroelec-
tricity has been extensively discussed from a theoretical point of view. In
this Chapter it will be shown how boundary conditions may affect the specific
experimental results.

Influence of electrical boundary conditions

The influence of the top electrode material on the ferroelectric properties of
ferroelectric capacitors was studied. For this purpose SrRuOs/
PbZT‘O.52TZ.Q_4803/STRU03 and Pt/PbZTO.5QTi0.480g/ST’RUOg hetero-
structures were grown on Sr7Ti03 (100) substrates. These heterostructures
shown in the TEM images (Fig. 7.3) were processed into capacitors using ion
beam etching (Fig. 7.1 (b)).

In Fig. 7.4 (a) the P-E loop for a 23 nm thick PbZrg 52704303 film
sandwiched between the SrRuO3 top and bottom electrodes is shown. For
comparison the P-FE loop and current response for a similar capacitor with
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Pb(2Zr,Ti)O,

Figure 7.3: TEM images of (a) SrRuOs/PbZry52T10.4803/SrRuO3, and (b)
Pt/PbZro52Ti0.4803/Sr RuO3 heterostructures.

Pt top electrode is displayed in Fig. 7.4 (b). Both capacitors, the one with
SrRuO3 top electrode and the one with Pt top electrode, were measured
at a hysteresis frequency of 10 kHz. These P-E curves are typical of all
investigated film thicknesses (12 nm - 60 nm) and all measured frequencies
(1 kHz - 250 kHz).

The remanent polarization of capacitors with ST RuOj3 top electrodes does
not reach the value of 49 uC/cm?. The coercive field for these heterostruc-
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Figure 7.4: P-E curves and corresponding voltage dependences of

the current response for (a) SrRuOs/PbZrgs2Ti9.4803/SrRuOs, and
(b) Pt/PbZry52T10.4803/SrRuO3 capacitors with a ferroelectric layer thickness
of 23 nm.
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tures is lower compared to capacitors having Pt top electrodes. These state-
ments are especially true of thinner ferroelectric films.

The most striking feature, however, is the voltage dependence of the cur-
rent response for PbZrg 521104303 films with SrRuO3 top electrode. High
leakage currents for positive voltages at the top electrode are present (large
arrow). No clear switching current is observed. Indeed, two maxima in the
displacement current part of the current response are visible for each direc-
tion indicated by tiny arrows. It is difficult to speculate about the reasons
for these two maxima. Maybe some regions inside the ferroelectric film are
pinned at defects introduced during the sputtering of the top electrode. An-
other possible explanation is that 90° and 180° domains are present and have
different coercive fields. Irrespective of the reason for the observed double
peaks, what is obvious from Fig. 7.4 (a) is the fact that the P-E curve is not
saturated. In other words, the polarization reversal is not complete.

The use of SrRuOs top electrodes, and generally the use of oxide elec-
trodes, has been shown to reduce fatigue® [151] in ferroelectric capacitors. On
the other hand, we demonstrated that the use of SrRuQOs top electrodes en-
hances leakage currents [199]. This can be attributed to a lower barrier height
for SrRuOs/Pb(Zr,Ti)Os compared to Pt/Pb(Zr,Ti)O3 (see Chap. 4.1).
Due to the increased leakage currents, and the increasing coercive field for
decreasing film thickness, saturation of the P-E loop is challenging. As a
result, the remanent polarization decreases for thinner films. This size effect,
however, is not intrinsic to the ferroelectric film. The nature of this effect is
clearly extrinsic. It is associated with the choice of the electrical boundary
conditions.

We conclude that in addition to the thin film quality and the fabrication
process of the capacitors, the choice of the electrode material is crucial as
well. Hence, the influence of electrical boundary conditions on ferroelectricity
has been successfully verified.

Influence of mechanical boundary conditions

In this Section I will try to experimentally verify two predictions discussed
in Chap. 1.4 concerning the influence of compressive substrates. First, it
will be investigated whether the elongated out-of-plane lattice parameter for

3Fatigue is one of the failure mechanisms of non-volatile ferroelectric memory devices;
it describes the loss in the remanent polarization as a function of cycles. Various possible
origins of fatigue are discussed in Refs. [202, 203, 204, 205, 206, 207, 208].
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strained BaTi0O3 thin films reported in Chap. 6.2 does result in a higher
remanent polarization. Afterwards, Bag5S71051103 grown on a compressive
substrate (see Chap. 6.1) with a bulk paraelectric to ferroelectric phase tran-
sition temperature of -60°C will be examined for ferroelectricity at room
temperature.

Higher polarization due to increased tetragonality?

SrRuO3/BaTi0O3/SrRuOs heterostructures were grown by MBE on
SrTi05 (100) substrates with thicknesses ranging from 25 nm to 100 nm. Pt
was sputtered on top to provide a better contact for the measurement tips. It
turned out that BaTiOs films with MBE-grown SrRuOj3 electrodes has high
leakage currents even after several annealing attempts. Relatively low growth
pressures (due to limitations of the heater that was used, and the threat of ox-
idizing the sources inside the chamber), and the loss of RuO, during heating
from 605°C (SrRuO5 deposition temperature) to 650°C (BaT'iO3 deposition
temperature) probably are the reasons for these leakage currents. In addi-
tion, we prepared the same heterostructures with MBE-grown BaTi0O3 and
PLD-grown SrRuQOs. Here, the leakage currents were lower, but the capaci-
tors still required an annealing step.

Unfortunately, no annealing experience was available. Therefore, anneal-
ing conditions optimized for MOCVD grown BaTiOs, and (Ba,Sr)TiO;
were first used [209, 210]. The first annealing results are shown in the upper
part of Fig. 7.5. Here, Pt/SrRuO3/BaTi0O3/Sr RuO3 stacks with a thick-
ness of the ferroelectric layer of 100 nm, 60 nm, and 25 nm were annealed
prior to Pt deposition for 20 minutes at 700°C in Os (type I annealing). P-
E loops for all thicknesses of the ferroelectric layer are obtained. However,
considerable leakage currents remained.

Afterwards, the samples were additionally annealed for 15 minutes at
700°C in air (type II annealing). The results are shown in the lower line of
Fig. 7.5.The leakage currents are greatly reduced for all three thicknesses.
The best results are obtained for 60 nm thick BaTiOs;. After the sec-
ond annealing step the remanent polarization is closer to the bulk value of
26 nC/em?, and the coercive field has increased. Surprisingly, the remanent
polarization is reduced for the 100 nm, and 25 nm thick film. The higher
remanent polarization after the first annealing cannot be solely attributed to
the integration of leakage currents.
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Figure 7.5: P-E curves for Pt/SrRuOs/BaTiO3/SrRuO3 capacitors with a fer-
roelectric layer thickness of (a) 100 nm (b) 60 nm, and (c) 25 nm. The upper part
shows P-E curves for capacitors that were annealed at 700°C in Og prior to Pt
deposition and patterning (type I annealing). For the measurements in the lower
part, the capacitors were additionally annealed at 700°C in air after the deposition
of the complete stack and after ion-beam etching patterning (type II annealing).

Our conclusion from these and other annealing experiments carried out
at different temperatures for some few minutes up to several hours, in air,
in Ny, and in O, is that of the conditions investigated, annealing in air for
20 minutes at 700°C is best for 60 nm thick films. Under these optimized an-
nealing conditions the P-E loops are nicely shaped, have low leakage currents
at a frequency of 30 kHz, and show high values for the remanent polarization

(Fig. 7.6 (a)). As expected for oxide electrodes, no fatigue is observed up to
at least 10" cycles (Fig. 7.6 (b)).

In summary, the main challenge for MBE-grown BaTiO3 thin films is
the determination of an adequate annealing process. A large decrease in the
leakage current can be achieved leading to nicely shaped and fatigue-free P-
FE curves with high values for the remanent polarization. However, different
thicknesses of the ferroelectric layer require different annealing conditions.
As a result, it is hardly possible to evaluate size effects in these samples.
A higher remanent polarization due to the larger tetragonality for strained
BaT1i03 with thicknesses up to 25 nm could not be verified. A comprehen-
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Figure 7.6: (a) P-E curve, and (b) fatigue measurements for a 65 nm thick
Pt/SrRuO3/BaTi0Os/SrRuOs capacitor annealed at 700° C in air after deposition
of the complete stack, and after ion-beam etching.

sive annealing study is necessary to obtain optimized annealing conditions for
different thicknesses. A subsequent evaluation of the influence of the larger
c¢/a ratio for strained BaT'iO3 will be very interesting.

Shift in phase transition temperature

Pt/Bag 5570517103/ Sr RuO3 heterostructures were grown on
SrTi05 (100) substrates to study a predicted strain-induced enhancement
of ferroelectricity. At room temperature a free-standing Bag 5571057703 film
is in the paraelectric state. The paraelectric-ferroelectric phase transition
occurs at -60°C (see p. 53). Grown on a compressive substrate (e.g. SrTi0s3)
a shift in the phase transition temperature may be expected (see Chap. 1.4).

