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Abstract

The capacitor is an essential component in many electronic devices,
which all essentially require a large charge storage density. Conventional
methods implemented to increase the charge storage density usually include
increasing the capacitor area, decreasing the dielectric thickness, using
higher dielectric constant materials. However, this approach is no longer
compatible with the miniaturization and lower operation voltage trends
found in futuristic electronic devices, and, therefore, an alternative but
fundamentally disparate method is necessary. The negative capacitance (NC)
effect found in ferroelectrics (FE) can be an intriguing contender to solve
this problem. However, the NC effect can be expected in the FE only when
they are near the FE instability. Recently, it was found that the NC effect in a
FE layer in dielectric (DE)/FE stacked materials can be stabilized if the
polarizations of the DE and FE layers are strongly coupled to form a single
domain structure along the lateral and perpendicular directions of the films.
Under this circumstance, the FE layer in the DE/FE structure can show the
NC, and several studies demonstrated that the NC effect can be observed in
the hetero-epitaxial DE/FE bi-layer system. Up to now, the NC effect from
the DE/FE bi-layer structure has been explained based on the linear

combination of the free energies with respect to polarization of DE and FE
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layers, which were described by the phenomenological expression of
Landau-Khalatnikov (LK). However, there were conceptual difficulties in

using the displacement equation within the bi-layer structure.

In this work, therefore, the authors suggest an alternative approach to
the possible NC mechanism in general DE/FE bi-layer structures adopting
the depolarization theory. In this model, the Landau-Devonshire (LD) theory
is extended to encompass the case where the high depolarization field is
present due to an imperfect polarization compensation by the interposed thin
DE layer between the FE and the metal electrode. When an external bias
voltage is applied to the DE/FE system to polarize the FE layer, the FE
bound charge of the FE layer at the interface between the FE layer and metal
electrode can be fluently compensated by free carriers in the metal electrode.
However, the FE bound charge at the DE/FE interface cannot be fully
compensated by the presence of the DE layer between the FE layer and the
opposite metal electrode. This induces depolarization field across the FE
layer, and the direction of overall field across the FE layer is opposite to the
applied field direction. In order to make the total applied voltage over the
DE/FE layer equal to the external voltage, a voltage which is even higher
than the applied voltage must be applied to the DE layer. This corresponds to

the NC phenomena, leading to the capacitance boosting effect.



This work also discusses the conditions that have hindered the operation
of the NC phenomena in general DE/FE systems. The charge injection
across the thin DE layer during voltage sweep can largely mitigate the
depolarization effect, leading to decrease in the voltage and capacitance
boosting. Under this circumstance, the spontaneous polarization of the FE
layer can be irreversibly switched as it is the case for a single layer FE,
which may correspond to the frustration of the NC phenomena in the DE/FE

layer.

Next, the polarization-voltage (P-V) characteristic of Al,O3;/Pb(Zr,Ti)Os
(AO/PZT) structure was examined by comparing the NC model. The specific
thicknesses of the amorphous AO films were varied from 2 nm to 10 nm,
where the thicknesses of PZT layer were fixed as 150 nm. The
thermodynamic calculation showed that the transition from the ferroelectric-
like state to the paraelectric-like state with increasing AO thickness occurs at
~3 nm thickness. This paraelectric-like state should have exhibited a NC
behavior without permanent polarization switching if no other adverse
effects are involved. However, experiments showed typical ferroelectric-like
hysteresis loops without the NC effects, which could be explained by the
carrier injection through the thin AO layer and trapping of the carriers at the

AO/PZT interface.

1
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Finally, therefore, short pulse measurements were adopted not to allow
sufficient time for the charge injection for the direct proof of the NC effects
in DE/FE structure. From these experiment set-up, it was demonstrated that
capacitance (charge) boosting effects can be observed in the
AL Os/BaTiO;3(AO/BTO) bi-layer capacitors as expected from the theoretical
model. This results also revealed that the hysteresis phenomenon in NC
devices originated from the dielectric leakage of the dielectric layer. The
suppression of charge injection via the dielectric leakage, which usually
takes time, inhibits complete ferroelectric polarization switching during a
short pulse time. It was also demonstrated that a non-hysteretic NC effect
can be achieved only within certain limited time and voltage ranges.
Although the static operation is severely hindered, the NC effect in a general
DE/FE system is still favorable for modern electronic devices which have an

extremely high operation speed.

Keywords: negative capacitance, capacitance enhancement, voltage
amplification, ferroelectric, polarization, depolarization, charge
injection, tunneling
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1. Introduction

1.1. Overview and Issues on Negative capacitance

Voltage scaling in metal-oxide-semiconductor field-effect-transistor
(MOSFET) is a most pressing issue at the integrated circuits application for
low power consumption devices. However, the scalability of operation voltage
in MOSFET is basically limited to the threshold voltage which corresponds
the minimum gate voltage required to turn the transistor "ON". The
intermediate region a bit below the ON state is called sub-threshold regions,
and narrowing this region has been a strategy to reduce the operation voltage
of MOSFET. Meanwhile, in the perspective of device physics, a term of
subthreshold-slope (SS) were introduced for describing the transfer
characteristic of the subthreshold region. And, the SS is defined as the change
in Vg which is required for a tenfold increase in the drain current. At this
point, the SS directly determine the width of subthreshold region, hence lower
SS has been a prerequisite condition for low power MOSFET. However, the
SS of MOSFET has its thermal lower limit which corresponds the Boltzmann
limit, i.e. 60mV/dec at room temperature. Hence, the ultimate scaling of
operation voltage is theoretically restricted in a traditional MOSFET structure.

In order to overcome this Boltzmann limit, recent studies have focused on the

1 ©
1 20— —p



renovation of materials, structure and operation mechanism extended from the
traditional MOSFET devices, such as negative capacitance FET (NCFET).!"!
The NCFET, which structure is similar to the ferroelectric gate FET
(Figurel.1) reported firstly in 1974, has drawn a great attention over the last
decade, especially due to the unveiled negative capacitance (NC) effects of

ferroelectric (FE) materials and its potential applications to electronic devices.

Earlier research found the possibility that FE materials can have NC state
according to their negative polarization-electric field (P-E) relation as shown
in Figure 1.2. The S-shape P-E relations of FE materials are originated from
the phenomenological free energy equation based on Landau-Devonshire (LD)
theory. The free energy equation (U-P) of FE materials with uniform

polarization and electric field is

U, =aP’+ P’ +yP" ~EP, (L.1)

,where, o, and y are Landau coefficient, Pg is spontaneous polarization
and E is electric field. And the a<0 and B, y>0 below the Curie temperature
(T.) in condition for FE materials with second order transition. Figure 1.2
shows the free energy curve of FE under E=0, and double minima of energy
curve describe the bi-stable Pg state. The roots of the first derivative of
equation (1.1) with respect to polarization represents the steady state of FE

system. Therefore, the P-E relation can be written as follows,



dllj; =2aP. +4BP’ +6yP’ —~E=0 (1.2)

The black dot line in Figure 1.3 represents the NC state of FE materials."!
As shown in Figure 1.3, the NC states locate at the local maxima point in the
U-P diagram. Hence, the realization of NC state from single layer FE is
hampered in general conditions. However, the stabilization of this NC state
can be stabilized by stacking a dielectric (DE) layer when the total internal
energy of the DE/FE bi-layer is minimized near the local maxima region. This
could occur through the electrostatic coupling between the DE and FE layer,
where the polarization of each layer has an identical value. Under this
condition, an overall capacitance of bi-layer capacitor can be higher than that
of single DE layer. The significant underlying properties of the NC effects,
beside of capacitance enhancement, is voltage amplification effects which
means that an internal voltage across the DE layer can be larger than the
external voltage applied to the DE/FE bi-layer. In case of NCFET structure,
the surface potential of Si channel can be amplified due to the NC operations
of FE layer. In fact, there has been a large progress in NCFET with sub
60mV/dec in SS, ™ but reduction of actual voltage scaling limit is far behind
due to the memory effects arose from the "hysteresis" in FE materials. For
example, it has been reported that the SS value of ~18mV/dec in a
commercial MOSFET device with an externally connected large FE capacitor
as a gate stack, but the hysteresis voltage in transfer curve was extremely high

as 3~4V. Considering that required gate voltage for an on/off ratio of 10® in

B =
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the ideal MOSFET structure (SS=60mV/dec) is approximately 480mV, it is
obvious that this hysteric NCFET cannot have a beneficial effect on the
transistor operation. As a matter of fact, there are several reports on non-
hysterical NC effects in FE materials where a dielectric (DE) layer was
directly stacked over the FE layer, but these can be realized under only limited
structural conditions such as an epitaxial or superlattice structure composed of

peroveskite materials.*”]
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1.2. Objective and Chapter Overview

The objective of this dissertation is to study on the NC phenomena in
DE/FE bi-layer structures through both theoretical and experimental

approaches.

Chapter 3 present the theoretical study of NC phenomena in DE/FE bi-layer
structure. Firstly, the previous theoretical NC model is criticized for a self-
contradictive problem related with the voltage amplification effects of NC
phenomena. And, an alternative theoretical model on NC effects is suggested
based on the depolarization theory in FE thin films. The alternative model
takes into account the charging effect at DE/FE interface, and elucidate that
involvement of interfacial charging obscure the emergence of NC effect from

DE/FE bi-layer during the voltage application.

Chapter 4 covers the investigation of the NC effects in ALO; (AO)
/Pb(Z1¢4,Tigs)Os (PZT) capacitors with various AO film thicknesses. The
thermodynamic calculation exams the possibility of NC state in AO/PZT
structure, and qualitatively matches with the experimental data. This chapter
also deals with the frustration of NC effects in AO/PZT capacitor and the
connection between NC effects and tunnel switching behavior in AO/PZT
structures, which could be explained by the interface charging through the

thin AO layer.



Chapter 5 present the direct evidence of NC effects in AO/BTO structures
where the interface charging was suppressed by adopting short time
measurement method. This chapter reveals that the hysteresis phenomenon in
NC devices originated from the dielectric leakage of the dielectric layer, and
demonstrates that a non-hysteretic NC effect can be achieved only within

certain limited time and voltage ranges.

Finally, in chapter 6, the conclusion of the dissertation is made.
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2. Literature

2.1. Theory of Negative Capacitance

According to the phenomenological theory of ferroelectric (FE) phase
transition made by Landau-Devonshire (LD),!" the free energy of FE

materials can be written as

2 4 6
Up=o, b +p P +y, b - EP; 2.

,where, oy Pr and yr are LD coefficient of FE materials, P is order
parameter and E is electric field. The order parameter corresponds the
orientation dipole in FE system, such as the off-site B*" ion in ABO perovskite
system. And, o, describes the temperature dependency in the free energy
equation related with the Curie temperature (T¢) of FE materials, i.e. a=0o(T-
Tc), 06>0. The emergence of nonzero P value below the Tc indicates the

symmetry change from paraelectric (PE) phase to FE phase.

For the free energy relation of a serially stacked system of FE and PE

material can be expressed as !

11 7]



U =lp(a P+ B P +y, P = E P+l (a B + BB+, = E,F)
(2.2)
,where, I and 1, are thickness of FE and PE layer respectively; aq, Bq and v4
are LD coefficient of the PE material (as>0); and P4 and Ej is polarization and

electric field of PE layer respectively. To satisfy the displacement continuity

theorem,
&L, +P =¢,E,+F, (2.3)
,and Kirchhoff’s voltage law,
V=EI +E], (2.4)

,the total free energy (Uiy) of FE/PE system can be rewritten as follows,

U =1, P+ BB 4y PO+ L (B + By +7,B))
Pl +P], +1/_1d(13/_ -PYy (2.5)
I, +1, g, +1,)

The electrostatic energy of polarization mismatch between two layer (last
term in equation 2.5) is extremely large compared to other energy terms,
hence total energy of FE/PE system should be stabilized at P4=P;=P. Terefore,
Ut can be simply modified into a linear combination of LD equation of each

layer as follows,
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U z(lfaf +ldad)P2 +(lf13f +ld13d)P4 +(lf7f +ld7d)P6 —-PE (2.6)

The simplified equation has identical mathematical structure of LD
equation with synthesized coefficients. In this regards, the U of bi-layer
structure can have FE-PE transition by adjusting the relative thickness of FE
and PE layer at fixed temperature. Figure 2.1 shows the energy landscape of
FE/PE bi-layer system. Under the condition of l;o+140..>0, the PE-like energy
state is developed in the bi-layer structure, and the polarization is stabilized at
P=0 as shown in figure 2.1. This means the FE is stabilized in the NC state

(see Chapter 1.1).

From the U-P relation, the capacitance relation can be derived using the

equation 2.7
C=(d’U/dP*)"' (2.7)

Therefore, the capacitance at the zero bias (Co) (precisely zero polarization,
nevertheless, PE-like energy state always satisfies the condition that P=V=0)
corresponds to the inverse of the P* coefficient. From the equation 2.6,
therefore, the Cy of FE/PE bi-layer system can be denoted as (loutlaoa) . As
shown in figure 2.2, the Cy of FE/PE system is always higher than the
capacitance of PE layer (=(lqoq)"') below the critical thickness of FE layer

which indicates the transition from FE-like (C¢<0) to PE-like (Cy>0) energy
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state. (It is noteworthy that the C, of FE materials is negative due to the

negative value of a below the T..)

This result show the capacitance enhancement effect induced by the NC
phenomena in FE layer, and can be simplified as the serial capacitance

formula as follows

-1
c - [L+L] 2.8)
CFE CPE

From this relation, the FE/PE bi-layer can have an infinite capacitance at
CFE=—CPE.[3] In addition, this is identical to the critical thickness condition in
figure 2.2. The state of negative Cy, however, is unstable because the total
energy of FE/PE system has local maxima at P=0. In this circumstance, the
system changes into the spontaneously polarized state with positive

capacitance i.e. FE state.
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Figure 2.1 Energy landscapes of ferroelectric (FE), paraelectric (PE) and

ferroelectric/paraelectric bi-layer (FE+PE) system.
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Figure 2.2  Schematic relation between total capacitance (Cy) and
ferreoelctric layer thickness (/) in paraelectric/ferroelectric bi-layer capacitor.
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2.2. Depolarization in Ferroelectric Thin Films

When the uniform dielectric medium is exposed by external electric field
(Eo) (figure 2.3), the polarization become generated from dielectric medium.
The polarization develops the charge sheet at the dielectric surfaces normal
to polarization direction, and this charge sheet can build up the
depolarization field (Eq4e,) inside of dielectric medium. By the definition of
condensed matter physics, ' the depolarization field and total macroscopic

field inside dielectric medium are

P

E,,=—— (2.9)
&

E=E+E,, (2.10)

In case of normal dielectric materials, the polarization is also function of
electric field (P=¢g¢xE), the depolarization field can be expressed by E, and

susceptibility (y) as follows,

__X
dep _EEO (2.11)

However, the charging capacitor in real system is in the difference
situation. Charging of capacitor include the charge carrier accumulation at
the metal electrode until the macroscopic field of dielectric layer reaches the

applied source voltage. In case of ideal plate capacitor, as shown in figure
16 ¥ _-l _'-..‘:_ T



2.4, the total accumulated charge density (Q) at metal electrode directly
reflects the displacement of dielectric materials. In this case, the polarization
of dielectric (P) is perfectly compensated by free carrier of the electrode in
this ideal capacitor structure. Therefore, depolarization field cannot be
generated, and the macroscopic field in the dielectric layer is identical to the

applied electric field.

If the charge carrier does not fully compensate the induced polarization of
dielectric medium, a depolarization field can be built-up in a direction
opposite to polarization. This depolarization phenomenon is a common in FE
materials due to their spontaneous polarization component. Unlike the
polarization of normal dielectric, the spontaneous polarization has non-linear
electric response and has none zero value in an absent of external electric
field. Theoretically, in an ideal capacitor structure with short circuit
condition, the spontaneous polarization is also fully compensated by carrier
of metal electrode. However, in actual system, the charge screening of the
polarization is imperfect due to a dead layer at the metal/FE interface. The
dead layer include both the extrinsic dead layer formed from thin film
process and the intrinsic dead layer arising from spatial charge distribution
of a realistic metal electrode (figure 2.5)""\. Therefore, there is a finite
depolarization field inside of the FE layer. As assuming effective screening
length of metal electrode, which is called Thomas-Fermi screening length

(M1r), ' the depolarization field of real system can be expressed as
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_ PS‘A’TF

dep — Sed (212)

where, d is the thickness of FE layer, and &, is the permittivity of metal.
From equation 2.12, it can be noted that the depolarization effect is crucible
to the very thin FE films. Therefore, it has been reported that the
disappearance of spontaneous polarization in metal/FE/metal thin film

capacitor due to the depolarization field effects. "
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Figure 2.3 The field outside the sample E., and that inside is the sum of E.y

and a depolarization field. ¥
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Figure 2.4 Schematic diagram of dielectric capacitor under a finite potential.
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Figure 2.5 Schematic diagram of (a) a short-circuited electrode—
ferroelectric structure (b) its charge distribution in the presence of perfect
electrodes; its (c) charge distribution, (d) voltage and (e) field profiles in the
presence of realistic electrodes.
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2.3. Tunnel Switching Behavior

Electronic properties and polarization switching behavior in
dielectric/ferroelectric (DE/FE) bi-layer system have been excessively
studied using various analysis methods. Because the inevitable and
irreducible non-FE interfacial layer has become more important to
understand operation mechanism of FE devices, as the physical dimension of
the devices scale down to the nanometer. Therefore, the purpose of these
studies was to elucidate the role of DE layer in DE/FE system. Earlier
studies had treated this interfacial DE layer as a passive capacitor component
serially connected to the active FE layer. According to the study by
Tagantsev et al,”®! the polarization of the FE system can be severely affected
by a interface DE layer. As shown in figure 2.6, the reductions of remanent
polarization and saturated polarization are expected in DE/FE/DE sandwich
structure as increase of the interfacial DE layer thickness. Furthermore, the
coercive field of bi-layer system is expected to increase due to the large
potential drop across the interfacial DE layer.”” Therefore, the interfacial DE
layer had been considered as an obstacle for utilizing FE thin films into

nanoscale device with full functionalities.

On the other hand, it was reported that interfacial DE layer can be utilized
constructively. Jiang et al.l'”! suggested that an interposed thin DE layer can

improve the reliability of a FE by the tunnel switching mechanism. Figure
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2.7 shows the operation scheme of tunnel switch that acts as resistor (on
state) only during FE switching but switch to capacitor (off state)
immediately after complete FE domain switching. The off state effectively
prevents charge injection from the adjacent electrode during the retention
time, and the polarization switching in FE layer is not interfered due to
fluent carrier injection trough quantum tunneling of thin DE layer. The
tunnel switching behavior of DE/FE bi-layer system can be understood by a
potential distribution effects of multilayer capacitor system; the voltage is
distributed inversely proportional to the capacitance of each layers. The FE
material has been known to have a large capacitance during polarization
switching, " the potential drop of DE layer should be exceptionally high. In
case of thin DE layer, the electric field induced to the DE layer easily
exceeds the FN tunneling threshold. In a non-switching case, the capacitance
of FE layer is relatively small compared with that from FE switching.
Therefore, the electric field of the DE layer becomes much smaller than the
tunneling threshold, hence the DE eventually block the charge flow of DE
layer, including injected charge for compensating the switched polarization
in FE layer. As a result, the back-switching effect of FE layer can be
effectively suppressed in this tunnel switch device, because the back
switched domain experience a large depolarization field which induced by

that injected charge.
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Figure 2.6 (a) Hysteresis loop of a ferroelectric, and the calculated loops of

the sandwich for different values of d/x3zh=0.003, 0.009, 0.018.

Figure 2.7 Equivalent-circuit description of the in-series resistors and

capacitors for the domain switching performance with the tunnel switch in

differenct states.!"”
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3. Alternative Approach on Negative

Capacitance Effects

3.1. Introduction

The high capacitance capacitor is essential for many electronic devices,
including computers, digital televisions, cell phones, and electric
vehicles.[1,2] Formerly, the dielectric thickness was decreased and higher
dielectric constant materials were used to achieve a larger capacitance.[3]
These conventional strategies can be well acknowledged by the extremely
thin, high dielectric constant layer in dynamic random access memory
capacitors and high performance logic transistors.[4,5] However, this
approach is no longer compatible with the extreme miniaturization and lower
operation voltage trends found in futuristic electronic devices and, therefore,
an alternative, yet fundamentally disparate, method is necessary. The
negative capacitance (NC) effect found in ferroelectrics (FE) can be an
intriguing contender to solve this problem since the serial connection of NC
and positive capacitance (PC), in principle, can result in an unlimited
capacitance density (Ctota{l = Cpc! +Cnc™, meaning that total capacitance is

oo when absolute magnitude of the NC equals to PC).!) This combined
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capacitance is not determined by the thickness or relative dielectric constant
of each dielectric layer, but by the combination of dielectric thickness and

relative dielectric constants of the NC and PC layers for a given area.

The capacitance is proportional to the inverse of the second order
differential of internal energy (U) vs. electric polarization (P) curve of a
dielectric (DE) or FE material.”! According to the Landau’s model, the NC
effect can be expected in the ferroelectrics only when the ferroelectric is
unstable (polarization P ~ 0) with respect to the stable spontaneous
polarization (Ps) state. Therefore, NC effect from the single FE layer cannot
be realized under normal situation because FE stays at the P = Ps state.
Salahuddin and Datta,'” however, suggested the possibility that the NC
effect of a FE layer in a DE/FE stacked system can be stabilized when the
total internal energy of the DE/FE bi-layer is minimized near P = 0 (also
voltage V = 0). This could occur through the DE and FE coupling, where the
polarization of each layer has an identical value, without developing domain
structure. Under this circumstance, the FE layer in the DE/FE structure then
shows the NC effect. Khan et al.”™ recently reported that the NC effect can
be observed in the hetero-epitaxial STO/Pb(Zr,Ti)O; (PZT) bi-layer system
only when the sample was heated up to near the Curie temperature (T.) of
PZT. Pb-based ferroelectrics generally show stronger FE property compared
with Ba-based ferroelectrics in a sense that T, of the Ba-based ferroelectrics

is substantially lower than that of the Pb-based ferroelectrics. Based on this
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idea, Appleby et al.”’’ recently reported an experimental verification of the
NC effect at room temperature from the STO/BaTiO; (BTO) hetero-epitaxial
layer. Furthermore, Gao et al.'” also reported a similar NC effect at room
temperature from the LaAlOs/(Ba,Sr)TiO; (LAO/BSTO) superlattice
structure. The alloying of STO with BTO to make the BSTO would further
lower the TC which facilitates the emergence of the NC effect. Up to now,
the NC effect from the DE/FE bi-layer structure has been explained based on
the linear combination of the free energies with respect to polarization of DE
and FE layers, which were described by the phenomenological expression of
Landau-Devonshire (LD)."""*! However, there were conceptual difficulties
in using the displacement equation within the bi-layer structure.® The
detailed discussions on this aspect of the former energy description in the
DE/FE structure could be found in chapter 3.2.. Another difficulty regarding
the LD theory in DE/FE system is as follows. In principle, the DE layer does
not necessarily have the perovskite structures, such as STO, but could be a
normal dielectric material, such as amorphous Al,Os;, of which the dielectric
constants are generally much lower than that of the perovskites. The LGD
parameters for these materials are not very well-known, making the
application of LGD theory to these cases difficult. In the case of the low
dielectric DE, such as ALOs;, and high dielectric FE, such as BTO, are
stacked, the electric field must be applied very unevenly over the stacked

structure. Under a given external bias voltage, the FE layer in the DE/FE
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stack structure may play a role as the NC layer, which induces a voltage
across the DE layer whose magnitude is even higher than the applied voltage
(voltage boosting effect). This might induce unwanted problems, such as
charge injection across the thin DE layer, which has not been considered in
the previous NC effect model. When such charge injection occurs and the
injected charges are trapped at the DE/FE interface, stable Ps can be
developed within the FE layer which largely mitigates the NC effect of the

FE layer.

In this work, therefore, the authors suggest an alternative approach to the
possible NC effect in general DE/FE bi-layer structures adopting the

U418 15 this model, the well-known LD theory is

depolarization theory.
extended to encompass the case where the high depolarization field is
present due to an imperfect polarization compensation by the interposed thin
DE layer between the FE and the metal electrode. Based on this model, it
was proved that the depolarization state corresponds to the aforementioned
NC condition. When an external bias voltage is applied to the DE/FE system
to polarize the FE layer, the FE bound charge of the FE layer at the interface
between the FE layer and metal electrode can be fluently compensated by
free carriers in the metal electrode. However, the FE bound charge at the
DE/FE interface cannot be fully compensated by the presence of the DE

layer between the FE layer and the opposite metal electrode. This induces

depolarization field across the FE layer, and if the FE film is thin enough, the
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direction of overall field across the FE layer can be opposite to the applied
field direction. In order to make the total applied voltage over the DE/FE
layer equal to the external voltage, a voltage which is even higher than the
applied voltage must be applied to the DE layer. This corresponds to the NC

effect, i.e. voltage boosting effect, leading to the capacitance boosting effect.

This work also discusses the conditions that have hindered the operation
of the NC effect in general DE/FE systems and it is the charge injection
across the thin DE layer during voltage sweep. As shown in the next section,
the trapped charges can largely mitigate the depolarization effect, leading to
decrease in the voltage and capacitance boosting. Even more complicated
problem is that the sign of the trapped charges can be reversely changed
according to the polarity of the applied bias of which the magnitude is large
enough to induce tunneling of carriers through the thin DE layer. Under this
circumstance, the Ps of the FE layer can be reversibly switched as it is the
case for a single layer FE, which may correspond to the frustration of the NC

effect in the DE/FE layer.

Cano and Jimenez have indicated that the formation of multidomain
structure, which is assumed to correspond to the depolarized state of the FE
layer, can drastically decrease the probability of involving the NC effect in
the structure."” It might be probable that FE switching involving the

multidomain structure in the DE/FE system occurs when the system has high

30 ..:l -'I _._'_'\:_ _I_I;



density of defect sites or embryos for the nucleation of reverse domains,
where the minimization of the depolarization effect can be achieved through
the closure domain pattern formation.20 Under these circumstances, the NC
effect cannot be induced because the system always stays at the minimum
energy state (two positive curvature regions of the U-P curve of the FE layer).
However, it can be anticipated that such effect is minimized in a high quality
epitaxial BTO thin film, which was adopted in this work. Therefore, such
possibility, i.e. FE switching mediated by the reverse domain nucleation and

growth, is not taken into consideration in this work.
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3.2. Review on Previous Theoretical Model

According to the original publication of Khan et al.’], the following two
equations constitute the basic formalism in explaining the NC effect from the

DE/FE structure.

e E, +P, =¢,E, +P, (3.1)

Bl + By L& Ry

Up =10, B+ BB 57, PO P @+ BB 7, B~V

I, +1, &, +1;)

(3.2)

€ represents vacuum permittivity; oy (o), Br (Ba) and yr (ya) are the LD
coefficients of the FE (DE) material; Py (Py) is the polarization value of the

FE (DE) capacitor; Es (Ey) is the electric field inside the FE (DE) capacitors.

In fact, they should have used fraction, i. e., l¢/(lf + 13) and ly/(If + 1y), in
place of the length I; and 14, in equation 3.2 to correctly represent the total

energy per unit volume of the system. So, the correct equation must be;

L l
U, = . (afsz +ﬂfpf4 +7/fPf(7)+#(adez +ﬂd€/4 +7d3/6)
[, +1, L, +1, (33)
P+ Py 1P =P '
I, +1, go(lf+ld)2

32 :1-' _I\.I"'_ -1



They also assumed that Py = P4, which corresponds to the strong
electrostatic coupling between the DE and FE layers, which would eliminate
the last term in equation 3.3. As a result, the external field must be applied
equally to the two layers (E¢f = Eq4, equation 1.1). This result is counterposed
against the fact that voltage amplification effects should be observed in

DE/FE structure by NC phenomena.

Figure 3.1 shows the change in the U-P curves of the STO, BTO, and
STO/BTO layers when an E of 300 kV cm’ was applied to the stacked
layer, calculated from the previous model. The energy minimum of the each
layer was achieved at P =0.074 and 0.284 C m™ for the STO and BTO layer,
respectively, which is already self-contradictory to the assertion of P = Py =
P4, while the overall energy minimum of the stacked layer was achieved at P
=0.169 C m™. This result shows that the equation 3.1 is obviously incorrect.
Previous authors might have ignored the background dielectric constant of
dielectric displacement of a FE layer, which caused the miscalculation.
These inaccuracies resulted in errors in estimating theoretical capacitance
values for the given DE/FE stack. Another conceptual difficulty related with
equation 3.2 and 3.3 is that the U of several simpler DE layer, such as
LaAlO; and Al,O;, of which relative dielectric constant is much lower than

STO, can hardly be represented by the general LD formula.
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Figure 3.1 Landau free energy diagrams from previous model in 25nm
STO/50nm BTO heterostructure under Eext=300kV cm™'. The dash and dot
line show Landau free energy of STO and BTO single layer.The minimum
positions of each energy curves represent stable polarization of each layer or

structure
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3.3. Alternative Theoretical Model on Negative

Capacitance

In a typical metal/ferroelectric/metal (MFM) system, the net polarization
charge on the FE layer surfaces generally can easily be compensated by the
free carriers in the nearby metal electrodes, although it cannot be fully
compensated due to the finite screening length of normal metals.""* Almost
no involvement of such adverse effect has been theoretically expected from
the Pt/BTO interface,*"*! which is very different from normal occasions.
For the case of metal-insulator-ferroelectric-metal (MIFM) system, which
corresponds to the DE/FE stack system in this work, charge compensation at
the insulator side of the ferroelectric interface is hindered due to the presence
of an insulator layer (DE layer). Hence, a large depolarization field across
the FE layer is developed which destabilizes spontaneous polarization.!'"
Figure 3.2a shows the schematic diagram of a general DE/FE structure.
When depolarization field (Eqp) is developed within the FE layer, it
influences not only the spontaneous polarization (order parameter of Landau
equation, which is sometimes called orientation polarization) but also the
rest part of the FE materials, which can be considered as background

polarization (Py). In other words, the displacement of the FE layer could be

divided into two different components: spontaneous and background

35 1 B il -I-I;



displacement. In contrast, there is no Ps in the DE layer, and thus, the
equation of the displacement continuity at the DE/FE interface under the
short circuit condition with or without external bias voltage should be

written as equation 3.4,
g E, + B+ P =¢,6,E, +P =¢,¢,E, (3.4)

, where g, represents the vacuum permittivity; Er (E4) is the electric field
inside the FE (DE) layer; ¢, is the background dielectric constant of the FE
layer; and g4 is the dielectric constant of the DE layer. While the presence of

& 1is widely accepted in electrostatic calculations of critical

[23,24 [14-18

phenomenon,™** depolarization,"*'® and dielectric response of the DE/FE

[23-25]

superlattice structures, the precise definition and its value are

controversial. From literatures, various g, values, such as optical dielectric
constant (~5),“4’15 23281 10,1821 _501223% and >100,!'7*" could be found for
various perovskite FE materials. In this work, 50 were taken for the g, of the
c-axis oriented BTO epi-layer to calculate the thermodynamic states and the
dielectric response of the FE single layer as well as the DE/FE stacked layer.
Actually, &, of BTO varies according to the electric field because it could
vary with variation of Ps along the applied field direction. However, this is
generally the case for randomly oriented material, where its Ps state is
heavily dependent on the applied field. In this work, where the epitaxial

BTO film is c-axis oriented and its c-axis lattice parameter is even elongated
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along the surface-normal direction, the Ps is always aligned along the out-of-
plane direction. This makes the g, quite invariant throughout the most part of
voltage application. There could be bias conditions where the permittivity
increases when the material is depolarized near the coercive voltage region.
In fact, the depolarized state variation is quite small in one case but could be
as three times high as the polarized state.’* However, such voltage region is
very narrow compared with the entire tested voltage region. Hence, a
constant permittivity assumption in the calculation induced minimum error.