Fig. 7.7 shows ferroelectric P-FE curves for capacitors with a
Bay 5510517103 film thickness of 200 nm, 100 nm, and 60 nm. The P-F
loops were measured at room temperature, verifying the predictions.

The phase transition temperature was shifted by at least 85°C. Accord-
ing to the theoretical results shown in Fig. 1.10 on page 24, and assuming
that BaTiO3 and Bag 55751103 behave similarly, all investigated film thick-
nesses should behave similarly to the bulk behavior, and should, thus, display
similar P, values. The experimental results do not support this prediction.
However, it has to be noted that the results shown here are earlier results.
Lift-off processing was used to pattern the capacitors without knowing the re-
sults obtained later and presented in Chap. 7.1. Hence, the observed decrease
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Figure 7.7: P-E curves for Pt/Bagy5Sros5T103/SrRuOs capacitors measured at
room temperature.

in the remanent polarization can be attributed to the patterning method that
was used, which was shown to be unsuitable especially for capacitors with
thinner ferroelectric layers leading to poor ferroelectric properties.

In summary, we successfully verified a strain-induced shift of the para-
electric to ferroelectric phase transition temperature by at least 85°C. Thus,
it has been experimentally shown that mechanical boundary conditions may
be used to stabilize ferroelectricity in thin films.

7.3 Thickness dependence of ferroelectric prop-
erties

In Chap. 7.2 the influence of electrical and mechanical boundary conditions,
as well as extrinsic effects (e. g. surface roughness or chemical decomposi-
tion by damaging surface treatments during the patterning of capacitors) on
ferroelectricity were demonstrated experimentally. The ultimate goal is the
stabilization of ferroelectricity in ultrathin films, a necessary requirement for
investigating a possible interaction of ferroelectricity on electron tunneling
in these films. Before I present our results for ultrathin films in Chapter 8,
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Polarization P [uC/cm?’]

I will first show the ferroelectric properties of ferroelectric capacitors with
optimized boundary conditions and patterning schemes.

Size effects in PLD grown BaTi0O3 thin films

SrRuO3/BaTi03/Sr RuOs with various BaT'iO3 film thicknesses were grown
by PLD (see Chap. 6.1) and high-pressure sputtering (see Chap. 6.3). These
heterostructures were patterned into capacitors using an ion beam etching
process shown schematically in Fig. 7.1 (b). In Chap. 7.2 lower leakage cur-
rents for PbZry 501194803 thin films with Pt top electrodes were found. In
contrast, for BaT10Os3 thin films the use of SrRuOs3 top electrodes results
in lower leakage currents?. Therefore, SrRuO3 bottom and top electrodes®
were used.

Fig. 7.8 show P-E curves of SrRuO3/BaTi0O3/Sr RuO3 capacitors with a
BaTiOs3 film thickness of 100 nm, 25 nm, and 12 nm. The slope of the loops
decreases for thinner films. The coercive field increases from approximately
150 kV/cm for a 100 nm thick film to 360 kV/cm for a 12 nm film.

100 nm BaTiO, 25 nm BaTiO, 12 nm BaTiO
2 32 3 )
P.=17 pClcm P =18 uClcm P* =16 uClcm
25| Ec =154 kviem | Eg=295kvicm | E.=359kVicm
0
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Figure 7.8: P-E curves for SrRuOs/BaTi03/SrRuO3 capacitors with a thickness
of the ferroelectric layer of 100 nm, 25 nm, and 12 nm.

4No explanation has been found for this behavior.
®Although the same sputter conditions were used for both SrRuQs layers, substantial
structural differences between bottom and top SrRuOs layer were observed [194].
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For thinner films a shift of the P-E curve along the EF-axis is observed.
The strength of this so-called imprint depends on various aspects. For ex-
ample, after heating the sample above T usually less imprint is observed.
Sometimes imprint is reduced as a function of cycling number (Fig. 7.9 (b)).
We therefore determine the remanent polarization from

Pl o= L (Pu(B) + [P (BY)) (73
Eo= 5 (Bl +Ee) (7.4)
E* = E._+E,

E.. = min{E|P(F) =0}

E.. = max{E|P(F)=0}.

Equation (7.3) gives the remanent polarization for the respective P-E
curve, which is shifted along the E-axis to compensate the imprint effect.
Using these expressions no thickness dependence of the remanent polariza-
tion P is observed in the thickness range studied. The remanent polarization
varies between 16 and 18 pC'/cm?. This variation is within the uncertainty
in the determination of the capacitor area.

The remanent polarization P, determined at £ = 0 (according to equa-
tion 7.1) does not change with respect to P’ for 100 nm, and 25 nm thick
films, and it is reduced to 13 pC/em? for 12 nm thick films. Hence, the
apparent size effect obtained for the remanent polarization at zero external
field may be attributed to imprint.

Finally, I would like to discuss the reduction of imprint by cycling.
Fig. 7.9 (a) shows the normalized remanent polarization at £ = 0 as a
function of cycling number. The remanent polarization P, increases with
the number of cycles. This negative fatigue is due to two effects shown in
Fig. 7.9 (b). First, imprint is reduced (indicated by the horizontal arrows),
and second, additionally a real increase of the polarization takes place (indi-
cated by the vertical arrows). The voltage dependence of the current response
(Fig. 7.9 (c)) gives some clues about the origin of the observed fatigue. For
positive voltages (and less for negative voltages), the displacement current
consists of two well separated peaks. By cycling the P-FE curve these two
peaks approach each other. At negative voltages the two slightly separated
peaks merge during the cycling to one peak. At positive voltages, the same
can be expected if the cycling is continued. The existence of two peaks is
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probably due to pinning in the ferroelectrics. Defects in the ferroelectric layer
are known to act as pinning centers [18]. A higher electric field (activation
energy) is necessary to switch the region close to a pinning center. As a re-
sult, two peaks are observed. Cycling is believed to depin these regions inside
the film.% Hence, size effects may result from pinning in the ferroelectric film.
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Figure 7.9: (a) Fatigue measurements of a 100 nm thick BaTiOs layer. (b) P-E
curves and (c) current responses for increasing number of cycles.

Summarizing this Section, we grew BaliO5 thin films sandwiched be-
tween ST RuQj3 electrodes. A negative fatigue behavior occasionally observed
may be due to depinning inside the ferroelectric film. For thinner films im-
print is observed. Size effects, more precisely a decrease in the remanent
polarization P,, has been shown to result from imprint and pinning inside
the ferroelectric film. The determination of the remanent polarization P’ of

6The exact depinning mechanism is still unknown.
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I-V curves, which are shifted along the F-axis to compensate the imprint ef-
fect, should be performed according to eqn. (7.3,7.4). Using these equations
and cycling the samples (if necessary), no decrease in the remanent polariza-
tion P’ is obtained for BaTiOs thin films ranging from 12 nm to 100 nm.

However, an increase of the coercive field for thinner films is observed. This
increase does not depend on imprint or pinning of the ferroelectric film.

Size effects in high-pressure sputtered PbZr( 521" 4303
thin films

PbZry55T14303 with film thicknesses ranging from 6 nm to 250 nm were
grown by high-pressure sputtering on SrRuO3/SrTiO3 substrates. After-
wards, Pt was evaporated through a shadow mask.

Fig. 7.10 (a) and (b) show the P-E curves and the corresponding current
responses for 135 nm, and 10 nm thick PbZrq 52194303 films. P-E curves of
thick films (¢ > 30 nm) are nicely shaped and possess outstanding squareness.
For decreasing film thickness the coercive field increases and the displacement
current peaks arising from the polarization reversals are broadened.

Imprint, present also in thicker films, is especially observable in thinner
films. As the film thickness decreases the curves are progressively shifted
along the E-axis. The current response (and P-E curve) for the only 10 nm
thick ferroelectric film best demonstrates the effect of imprint. After switch-
ing from the negative to the positive polarization state by applying a positive
voltage, back-switching to negative polarization values takes place at zero
volt. Imprint is the result of an internal field. This internal field is large
enough to (partially) reverse the polarization in the absence of any applied
external field. The origin of this internal field is currently being discussed in
the literature [198, 199].

Leakage currents rise for thinner films. They are considered to be inde-
pendent of the hysteresis frequency [211]. At the same time, the displacement
current (current that arises from the displacement of the ions during the po-
larization reversal) does depend on the hysteresis frequency. The higher the
hysteresis frequency the faster the ions are displaced, and the larger the dis-
placement current (I = Q) is which results from this displacement. For
not too high leakage currents, the application of high frequencies results in
a current response dominated by the displacement current. Unfortunately,
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this method is not successful for higher leakage currents. Leakage currents
through a capacitor are often described as a shunt resistance. In most cases,
this does not describe the real situation. Leakage currents are usually non-
linear. In fact, the maximum voltage holding luispiacement > licakage 15 given
by the specific leakage currents of a specific capacitor.

Polarization P [uC/cmz]
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Figure 7.10: P-E curves and voltage dependences of the current response are
shown for Pt/PbZry 5214803 /Sr RuOs capacitors with a ferroelectric film thick-
ness of (a) 135 nm, and (b) 10 nm. Only the current response is shown in (c) for
a 8 nm thick film.

Below 15 nm it is difficult to completely switch the polarization due to
the rising leakage currents, the increasing coercive field and imprint. I will
briefly explain this. First, as described above, there is a maximum voltage
for which Igispiacement > lieakage is still valid, and this voltage depends on the
specific leakage currents for the specific capacitor. Second, the electric field
necessary to reverse the polarization increases for thinner films. Therefore,

Current Response [mA]
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the corresponding voltage does not decrease as rapidly as expected. Finally,
imprint causes a complete switching of the polarization in one direction at
very low external applied voltages, but at the same time it takes a consid-
erably higher voltage (coercive voltage + voltage to neutralize the internal
field) to switch to the opposite polarization state.

Nevertheless, even an 8 nm thick PbZry 551704303 film is clearly ferro-
electric. Figure 7.10 (c) shows the polarization reversals demonstrating ferro-
electricity. Due to high leakage currents at negative voltages (corresponding
to positive voltages at the bottom electrode), the P-E curve obtained from
the integration of the current response is not shown.

For a 10 nm thick PbZrg 51704303 film, ferroelectric polarization re-
versals in the current response have been observed up to the limit of the
used heater of 300°C. Hence, the Curie temperature at this film thickness,
under the specific boundary conditions, is still above 300°C. The thinnest
film, in this work, for which ferroelectricity was unambiguously demonstrated
by measuring the ferroelectric hysteresis loop has been 8 nm. In addition,
piezoresponse force microscopy experiments performed by the group of L. M.
Eng, Technische Universitat Dresden, revealed ferroelectricity in 6 nm thick
PbZ?"O.52TZ'Q'4803 films [212]

Thickness dependence of the remanent polarization

Especially for thinner films imprint is observable. Imprint is due to an effec-
tive internal field. In order to determine the remanent polarization at zero
field, an external electric field has to be applied to compensate this internal
field. Therefore, we defined a remanent polarization P}, which determines

the polarization at a field £*. This calculated electric field compensates the
shift in the P-F curve and is zero for vanishing imprint (see equation (7.3)).

Fig. 7.11 (a) shows the thickness dependence of the remanent polarization
Pr. A nearly constant remanent polarization P is obtained from 10 nm to
250 nm film thickness. Remarkably, the remanent polarization obtained cor-
responds to the predicted spontaneous polarization of stress-free bulk mate-
rial [113]. This might be a coincidence. In fact, the polarization is predicted
to increase with decreasing film thickness due to the substrate effect (see
Chap. 1.4). This is not observed in the experiments. A possible explanation

is a compensation of the substrate effect by the surface effect.
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For comparison, the thickness dependence of the remanent polarization
at zero external field, P., is shown in Fig. 7.11 (b). Here, a decrease of
the remanent polarization for thinner films is obtained below 15 nm. By
comparing this thickness dependence with that for P7, the size effect can be
attributed to imprint.
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Figure 7.11: Thickness dependence of the remanent polarization (a) P (see text
for details), and (b) P, determined at E¢;; = 0.

Thickness and frequency dependence of the coercive field

In Fig. 7.12 (a) the ferroelectric film thickness dependence of the coercive field
and coercive voltage measured at a hysteresis frequency of 20 kHz is shown.
Coercive field E, and coercive voltage V, are connected by a simple relation:
E.= %, where t is the film thickness. The coercive field increases for thinner
films. The coercive voltage decreases for thinner films and converges slightly
below one volt. Note that the error bars for the coercive voltage account for
the broadened displacement current peaks, whereas the error bars for the co-
ercive field result from the uncertainties in the determination of the coercive
voltage and the film thickness.

An increasing coercive field with decreasing film thickness has been re-
ported by other groups [200], as well. Various explanations have been pro-
posed for this size effect [29, 30, 31, 32]. In the following, I would like to
explain our point of view. The thickness dependence of the coercive field
may be due to a combination of three effects. First, the compressive strain

7A homogeneous field distribution is assumed.



7.3 Thickness dependence of ferroelectric properties 115

8 nm PZT
] 10 nm PZT
(a) (b) = 12nmPZT
4,5 T T T T L] 20 nm PZT T
11200 ] 60 nm PZT
40+ .g 'g‘ 1500 ®  135nm PZT 4
=35l 10006 2
=3 S
® <z X
o 3,0F 1800 = —
8 L] ke % 1000 | 1
Q 251 1600 2 L
o L [0)
220 lao 2 2
S 15l o 92 500r 1
(_) 1’0 - O O _.-._.__.__.__H_l—I—I-H—"_'—.—.—.—_
@ 20 kHz
0,5 L L 0 [ 1 | ! !
10 100 0 100 200 300 400
H H i 1/2 1/2.
PbZrO_SZTlo_MO3 Film Thickness [nm] 2 [Hz'"™]

Figure 7.12: (a) Ferroelectric film thickness dependence of the coercive field and
the coercive voltage measured at 20 kHz. (b) Coercive field as a function of the
square root of the hysteresis frequency for various PbZry 50194803 film thick-
nesses. The solid lines are linear fits to the experimental results of the specific film
thickness.

induced by the substrate may increase the coercive field considerably. Sec-
ond, the presence of nucleation centers decreases for thinner films. And third,
roughness for thicker films locally enhances the applied electric field leading
to a lower coercive field for thicker films. I will briefly explain these effects.

It is well known that a thin film grown epitaxially on a dissimilar com-
pressive substrate is strained leading to a stabilized out-of-plane polarization
state [6]. This substrate effect is predicted because of the electrostrictive
coupling between polarization and strain in ferroelectrics (see Chap. 1.4).
Using the non-linear thermodynamic theory proposed by N. A. Pertsev [5],
the coercive field of a ferroelectric thin film can be calculated as a func-
tion of temperature T and misfit strain S,,. According to this theory, the
coercive field for our thinnest films is predicted to be 1.2 MV /cm at room
temperature [213]. A strain-independent coercive field of only 0.65 MV /cm
is estimated from the thermodynamic Ginzburg-Landau theory, not taking
into account the substrate effect (Chap. 1.2, p. 10). This strong increase of
the coercive field arises from an almost linear scaling of the coercive field
with the cube of the polarization. However, it is at present an open question
whether such a strong increase can be expected for the thin films studied here,
because the polarization does not increase as strongly as predicted by theory.
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Our second idea is based on the fact that the polarization reversal via cre-
ation and growth of nucleation centers is energetically favorable compared to
the simultaneous switching of a single domain. Therefore, the density of nu-
cleation centers determines the coercive field, and the coercive field increases
with a decreasing nucleation center density. Defects in perovskites® may act
as pinning centers. Such pinning centers may act as nucleation centers, and
thus decrease the electric field necessary to switch the polarization. Based
on high-resolution TEM and TEM investigations, our thinner films show a
smaller defect density compared to thicker films [216]. As a result, a higher
coercive field may be due to the presence of less nucleation centers in thinner
films.

Finally, the reduced coercive field can also be attributed to a larger surface
roughness obtained for thicker films. AFM measurements show very smooth
surfaces for thinner films, e.g. an rms roughness of only 2.5 A is achieved for
a 4 nm thick PbZry52T194303 film. In contrast, thicker films show a rougher
surface. For example, an rms roughness of 9 A is obtained for a 25 nm thick
film. As it was discussed above, surface roughness is very likely to lead to a
reduced coercive field due to locally enhanced electric fields, where nucleation
of domains with reversed polarization may take place at reduced externally
applied electric fields.

The thickness dependence of the coercive field in Fig. 7.12 (a) has been
determined at a hysteresis frequency of 20 kHz. In Fig. 7.12 (b) the coercive
field as a function of the square root of the hysteresis frequency is shown
for various ferroelectric film thicknesses. The model of Ishibashi discussed in
Chap. 1.2, p. 13, predicts a power law E, = f!/2. The experimental results
perfectly fit this model, which is based on the Kolmogorv-Avrami model, for
all investigated thicknesses and all applied hysteresis frequencies.

Current response of a 6 nm thick PbZrg 5174303 film

It has been mentioned that capacitors with a PbZrg 50194303 thickness
ranging from 6 nm to 250 nm were prepared. So far, capacitors with film
thicknesses down to 8 nm have been shown and discussed. In Fig. 7.13 (b)
the current response for the 6 nm sample is shown. Numbers from 1 to 8
and arrows indicate the direction of scan. For comparison the already known
current response for the 8 nm sample is shown in Fig. 7.13 (a). The current

8Perovskites are known for their large defect density of about 108 —10% em =2 [214, 215].
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response for the 6 nm thick PbZrg 51104303 capacitor measured at a fre-
quency of 1 kHz differs drastically from that measured for thicker samples.
The current is increased by almost one order of magnitude®. As a result, the
resistance of the capacitor and of the bottom electrode become comparable.
Therefore, the applied external voltage differs from the voltage applied to
the capacitor. For this reason, I do not show the scale for the voltage and
the electric field axis. No displacement current peaks are observed. Instead,
switching events in the I-V curve are obtained for hysteresis frequencies up
to 150 kHz. Chapter 8 will focus on this effect where the current transport
through ultrathin films will be studied, and the origin of the switching events

will be discussed in detail.
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Figure 7.13: Current response of (a) a 8 nm, and (b) a 6 nm thick
PbZry50T10.4803 film. In the latter case no values for voltage and field are shown
because the applied voltage differs from the voltage applied to the capacitor in
this voltage-driven measurement due to the comparable resistance of capacitor

and bottom electrode.