[14, 15, 17, 18, 20, 22, 25, 28-31

In many theoretical cases, I'this value has been taken as

constant.

As can be understood from the equation 3.4, the displacement in the DE
layer could be induced by only the gog4Eq4 term. Therefore, if gyeq4 of the DE
layer is much smaller than the capacitive contribution from ggg, and Ps, E4
becomes very high. When the DE layer is very thin, interface charge (c;) can
be formed at the DE/FE interface by carrier injection across the DE layer.
Under this circumstance Eq, in the FE layer decreases, which can stabilize
Ps. The electric field generated by the presence of Ps and o; at the FE and

DE layer under the short circuit condition can be represented as follows,

-1
S g_+g_] (3.5)
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-1
Ed=-0h B B (3.6)
int go 'ld l i l

f d

, Where Eimd is the internal electric field across the DE layer, and 1¢ (1g) is
the thickness of the FE (DE) layer. Figure 3.2 shows the distribution of Ege,
and E;,® within the ALO; (AO)/BTO stacked layer, where the BTO layer

possesses Ps and the AO/BTO interface contains o;.

The free energy (or thermodynamic potential) of an order parameter (Ps)

in a FE layer can be described by LD equation as shown in equation 3.7.
U, =aP’+BP*+yP°* (3.7

Then, the electrostatic field acting on Ps, can be expressed as

_U 2aP +4BP° +6yP’ (3.8)

pol
s E(CY/

, Where o, B and y are LD coefficients of a FE material. Figures 3a and b
show the electric force-polarization diagrams for the cases of 0;=0 and c; <0,
respectively. Here, the electric force can be easily calculated by multiplying
the electric field with charge. The reason why an electric force is invoked
can be easily understood from figures 3¢ and d; when the two forces acting
on the central cation in the oxygen octahedron balance each other, the cation
remains at the center position making the material paraelectric (FE

polarization is completely frustrated), whereas if polarization force
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overcomes the depolarization force, by the presence of o;, the material can
show the FE polarization. This depolarization behavior is well established by
a number of studies, especially dead layer effects in MFM thin film capacitor.
When the FE film is thinner than the critical thickness, it becomes
paraelectric which corresponds to the circumstance represented by figures 3a
and c¢. On the other hand, even when the film is thinner than the critical
thickness, the presence of o; at the interface could shift the force equilibrium
point from the origin and Ps can be stabilized depending on the different

values of ;.
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The LD free energy equation of a FE layer under the presence of Edep can
be obtained by integrating the equations 3.5 and 3.8 with respect to Ps. For
the sake of simplicity, the uniform polarization in ferroelectric materials is
assumed. Then, the LD equation of FE materials with a homogeneous
polarization (Ps) and a constant o; under an external electric field (Eextf) can

be expressed as

o,-P——P° -l
U =aP?+pP +yP —|E . p+— 2 |5 20 (3.9)
¥ s s }/ s ext s c l

(U
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Here, the Eextf is the portion of E. applied over the FE layer. The
coefficient of Ps” term (o' = o +[2(g8, + 848,41, /1,)1") 18 determined by the
relative magnitude of Eq, and E,1. If Eq > Eqep, o' has a negative value and
the FE layer is in the FE state. If E,, < Eqep, o' becomes positive, and the FE
layer becomes paraelectric-like. This state is critical for the emergence of the
NC effect from the DE/FE structure. Detailed material parameters in
equation 3.9 for the AO/BTO system are summarized in table 1. It should be
noted that the equation 3.9 represents the thermodynamic energy function for
a given o;. If o; varies, the function needs to be rewritten for new o;, and the
transition states between different values of o; cannot be thermodynamically
described by this method. Therefore, only the thermodynamic states before
and after the o; change are described analytically in this work, and the

transition between them is only empirically described.

Then the capacitance of the paraelectric-like DE/FE system could be
achieved from the general definition of capacitance. In fact, for DE/FE
system, there are two distinctive layers, so the capacitance can be calculated
from either layers. The derivation processes are described in detail in
appendix section based on displacement-continuity at the interface between
DE and FE layers and minimization of electrostatic energy. Capacitance of

the DE/FE system can be represented by equation 3.10.
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Based on these formalisms, the electrical behavior of the AO/BTO bi-
layer structure was examined. First, the case with o=0 is considered in
figure 3.4. Figure 3.4a shows the free energy diagram (U — P diagram) of a
Snm-thick AO/150nm-thick BTO bi-layer structure calculated using the
equation 3.9 at room temperature. For reference, the U - P curves of a single
layer AO and BTO were also plotted. With this geometry, the U - P curve
shows a single minimum at P = 0, suggesting that the ferroelectricity of the
FE layer is totally destabilized due to the influence by the large
depolarization field. This behavior is influenced by the relative thicknesses
of the DE and FE layers. Figure 3.4b shows the graph of (d*U/dP?*)" at P =0,
which corresponds to o, as a function of AO thickness for the given BTO
thickness of 150 nm calculated by the equation 3.9. The capacitance showed
critical variations at 3.5 nm, which is called the critical thickness (l.;). When
the AO film is thinner than the I, C has a negative value and diverges to -o©
as l, is approached. This corresponds to the unstable state of the DE/FE
system near P = 0, so such overall negative capacitance cannot be
experimentally achieved. By contrast, when the AO film is thicker than the
l, C has a positive value and diverges to ©© as I is approached. This is a
very useful stable state of the DE/FE for the capacitance boost near L., which

is due to the involvement of the NC state of a FE layer. Nevertheless, there
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are two limitations on the use of such increased capacitance, which can be
found from figures 3.4c and d. Figure 3.4c shows the capacitance — voltage
(C-V) curve of the Snm-thick AO/150nm-thick BTO bi-layer. Here, V was
calculated by multiplying the field and thickness of each layer and summing
them. The C-V curve of single layer AO is also plotted within the same
graph and shows a constant value which corresponds to a dielectric constant
of 8.9. Within the voltage range from ~-5 V to ~5 V, the C value of the bi-
layer is higher than that of the AO single layer, suggesting the emergence of
the NC state within the FE layer. However, at voltages outside this range, the
C value decreases to lower values than the value of a single AO layer, which
is due to the fact that the capacitance of the BTO layer changes from
negative to positive at certain high voltages. Figure 2d shows the calculated
P-V curves of the bi-layer. For reference, P-V curves of single layer AO and
BTO are also plotted. The P-V curve of the bi-layer does not contain any
negative slope region, suggesting that AO/BTO is overall in the PC state,
whereas BTO layer shows the NC state. Usefulness (and limitation too) of
the AO/BTO bi-layer as the charge storage capacitor can be understood from
these figures. For example, when the bi-layer capacitor was biased from -6V
to +6V, ~ 0.4C m™ is stored within the capacitor. In contrast, the single layer
AO capacitor can store only ~ 0.2C m™. For the single BTO layer capacitor,
it can store a much higher value of ~ 0.7 C m”. However, when the capacitor

voltage was released to 0V, only ~ 0.05 C m™ could be extracted from the

44 7]



single BTO layer capacitor because it is now with FE state, so ~ 0.65 C m™
remains within the capacitor as a Pr. For the single layer AO and bi-layer
capacitor, half of the stored charges is released by the same operation. As the
applied voltage range increases, the stored (so released) charge density
increases linearly for the AO capacitor and non-linearly for the bi-layer
capacitor, and finally the charge density values become almost identical for -
20 — 20 V range. This can be understood from the decrease of capacitance at
higher voltages for the case of bi-layer capacitor while that of AO capacitor
is constant over a whole range of voltage in figure 3.4c. The maximum
storable charge density in the bi-layer cannot be higher than the 2Ps of the
BTO layer, which is the ultimate limitation of DE/FE systems as high
capacitance capacitors. One may be curious about what would happen when
the thickness of the AO layer is near l,? According to figure 3.4b, the
capacitance can be infinite, whereas figure 3.4c shows that the voltage range
for such enhanced capacitance becomes infinitesimal. Therefore, there is an
upper bound for the drivable charge density, which is ~2Ps. Meanwhile,
there is another critical side effect that mitigates the emergence of the

capacitance boosting effect.
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Figure 3.5 shows the variations in the electric field over the AO and BTO
layers as a function of E. when the field was applied over the Snm-thick
AO/150nm-thick BTO structure with o; = 0. In this graph, E., was simply
calculated by dividing the applied voltage (V) by a total film thickness
(155 nm). For the actual field calculation in each layer, the Eext was divided
into two parts: Eel and Eextd, which are inversely proportional to the
dielectric constant of each layer (50 for BTO and 8.9 for AO), and Egep,
calculated from the equation 3.5, was added to estimate the net electric field
over the BTO layer. Similarly, E. was calculated from the equation 3.6,
which is determined by the field exerted by the spontaneous polarization
from the FE layer and interface charge density. B, was added to the
component of E. over the AO layer. It is quite notable that the internal field
across the BTO layer decreases when E. increases within -2.5MV cm™ <
Eexe < 2.5 MV cm’™, meaning that the BTO layer works as a NC layer under
this circumstance. Such decrease in the internal field of the BTO layer is
compensated by the increase of the internal field across the AO layer,
meaning that the capacitance boosting might be acquired. This outcome is
obvious from the NC operation of the BTO layers. It is also notable that the
field over the AO layer is extremely high even for the quite small E.y, which

significantly influences the charge distribution as will be discussed below.
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Figure 3.6a shows a schematic energy band diagram of the Pt/5Snm-thick
AO/150nm-thick BTO/Pt capacitor when E.~=100kV cm’ was applied to
total structure (Vup, = 1.55 V). Due to the NC effect of BTO under this bias
condition, the BTO band is tilted in the opposite way to the applied bias
direction which is compensated by the very high tilting of the AO band in
accordance with the applied bias direction. The opposite tilting of the BTO
band within the NC region occurs because E.y' is overcompensated by Eep-
Under this circumstance, a deep potential well is formed at the AO/BTO
interface of which the depth is deeper than the conduction band offset at the
Pt/AO interface. Due to a very high band tilting of the AO layer, in addition
to its small thickness (5 nm), there must be a very high chance of carrier
injection (by most probably tunneling) as represented by the lateral arrows in
Figure 3.6a. When such carrier injection occurs, the ; can compensate for
the polarization charge within the BTO layer totally or partially at the
interface, and Eg, will be diminished. This means that the NC effect could
be also diminished under this circumstance. Nevertheless, it has to be noted
that the influence of o; on the NC operation of the BTO layer is dependent
on the bias application and carrier transport across the AO layer as discussed
below. An approximate time estimation of the charge transport across the
Snm-thick AO layer by the Fowler-Nordheim tunneling to compensate about

0.2 C m™ varies from several us to several tens us depending on the bias
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voltage magnitude and other interface conditions. The influence of such

carrier injection effect will be discussed in detail.

By contrast, it could be quite different for the case of the STO/BTO as
shown in Figures 3.6b. The band diagram was calculated for SrRuO;
(SRO)/25nm-thick STO/50nm-thick BTO/SRO structure. Due to a non-
linear dielectric response of the paraelectric STO, the calculation was
performed using a self-consistence method based on the LGD equation of
STO. When E.~=100kV crn'l, the calculated Eimd of the STO layer was 364
kV cm™ and relative dielectric constants of STO layer were calculated as 215.
Due to the relatively high dielectric constant of the STO, the internal band
tilting of the STO layer (~0.9eV) was much lower than that of the AO layer
under the identical E.y condition. The BTO band also tilts in the opposite
direction to the bias voltage suggesting that the BTO layer is in NC mode.
Under this band configuration, the electron tunneling from the SRO into the
DE/FE interface is not expected to be active, and thus, the chance for

observing the NC effect from this structure would be high."”’

This carrier injection does not necessarily correspond to the total
elimination of the NC effect as long as the value of o; is invariant during the
subsequent bias application. Here, the U-P and P-V curves of the previously
mentioned AO/BTO structure were formulated again based on the equation

3.9 assuming o;, present at the AO/BTO interface, to be -0.2, -0.1, 0, 0.1, and
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0.2 C m?, which stayed invariant throughout the entire voltage application.
The results are shown in figures 3.7a and b. As can be understood from
figure 3.7a, the structure shows certain monostable polarization values
corresponding to a minimum energy, with different o; values. Figure 3.7b
shows that the P-V curves are non-hysteretic due to the monostable
configuration of polarization under these circumstances, and the capacitance
enhancement could be achieved for all cases. However, the voltage region to
observe the NC operation (region with steep slope in the P-V curve) varies
according to the o; values. The presence of ; induced an invariant internal
field inside the structure and shifted the P-V response along the voltage
direction. Therefore, the NC effect is achieved at a shifted V (or E.x) without
a hysteretic P-V switching behavior according to this internal field effect.
This can be qualitatively understood as that the invariant o; stabilizes only
one of the two possible Ps’s of the BTO layer, and this stabilized Ps
decreases uniformly making the BTO layer be within the NC region when a
bias, whose polarity is opposite to this stabilized Ps, is applied to the
AO/BTO structure. Nonetheless, as discussed previously, the change of o;
along with the change in the bias polarity largely decreases the amount of
retrievable charge at the discharging step, hindering the NC effect.
Experimental proof of such NC frustration is demonstrated in the next

chapter.