Summarizing this Chapter, we grew PbZrq 52194303/ Sr RuO3 heterostruc-
tures by high-pressure sputtering. The ferroelectric film thickness varied from
6 nm to 250 nm. Pt was evaporated through a shadow mask and served as
the top electrode defining at the same time the capacitor area size. Ferro-
electricity was demonstrated for all film thicknesses from 8 nm upwards. In
addition, piezoresponse experiments revealed ferroelectricity in 6 nm thick
films. Imprint was present, leading to a shift of the I-V curves along the
voltage-axis. We defined equations which compensate the imprint effect and
allow the determination of the remanent polarization, P, at zero field. A

9The capacitor areas of both capacitors are comparable.
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nearly constant value for P’ was obtained for film thicknesses ranging from
10 nm to 250 nm. Remarkably, this remanent polarization corresponds to the
spontaneous polarization of a stress-free bulk PbZrg 5.1 4503 crystal. The
predicted strain-induced increase of the polarization is not observed. This is
attributed to the compensation by the surface effect. Besides, the coercive
field increases for decreasing film thickness. Various possible explanations
have been given for this size effect. The hysteresis frequency-coercive field
relation agrees with the model of Ishibashi discussed in Chap. 1.2. Switching
events in the current response were observed for the 6 nm thick film at hys-
teresis frequencies up to 150 kHz. These switching events will be discussed

in detail in the following Chapter.



Chapter 8

Current transport through
ultrathin films

Compared to the fabrication of capacitors described in Chap. 7, a more
complex process has been applied to pattern tunnel junctions. In total,
three photo mask steps define tunnel junctions by conventional photolithog-
raphy and ion beam etching [80, 136]. First Pt/PbZrys21%9.4803/STRuO;
or Pt/SrRuO3/BaTi0s/Sr RuO; heterostructures with a ferroelectric bar-
rier thickness between 3 nm and 6 nm are Ar-etched to define the shape of
the bottom electrode (Fig. 8.1 (a)). Rectangular junctions with areas be-
tween 4 pum? and 200 um? are formed by the use of a second photo mask
and ion milling step, timed to end at the top surface of the bottom electrode
(Fig. 8.1 (b)). The surroundings of the mesas are insulated by a 200 nm
thick 570 layer deposited by rf-magnetron sputtering using a self-aligned
process (Fig. 8.1 (c)). After lift-off, the third photo mask step determines
the wiring layer, which provides an electrical contact to the top electrode
of the tunnel junction (Fig. 8.1 (d)). In addition to 45 tunnel junctions,
three 100x100 pum? crossovers without tunnel junctions serve as test struc-
tures to measure the insulation resistance of the Si0O5 film. The resistance
of these structures always exceeded 10 M(). Therefore, possible parallel cur-
rent paths through the insulating Si0O, layer were neglected in the tunneling
measurements. In Fig. 8.1 (e), the top view of a tunnel junction including
the current-voltage lead in a four-point arrangement is shown schematically.
This arrangement eliminates the lead resistances.
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Figure 8.1: Patterning of tunnel junctions shown schematically for

Pt/PbZry52Ti9.4803/SrRuOs heterostructures. An analogous process was used
for BaT'iOs-based heterostructures. See text for details.

8.1 Resistive switching effects in I-V curves

Junctions with ultrathin high-pressure sputtered PbZrg 501" 4803 and pulsed
laser ablated BaT1O3 barriers ranging from 3 nm to 6 nm were fabricated. All
measurements shown below were performed with a battery-powered current
source, although in all graphs the current is plotted as a function of the
voltage. This is done in order to be consistent with the standard I-V curves.
All curves shown in this Chapter are reproducible. Qualitatively similar
results are obtained for both materials studied in this work. Therefore, the
figures presented here can be regarded as valid for both materials.

Fig. 8.2 (a) shows a typical I-V characteristic of a 6 nm thick BaTiOs
film recorded at 260 K. A complete cycle lasted 10 minutes (f ~ 1.7 mHz).
Numbers from 1 to 7 and arrows show the direction of scan. Simultane-
ously, the applied voltage dependence of the dynamic conductance dI/dV
was measured with a lock-in amplifier Fig. 8.2 (b). The parabolic behavior
of the dynamic conductance is indicative of electron tunneling through an
insulator. One cycle is composed of the red and the green curve. In the
following, I will refer to the red curve as the low-resistance curve and to the
green curve as the high-resistance curve.

The IV curve displays clear switching events at Vi, = —0.56 V
and szmhmg = 0.84 V, and a crossover at the origin. The switching is
highly reproducible even after several I-V cycles. The resistance ratio of the

high-resistance (3.8 k2) and the low-resistance (0.9 k2) curve at the origin
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is about 4. The asymmetry in the I-V curve for positive and negative bias-
currents may be caused by different barrier heights of the top and bottom
electrode-barrier interfaces.! Remember that an asymmetry (shift along the
E-axis) was observed in thick-film capacitors as well (see Chapter 7.3).

Figure 8.2 (¢) demonstrates the history effect. Prior to the measurement,
a negative current pulse, corresponding to a negative electric voltage, was
applied. The applied current is then increased from 0 mA to the maximum
value, and decreased back to 0 mA (solid line). The direction of scan, per-
formed in a quasi-static regime, is indicated by numbers and arrows. Initially
the voltage increases along the high-resistance curve (1). At a defined value
for the voltage a sudden decrease of the voltage from the high-resistance to
the low-resistance curve takes place (2). As the current is further increased
the I-V characteristic moves along the low-resistance curve (3). Then the
current is reduced to 0 mA (4). This cycle is repeated, but this time with-
out applying a negative current prior to the measurement. Only a slight
hysteresis is obtained along the low-resistance curve (5). The first scan is
not reproduced unless a sufficiently negative current is applied exceeding the
critical voltage Vi i cning-

The critical voltage (and field) for the switching from the high-resistance
to the low-resistance curve Vi, ..o (and EJ .00 ), marked in Fig 8.2 (c)
by an arrow and a cross, was determined for temperatures between 125 K
and 300 K. In Fig. 8.2 (d) the temperature dependence of V.| (and

switching
& iehin ;) 18 shown. A slight increase of the critical field for decreasing tem-

perature indicates a thermally-assisted switching.

With decreasing temperature the negative electric field increases, which
is needed to switch to the high-resistance curve. At 100 K an electric field
of approximately 2.5 MV /cm deteriorates the junction.? This happened to
other tunnel junctions as well. Therefore, we never measured a whole I-V
cycle at temperatures below 125 K. However, the low-resistance and the high-
resistance curve could be measured separately down to 4.2 K by switching
to the respective state at higher temperatures.

The dashed line in Fig. 8.3 (a) shows the I-V curve of a 4 nm thick
PbZry55T10.4303 film for an applied bias-current corresponding to an electric

!The bottom and top electrodes are both SrRuOs3. Nevertheless, different structural
properties were found for them [183].
2Note that J. Desu reported on a breakdown field in BaTiO3 of 4 MV /cm [62].
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Figure 8.2: (a) I-V curve of a 6 nm thick BaT'iOs film at 260 K. (b) Simultaneously
measured dynamic conductance. (c¢) Demonstration of history effect (for details

see text). (d) Temperature dependence of E. (see (c) and text).
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field that is insufficient to switch to the high-resistance curve. An increase
of the maximum applied bias-current from 1.2 mA to 1.5 mA drastically
changes the measured I-V characteristic (solid line). Figure 8.3 (b) shows
the I-V curve of a 6 nm thick PbZrq 531" 4803 film. The I-V curves for both
barrier thicknesses are qualitatively similar. Both of them show a crossover
at the origin, and switching events at critical fields. These critical fields are
larger for tunnel junctions with thinner barriers. The asymmetric shape of
the I-V curves in these junctions most likely arises from different work func-
tions at the Pt/PbZrg 591194505 and PbZrg 591194503/ SrRuO;5 interfaces.
The resistance ratio of the low- and high-resistance curve at the origin are
similar for both film thicknesses. The ratio is around 3 for the 4 nm thick
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sample resulting from a resistance of 0.5 k{2 and 1.5 k{2 for the low-resistance
and the high-resistance curve, respectively. For the 6 nm thick sample, the
ratio is close to 4 with a resistance of 1.1 k2 and 4.3 k2 for the corresponding
curves. The current density, and the R - A-product, however, differ by two
orders of magnitude.
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Figure 8.3: (a) I-V curve of a 4 nm thick PbZrq 52104803 film. Dashed line:
Electric field insufficient to switch to the high-resistance state. (b) I-V curve of a
6 nm thick PbZTO_52TZ‘0.4803 film.