50 1 B il -I-I;



Table I The material parameter for thermodynamic calculation

«10°C BI0C (10 C
2

Material| T (K) ¢ /¢, 2 4 6 6 10
BaTiO, | 368.5 50  3.3:(T-368.5) 1.37 2.76
Ao, | - 89 i . :
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3.4. Summary

In summary, the capacitance boost effect in a DE/FE system by the NC
effect of a FE layer, which was originally suggested by Khan,"® could be
realized under certain limited conditions, such as no FE poly-domain
formation and well-balance between the thickness and material parameters
of the DE and FE layers as long as the total capacitance is in the positive
regime. However, the original studies had taken some problematic
assumptions, which induced a self-contradictory outcome from the
calculation of the DE/FE system. In addition, when a low dielectric DE layer
is adopted, its LD formula is not generally well known making the
application of the previous formalism (Landau-Khalatnikov model)™ to
calculate the total free energy to such cases improbable. Therefore, an
alternative model was suggested in this work that could calculate the
capacitance at the DE/FE system based on the general theory on the
depolarization effect!'*"™ of the FE layer when the FE bound charge is not
compensated well. This approach explains the experimental results more
accurately. The model was also adopted to the case where the DE/FE
interface had trapped charges which could (partly) compensate for the Ps of
the FE layer. The charge trapping could be induced by tunneling through the
thin DE layer during the NC operation of the FE layer, which augmented the
potential applied over the DE layer. The interfacial charging appeared to be

almost inevitable when a low permittivity DE layer, such as AO, was
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adopted of which the thickness must be very thin to match the absolute
capacitance values of the DE and FE layers. The trapped charges stabilize
one of the two Ps’s of the FE layer, which could have induced the emergence
of the NC effect from the BTO layer in the AO/BTO bi-layer during the
subsequent voltage application with opposite bias polarity. However, when
the FE layer falls within the NC region, a significant change in the trapped
charge occurs making the opposite Ps stabilized. Therefore, a FE-like
hysteretic P-V loop is achieved, major portion of the accumulated charges
during a voltage application is retained as the remanent polarization and
injected charges in the capacitor during the subsequent voltage are released.
This is detrimental to use the AO/BTO capacitor as an extremely high
capacitance capacitor. It was also elucidated that even when the positively
infinite capacitance is realized by the perfect match between the PC of DE
and the NC of FE, the overall driven charge density cannot be higher than
2Ps of the FE layer. This is because as the capacitance increases, the voltage
range for the enhanced capacitance decreases inversely proportional to the

capacitance.
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3.5. Appendix
Appendix I. Internal field calculations

The static one-dimension Maxwell equation of each layer must satisfy the

following relationship;
D, = gye,E, (for dielectric layer), D, = g,¢6,E , + P, (for ferroelectric layer) (3.1 1)

It is assumed that the polarization (Ps) of the FE layer is homogeneous
and that the trapped charges existing at the interface between the DE and FE
layers fully or partly compensate the Ps. It is further assumed that the
displacements in the dielectric and ferroelectric layers Dy, Df and Ps are
constants inside each layer. Then, the Maxwell equation for each layer can

be rewritten as follows from the Poisson’s equation;

2 2

0
£, 66:;" =0 (for dielectric layer), &, 87(/)2/ =0, (for ferroelectric layer) (3.12)

Here, the ¢, is the background dielectric constant of the FE layer. The
boundary condition of equation 3.12 with a sheet interface charge density (o;)

at the DE/FE interface can be expressed as

9, (z2=1)=0, ¢, (z=-1,)=0, ¢,(z=0)=0,(z=0) (3.13)

, Where z = 0 corresponds to the location of the interface between the DE

and FE layers. By the continuity theorem at the interface, the electrical
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displacement and interface charge density should follow the following

relationship; !

0
D, —Ddz—gogb&+P\, +808d%=0i (3.14)
oz ’ 0z
o9, oo
—sogbgfz:o+sosdgdz:o =0, —-P (3.15)

Using the geometric relationship between electric potential and static

electric field,

Eimd :_v(pd :_&5 Eimf :Edep :_v(pf :& (316)
la S
Thus, the equation 3.15 leads to
=0 _
- oeh%)—gogdwzai_p‘ (3.17)
S d

Finally, the polarization dependent internal electric field across the DE
layer (Eimd) and FE layer (Eimf) which coincides with the depolarization field

across the FE layer (Eq4ep) can be obtained as follows;

-1
F - 2C=0_ o -R\& & (3.18)
[, &l, l lf
(z=0) o -P h
(z= -
E, - P _o,-F [S_ﬁ_] (3.19)
l, gl, \ L, 1
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Appendix II. Capacitance of a DE/FE bi-layer

In MDFM (metal/dielectric/ferroelectric/metal) structure, the accumulated
charge density at M/D and F/M interfaces must be identical under any
arbitrary condition. Furthermore, under the absence of any interfacial
trapped charges, continuity of displacement at the DE/FE interface must be
maintained. Under this circumstance, the accumulated charge, Q, can be

described either at M/D or F/M interface as follows;

Q=D =¢,6,E,” + P (F/M interface) = g,¢,E,," (M/1 interface) (3.20)

tot tot

Where E, and E, are total electric field in ferroelectric and dielectric
respectively, and g, is a permittivity of an insulator. Here, the Ewf and By’
encompass both electric field components from the externally applied
voltage and internal charge mismatch. The capacitance of the MIFM

capacitor, therefore, is

o490 _d@sE, +R) _d(Ez,E,")

s

dv av dv

(3.21)

According to equation 3.21, capacitance of MDFM structure could be
described conveniently by the charge variation at either interface. The right-
hand term of equation 3.21 was taken to describe the capacitance here
because it is more straightforward. The capacitance equation is, then, given

as follows,
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-1
dQ I, 1, dE, ‘ dE, ‘

C=—== - 4+ < 1+ int = M1+ int 322
dv g“(e,, g, ( dE 7) = £ dE 7) (3-:22)

ext ext

, where I and 14 are thickness of the ferroelectric and insulator respectively.

According to Kirchhoff’s law,

Vo= Eexrlmr = Eexr (1/ + ld) = Emrflf + Emrdld (323)

, and the total electric field in each layer could be constituted by the two

element as aforementioned

E, =E, +E, (j=ford) (3.24)

tot

, where the subscript o and i, represents the external and internal,

respectively. Therefore,

dQ ¢, dE,' dE.' &, dE, " dE,’
= — . ()d [aY — .(1+ llld) [aY
d V lt ot dEL’.’C t dEL’.’C t lt ot dEL’.’C t dEL’.’C t
(3.25)
— gogd lf + ld (1 dEimd )
lmt [lf ld j dEertd
g, —+-+ )
gb gd
The internal field of DE layer is
P -1
PRl o) ) (3.26)
gl 1 1,
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charge, o;. From the continuity of displacement at the DE/FE interface,

g/Eef:nged (327)

Thus, finally, equation 3.28 can be obtained.

-1
dE._“ g, dP,
C=g A1+ Zm y g g 14| L 80| 2 s
dE I

d ap 7
ext ld 80 & f ld dE ext

—-1 -1
/ / g dP
=g, L_}_L 1+ _f+g_”' €q _ff
&, & L1, ) &g, dE,

ext

J (3.28)

It is noteworthy that the capacitance of the MDFM structure can be simply
calculated from the external field dependency of spontaneous polarization in

a ferroelectric layer.
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4. Competitive Relation between Negative
Capacitance Effect and Tunnel Switch

Behavior in ALLO3/PZT Bi-layer Capacitor

4.1. Introduction

Although ferroelectric (FE) switching is one of the most significantly
researched topics in solid state physics, it is still an intriguing research area
for modern electronic devices. Ferroelectric random access memory is
perhaps the most well developed solid state device, which utilizes the two
stable remanent polarizations (+Pr) to represent the two digital memory
states."! Recent research interests on the FE thin films are shifting toward the
multi-layer structures, where the FE films are combined with other functional

I' semiconductor™” or dielectric (DE)

layers, such as ferromagnetic,**
materials.’®* In particular, DE/FE bi-layer structure has drawn a great deal of
attention due to its novel electronic properties.*'*) Among them, the recent

arguments on its negative capacitance (NC) effects!”"!

are especially
appealing to the semiconductor community because it can boost capacitance
of capacitors in dynamic random access memory''® and semiconductor
surface voltage to a value higher than the applied gate voltage!'” in metal-

insulator (ferroelectric)-semiconductor field effect transistor. The NC region

corresponds to the negative slope of the S-shaped polarization-electric field
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curves which are derived from the Landau-type thermodynamic relation of FE
materials. Nonetheless, the NC region of single layer FE materials is unstable
due to its local maximum energy state,!'"®! which makes the observation of the
NC effects in a single FE layer challenging.!"”’ However, stacking the DE
layer onto a FE layer can stabilize the NC region by an electrostatic coupling
between the two layers. According to the phenomenological model for the
internal energy of ferroelectrics, the NC behavior can be observed only when
ferroelectric polarization is highly suppressed.!'"” Since theoretical expectation
for this effect in a DE/FE structure has been first proposed by Salahuddin and
Datta,'” several experiments have confirmed the increased capacitance of the
DE/FE layer compared with the capacitance of a single DE or FE layer.!'"'?!
In those experimental results, non-hysterical paraelectric-like electrical
response could be observed as expected from theoretical studies. Nevertheless,
emergence of stable NC effects can be hindered by the involvement of reverse
domain nucleation and growth, of which states always correspond to the
stable minimum energy state, and, thus, so far, the evidence of NC effects
could be found only under certain limited experimental conditions, i.e. hetero-
epitaxial bi-layer or superlattice systems. It appears that the nucleation and
growth of reverse domain are suppressed in these systems, where the density

of sites for nucleation and subsequent growth of reverse domains is quite

limited.
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While the reports on the emergence of the NC effect are intriguing in terms
of exploring new physics in FE thin film, the practical applicability of these
hetero-epitaxial system is limited in the main stream semiconductor industry
due to their incompatibility with Si substrate. Therefore, evaluating the
polarization property and confirming the possible NC effect from the
polycrystalline FE film combined with a polycrystalline or amorphous DE
layer fabricated on a Si substrate are impending task in this field. Generally,
the dielectric constant of a FE film is much higher than that of a usual DE
layer. This requires the DE film thickness to be much thinner than FE film to
achieve the capacitance match (one is positive (DE) and the other is negative
(FE)) between the two layers in a DE/FE structure. In addition, when the FE
plays a role as a NC layer, the voltage applied to the DE layer, under the given
applied voltage (Va), becomes higher than Va, thus, in conjunction with its
thin thickness, the charge transport across that layer can be significant. The
authors recently revealed that such charge transport, and subsequent trapping
at the DE/FE interface, could be detrimental to the emergence of the NC
effect from Al,03/BaTiO; (AO/BTO) system, where AO and BTO films have

amorphous and single crystalline structures, respectively.!'”

In this regard, the work reported by Jiang et al.”*”! on the FE performance of
ALOs/Pb(Zr,T1)O5 (AO/PZT) system, where the AO and PZT layers show the
amorphous and polycrystalline nature, respectively, is worth being recognized

again. They reported a great enhancement of FE properties in terms of the
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polarization hysteresis behavior (Pr and retention increase), owing to the AO
layer as a “tunnel switch”, which was clearly distinctive from the NC effect.
In the tunnel switch model, the AO layer becomes conductive when the FE
layer shows polarization switching while it remained insulating when the FE
layer retains its original polarization state. The discrepancy between the NC
effect and the tunnel switch behavior was investigated with a
phenomenological method in author's previous report."”! Actually, these two
phenomena share similar aspects of the FE physics, which is related with
internal electric field originated by a mismatch between spontaneous
polarization charge and compensating charge at the DE/FE interface. When
Va is applied to the DE/FE system, and if the FE layer shows the NC state a
very high internal field must be induced across the DE layer due to a voltage
amplification effect by the NC operation in the FE layer. If the DE layer is
thin enough to allow the current pass through that layer, the NC effect can no
longer exist in this system, because the FE layer switches to the stable reverse
Pr state. In this case, the NC effect and tunnel switching behavior may occur
in sequence, suggesting that the system response to the external bias would be
time-dependent. The alternation between two phenomena is crucial for actual
applications in electronic devices. Hence, understanding electrical behaviors
of the DE/FE structures, especially when they are not of the hetero-epitaxial
structure, is essential, but has not been fully established. Therefore, in this

work, the authors reported electrical analysis of AO/PZT system in detail,
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where the various thicknesses (2 — 10 nm) of the amorphous AO layer were
grown by atomic layer deposition (ALD) on a 150nm-thick polycrystalline
PZT (Zr:Ti = 0.4:0.6) film, which was grown by a metal-organic chemical
vapor deposition (MOCVD) at an wafer temperature of 600 °C on Ir bottom
electrode/SiO,/Si  substrate. Among the various electrical tests, the
polarization — voltage (P-V) loop represents the most critical aspects of these
samples. Therefore, P-V loops of the various film stacks were obtained, and
were theoretically fitted using the phenomenological model based on the
general Maxwell equation for dielectric displacement, assuming the presence
of interfacial charge at the DE/FE interface (o;). The key conceptual
development in this work is the systematic change in o; according to the
polarization switching (or change in the polarization according to the change

in o;), and its correlation with the energy band structure.

Up to now, the NC effect from the DE/FE bi-layer structure has been
explained based on the phenomenological expression of Landau -Devonshire

(LD) which used linear combination of the free energies with respect to

[10-12, 17

polarization of DE and FE layers. I'In principle, the DE layer could be a

normal dielectric material, such as amorphous Al,O3, of which LD parameters
are not very well-known, making the application of LD theory to these cases
difficult. In this work, therefore, the authors used an alternative approach to
the possible NC effect in general DE/FE bi-layer structures adopting the

[19

depolarization theory."” In this model, the well-known LD theory is applied
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to the PZT layer while the influence of high depolarization field due to the
presence of AO layer could be taken into account from the fundamental theory
on electrostatic energy. Based on this model, it was proved that the

depolarization state corresponds to the aforementioned NC condition.
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4.2. Experimentals

The polycrystalline 150-nm-thick PZT films were grown by a metal-
organic chemical vapor deposition on Ir/IrO,/SiO,/Si substrate. The AO layer
was deposited by atomic layer deposition process using trimethylaluminum
and O; (with a concentration of 250gm™) as the Al-precursor and oxygen
source, respectively, at a substrate temperature of 250 °C with thicknesses
ranging from 2 to 10 nm on the PZT layer. Top electrode with an area of 1 x
10° um* was fabricated by DC-magnetron sputtering with an 80nm thickness
at room temperature using a photolithography and lift-off process. The
fabricated capacitors were post-annealed at 300 °C for 30 min in air to cure

the possible sputtering damage of Pt top electrode.

The P-V loops of the Pt/AO/PZT/Ir capacitors were tested using an
axiACCT TF-2000 analyzer at a frequency of 1kHz in virtual ground mode.
Capacitance — voltage (C-V) and current — voltage (I-V) characteristics were
also checked using Hewlett Packard 4194 impedance analyzer and Hewlett
Packard 4145B semiconductor parameter analyzer, respectively, to confirm
the feasible dielectric performance of all the capacitors. Although the data are
not shown, well behaved butterfly shaped C-V curve and low enough leakage
current (< 10° Acm™) in the tested voltage range for P-V were achieved. All

bias was applied to top Pt electrode while bottom electrode was grounded.
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4.3. Results and Discussions

According to the previous chapter,"'” the free energy of a ferroelectric layer
(Up in a DE/FE structure taking the depolarization effect into consideration is

given by,

|
O-i'Pf_EPf .[gb

-1
U, =aP}+ BB+ 7PS | BB+ _+g_dJ D

&l Iyl

, where gy represents vacuum permittivity; o, [ and y are the LD
coefficients of the FE material; Pr and Ee are the spontaneous polarization
and effective external field across the FE layer, which are assumed as constant
over the FE layer; 1 and g4 are the thickness and relative dielectric constant of
the DE layer; If and ¢, are the thickness and background dielectric constant of
the FE layer, respectively. Details for the derivation of energy equation based
on the depolarization model are given Appendix at the end of this report. The

concept of &, is widely used in electrostatic calculations for polar materials.”*"

1 reported that the polarization of polar materials should be

I Marcus
divided into the equilibrium and non-equilibrium components. The non-
equilibrium polarization corresponds to the Py of FE materials, and the
equilibrium polarization is relevant to the €,. The equilibrium polarization

consists of electronic and the lattice polarizations, which means that the g, is

identical to the infrared dielectric constant of FE materials. More recently,
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Bernardini et al.”*! calculated the dielectric tensor of a polar crystal based on a
geometric quantum phase polarization theory. They presented that the lattice
polarization includes the contribution of piezoelectricity-related lattice
distortion. Therefore, the perovskite ferroelectric materials could have high g,
value due to their large piezoelectric coefficient and Born effective charge. In
particular, the experimentally reported infrared dielectric constant of

Pb(Zry;Tiy7)O; is as high as 120 to 250.[2% 201

In this study, the UxP; characteristic of an AO/PZT bi-layer structure were
calculated using equation (1). g, of the PZT layer was taken to be 250, in
order to calculate the electrostatic potential of the AO/PZT stacked layer. In
fact, &, of the PZT layer varies according to the applied bias voltage but was
taken as a constant, otherwise the description of energy function becomes too
complicated to be dealt with analytically. Due to this difficulty, many reports

21 ,22]

took the same simplification, while the error induced by such

simplification was not significant.