The mean critical field Egyitching is determined from the mean switching
voltage Viwitching = 1/2 (]Vs;itchmgl +‘/sjuitching) to account for the asymmetry
in the I-V curves. The thickness dependence of the mean critical voltage and
field of PbZrg52T0.4803 tunnel junctions with a barrier thickness of 4 nm,
5 nm, and 6 nm is shown as a function of the barrier thickness in Figs. 8.4 (a)
and (b). For a 3 nm thick PbZrq 52104303 film the field, which has to be
reached to achieve a full switching, is close to the breakdown field of approx-
imately 3 MV /cm. Thus, no data for this sample is shown here. In order
to check whether the reported switching effect may reflect the polarization
reversal in the tunnel barrier the coercive voltage V, and field E, extracted
from the polarization hysteresis loops of thicker PbZrg 5214505 films (see
Chap. 7.3, p. 114)is included in Figs. 8.4 (a) and (b).

The coercive voltage of the thinnest capacitors is nearly constant, and
so is the critical voltage of the tunnel junctions. At the same time, both
the coercive field and the critical field increase rapidly with decreasing film
thickness. The extrapolation of the coercive voltage and coercive field does
not fit the data for the resistive switching. However, owing to the frequency
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dependence of the coercive field (Fig. 7.12 (b)) and a much lower frequency of
the I-V measurements, the critical voltage and field of the resistive switching
are indeed expected to be lower than the extrapolated coercive voltage and
field.

The good agreement between the film thickness dependences of the co-
ercive voltage and field, and the critical voltage and field indicates the same
origin of both discussed phenomena. Thus, the resistive switching in ultra-
thin ferroelectric films is probably due to the polarization reversal in the
barrier.

8.2 Current transport mechanisms

In this Chapter emphasis is given to the current transport through ultrathin
films. The parabolic voltage dependence of the dynamic conductance shown
in the previous Chapter is indicative of electron tunneling. In the following,
the tunneling mechanisms present in our films will be studied.

Direct tunneling

I-V curves of SrRuO3/6 nm BaTiO3/SrRuOs junctions were fitted by the
Brinkman equation (eqn. (2.5)) in order to extract the apparent average bar-
rier thickness d and its heights ®; and ®,. At 300 K, the barrier heights were
determined as ®; jo,, = 0.8 €V and ®y,,, = 0.5 €V for the low-resistance state
and @4 pign, = 0.5 eV and Py 0, = 0.7 eV for the high-resistance state. The
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average barrier thickness for both states were found to be about d = 1.4 nm.
The large discrepancy between the barrier thickness and the as-deposited
film thickness may be due to a strong contribution of thermally-assisted in-
elastic transport processes (see Ref. [85]). In fact, magnetic tunnel junctions
with SrT@O3 barriers show a similar behavior caused by the presence of
parallel defect-assisted conductance shunting out the direct, spin-dependent
conduction process [217]. For decreasing temperature, the barrier thickness
extracted by the application of the Brinkman-model increases as it is shown
in Fig. 8.5 (b). At 4.2 K the Brinkman-fit yields an average barrier thick-
ness of 5.8 nm and 5.6 nm for the low- and high-resistance state, respec-
tively, in very good agreement with the as-deposited film thickness of 6 nm
(Fig. 8.5 (a)). However, the extracted barrier heights are below 0.1 eV for
both resistance states and for both interfaces. These barrier heights are too
low (see Chap. 4.1).

A further possibility of discovering whether direct tunneling is the domi-
nant current mechanism is given by the determination of the R - A-product.
Using eqn. (2.5), the R - A-product in kQum? as a function of the barrier
thickness d in A and the average barrier height ® in eV is obtained as

R-A=0.03-(d/V®)exp(10.25 - d - V) /1000. (8.1)

In Figure 8.6 R - A-curves for several average barrier heights calculated
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Figure 8.5: (a) Brinkman-fit of the low-resistance I-V curve for a 6 nm thick
BaTiOs film measured at 4.2 K. (b) Temperature dependence of the barrier thick-
ness extracted from Brinkman-fits at temperatures between 4.2 K and 300 K.
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from eqn. (8.1) are plotted. The experimental values are included for
PbZry55T194803 and BaTiOs tunnel junctions measured at 4.2 K. The as-
deposited film thickness is set equal to the barrier thickness. In agreement
with the results obtained by the application of the Brinkman model, the ex-
perimental values are close to the curve corresponding to an average barrier
height ® of 0.05 eV. This is about one order of magnitude lower than ex-
pected [122].
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Figure 8.6: Simulated R-A-product as a function of barrier thickness d and average
barrier height ®. Experimental values for the R-A-product obtained at 4.2 K are
included. The as-deposited film thickness is set equal to the barrier thickness.

The Brinkman model takes into account the direct tunneling only. In this
case, electrons tunnel elastically through the barrier without interaction with
the material inside it. In real junctions, however, additional current paths
through the barrier may exist leading to fit parameters which do not reflect
reality. In addition, at temperatures above 0 K, thermally-assisted transport
mechanisms have to be taken into account. Besides, the presence of localized
states in the barrier influences the conductance for film thicknesses much
larger than the localization length.

In conclusion, the current transport through the ultrathin films studied
here is not dominated by direct tunneling. More precisely, it is not dominated
by direct tunneling at any temperature between 4.2 K and 300 K. Instead,
strong contributions of phonon-assisted inelastic transport processes are be-
lieved to be present.
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Inelastic tunneling

In the following, a detailed analysis of the current transport for a 6 nm thick
PbZr 55T10.4303 sample sandwiched between Pt and SrRuOs3 electrodes will
be presented.

The I-V curve measured at 300 K (Fig. 8.3 (b)) has already been dis-
cussed. In Fig. 8.7 (a) I-V curves obtained at temperatures between 4.2 K
and 300 K are shown in the voltage range between -0.08 V and +0.08 V. The
I-V curves for the lowest and the highest temperature are plotted in red for
the low-resistance and in green for the high-resistance state. The parabolic
shape of the voltage dependence of the dynamic conductance, indicative of
electron tunneling through an insulating barrier, is shown in Fig. 8.7 (b)
for both resistance states at 4.2 K and 300 K. The asymmetry in the I-V
curves that probably results from different barrier heights at the interfaces
manifests itself in a shift of the minima in the dynamic conductance, whereas
the shift of the minima with respect to each other might be due to differ-
ent barrier heights for the high-resistance and the low-resistance state. The
resistance at the origin increases for both resistance states with decreasing
temperature (Fig. 8.7 (¢)). The increase of the R-A-product for decreasing
temperature is particularly strong for the high-resistance curve. Here, the
R-A-product rises threefold between 300 K and 4.2 K (from 867 kQum? to
2492 kQum?), whereas for the same temperature range, the R-A-product of
the low-resistance curve only increases by half of its value at 300 K (from
229 kQum? to 341 kQum?). As a result, the resistance ratio of the low- and
high-resistance curve at the origin is about 3.8 at 300 K and 7.3 at 4.2 K.

What are the dominant tunneling mechanisms at temperatures between
4.2 K and 300 K? Direct tunneling has been ruled out already. Nevertheless,
for completeness the application of the Brinkman model at 4.2 K is shown
in Fig. 8.8 (a). The average barrier thickness extracted from these fits are
4.4 nm for the low-resistance curve and 5.2 nm for the high-resistance curve
in reasonable agreement with the as-deposited film thickness of 6 nm. How-
ever, the barrier heights (~ 0.1 eV for both states and interfaces) are about
5 times smaller than expected. Above, we attributed the disagreement be-
tween the extracted and the expected barrier heights to a large contribution
of phonon-assisted inelastic tunneling.

Hopping via a small number of localized states in the barrier is one ex-
ample of inelastic tunneling. In order to check whether this mechanism
can be identified as the dominant current transport mechanism, we fitted
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Figure 8.7: Temperature dependence of (a) I-V curve, (b) dynamic conductance,
and (c¢) R-A-product for a tunnel junction with a 6 nm thick PbZry 592704803
barrier.

the data with the model of Matveev-Glazman in the low bias-voltage limit
(eqn. (2.10)). Note that the low bias-voltage requirement eV < kgT' is not
fulfilled. To satisfy the requirement at 100 K, the conductance would have
to be determined for voltages much smaller than 25/3 mV. At a temperature
of 4.2 K the low bias-voltage limit would only be reached for voltages much
smaller than 0.4 mV. Although sufficient data points were measured to sat-
isfy this requirement, the determination of the conductance in this regime is
impossible, as the noise is too large. Nevertheless, a successful description of
the tunneling transport mechanisms may be achieved if the conductance is
determined in the ohmic regime of the measured I-V curve [85]. Therefore,
we extracted the conductance from the data in the ohmic regime between
+ 10 mV. In Fig. 8.8 (b) the temperature dependence of the conductance is
shown including the corresponding fits for the low-resistance state (red) and
the high-resistance state (green). The dashed lines show the fits for hopping
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via two localized states to the form

GLP(T) = o9 + o T3, (8.2)

and the solid lines correspond to fits for hopping via three localized states
in the barrier:

GAP(T) = og + oy TY? + 0, T/, (8.3)

The low-resistance fit for hopping via two localized states is accurate for
temperatures up to about 40 K. At about 40 K a crossover to N = 3 channel
takes place. Above 40 K and up to 90 K hopping channels with three localized
states are dominant. In the case of the high-resistance state, hopping via
two localized states is found up to about 70 K followed by hopping via three
localized states up to about 150 K.
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Figure 8.8: (a) Brinkman-fit (direct tunneling), and (b) fit for tunneling via two
(dashed lines) or three (solid lines) localized states of the low-resistance (red) and
high-resistance (green) state of a 6 nm thick PbZrg 50194803 film.

According to the theoretical models discussed in Chapter 2, a crossover
from hopping via N localized states to variable range hopping may be ex-
pected for thick barriers as the temperature is increased. In Fig. 8.9 (a)
the conductance of the low-resistance and the high-resistance state is plotted
on a logarithmic scale versus T~'/4. The behavior of both resistance states
closely follows the prediction of Mott’s VRH theory (see page 34) in the tem-
perature range between 100 K and room temperature, and 150 K and room
temperature for the low-resistance and the high-resistance state, respectively.
The green and red lines are fits to the form



130 Current transport through ultrathin films

GVEH — GVEH . exp < - ( ; >1/4) . (8.4)

Fig. 8.9 (b) is a logarithmic plot of the current density versus £~/4. The
data is fitted to Shklovskii’s model

. E\1/4
JVRH:J(YRH'eXp<—(—> > (8.5)
E
The Shklovskii model (see page 34) precisely fits the data in the high
bias-voltage regime (V' > kgT) of both the low-resistance and the high-
resistance curve.
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Figure 8.9: Application of (a) Mott’s law, and (b) Shklovskii’s model to the low-

resistance (red) and high-resistance (green) state of a 6 nm thick PbZrq 50104803
film.

In conclusion, the electron tunneling theories developed for amorphous
materials have been applied to our single-crystalline thin films. Those theo-
ries are believed to be applicable to perovskite materials, due to their large
defect density (see Chapter 2). We have demonstrated that the current
transport through the studied PbZrg 501194303 and BaTiO3 barriers with
film thicknesses between 4 nm and 6 nm is dominated by phonon-assisted
inelastic tunneling processes for all temperatures between 4.2 K and 300 K.
We have analyzed in detail the current transport mechanisms through a 6 nm
thick PbZrg 521104303 film. For the low-resistance curve, hopping via two
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localized states has been identified as the dominant current mechanism be-
tween 4.2 K and about 40 K. From 40 K up to approximately 90 K hopping
via three localized states and from about 100 K up to 300 K variable range
hopping has been found to be dominant. For the high-resistance curve, the
crossover from hopping via two localized states to hopping via three localized
states takes place at about 70 K, and the crossover to variable range hopping
occurs at 150 K. In addition, variable range hopping is the dominant current
transport mechanism for both resistance states at high bias-voltages.

8.3 Similar switching effects reported by other
groups

Switching processes in thin films have been reported for a variety of material
systems. In the late 1960s such effects were already found in amorphous
semiconductors [218, 219], ZnSe — Ge heterostructures [220], as well as in
several binary oxides, such as NbyOs [221], TayO5 [222], TiO4 [223], and
NiO [224, 225]. More recently, bistable states have been observed in porous
Si [226], and conducting polymers [227, 228, 229]. In the following, the focus
will be on switching events reported in complex perovskite materials.

Fig. 8.10 (a) shows the current-voltage characteristic of 300 nm thick
SrZrOs films doped with 0.2% Cr, and sandwiched between SrRuO3 bot-
tom electrodes and Au top electrodes. Beck et al. from IBM Research,
Switzerland, measured the I-V curve using a voltage source [230]. A striking
property of their capacitors is the observed multi-level switching illustrated
in Fig. 8.10 (b). Different low-resistance states can be addressed by varying
the length and amplitude of the applied voltage pulse. Beck et al. attribute
the multi-level switching effect to impurities with different oxidation states
(Cr3T and Cr?T) and vacancies forming a series of states at various levels
within the energy gap.

In a more recently published letter, Rossel et al., from the same group
at IBM Research, Switzerland, presented the I-V characteristic shown in
Fig. 8.11 (a) [231]. This I-V curve was recorded for a Pt/SrZrO3(0.2%C'r)/
SrRuQOj3 capacitor. The thickness of the SrZrO; was 35 nm. Surprisingly,
the thickness of the electrodes was only 5 nm for the top electrode and 4 nm
for the bottom electrode. The question arises of whether in particular the
low conductivity of the SrRuQOs5 electrode does not play an important role
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Figure 8.10: Beck et al.: (a) I-V curve of a 300 nm thick SrZrQOs; film doped with
0.2% C'r, and sandwiched between Au and SrRuQs electrodes. (b) Illustration of
multi-level switching. [230]

in their measurements. By comparing transport measurements with a spe-
cial scanning technique that visualizes conduction paths (Fig. 8.11 (b)), they
showed that the main current flow is restricted around some, but not all,
intrinsic defects in the Cr-doped SrZrOjs film. Based on their studies, they
concluded that the electrical switching in thin films correlates to a large
extent to the properties of individual conducting paths that can be locally
turned on and off or changed in intensity by varying the amplitude of the ap-
plied current. Rossel and coworkers claim that the Cr ions act as local traps
within the insulator, and in addition to other intrinsic defects form a broad
band of localized states. According to their model, electrons injected from
the cathode tunnel to these localized states, if the applied voltage exceeds a
certain threshold equivalent to the energy defining the top of the localized
levels with respect to the Fermi level. The storage of negative charges near
the top of the localized band in the insulator reduces the electrical field at
the interface and consequently reduces the current flowing through the insu-
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lator. Hence, a higher resistance state is reached by storing trapped charges,
whereas the lower resistance state is reestablished by releasing them. The
ratio of the two resistance states is given by the amount of charge stored in
the system.
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Figure 8.11: Rossel et al.: (a) I-V curve of a 35 nm thick SrZrQOs film doped
with 0.2% Cr sandwiched between Pt and SrRuQOs electrodes. (b) Electron beam
induced current (EBIC) images visualizing current paths through the SrZrOs
film. [231]

The IBM group also studied Cr-doped SrTiO3 single crystals with a
thickness of 10 um [232]. The observed -V curve at room temperature is
shown in Fig. 8.12 (a). The resistance decreases for increasing temperature
and remains stable between 4.2 K and 10 K. As was reported for thin films,
multi-level states can be addressed in single crystals as well (Fig. 8.12 (b)).

Y. Watanabe reported on hysteresis in diodelike I-V curves of metal/ Pb-
based ferroelectrics/n-type and p-type semiconductor heterostructures with
a poor reproducibility at 4.2 K [233] and a good reproducibility at room tem-
perature [234, 235, 236]. Figs. 8.13 (a) and (b) show the I-V characteristic
for a maximum applied voltage of 1 volt and 2 volts, respectively. He dis-
cussed various possible origins of the observed hysteresis effect, e.g. Fowler-
Nordheim-type tunneling [235] or electromigration at the interface, which
could change the Schottky barrier height [233].

In summary, resistive switching effects have been found for a variety of
material systems. A brief overview of some of the results published for
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Figure 8.12: Watanabe and coworkers at IBM Ziirich: (a) I-V curve recorded at
296 K on a SrTi0s : Cr single crystal. (b) Multiple low-resistance states obtained
at 4.5 K after write pulses (A) with different current amplitudes of 1.5, 2.2, 2.5,
2.7, 3.0, 3.5 mA and erase pulses (J) with a fixed amplitude of -3.55 mA. Each
pulse is followed by 1000 readouts at —0.5 V. [232]

perovskite materials has been given in this Chapter. Particularly the I-V
characteristics obtained by the IBM group show some interesting similarities
with the current-voltage curves reported in this PhD thesis. Nevertheless,
we do believe that the current transport and the origin of the switching ef-
fects are different. We base our assumption on the following distinctions:
First, the thickness of our films is smaller by at least one order of magni-
tude. Besides, the switching effects presented in Chap. 8.1 for 4 nm to 6 nm
thick PbZrg 591194303 and Bal'1O5 films were not observed for 12 nm thick
barriers. I-V curves recorded for junctions with this thickness showed non-
reproducible jumps or hysteresis in the [-V characteristic at much higher
voltages, most likely due to a deterioration of the ferroelectric film. Sec-
ond, we do not find multi-level resistance states in our junctions. And fi-
nally, the temperature dependence of the resistance, which decreases with
decreasing temperature, differs from that measured for tunnel junctions with
PbZrgs3T1948035 or BaTli0Os barriers, where the resistance increases with
decreasing temperature.