Cano and Jimenez have indicated that the formation of multidomain
structure, which is assumed to correspond to the depolarized state of the FE
layer, can drastically decrease the probability of involving the NC effect in the
DE/FE structure.”” It might be probable that FE switching involving the
multidomain structure in the DE/FE system occurs when the system has a

high chance of fluent change compensation for the FE bound charge as in the
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case of metal/FE/metal structure. Under these circumstances, the NC effect
cannot be induced because the system always stays at the minimum energy
state (two positive curvature regions of the U-P curve of the FE layer).
However, it can be anticipated that the change for such effect is not high in a
DE/FE structure because the intervened DE layer interferes the rapid charge
compensation. Therefore, such possibility, i.e. FE switching mediated by the
multidomain formation via the reverse domain nucleation and growth, is not

taken into consideration in this work.

Figure 4.1a shows the free energy curves of the Snm-thick AO/PZT bi-layer
structures at E. =0 with two distinctive o; (==+0.1C m™, blue and red curves).
For comparison, Up-P; curve for AO/PZT layer with no involvement of o; is
also appended (black line). In this case, the curve shows a single minimum
when P = 0 due to the electrostatic coupling between the AO and PZT layer,
which corresponds to the NC state. The overall trends in UgPs curves in this
structure are in agreement with that of AO/BTO bi-layer structure from the
previous study.'” The single minimum in Uy-P; curves at non-zero P; values
for the cases of o; = +0.1C m? indicates that the bistable ferroelectric
polarization of PZT layer became mono-stable by addition of AO layer and o;.
The schematic diagrams for polarization state of each free energy curves are
described in figure 4.1b. As shown in figure 4.1b, the stable polarization state
varied with the o;, which means that multi-state Pr could be stabilized by

changing the o; even at a given bias condition. In this perspective, the
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polarization hysteresis could be observable in a DE/FE structure by charge
exchange between a metal electrode and DE/FE interface. If the charge

exchange occurs with the fully developed Pr being retained, the system cannot

be in the NC state.
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Figure 4.1. (a) Free energy diagrams of a Snm-thick AO/PZT bi-layer

structure with o= £0.1 Cm™ and 0 Cm™ The dash line represents the free
energy diagram of the PZT single layer. (b) Schematic diagrams illustrating
the polarization state of AO/PZT structure with -o; (left panel) and -o; (right

panel).
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From the given energy equation 4.1 and Kirchhoff's law, the P-V relation

can be written as follows,

-1
V=s, [i—z J%,J 2aP, +4BP; +6yP; - ij’o_‘:f {f—: + %’J 4.2)

Figure 4.2 shows the calculated P-V curves of Snm-thick AO/150nm-thick
PZT with o; = 0 and £0.1 C m™. For the case of o; = 0, the P-V curve passes
through the origin (P=0 at V=0) of the graph, where the slope of the curve is
much higher than that of the single AO layer, suggesting that the NC effect
operates. The curve does not show the characteristic S-shape of a FE film, due
to the dominance of the Snm-thick AO layer. The critical thickness of the

emergence of an S-shape in AO/PZT system was calculated to be 3nm.

The P-V curves are laterally shifted from the original position (P=0 at V=0)
when the o; is involved. As long as the o; remained invariant, the non-
hysteretic paraelectric-like P-V curves are maintained suggesting that FE
polarization does not vary in the whole voltage range. This means that the
(experimental) hysteresis loop of this AO/PZT system could not be
constructed from two P-V curves (equi-o; lines). Therefore, if an experiment
shows hysteretic P-V loops, there should be a change in o; most probably
through the charge transport across the DE layer. This may correspond to the

vertical lines connecting (A), (B) and (C), (D) in figure 4.2.
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Figure 4.3. shows experimentally measured P-V hysteresis loops of
Pt/AO/PZT/Ir capacitor with various AO film thicknesses using an aixACCT
TF 2000 Analyzer with a virtual ground mode, where the triangular voltage
pulses with 1 kHz frequency was applied on the Pt top electrode, of which
area was 10°’um’ and was electron-beam evaporated. All capacitors clearly
showed saturated P-V hysteresis loops except for the 2nm-thick AO/PZT
capacitor. From the P-V hysteresis loops, 2Pr and coercive voltage (V.) were
extracted and plotted as a function of AO thickness in figures 4.4a and b,
respectively. The absolute values of positive and negative V. increased with
the AO thickness in an AO/PZT capacitor, which is consistent with the voltage
distribution in a series capacitor model (AO layer takes up a certain portion of
Va, so higher Va is necessary to induce change in the FE polarization state). In
contrast, the 2Pr was inversely proportional to the AO thickness. While the
magnitude of 2Pr in the AO/PZT bi-layer was enhanced compared to the value
for the PZT single layer capacitor when the AO thickness is 2 and 3nm, which
is consistent with the report by Jiang et al.””! based on tunnel switch model of
an AO layer, it becomes smaller when the AO thickness becomes > ~4nm.
This critical change in P-V behavior according to the AO thickness could be
understood from the total energy calculation as a function of AO thickness as
shown in figure 4.5. Figure 4.5 shows a two-dimensional plot of total energy

for Pr (y-axis) and AO thickness (x-axis) for o; = 0. The plot shows that there
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are two energy minima when the AO thickness is lower than ~3nm, which
corresponds to the overall FE behavior of the DE/FE stack. When the AO film
becomes thicker than ~3nm, the system shows a single minimum energy,
meaning that the DE/FE stack is paraelectric-like. The transition between
ferroelectric-like and paraelectric-like state is closely related to the
depolarization phenomenon in ferroelectric thin films with a finite non-
ferroelectric layer. The depolarization field is inversely proportional to the
capacitance of a non-ferroelectric layer. Therefore, the paraelectric-like state
could emerge by high depolarization field at the thicker dielectric layer in
DE/FE bi-layer system. In AO/PZT system, due to relatively low dielectric
constant of AO layer, such thin AO layer (~3nm) could effectively destabilize
the spontaneous polarization. Hence, the energy landscape of the DE/FE stack
with AO thicknesses > 3 nm shows a single minimum at P = 0 meaning that
the stacked layers should not show hysteretic P-V curves if no o; effect is
involved. In contrast, the P-V curve of the 2 and 3nm thick AO/PZT samples
corresponds to the genuine hysteretic FE switching, mediated by the reverse
domain nucleation and growth. Thus, samples with 2 and 3nm are excluded
for further discussion in this work. The hysteretic P-V loops of the samples
with thicker AO layer, therefore, must be induced by the change of o,
probably from the charge transport across the AO layer. It needs to be noted
that this type of calculation is not possible when the Landau-type energy

equations, i. e. U = aP” + BP*..., are attempted to be used for both AO and
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PZT layers, because the AO layer does not follow the Landau-type energy
equation. Therefore, equation 4.1, which describes the additional electrostatic
energy due to the depolarization field effect, in addition to the Landau-type

energy function of PZT layer, is useful for such cases.
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The P-V curves of AO/PZT capacitors with different AO thickness
(4~10nm) are shown separately in figure 4.6-4.7 (dotted data points). The
upper and lower branches of the experimental P-V loops are fitted with
positive and negative values of o;, which are assumed to be constant across
the whole voltage region, using equation 4.2 and the best fit results were
displayed as red lines in figure 4.6-4.7. The material parameters of equation
4.2 used for fitting can be found in Table II. For all AO/PZT capacitors, the
simulated results agreed very well at the upper and lower portions (P saturated
region) of P-V curves. This indicates that the capacitor charging process well
followed a thermodynamically equilibrium pathway without any o; change in
the voltage regions where the theory fits the experimental results. However,
there are certain voltage regions where the theory does not fit the experiment,
which are believed to be due to the o; change. From these fitting results, o;
values can be estimated as a function of AO thickness, which are depicted in

figure 4.8.

It is noteworthy that the estimated o; values were invariant (~£0.1 C m?)
under all AO layer thickness range. On the other hand, the P-V loops started
deviating from these equi-o; lines when the V, reaches the threshold (V;). The
values of V, were also plotted as a function of AO thickness in figure 4.9a. At
these V, = V; values, the threshold field (Exo*) for charge exchange can be
estimated from the equation 4.3 below, and the results are plotted in figure

4.9b.
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, Where in this case V is V; shown in figure 4.9a. When the V, exceeds the
V;, the change of o; occurred and the ferroelectric polarization switching
proceeded until reaching another thermodynamically stable state. The values
surprisingly came out to be almost constant without large deviation
(~x10MV/cm) for all the AO thickness examined. Therefore, it can be
inferred that when the field across the AO layer reaches Ejo*, a common
phenomenon occurs for all samples as described below. However, the
transition trajectories between two stable states in figure 4.6-4.7 did not
directly coincide with the equi-voltage lines (vertical lines) as expected in
figure 4.2. This might arise from the time dependent change in o
Considering the fact that the leakage current through the AO layer could
govern the change of o; in an AO/PZT system, the speed of transition could be
comparable to that of the P-V measurement. It is estimated that a high current
density over 0.01 A cm™ is needed to complete the transition within a single

voltage cycle, and this current density corresponds to a typical Fowler-

Nordheim tunneling (FN tunneling) in a thin oxide film.” The current
density of FN tunneling (Jpy) is given by**”!
4 |42
N = Ejexp| —m——— (4.4)
167 he, 3 hg E,
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, where my* is the effective mass of carrier in DE, and ¢, is the barrier
height of metal/DE interface. For Pt/AO interface, the ¢, of electron tunneling
(5.0 eV) is larger than that of hole tunneling (3.7e¢V), assuming fully
developed band gap of the AO layer (8.7 eV) and no Fermi-level pinning.""
For this case, the Jgy via hole transport can be calculated to be ~0.041A cm’™
for the Pt/AO interface with E~10MV cm” and md*=0.17m0,[31] which
quantitatively matches the estimated current density from P-V measurement.
However, the actual current flow could be influenced by many other factors,
such as traps (which induces trap assisted tunneling,) interface states that may
change the ¢, for electrons and holes, and even smaller the band gap of an AO
layer than the theoretical value due to its amorphous nature. Therefore, precise
current fitting cannot be sought for in this work, but an approximate
estimation is made that sufficient current flows to change o; during the
standard P-V test. The almost identical change in o; during the given P-V test
condition suggests that the identical current flows irrespective of the AO

thickness, which goes along with almost identical Exo* for all AO thickness

range at V..

From the usual anti-clockwise rotation direction of the hysteretic P-V loops
and involvement of negative (-0.1Cm™) and positive o; (+0.1Cm?) for the
lower and upper branches, respectively, of the P-V loops in figure 4.6-4.7, the
change in o; is understood as follows. When the AO/PZT capacitor is

negatively biased first with sufficient voltage (on Pt top electrode) the
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interfacial o; becomes -0.1Cm™, due to the electron injection from the Pt top
electrode into the AO/PZT interface. During the subsequent V, sweeping to
maximum value, o; starts changing to positive value at +V,, and is completed
at a slightly higher voltage, but lower than the maximum V,, as discussed in
detail below. When a highly positive V, is applied, two possible carrier
injections can be considered; hole injection from the top Pt electrode to
AO/PZT interface via tunneling through thin AO layer, and electron injection
from the bottom Ir electrode through PZT layer probably via thermionic
emission. The former induces positive charge accumulation and the latter
induces negative charge accumulation at the AO/PZT interface, and, thus, hole
injection via AO layer must be the mechanism for charge injection in this case.
Much higher thickness of PZT layer compared with the AO layer also makes
it less likely that the carrier injection from bottom electrode onto the AO/PZT
interface to occur. Similar consideration can be made for the change in the o;
from positive to negative under the highly negative V, condition; in this case,
the electron injection from the top Pt electrode to the AO/PZT interface is

responsible for the change.
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Table II Landau-Devonshire coefficient of Pb (Zr,Tix) O (SI units).[%]

a (C*m’N)
B(C*m®N)
y(C*m'°N)

Ty (K)

C (10%)

(T-Ty) / 26C
(10.612 — 22.655x + 10.955x%) x 10"/ C,

(12.026 — 17.296x + 9.179x%) x 10" /C,

462.63 + 846.4x — 2105.5x* + 4041.8x> — 3828.3x" + 1337.8x°
2.1716 / [1 +500.05(x — 0.5)*] + 0.131x + 2.01, when 0.0 <x < 0.5

2.8339 /1 + 126.56(x — 0.5)°] + 1.4132, when 0.5<x<1.0
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using equation 3.2.
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The remaining questions are why the transition started at such a certain
(high) Exo* and a single specific value of o; is achieved irrespective of the
different AO thicknesses for all the AO/PZT capacitors. In order to answer
these questions, the followings are investigated. Lower portions of figures
4.10a and b show the calculated voltage applied to the AO layer (Vo) as a
function of V, with various o; values in 4 and 8nm-thick AO layers,
respectively. The calculations were performed using equation 4.3 with
extracted P; -V, data from figure 4.6-4.7. The black lines in figures 4.10a and
b refer to the condition for V,o=V,, and at this condition, the potential drop
only occurs across the AO layer. And the energy band of the PZT layer
remains at a "flat" configuration under this condition, which can be induced
by the balance between the depolarization field and the external field.!"”’
Therefore, at each o; value, when the calculated Vo is higher than V,0=V,, i.
e. Vao > V,, the voltage on PZT layer (Vpzr) must be negative to always
maintain V, = Va0 + Vpzr. This means that this condition may correspond to
the NC operation of the FE PZT layer in these structures, which is actually not

the case by the charge exchange as previously discussed.

For the V, region where Vo is lower than V0=V, condition, there must
be certain positive VPZT across the PZT layer, which actually coincides with
a quantum-well-like structure of electron confinement (negative o;) at the
AO/PZT interface. The schematic diagram showing the energy band structures,

where Va0 and Vpr are calculated based on equation 4.3, at each state along
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the P-V loop is included in figure 4. 12. The upper portions of figures 4.10a
and b show the portions of the respective whole P-V loops in positive V,
region. It is highly interesting to note that V,, at which the experimental P-V
curves start deviating from theoretical curves (red lines), precisely coincides
with the V, at which the calculated Va0, represented by the red dotted line
crosses the Vao = V, line in the lower portions of the figures. Therefore, when
V. < V,, the quantum-well-like band structure of the AO/PZT stably retains
the negative o; of -0.1Cm™. However, when V, becomes equal to Vi, the PZT
band becomes flat and Vo increases to a very high value (see lower right
corner band structure of figure 4.12, making the E o* high enough to change
o; (+10 MVem'™') via tunneling through the AO layer. Another critical point
can be found from the shape of the P-V curve during the further increase in V,,
indicated by the voltage Vi, in figures 4.10a and b, at which the P-V curve
shape again changes abruptly. It was found that this V;, value coincides with
the V, at which the Vo = V, line crosses the V4o calculation line with o; =
+0.1Cm™ (blue dotted line in lower portions of the figures). It was also noted
that upper branches of the P-V curves can be well fitted with the calculated
curves assuming the o; to be +0.1Cm™. Therefore, it can be understood that in
the V, region between from V, to V;,, the o; changes continuously from -
0.1Cm™ to +0.1Cm™, while the PZT band remains flat. The band tilting of AO
layer increases with increasing V, (in this V, region, Vao = V,, see figure

4.12). Since there is no further increase in c; even when V, further increases
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to maximum voltage over Vj,, the Vo should follow the line represented by
blue triangles, meaning that PZT band tilts in an opposite direction to that of
the AO layer. Therefore, this structure can form another quantum-well-like
structure for hole as shown in upper right corner of figure 4.12. Such
configuration of band (i. e. opposite tilting of the AO and PZT layer bands)
can be maintained along the upper branches of the P-V loops down to V, = 0.
This opposite tilting of PZT band to that of AO band might be an indication
that the PZT layer works as the NC layer. However, this may not be the case
because Pf of the PZT layer in this voltage region coincides with almost its
fully developed value, so the PZT cannot be remained at the NC state. Rather,
the opposite band tilting can occur by the trapped holes at the AO/PZT
interface. Similar model but with the opposite bias and charge polarities can

be considered for the negative portion of V,.

Figure 4.11 shows the comparison between the V, and Vj, values estimated
from the P-V loops (upper portions of figure 4.10a and b) and from the
independent calculation of Vo and its cross points with the Vao = V, line
(lower portions of figure 4.10a and b) for the AO thicknesses ranging from 4
to 10 nm. These Vo values are denoted as Vg, and Vg, *, respectively, in figure
4.11. It can be understood that these values coincide very well with each other
suggesting the accuracy of above mentioned P-V hysteresis model

accompanied with the change in o;.
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This FE switching model induced by interfacial charge trapping requires a
presence of a quite high interfacial trap density (Dy) at the AO/PZT interface.
In this regard, the estimation of D at the AO/PZT interface by Thanh et al. (321
is notable, where Dy of PZT as high as ~1.2x10" eV cm™ was estimated.
This approximately corresponds to ~0.2 C m™ of interfacial charge when all
traps are filled with carriers, meaning that the traps across ~0.5 eV are filled
with either electrons (upper portion of band gap) or holes (lower portion of

band gap) during the P-V sweep.

It is also noted that these values of o; only partly compensate for the
polarization charge of the FE PZT layer since the maximum P, was as high as
~0.4Cm™.  Another critical finding from the comparison between the
experiment and simulation of the P-V loops is that the V, is similar to V.
(figure 4.6-4.7). In the single layer FE film, where FE switching is mediated
by reverse domain nucleation and growth, V. corresponds to a FE film state
containing equal portions of two oppositely polarized FE domains. However,
this is not the case as shown in figure 4.12. For sufficiently negative V,, the
FE polarization is pointing left (lower left corner of figure 4.12), where the
negative FE bound charge of PZT layer at the bottom electrode interface is
well compensated by the positive screening charge in Ir bottom electrode.
However, the positive FE bound charges of the PZT layer at the DE/FE
interface are partly compensated by the negative o; and the remaining portion

of it are compensated by the negative dielectric displacement of the AO layer
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at the interface. As the V, increases to a positive value, the dielectric
displacement of the AO changes from the negative value to a positive value,
while the pointing left Py of PZT layer also decreases slightly. However, o; is
maintained invariably up to V, = V.. As the voltage increases further over V;,
o; starts changing from negative to positive values, which also induces
polarization switching of the FE layer by the reverse domain nucleation and
growth (center right corner in figure 4.12). It is believed that that the P = 0
state (i. e. identical portions of left and right FE domains in the PZT layer)
occurs during the V, sweep from V, to Vi,. When V, becomes equal to Vi, the
charge transfer is completed and the accompanying Pr switching also
completes, as shown in figure 4.12 (upper right corner of figure 4.12). During
this entire course, the FE film always maintains well developed Py via domain
structure, and, thus, this process does not involve the Pr = V, = 0 state, i. e.

NC state.
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Figure 4.11 The extracted V; (Vj,) value from P-V loops and calculated Vy,

(Vg') value using equation 4.3 with fitted o; value from figure 4.8.
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4.4. Summary

In summary, polarization switching behavior of an AO/PZT structure is
examined by comparing the phenomenological thermodynamic model to the
experimental P-V results. The calculation showed that the phase transition
from the ferroelectric-like state to the paraelectric-like state with increasing
AO thickness occurs at ~3nm thickness in the AO/PZT system. This
paraelectric-like state should have known to exhibit a NC effect without
permanent polarization switching if no other adverse effects are involved.
However, this state can be only observable if the AO/PZT system retains the
charge neutrality condition, which means that the charge exchange between
outer systems (electrodes in most cases) can disrupt the operation of NC. In
case of the AO/PZT system, the charge exchange mainly occurred between
the electrode and AO/PZT interface trap sites by tunneling through a thin AO
layer, and this interface trapping is relevant for hysteretic polarization
switching behavior. The quantitative comparison between the expected
voltage across AO and PZT layer during the voltage sweep with the observed
P-V loop indicated that the charge exchange between the AO/PZT interface
and Pt top electrode starts when V, ~ V. for the overall AO/PZT layer, at
which almost all V, is applied to the AO layer while PZT layer is free from
the voltage application. This charge exchange stops when the opposite charges

with the identical density are trapped at V, ~ Vj,. Between these two voltages,
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1. e. Vi<V, <V, PZT experiences the domain switching accompanying with
change of o;. In this region, the band configuration should vary with the areal
position and time. Outside this voltage region, the AO/PZT band structure
forms a quantum-well-like structure for electron (negative interface charge) or
hole (positive interface charge). This work is also useful for understanding
switching behavior of a nano-scale ferroelectric capacitor,”*! ferroresistive
memory," and ferroelectric gate field effect transistor,””! of which
ferroelectric layer experiences the imperfect polarization compensation due to
the presence of an intrinsic or extrinsic DE layer (including depletion layer of

semiconductor).
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5. Time Dependence Negative Capacitance

Effects in Al,O3/BTO Bi-layer Capacitor.

5.1. Introduction

Achieving an extremely high charge density mostly through a high-
capacitance-density device in modern electronic and energy storage devices
is an impending task.!") While the conventional approach generally includes
adopting high-dielectric-constant materials, increasing the electrode area,
and decreasing the dielectric thickness, these approaches faces significant
challenges at a very small scale of integrated devices.”! The negative

t, B which can be induced from a ferroelectric (FE)

capacitance (NC) effec
thin film near the P=V=0 state (P and V refer to polarization and voltage,
respectively), is a highly intriguing topic recently invoked in this research
field, especially when it is combined with a positive-capacitance (PC)
dielectric (DE) layer.!”) Some of the earlier reports on this topic focused on
proving the capacitance enhancement at the static mode, such as zero voltage

(81 and the current

static capacitance from impedance-type measurements,
research focus is being shifted to its actual application to electronic devices.
An example is to integrate the FE layer into the gate region of the metal
oxide semiconductor field effect transistor (MOSFET), which in principle
can decrease the subthreshold swing (SS) below its Boltzmann limit (60
mV/decade at room temperature).”! For a given gate voltage (V,), if the FE
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layer in the gate stack is in the NC state, meaning that the polarity of the
voltage over the FE layer is opposite that of V,, the voltage across the rest of
the gate dielectric and Si surface must be higher than Vg to make the overall
gate stack voltage identical to V, As such, SS can be smaller than the
theoretical limit. Achieving a small =SS is critically important to decrease
the off-state leakage current of most advanced MOSFETs, which is directly
related with the overall power consumption of various types of handheld
devices.””! This device type, called “ferroelectric gate field effect transistor
(FEFET),” actually has a long history, dating back to its first report in 1974,
and has mainly been explored as a non-volatile random access memory.!'*""!
While the commercialization of FEFET has been minimally successful due
mainly to the difficulty of integrating the chemically complicated FE layer,
such as (Pb,Zr)TiO; (PZT), into the tiny gate area with a minimal adverse

impact on the Si surface, !'>"

the physics and operation principle of
memory have been very well understood. In these devices, the presence of a
hysteretic drain current-gate voltage (i-V,) curve according to the
polarization direction of the FE layer provides the FEFET with two threshold
voltages (Vy,), which can be utilized as the two binary data states. Therefore,
hysteresis, which is a characteristic of a general FE material, is the
indispensable ingredient of such devices. Nevertheless, it is a very

detrimental factor if the transistor is used as a switch device in a logic circuit,

which requires a very well-defined and invariant single V. There have been
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several reports of late on achieving SS<60 mV/decade from both a directly
integrated MOSFET (i.e., an FE layer is deposited on the gate dielectric
layer of the MOSFET) and an indirectly integrated MOSFET (i.e., a
metal/ferroelectric/metal (MFM) FE capacitor is connected to the gate of the
MOSFET through a wire),!'"*"”! but all the reported results clearly showed a
significant hysteresis in the 14-V, curves, which severely limits the
usefulness. According to the original model of the NC effect from the
DE/FE-stacked layer suggested by Salahuddin and Datta in 2009, the
hysteresis should not be involved.”! In the ferroelectric community, the
emergence of P-V hysteresis, which is believed to be the reason for the
emergence of the hysteretic id-Vg curve of a FEFET, is known to be due to
the involvement of reverse FE domain nucleation and growth. Such
mechanism emerged to alleviate the FE system passing through the
maximum energy state during the FE switching, which coincides with the
P=V=0 state."*) Therefore, the emergence of the hysteretic id-Vg curve of a
FEFET can be a strong indication that some effects other than the NC effect
may be involved, and the authors recently released detailed reports on the
critical aspects of this subtle subject.16 Cano and Jimenez!'” reported the
seriously limited NC performance of a FE layer when it forms a multi-
domain structure. The earlier works by Bratkovsky and Levanyuk!"*! are also
very insightful in this regard as they first reported a voltage across the FE

layer opposite the applied voltage due to the (temporal) mismatch between
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the FE-bound charge and the compensating charge during polarization

switching.

Besides, the authors elucidated the origin of such hysteretic P-V curve
from a DE/FE system, which is not supposed to show such behavior due to
the dominance of the DE energy over that of the FE energy, in their Landau-

Devonshire (LD)-type energy formalism.!"**"

The suppression of FE
polarization by the involvement of the DE layer is mainly due to the setting
up of a depolarization field across the FE layer. The electrodes in the MFM
structure generally provide the compensating charges (for the FE bound
charges), but in an M/DE/FE/M system, the DE layer strongly interferes with
such charge compensation, causing the FE polarization to become unstable.
The theory and experiments on the thin-DE/thick-FE system, such as the 4-
to 10-nm-thick amorphous Al,O5/150-nm-thick PZT (AO/PZT) as in this
work, strongly suggested that the carrier transport across the thin DE layer
(or the compensating charge injection in the DF/FE interface) stabilizes the
FE polarization even in the stacked structure, and can show the FE
hysteresis.'”! This in turn suggests that the hysteretic P-V can be suppressed
if the charge injection can be inhibited. The suppression of the charge
injection, however, is generally difficult because the field across the DE
layer becomes extremely high when the FE layer remains in the NC state.
Nonetheless, the carrier transport across the thin DE layer usually occurs

[19,21

through tunneling, thus taking time.''>*"! For a general P-V, using a virtual-
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ground-type circuit and impedance measurements, the measurement time are
in the order of ms~s, which are long enough to induce sufficient charge
transport. Besides, FE switching can occur mostly through the reverse-
domain nucleation and growth when the bound charges related with the
reverse-domain are well compensated, and the hysteresis loops are observed.
This in turn implies that if the measurements can be performed within a time
regime much shorter than the integrated tunneling time for sufficient charge
injection, the genuine NC effect without being interfered with by the
reverse-domain formation and the accompanying hysteresis loop effect may
be observed. This was indeed the case as shown in this work, where short-
pulse-type measurements were systematically performed for the AO/ BaTiOs

(BTO) samples with different AO layer thicknesses (5-10 nm).
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5.2. Experimentals

The inset illustration in Figure 5.1 shows a schematic diagram of a
Pt/AO/BTO/SuRu0O; (SRO) bi-layer capacitor structure. AO thin films with
5, 8, and 10 nm thicknesses were deposited via atomic layer deposition
(ALD) on epitaxially grown 150-nm-thick BTO layers with epitaxial-
SRO/DyScO; (DSO) single-crystal substrates. The highly epitaxial BTO/
SRO bi-layer was grown along (001) orientation on (110) DSO substrate by
pulsed laser deposition. Figure 5.2 shows the X-ray diffraction spectra of
150nm-BTO/100nm-SRO/DSO structure. It is observed that out-of-plane (c-
axis) lattice parameter of BTO films was elongated due to in-plane
compressive strain resulting from differences in crystal lattice parameter.
Therefore, BTO film is c-axis orientated, epitaxial, and coherent with the
DSO substrate, under biaxial compressive strain. The amorphous dielectric
layer, ALLOs, was deposited by atomic layer deposition (ALD). The thickness
analysis of BTO/SRO/DSO and AO/BTO/STO/DSO layered structure was
performed by X-ray reflectivity (XRR). Figure 5.3a and b shows the
measured and the simulated XRR data for BTO/SRO/DSO and 5nm-
AO/BTO/SRO/DSO structures, respectively. The measured film thicknesses

are Snm and 150nm for AO and BTO, respectively.

Figures 5.3a, b, and ¢ show the bright field (BF) cross-section

transmission electron microscopy (TEM) images of the cross section of the
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sample, where b and ¢ correspond to the images taken after the sample was
illuminated by a 200 kV electron beam for ~ 10 sec, and ~20 sec,
respectively. The BF images show highly uniform and smooth interfaces
between the DSO substrate and epitaxial oxide films (SRO and BTO) as well
as the clean and abrupt interface between the epitaxial oxide films and
amorphous AO film, which was highly uniform and 5.0 £ 0.3nm-thick. The
SRO and BTO film thicknesses were 100 and 150 nm, respectively. An
interesting observation is that the electron beam illumination induced the
crystallization of the amorphous AO film, which can be understood from the
emergence of the dark-contrast in the BF images (figures 5.3b and c), while
the epitaxial oxide films remained intact. This is more evidently shown in
Figures 5.3d, e, and f, which are the magnified images of figures 5.3a, b, and
c, respectively, near the ALO; film region. Figure 5.3g shows the high-
resolution TEM (HRTEM) image of the crystallized AO film by the electron
beam illumination, and the inset figure shows the fast-Fourier transformation
image of the crystallized AO film portion indicated by the box. Due to the
quite rapid crystallization of the amorphous AO upon the electron beam
irradiation, HRTEM image of the amorphous state film could not be
recorded, although the amorphous structure was initially confirmed by the
naked eye. The identification of the diffraction pattern revealed that the
crystallized AO film has a y-Al203 spinel structure, which has an in-plane

epitaxial relationship with the underlying BTO layer. Atomic layer deposited
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AO films generally have an amorphous structure, due to its low deposition
temperature (250 — 300 °C) on a non-epitaxial substrate, such as Si/SiO,, of
which amorphousness could be retained after post-annealing at high
temperature (up to ~ 1000 °C). It appears that the epitaxial nature of the
bottom layer and lattice match between the bottom oxide layer and spinel-
structured AO induced such an unexpected solid state epitaxial phase
transformation in the AO layer. While this is an interesting topic for further
investigation, it is certainly over the scope of the present work. More
importantly, however, the application of bias voltage for the electrical test
will certainly not induce such solid state phase transition since the carrier
transport across the AO must be much lower in the electrical test. Figures
5.3h, and i show the HRTEM images of the interface regions of DSO/SRO,
and SRO/BTO, respectively. It could be understood that both interfaces are

atomically flat and clear with little indication of any chemical intermixing.

Figure 5.4a and b show the topographic atomic force microscopy image of
the BTO/SRO/DSO and AO/BTO/SRO/DSO structures, respectively. They
show almost no difference suggesting that the growth of AO film by the
ALD process on the BTO/SRO/DSO structure induced no structural
damages. The root-mean-squared roughness values of the two samples
estimated from an area of 1 x 1 um’® were 0.29 and 0.31 nm, respectively,
suggesting highly smooth morphology and high quality of the films. Circular

Pt top electrodes with 70 nm thicknesses and 50-100 pum diameters were
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fabricated using photolithography followed by electron beam evaporation

and lift-off.