8.4 Final remarks on resistive switching and
current transport mechanisms

The thickness dependence of the coercive voltage (and coercive field) for
thick-film capacitors can be extrapolated to ultrathin films. Taking into ac-
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Figure 8.13: Watanabe et al.: I-V curves of metal/PbygLag1Zro7Ti0303/
Lay.99S570.01CuOy heterostructures for a maximum applied voltage of (a) 1 volt
and (b) 2 volts. [236]

count the frequency dependence of the coercive field (Fig. 7.12 (b)), a good
agreement is obtained with the critical voltage (and critical field) of the resis-
tive switching events. Based on this result, the observed resistive switching
events are likely to originate from the ferroelectric polarization reversal in
the tunnel barrier.

Resistive switching

In the following, our predictions will be compared with the experimental re-
sults. Theoretical calculations were presented in Chapter 3 to determine the
influence of the converse piezoelectric effect (i.e. the voltage-induced strain
in a piezoelectric or ferroelectric film) on direct electron tunneling in a fer-
roelectric tunnel junction. In addition, a microscopic interface effect was
considered, which arises from the ionic movements in the barrier associated
with the polarization reversal. Due to a lack of knowledge of some specific
material properties (e.g. the deformation potential), no unambiguous predic-
tion on the influence of the combination of all identified effects was possible.
Nevertheless, the influence of two phenomena, i.e. a strain-induced change in
the barrier thickness of an FTJ and the influence of the microscopic interface
effect, was predicted.

Figure 8.14 shows the predicted [-V characteristics for (a) a strain-
induced change of the barrier thickness, and (b) the microscopic interface
effect. Details can be found in Chapter 3. Experimentally obtained I-V
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curves for tunnel junctions with 6 nm thick PbZry 521194303 barriers are
shown in Fig. 8.14 (c¢) for a voltage-driven measurement and in (d) for a
current-driven measurement. In Fig. 8.14 (c¢) the voltage scale is not shown
because the applied external voltage differs from the voltage applied to the
ferroelectric film. For details refer to p. 117 and p. 123, respectively.
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Figure 8.14: (a) Consequence of the converse piezoelectric effect for a ferroelectric
barrier: Voltage-induced change of the barrier thickness. (b) Microscopic interface
effect due to polarization reversal. (c) Voltage-driven measurement of a 6 nm
thick PbZrg 501104303 barrier. (d) Current-driven measurement of a 6 nm thick
PbZry 591104803 barrier. See text for details.

An apparent distinction between the current-driven measurements and
the predicted curves is the direction of the switching events. Measurements
performed with a current source show sudden changes in voltage, because a
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current source supplies a predetermined current. Hence, the voltage-driven
and current-driven measurements are in agreement with the predictions with
respect to the direction of the switching events.

The I-V curves for the strain-induced change of the barrier thickness and
the microscopic interface effect both show a step-like reduction of the conduc-
tance at £V.. However, such a reduction is not present in the experimental
curves at Voo, pino-

The most striking difference between predicted and observed I-V curves
is their behavior at the origin (marked by circles in Figs. 8.14 (a) and (c)).
A crossover is observed in the experiments in disagreement with the predic-
tions. Thus, the symmetry of the I-V characteristics is different. It should
be noted that the predicted symmetry is a characteristic feature for all effects
arising from the piezoelectric effect (e.g. strain-induced shift of the conduc-
tance and valence band edges).

In conclusion, some features are identical for the predicted and the ex-
perimentally observed [-V characteristics. However, the observed switch-
ing events in the I-V curves cannot be exclusively explained by either the
converse piezoelectric effect, or by a change of the barrier heights of the
metal-ferroelectric and the ferroelectric-metal interfaces. Especially the dif-
ferent symmetry of the predicted and the measured curves demonstrates that
further research is necessary to unambiguously verify the nature of the ob-
served resistive switching effects. At present, it is an open question whether
the observed distinctions may be associated with further manifestations of
ferroelectricity or caused by additional effects not related to ferroelectricity.

Current transport mechanisms

In order to simplify the theoretical study, an elastic current transport mech-
anism is desirable. In fact, direct electron tunneling was assumed for the
theoretical treatment of ferroelectricity and electron tunneling presented in
Chapter 3. The presence of inelastic transport processes may lead to addi-
tional, superimposed effects, which might be larger than those discussed for
direct tunneling.

In our tunnel junctions with PbZrg 521794803 and BaTi0s barriers, in-
elastic current transport mechanisms are dominant for all investigated barrier
thicknesses and all temperatures between 4.2 K and room temperature. Di-
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rect electron tunneling is probably achievable for a barrier thickness below
two nm. Moran et al. studied the current transport for tunnel junctions with
a SrTi03 barrier thickness ranging from 2 nm to 20 nm [82, 83]. They ob-
served elastic tunneling, but only for a barrier thickness of nominally 2 nm.
Even for slightly thicker STTiO3 barriers, tunneling and hopping via a small
number of localized states dominated the transport behavior. Sr7T@0j3 is a
perovskite titanate like the ferroelectric materials used in this work. It thus
seems straightforward to grow films with thicknesses of 2 nm and less. How-
ever, the switching field for a 2 nm thick PbZrq 5014303 barrier, assuming
a switching voltage of 0.7 V, is as large as 3.5 MV /cm. Recalling that the
breakdown field was already reached for 3 nm thick PbZry 50114503 films.
The breakdown in BaTiOs films was observed for even smaller fields. For
future studies the use of ferroelectric materials with lower coercive fields is
suggested.



Summary

The concept of a ferroelectric tunnel junction has been presented. The de-
vice was termed FTJ and consists of a ferroelectric layer sandwiched between
metal electrodes. The ferroelectric layer has to be thin enough to allow
quantum-mechanical electron tunneling.

The aim of this work was the study of a possible interaction of ferroelec-
tricity and the quantum-mechanical electron tunneling through the ferroelec-
tric barrier. This involved both experimental and theoretical tasks.

From the experimental point of view, the main challenge was the growth
of ferroelectric films as thin as a few nm. Size effects may decrease the
manifestation of ferroelectricity. They may even completely suppress ferro-
electricity in sufficiently thin films. Hence, the first step was the selection of
the appropriate material system yielding favorable boundary conditions with
the ultimate goal of stabilizing the ferroelectric phase.

In this thesis, we primarily studied the heterostructures of Pt/
PbZry 591104803/ STRuO3 and SrRuOs/BaTiO3/SrRuOs, both grown on
SrTi05 (100) substrates. Three different deposition techniques were used,
namely high-pressure sputtering, molecular beam epitaxy, and pulsed laser
deposition. For the characterization and optimization of the thin films,
various analytical methods were utilized, among them XRD, RBS, AFM,
HRTEM, and RHEED (for MBE-grown thin films).

Compressive strain is induced in the ferroelectric PbZrg 521194803 and
(Ba, Sr)Ti03 thin films by the SrTi0O5 substrate due to its smaller in-plane
lattice parameter. This substrate effect is an opponent of the surface effect,
which tends to decrease the polarization in subsurface layers. On the other
hand, it has to be taken into account that too much strain leads to strain
relief via generation of misfit dislocations. First, very promising results were
obtained on the novel substrate material, DyScQO3. This substrate provides a
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perfect lattice match for the growth of SrRuOj3 thin films, which we used as
a bottom electrode. In comparison with Sr7T:03, the in-plane lattice param-
eters of DyScOs are slightly larger. This reduces the compressive strain in
oxide perovskite materials, such as PbZrg 52174803 and BaT'iOs. Thus, its
use as substrate material is expected to increase the critical film thickness for
the introduction of strain-releasing defects. The conducting oxide perovskite
SrRuO3 was employed as the bottom electrode due to its good structural and
chemical compatibility with SrTiO3 and the ferroelectrics used. Remarkably,
we were able to grow SrRuOj3 exhibiting an even smoother surface than the
bare SrT03 substrate. Needless to say, a smooth surface leading to a sharp
interface between the electrode and the barrier is a strong requirement for
the successful preparation of a tunnel junction with a barrier consisting of
a few monolayers. The most frequently studied ferroelectric perovskite was
employed in the composition PbZrg 5194303 because it combines a large
spontaneous polarization with the strongest piezoelectric effect. The second
ferroelectric material studied within this work was BaTi0Os. Its main ad-
vantage compared to PbZry 591104303 is the smaller lattice mismatch with
the SrRuO3/SrTi03 heterostructure allowing for a thicker ferroelectric film
without misfit dislocations. So far, only mechanical boundary conditions
have been considered. However, electrical boundary conditions are impor-
tant as well. For example, the use of SrRuOj3 as top electrode material for
PbZry55T110.4803-based capacitors resulted in an extrinsic size effect. We at-
tributed this size effect to increased leakage currents due to a smaller barrier
height at the SrRuO3/PbZrg59T4s03 interface in comparison to the bar-
rier height at the Pt/PbZrg 5104303 interface. In contrast, the opposite
observation for BaT"%O3 thin films, i.e. higher leakage currents in the case of
Pt top electrodes, remains unexplained.

Once the growth techniques were well established, and the material sys-
tems were selected, the ferroelectric properties of thick-film capacitors of
progressively shrinking film thickness could be studied. It was of particular
interest to determine both the thickness dependence of the remanent po-
larization and the thickness dependence of the coercive field. The purpose
of doing this can be stated as follows. First, the observation of a ferro-
electric hysteresis loop with a non-zero remanent polarization demonstrates
the presence of ferroelectricity in the film. Besides, PbZrg 50194803 and
strained BaTi0Oj3 films are predicted to undergo a second-order phase tran-
sition from the ferroelectric to the paraelectric phase. Thus a continuous
change of the polarization may be expected. Therefore, its thickness depen-
dence yields information about the stability of the ferroelectric phase. And
second, typical analytical methods fail to detect ferroelectricity in ultrathin
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films, although they might be ferroelectric. Instead, knowledge of the thick-
ness dependence of the coercive field can be used to extrapolate the coercive
field for an ultrathin ferroelectric film, which serves as barrier in a FTJ. We
started by growing 250 nm thick PbZry 52104503 films and 100 nm thick
BaTiOs films. A nearly constant remanent polarization was observed for
both ferroelectric materials studied, i.e. for PbZrg 501104803 films in a film
thickness range between 250 nm and 10 nm and BaT%iOs5 films with a thick-
ness ranging from 100 nm to 12 nm. Remarkably, the value for the remanent
polarization in PbZrg 5014805 thin films was identical to the spontaneous
polarization of a stress-free bulk single crystal for this composition. Based on
this result, we concluded that either no intrinsic size effect is present for this
thickness range, or the intrinsic size effect is compensated by the substrate
effect. A further proof, showing that the ferroelectric phase in a 10 nm thick
PbZrq 5511045303 film is still far from losing the stability, was the observation
of ferroelectric polarization reversals at 300°C. In fact, ferroelectricity was
demonstrated in 8 nm thick films, and piezoresponse force microscopy ex-
periments revealed ferroelectricity even in 6 nm thick PbZr 551794803 films.
This is already a thickness regime in which electron tunneling may be ob-
served. Hence, the study of thick-film capacitors with the ultimate goal of
ensuring ferroelectricity in ultrathin tunnel barriers was successful. The sec-
ond important result was the determination of the coercive voltage, which
was constant for the thinnest PbZrg 50114305 thin films. At the same time,
the coercive field was increasing for thinner films.

The optimization of thin-film growth conditions typically takes a long
time and does not provide much entertainment. This is the best time to
develop some theoretical ideas on what might be expected if we succeeded in
measuring a tunneling current through a ferroelectric barrier.

From a fundamental point of view, direct electron tunneling is the only
current transport mechanism present in a metal-insulator-metal structure
at 0 K. Chapter 3 of this thesis deals with the term, which describes the
tunneling probability for direct electron tunneling. In collaboration with
N. A. Pertsev, we identified and predicted various interactions of the con-
verse piezoelectric effect and the ferroelectric polarization reversal with direct
electron tunneling. In the following, I will briefly summarize these effects.

The converse piezoelectric effect, i.e. the linear voltage dependence of the
strain in a piezoelectric material, leads to three strain-induced effects, each of
which alters the tunneling probability. First, a strain-induced change of the
barrier thickness. Second, a strain-induced change of the effective mass of the
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electrons in the barrier arising from a change of the lattice parameters. And
third, a strain-induced shift of the valence and conduction band edges. Due
to a lack of knowledge of some specific material properties, no unambiguous
prediction on the influence of the combination of all three identified strain-
induced effects was possible. In fact, it is likely that the first two effects
mentioned and the latter effect partially compensate each other. Neverthe-
less, it seems very unlikely that they could compensate each other exactly.
Irrespective of this uncertainty, a current-voltage characteristic was calcu-
lated taking into account a strain-induced change in the barrier thickness of
a FTJ. Using typical values for PbZrg 50194303, considerable effects were
obtained. The features characterizing this strain-induced thickness variation
were a sudden change of the tunneling current at the coercive field of the
barrier material, and a shift of the minima in the dynamic conductance with
respect to each other and with respect to the origin.

In addition to the converse piezoelectric effect, the idea was discussed
that the microscopic manifestation of the polarization reversal, i.e. a change
in the atomic structure, may change the barrier potential. Surprisingly, the
I-V curve for the simulation of this effect is characterized by the same main
features as obtained above for the strain-induced change of the barrier thick-
ness. Despite these similarities, both effects are independent of each other.

After significant experimental improvements, we were able to grow thin
films exhibiting ferroelectric properties at a film thickness, which can be re-
garded as an upper limit for electron tunneling. At the same time, we had
speculated, what the I-V curves for a F'TJ might look like. So, it was about
time to start the fabrication of ferroelectric tunnel junctions.

Tunnel junctions with PbZrg 50194803 and BaTiO3 barriers were suc-
cessfully prepared with a thickness of the barrier ranging from 4 nm to 6 nm.
The I-V curves displayed clear switching events at well defined electric fields
and a crossover at the origin. The switching was highly reproducible and
was observed at frequencies ranging from 10~* Hz to 10° Hz. At room tem-
perature, the resistance ratio of the high-resistance and the low-resistance
curves at the origin was typically around 4. This ratio was increased for
lower temperatures, and it was around 8 at 4.2 K.

An extrapolation of the thickness dependence of the coercive voltage to
ultrathin films revealed a good agreement between the resistive switching
effects in tunnel junctions and the ferroelectric polarization reversal in thick-
film capacitors. Based on this result, the resistive switching in ultrathin
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ferroelectric films is likely to be the consequence of the polarization reversal
in the barrier.

A comparison with the theoretical concepts stated above yielded identical
features for the predicted and the experimentally observed I-V characteris-
tics. However, other experimentally observed features, e.g. the direction of
the switching events and the crossover at the origin, did not agree with the
predictions. Hence, the observed switching events in the I-V curves cannot
be exclusively explained by either the converse piezoelectric effect, or by a
change of the barrier heights of the metal-ferroelectric and the ferroelectric-
metal interfaces. At present, it is an open question, whether the observed
distinctions may be associated with further manifestations of ferroelectricity
or caused by additional, superimposed effects not related to ferroelectricity.

Finally, the current transport mechanisms through the FTJ barriers were
studied. The current transport was found to be dominated by phonon-
assisted inelastic tunneling processes for all temperatures between 4.2 K and
300 K. We analyzed a 6 nm thick PbZrg 537114303 barrier in detail. For the
low-resistance curve, hopping via two localized states was identified as the
dominant current transport mechanism between 4.2 K and about 40 K. From
40 K up to approximately 90 K hopping via three localized states and from
about 100 K up to 300 K variable range hopping was found to be dominant.
For the high-resistance curve, the crossover from hopping via two localized
states to hopping via three localized states took place at about 70 K, and
the crossover to variable range hopping occurred at 150 K. In addition, vari-
able range hopping was the dominant current mechanism for both resistance
states at high bias-voltages.

Outlook

It would be highly desirable, if a current transport mechanism dominated
solely by electron tunneling could be realized. This would simplify the inves-
tigation of the interaction of ferroelectricity and tunneling through a ferro-
electric barrier. A barrier thickness between 4 nm and 6 nm is too thick to
achieve pure direct electron tunneling. To that end, a barrier thickness not
greater than 2 nm is required [82, 83]. Low-magnification TEM in combina-
tion with high-resolution TEM verified the homogeneous and, based on the
resolution limit of this technique, defect-free growth of 2 nm thick BaTiO3
films. However, the expected coercive voltage for this film thickness exceeds
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the breakdown field. Therefore, for future studies the use of ferroelectric
materials, such as Zr-rich PbZr,Ti;_,0O5 with lower coercive fields [111] is
suggested.

A different approach could be the fabrication of tunnel junctions with a
SrT103 barrier grown on a sufficiently compressive substrate. The advan-
tages of this barrier material over the well-established ferroelectric materials,
Pb(Zr,Ti)O5 and BaT'iOs3, are the following. First, direct electron tunneling
through SrTO3 barriers has already been demonstrated for a film thickness
of 2 nm. Second, the strain-induced paraelectric to ferroelectric phase tran-
sition temperature is expected to be well below room temperature providing
a small coercive field in the ferroelectric phase (see eqn. (1.20)). And finally,
a low phase transition temperature allows the measurement of I-V curves
below T and above T, A resistive switching in the ferroelectric state and
no switching effect in the paraelectric state could be taken as an unambigu-
ous proof of a ferroelectric origin of the resistive switching.
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