The P-V measurements were performed using Aixacct TF-2000
ferroelectric tester with an AC frequency of 1 kHz in a virtual ground mode.
The small-signal AC capacitance of the BTO and AO/BTO capacitors was
measured using an impedance analyzer (HP4194A, Hewlett-Packard, USA)
at an AC frequency of 100 kHz, and the hold time at each voltage step and
the oscillation voltage were 1 sec and 0.1 V, respectively The top electrode
was biased while the SRO bottom electrode was grounded during all the

electrical tests.
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Figure 5.1 Schematic diagram of the AO/BTO capacitor.
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Figure 5.2 XRD spectrum of 150nm-BTO/100nm-SRO/DSO epitaxial

structure. Identical diffraction planes of each peak are marked in figure.
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Figure 5.3 XRR spectra of (a) 150nm BTO/100nm SRO/DSO and (b) Snm

AO/150nm BTO/100nm SRO/DSO.
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Figure 5.4 The bright field TEM images of the cross section of the

AO/BTO/SRO/DSO under illumination of a 200 kV electron beam for (a)
Osec (b)~ 10 sec, and(c) ~20 sec. and the (d), (e), and (f) are the magnified
images of (a), (b), and (c), respectively. The High resolution TEM image of
interface of (g) AO/BTO, (i)DSO/SRO and (k)SRO/BTO. The inset figure in

(g) is FFT image of AO layer.
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Figure 5.5 Topographic atomic force microscopy images of (a) the

BTO/SRO/DSO and (b) AO/BTO/SRO/DSO structures.
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5.3. Results and Discussions

Figure 5.6 shows the P-V characteristics of the BTO single-layer and
AO/BTO bi-layer capacitors measured using the virtual ground mode of a
FE tester (TF-2000, Aixacct, Germany) with 1 kHz triangular pulses. The P-
V characteristic of the BTO single layer shows a laterally shifted hysteresis
loop into the positive voltage direction, which indicates the occurrence of a
polarization imprint phenomenon in the BTO film. The imprint phenomenon
is common in thick epitaxial ferroelectric films due to the gradual stress
relaxation along the interface’s normal direction,” the asymmetric surface
chemical state,”™” or the charge defect alignment.**! The positive-shifted P-V
curve signifies that the entire spontaneous polarization (Ps) was arranged in
the positive direction at the pristine state (Ps is pointing towards the film
surface direction). While such a severely imprinted behavior of a FE layer
has been generally regarded as a demerit for memory applications, this
property of this specific film provides this work with a highly useful
methodology for examining the NC behavior. As the Ps is already uniformly
pointing upward, there is no reason for the Ps to respond to a negative bias,
whereas the Ps will sensitively react to the positive-bias application.
Meanwhile, the P-V curves of the AO/BTO capacitor show broad
deformations compared to the BTO capacitor. As the AO layer thickness
increases, the positive (negative) remanant polarization changes from 0.203

(-0.295) C m™ to 0.172 (-0.202), 0.203 (-0.240), and 0.204 (-0.229) C m-,
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and the positive (negative) coercive voltage increases from 3.6 (-0.6) V to
6.6 (-4.8), 9.5 (-7.3), and 12.2 (-10.2) V for the 5-, 8-, and 10-nm-thick
AO/BTO capacitors, respectively. The shape change phenomenon in the P-V
curve of the AO/BTO capacitor is consistent with the previous results of the

AO/PZT capacitors.!"”

Being different from calculation results shown in chapter 3, the P-V curve
of the AO/BTO bi-layer shows clear emergence of (distorted) hysteresis
curve for the AO thicknesses. This phenomenon can be understood from the
following calculation. From equation 3.9, P-V curve of this system can be
simulated. Because of epitaxial strain, modified LD equation was adopted to
correctly describe the U-P relationship as equation 5.1, which takes into

account the ferroelastic energy terms, >’

2

U™ = (o +7,)P 4 (B4 )P+ 7 PS4+ .1)

Sy + NP

where a, B, and y are the Landau coefficients of the FE material; and the
ferroelastic  coefficients (n; and m3;) can be expressed as
Ms=—QC128)/(s11+s12)  and M33=C1./(s11+s12), where ;, and & are the
electrostrictive coefficient and biaxial strain, respectively, and s;; and sy, are
elastic compliances. In addition, g, represents the vacuum permittivity; 4 and
gq are the thickness and relative dielectric constant of the DE layer,
respectively; Ir and g, are the thickness and background dielectric constant of

the FE layer™; and o; is the charge density at the AO/BTO interface. The
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specific values of material parameters in equation 5.1 are shown in below;

a=3.3(T=-368.5)x10° C?m’°N; PB=1.37x10° C*'m°N; y=2.76x10° C
Sm''NP £,=-0.034 C?m?; $,;=-0.012x10"* m* N'; §,,=6.4x10"* m’N"'

(2527, § =-0.01; and &,=50 for the epitaxial BTO films.

The upper and lower branches of the P-V hysteresis loop was fitted using
the aforementioned formalisms under the assumption that the AO/BTO
interface contains o; values of 0.080 (0.128) C m™ and -0.120 (-0.155) C m™
for 5Snm (10nm) AO thickness, and the results are represented by the dash-
dot lines in the figure 5.6b. The simulation fits the experimental P-V curve
quite well in the voltage region of ~-1V — 10V for upper branch, and of -10V
— 1V for lower branch, which means that the o; barely changed within each
voltage region. The significant mismatch outside these voltage regions and
transition between the two branches can be understood from the variations in
o; according to the bias voltage application. For example, the P-V curve of
the lower branch corresponds to the case where the negative ; (-0.120 C m?)
is stabilized mostly in the negative bias region. However, as the voltage
increased into the positive bias region, o; changes to positive value most
probably by tunneling through the thin AO layer (indicated by an upward
green arrow in the figure). As a result, when the bias voltage reaches to
+10V it becomes 0.080 C m”. With decreasing bias voltage, this positive

interface charge appears to be retained down to ~-1V but changes back to the
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negative value also by another tunneling process (indicated by downward
green arrows in the figure). Being compared with the P-V curve of a single
layer AO (indicated by a black line in the figure), the P-V curves of the Snm-
AO/BTO bi-layer showed a higher slope especially in the P region with
yellow background, suggesting that the capacitance of the double layer is
higher than that of the single layer AO. This corresponds to the NC operation

of a BTO layer.

Nevertheless, the consecutive change in o; occurring in this region makes
it impossible to observe the desired NC effect in the AO/BTO structure. The
capacitance enhancement could have been achieved if charging-discharging
process follows the trajectory of (non-hysteretic) P-V curve within NC
region. However, the change of o; during the high voltage application shifts
the P-V curve from one position to another making the overall P-V curve
shape to be ferroelectric-like hysteretic one. This means that an integral part
of the stored charges during the charging step remained in the bi-layer
capacitor as remanent polarization as well as the interfacial charge with the
opposite sign during the discharging step. It has to be noted that the largely
stored charge must be discharged spontaneously with voltage decrease when
the capacitance was enhanced by the NC effect of the FE layer within the
DE/FE bi-layer, which was not the case in this AO/BTO sample. The
tunneling through the AO layer can be easily anticipated from the very high

field when BTO layer operates in NC mode. The time range for the P
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estimation at each V value during achieving the P-V loop was 100us. This
time constant is long enough to induce the sufficient charge transport across
the AO layer which partly compensates for the polarization switching. It
could be further noted that the trapped charge density was still lower than the
Ps value of the BTO single layer, suggesting that induced charges on the
metal electrodes were partly responsible for the stabilization of the

ferroelectric bound charges.
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Figure 5.6 (a)-(b) Polarization-voltage characteristic of the BTO and
AO/BTO capacitors. (b) The dash-dot blue and red dash lines represent the
simulated P-V curves for 5Snm and 10nm AO/BTO bi-layer, respectively. The
black line represents a P-V response of 5nm-AO single layer. Yellow
background area corresponds to the capacitance augmented region.

126 , ,H *: L'.” '*31[ Tl



The small-signal AC capacitance of the BTO and AO/BTO capacitors was
measured using an impedance analyzer (HP4194A, Hewlett-Packard, USA) at
an AC frequency of 100 kHz, and the hold time at each voltage step and the
oscillation voltage were 1 sec and 0.1 V, respectively. Figures 5.7a and b show
the capacitance of the BTO and AO/BTO capacitors measured within a
negative DC bias from their pristine state, and the arrows in Figure 5.7a show
the DC voltage sweep sequence. There is almost no hysteresis in these
negative-DC-bias regions, suggesting that no polarization switching occurs.
This is consistent with the observation that the Ps of the pristine film is
already aligned toward the film surface direction. With increasing AO layer
thickness, a decrease in the capacitance of the AO/BTO capacitors was
observed, which is an obvious result of the serial capacitance effect in the
dielectric multilayer structure (Cy'=>!C,"; n=layer index). The voltage
dependence of the capacitance is mainly due to that of the BTO layer. The
effective thickness (I/e=g(/C) of each capacitor was statistically estimated
from the capacitance at a DC bias of 0 V. Figure 5.8 shows the effective
thickness of each capacitor, and the equivalent AO thickness (Ix0*) of each
AO/BTO capacitor was calculated using the theoretical AO dielectric constant
(8.9) from the relation of 1x0*=8.9x[(I/e,)-(I/e;)"], where (I/¢,)" is the effective
thickness of the BTO single layer (3.25+0.02 nm, which was estimated from
the single layer BTO capacitor). The calculated 1xo* was slightly different

from the physical AO layer thickness, which was confirmed by HRTEM and

127 1]



XRR. The estimated equivalent AO thicknesses were 4.18+0.50, 7.74+0.65,
and 10.24+0.71 nm for the actual AO thicknesses of 5 (5+0.3), 8 (7.7£0.5),
and 10 (9.8+0.5) nm, respectively. Figures 5.9a and b show the capacitances
of the AO/BTO capacitor under positive DC bias. The typical butterfly-shape
capacitance curves indicate that polarization switching occurred in all the
capacitors, and the peak voltages are almost identical to the positive coercive
voltages. The theoretical capacitances of the AO single layers were also
calculated by assuming the relative permittivity of the AO layer as 8.9. The
obtained values are shown in Figures 5.7b and 5.9b, and the data in Figures
5.7a and 5.9b are appended for comparison. None of the AO/BTO capacitors
showed a sign of capacitance enhancement compared to the AO single layer.
This is due to the sufficiently long (almost static) time scale of the AC
capacitance measurements, which allowed sufficient time to change the
interface charge state according to each DC bias condition. Therefore, the
pulse charging system was adopted not to allow sufficient time for the charge
injection but to acquire a direct evidence of the NC effect in the AO/BTO

structure.
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Figure 5.7 (a)-(b) Small-signal AC capacitance of the BTO and AO/BTO
capacitors swept by negative DC bias voltages; and the horizontal dotted lines

in (b) indicate the theoretical values of the AO single-layer capacitance for

each AO layer thickness.
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Figure 5.8 Effective thickness of the BTO and AO/BTO capacitors

calculated from the capacitance value at zero DC bias in figure 5.7
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Figure 5.10 shows a circuit diagram equivalent to the pulse measurement
system, where the pulse generator (Agilent 81110A/81111AW, Agilent,
USA), AO/BTO capacitor, and digital oscilloscope (TDS684C, Tektronix,
USA) were serially connected. A 500-ns-wide square pulse was used for
capacitor charging, and the time-resolved capacitor charging current (ic) was
monitored using an oscilloscope with 50 Q internal impedance. Figure 5.11
shows the time-transient ic of the 8-nm-thick AO/BTO capacitor with 3-17 V
input pulse voltages. The ic trends in the charging (0=t<500 ns) and
discharging (t=500 ns) periods are consistent with the typical step responses

of the serial RC circuit, which is given by
V
p=—-e "¢ 5.2
™ (5.2)

From this measurement, the capacitor’s stored and released charges (Q.
and Qg) during the charging and discharging periods can be obtained by
integrating the ic with the time. Especially, when the ic converges to zero at
the end of the pulse, the serial resistance component can be ignored in the

capacitor charge analysis, as follows:

J)/ic (0t = (RO [ite)~i(@))=C-V =Q (53

The charge measurement method from this pulse charging system was

verified using a non-ferroelectric ZrO,/AO/ZrO, (ZAZ) thin-film capacitor.
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The differential capacitance of the ZAZ capacitor was measured using an
impedance analyzer (HP4194A, Hewlett-Packard, USA) at the 10 and 100
kHz AC frequencies (Figure 5.12 inset). Figure 5.12 shows the amount of
charges of the ZAZ thin-film capacitor at different applied voltages
measured from a pulse charging system, and an impedance analyzer

confirming the validity of the pulse measurements.

Figures 5.13a and b show the variations of the Q. and Qq values of the
BTO single layer and the 8-nm-thick AO/BTO bi-layer capacitor. The Q.- V
curves in both cases can be divided into two distinguishable charging stages.
In the lower-voltage region, the Q.-V curves showed a gradual increase
following the linear capacitor charging behavior (dQ/dV ~ constant, which
means a linear capacitance), which approximately corresponds to a linear
dielectric response by a background dielectric constant of the BTO films.
When V was increased to ~5 and ~6.5 V for the BTO and the 8-nm-thick
AO/BTO, respectively, an abrupt change in the slopes of the Q.-V curves
and a nonlinear capacitor charging behavior was observed in both cases. By
contrast, the increment of the slope was not shown in both capacitors over
the whole voltage range when negative polarity pulses were applied (Figure
5.14), which is consistent with the results shown in Figure 5.7. Considering
the initial direction of Ps in the BTO films, it can be concluded that the
nonlinear charging stages are closely related with the switching dynamics of

Ps in the BTO layer. While the BTO single-layer capacitor showed a much
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smaller Q4 across the high-voltage region, which must be related with FE
polarization switching, the Qg of the 8-nm-thick AO/BTO bi-layer capacitor
closely follows the Q. up to 14 V, suggesting that the FE switching in this
case was efficiently suppressed. This is in stark contrast to the fluent FE

switching of this capacitor with a 9.5 V coercive voltage in Figures 5.6a.

To examine the influence of polarization switching on the nonlinear
charging behavior, the residual charge (Q,s, the red symbol in Figures 5.13,
which is approximately proportional to the permanent change of Ps in the
BTO layer, was calculated by integrating ic with respect to the time from 0
to 1 ps. It is clearly shown that the starting voltages of Q. and Q,.s deviating
from the linear behavior are identical in the BTO single-layer capacitor,
meaning that FE polarization switching induced the nonlinear capacitor
charging behaviors. In these cases, the available charge through the pulse
charging-discharging process is identical to Qg (Q4=Q.-Qyes), which is much
smaller than Q. due to the charge loss related with polarization switching.
Unlike the BTO single-layer capacitor, the Qs of the AO/BTO capacitor
remained at ~zero even in the nonlinear-charging region (up to ~14 V).
Under this circumstance, the compensation of the ferroelectric-bound charge
is interfered with by the AO layer, which induced a strong depolarization

% Therefore, the depolarization field leads to the

field across the FE layer.
restoration of the initial Ps configuration when the voltage pulse is removed.

From this operation, all the stored charges can be reversibly available during
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the discharging process. This behavior shares a common aspect of the
domain wall ping-pong reported by Jiang et al.” In that work, a sol-gel-
process-derived polycrystalline PZT film was adopted, and the reverse
domain was nucleated from a fully poled film using a short pulse with a bias
opposite the poling direction. The pulse duration was carefully controlled to
prevent the reverse domain from becoming stabilized by reaching the
opposite electrode. Therefore, when the pulse was removed, the penetrating
reverse domain was retracted, which was accompanied by a very-high-
charge motion related with Ps. In this work, the large involvement of the
polarization charge of the FE layer is identical to the previous case, but
reverse domain formation was not introduced. This is probably due to the
high quality of the epitaxial BTO film (reverse-domain nucleation usually
starts from a defect position at the interface) with the appropriate preference
of Ps from the pristine state. Although such assertion can hardly be proven
directly, the highly-well-matching charging/discharging behavior with the
theoretical model on the NC effect shown below strongly suggests that the
AO/BTO layer in this work showed the genuine NC effect under

appropriately controlled conditions.

Nevertheless, a sufficiently high voltage (>14 V) allowed charge
compensation in Ps by tunneling through the thin AO layer even during such
a short time period. Under this condition, part of the Qs is dissipated as FE

switching charges (Qs). From the Q.s curve, the critical voltage for the
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charge injection (coercive voltage for the case of the BTO single layer)
under the pulse charging condition could be estimated, and their specific
values were ~5 and ~14 V for the BTO and 8-nm-thick AO/BTO capacitors.
Compared to the results of the P-V and AC capacitance measurements, the
charge compensation in the pulse charging condition is largely mitigated by
the limited time for the charge injection. The 5- and 10-nm-thick AO/BTO
capacitors exhibited similar results (i.e., a high Q4), where the pulse voltages

for inducing a significant Q,.; were ~9.5 and ~18 V, respectively.
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Figure 5.11 Capacitor charging current of the 8-nm-thick AO/BTO

capacitor with various pulse voltages.
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capacitors measured by pulse charging system with various pulse voltages.
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Figure 5.14 Released charge density of the BTO and 8-nm-thick AO/BTO
capacitors under a negative pulse voltage. The inset figure is the polarization-

voltage characteristic of the BTO capacitor reproduced from Figure 5.6.

140 ]



Next, the voltage-induced charging and discharging behaviors are
compared with the theory based on the LD model. The Q4 of each capacitor
was also plotted as a function of the pulse voltage in Figure 5.15. In all the
AO/BTO capacitors, the nonlinear capacitor discharging (and charging)
stages (steep-slope regions) are clearly observed. The Ps-E equation of the
FE layer in the DE/FE structure with the epitaxial strain considered can be

written as follows (from equation 5.1):

-1
EextFE=2(a+n3)Ps+4(ﬁ+n33)P§3+6}/P§5 —LR &_{_&
| | | el L) G

=2(a+n,)P. +4(B +7733)Ps3 +67Ps5 - E,

ep

Where, Err is the effective external field across the FE layer, which is
assumed as constant over the FE layer. The last term in equation 5.4
corresponds to the depolarization field being induced by the uncompensated
Ps in the FE layer. From this relation, the total electric field of the FE layer
can be determined as the sum of the external electric field and the
depolarization field (EcxretEdep). It is noteworthy that the uncompensated
polarization charge also induced an additional field into the DE layer. The Q-
V relation can be derived using equation 5.5 with the continuum theory and
Kirchhoff's voltage law, as in the following steps:

D(P)=Dp; =Dy =P + 808b(Eext,FE + Edep)

(5.5)
= P +66,(2(a+n;)P. +4(B +1,,)P’ + 6y P)
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-1
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&a &1y

(5.6)

where D and V are the displacement and total applied voltage,
respectively; and V(Ps) is an odd polynomial function of Ps with all positive
coefficients. Therefore, an inverse function of V(Ps) can be defined in the
entire range of V (equation 5.6). By combining equation 5.5 and the inverse
function of equation 5.6, the D(V) can be determined for a DE/FE bi-layer
structure. Assuming a constant imprint voltage (Vim) for a given DE/FE

system (i.e., Vim#f(V)), the Q-V relation can be defined as follows:
AN =DV -V,)-DV'=0) (5.7)

The dashed lines in Figure 5.15a and the solid line in Figure 5.15b show
the simulated Q-V curves using equation 5.7. The specific 1y values of each
AO/BTO capacitor were taken from Ixo* with £,=8.9. Each simulation was
performed assuming the invariant o; and V;,, over the pulse voltage, with the
specific o; values being -0.13, -0.15, and -0.17 C/m’, and the Vi, values
being 4, 4.5, and 4.7 V for the AO thicknesses of 5, 8, and 10 nm,
respectively. As shown in Figure 5.15, it was confirmed that the model well

described the reversible charging behaviors of all the AO/BTO capacitors. To
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examine the NC effects of the AO/BTO capacitor, the AO single-layer
charging curves of each thickness were also calculated using 150*, and the
results are plotted in Figure 5.15b (dash-dot lines). For comparison with the
experimental results, the calculated curves were laterally shifted and
represented as tangent lines to the Q-V curves of the AO/BTO structure. By
definition, the slope of the charging curve corresponds to the differential
capacitance (dQ/dV) of capacitor materials. In this regard, it is clearly seen
in Figure 5.15a and b that the capacitances of the AO/BTO capacitors are
higher than those of the AO single layers within a certain voltage range. The
capacitance values deduced from the slopes are summarized in the Figure
5.16 inset, where the capacitance values of each AO layer were appended for
comparison. These results experimentally and directly demonstrated the
possibility of producing capacitance enhancement effects (i.e., NC effects) in
the DE/FE systems under pulse charging conditions. By contrast, the
nonlinearly boosted charging stage was not observed in the Q-V curves
calculated from the AC capacitance, as shown in Figure 5.16. This indicates
the variation in o; at the AO-BTO interface, which can be accelerated by the
high leakage current of the AO layer due to the NC effects of the BTO layer.
The details of such influence of the o; variation on the FE performance

119200 1) short, the injected charge

(hysteresis) have been reported elsewhere.
can induce polarization switching in the FE layer by compensating the

polarization charge. Under this condition, the stable operation of the NC
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effects is hindered in the DE/FE structure.

To prove the aforementioned correlation between the NC effects and
charge injection (leakage current), the time dependency of the NC effect in
the AO/BTO capacitor was investigated. With increasing pulse time, it is
supposed that a larger charge amount can transfer to the interface at the same
applied voltage. In this regard, the voltage at which charge loss occurs
should appear at a lower voltage with increasing pulse length. This was
indeed the case as shown in Figure 5.17; the Qg4-V of the 8-nm-thick
AO/BTO capacitor curves at the 5 and 50 ps pulse lengths clearly showed
charge loss at ~13 and ~11 V, respectively, whereas the 0.5 us (500 ns) case
endured up to 15 V. These results actually explain why the observation of the
NC effect in the AO/BTO capacitor was hindered in the capacitance

measurement with the almost-static mode.

From these results, the qualitative model of the time-dependent NC effect
in the DE/FE structure can be established as follows: (i) the NC effect in the
DE/FE structure should follow the theoretical prediction from ref. 20 and
equation 5.4; (ii) the change of the interface charge state precludes stable NC
operation and can permanently alter the polarization state of the FE layer;
and (iii) this change of the interface charge state mainly occurs through a
charge injection from the electrode to the DE/FE interface, which can be

regarded as a leakage current (and total amount of interface charge is

144 o e I |



proportional to the stress time). Thus, a short measurement time is required
to directly observe the NC effects, where a short measurement time does not
allow sufficient interfacial charge change. Nonetheless, the precise time
scale is dependent on the specific materials and structural parameters of the
DE/FE capacitor. Figure 5.18 shows a schematic diagram of the pulse time
dependency of the NC effect in the DE/FE structure (upper panel: short
pulse, which is effective for NC operation; lower panel: long pulse, which is
ineffective for NC operation). The polarization switching driven by charge
injection is normally considered a spatially inhomogeneous process, as
depicted in Figure 5.18. Whether the domain switching in AO/BTO follows
plate-like growth (2D growth, FE-dominant) or needle-like growth (1D
growth, DE-dominant) is still unclear,” but no matter what the detailed FE
switching mechanism is, such charge-injection-induced FE switching
suppresses the possibility of the absolute value of P being approximately
zero, which is the prerequisite for the NC effect. The slight lateral shift in the
Qq-V curves in Figure 4a towards the low-voltage region is believed to be
related with the reduction in V;, by the redistribution or migration of the

charged defects under a high-bias condition.***
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effects and the polarization switching behaviors in the DE/FE bi-layer

structure.

The stability of NC operation was further confirmed by applying a series
of pulses with different voltages in the 8-nm-thick AO/BTO capacitor. As
shown in Figure 5.19a, the Q4 values from the +8 to the +12 V pulses were
almost constant up to 1,000 pulses (500 ns pulse length), which indicates
that stable NC operation can be achieved under such short and relatively
weak pulse condition. A pulse voltage of +16 V, however, induced
progressive polarization switching (charge injection), which can be
confirmed by the upsurge of the non-zero Q. value, as shown in Figure
5.19b. Hence, the Q4 value of +16 V progressively decreased with the

increasing pulse number, and becomes lower than that of the +14 V pulse
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case when the pulse number bec omes higher than ~200. Unexpectedly, the
Qq and Q. values of the +14 V pulse slightly increased at the initial stage,
and the +14 V Qq value did not show a noticeable change even when the Qe
value became almost identical to the +16 V pulse case at pulse > ~200. This
phenomenon is believed to be related with the depoling effects during the
long interval (~1 sec) between the pulses. For the case of +14 V, the partly
switched domains recovered their original configuration during the interval
because the switched domains were not fully stabilized due to the
insufficient charge injection. For the case of +16 V, however, the already-
well-stabilized switched domains remained switched during the same period,
and permanent Qy loss occurred. This can be more evidently understood
from the variation of Q. with the switching cycles shown for +12, +14, and
+16 V in Figure 5.19b (right vertical axis). The initially very high Q. for the
+16 V case was due to the involvement of permanent polarization switching,
which cannot be fully recovered during the subsequent cycles, resulting in

the loss of the charging effect.

The hysteretic behavior in the Q4-V curves of the 8-nm-thick AO/BTO
capacitor was also investigated by applying stepwise pulse trains (pulse
length at each voltage: 500 ns), as shown in the Figure 5.20a inset picture.
The directions of the Q4-V curves are indicated by the numbered arrows in
the figure. Up to the £14 V pulse, there were negligible changes in the Qg-V

curve, and as such, no hysteresis was observed, which is consistent with the
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above results. At the £16 V pulse, hysteresis started to be shown mainly
within the positive-voltage region, due to partial switching, which also
increased the absolute amount of Q4 in the negative-bias region. As the pulse
voltage increased to £18 V, a clearly hysteretic curve was shown, suggesting
that FE switching occurred. Figure 5.20b shows the variation in the Qy,
which is consistent with the charge-injection-induced FE switching model.
Based on the relation between Qy-V and Q,s-V in Figures 5.20a and b, it was
confirmed that the excessive charge injection at the sufficiently high voltage
induced the hysteresis behavior and eliminated the NC effects in the
AO/BTO capacitor. In addition, the initial charging state could not be
recovered after applying a -18 V pulse. This phenomenon is believed to be
attributable to the damage of the AO layer due to the high leakage current

level or the space charge redistribution within the BTO layer.
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5.4. Summary

In summary, the conditions for the emergence of genuine NC effects or
hysteretic P-V behaviors in the AO/BTO capacitors were examined through
a time-varying pulse switching method. While the NC effects in the
AO/BTO capacitor have been theoretically expected, a direct proof has
hardly been obtained due to the lack of a precise understanding of the
influence of the measurement method on the subtle effect.*” In this study, a
nanosecond-scale pulse charging system was adopted, and the capacitance
boosting from the AO/BTO capacitors compared with the single-layer AO
film was directly observed. This is a direct support for the NC operation of
the FE BTO layer in the DE/FE bi-layer structure. The measured NC effects
were well consistent with the theoretical model based on the fundamental
LD theory, but the charge injection, mainly driven by the leakage of the DE
layer, diminished the NC effects and induced the hysteretic behavior during
the capacitor charging/discharging. For this reason, the NC effect in the
DE/FE structure exhibited time dependency, which can be explained by the
leakage current of the DE layer. These competitive dynamics between the
NC effects and the hysteresis in the AO/BTO capacitor can be extended to
understand the hysteric behavior in the NCFET device. The time scale of
transfer characteristic measurement in the previous NCFET studies!"*"" is

comparable to that of the AC capacitance measurement in this study. Hence,

it is evident that hysteresis was observed in the transfer curve of the NCFET
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due to the gate leakage in the base MOSFET device. Especially in the
previous work by Jo et al,'"¥ the oscilloscope channel, which is located
between the FE capacitor and the MOSFET gate for monitoring the internal
voltage, could also work as an additional source of charge injection into the
intervening metal layer, which can fluently stabilize the switched
polarization. The nanosecond NC effects in the FE/DE bi-layer with such
short electric pulses are beneficial for applications such as the capacitive
layer of dynamic random access memory (DRAM), for which a high
operation speed is beneficial whereas non-volatility is not required.”*! It
should be noted that the capacitor area that was used in this study was in the
order of ~10° pm’, and that the electric pulse length required to
charge/discharge a capacitor should linearly decrease with the decreasing
capacitor area. For the actual DRAM capacitor with an effective capacitor
area of ~1 pum’, therefore, the estimated charging time should be <1 ns. It is
believed that this study shed light on a new methodology that can store a
high charge in a limited capacitor area by effectively preventing the injection

of carriers that can frustrate the NC effect.
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6. Conclusion

Enhancement of capacitance by negative capacitance (NC) effect in a
dielectric/ferroelectric (DE/FE) stacked film is gaining a greater interest as a
feasible solution to miniaturize capacitors and field effect transistors for future
semiconductor devices. Since its model was first suggested, several
experimental proofs on the capacitance boost of DE/FE stacked films were
reported. However, the previously reported theoretical background of this
intriguing effect holds a self-contradictory problem. Therefore, this work
suggests an alternative model to describe the negative capacitance effect in a
DE/FE system quantitatively. This work adopted a modified formalism to
incorporate the depolarization effect to describe the energy of the general
DE/FE system. The model predicted that the A1,05/BaTiO; (AO/BTO) system
shows the capacitance boost effect with no FE-like hysteresis behavior.
However, the involvement of the trapped charges at the DE/FE interface,
originating from the very high field across the thin AO layer when the BTO
layer played a role as the NC layer, can frustrate, the NC effect in the
AO/BTO system. Under this circumstance, the highly stored charge by the NC
effect of the BTO during the charging period could not be retrieved during the
discharging process because integral part of the polarization charge was

retained within the system as a remanent polarization.
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Next, the polarization switching behavior of AO/Pb(Zr,Ti)O; (PZT) bi-layer
capacitors had been studied by comparing the experimental results and
theoretical model. From the theory, the paraelectric-like NC state was
expected above 3nm thick AO layer in AO/150nm-PZT bi-layer system.
However, the experimental results clearly showed the FE hysteresis without
any sign of NC effects. This result emerged from the tunnel switch behavior
of AO layer. which means that the charge exchange occurred between the
electrode and AO/PZT interface trap sites by FN tunneling through thin AO
layer during domain switching in PZT layer. And the detailed mechanism of
tunnel switch operation was identified by the potential distribution analysis in
bi-layer structure based on the modified NC theory. This interface trapping is
relevant for hysterical polarization switching and the disappearance of NC
effects in AO/PZT system. Nonetheless, if the charge trapping is perfectly

eliminated in DE/FE system, a stable NC operation could be obtained.

However, suppressing the charge tunneling is quite difficult because the field
across the thin dielectric layer must be extremely high when the ferroelectric
layer is under the NC state. For a general measurement condition, the time
span is long enough to induce the sufficient charge tunneling, and the tunnel
switching can occur mostly in DE/FE systems. This in turn implies that if the
measurements can be performed within a time regime much shorter than the

time for the sufficient charge tunneling, the genuine NC effect without being
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interfered by the accompanying FE hysteresis effect might be observed. In
this work, therefore, the short pulse-type measurements were systematically
performed for the AO/BTO capacitor. From theses experiment, it was clearly
demonstrated that the reversibly drivable charge of the AO/BTO bilayer was
enhanced compared with that of the AO single layer over a wide voltage
region. This is a direct demonstration of the NC effect from the ferroelectric
layer, and the result was quantitatively matched with the theoretical
expectation. And, it is believed that this study shed light on the new

methodology which can store high charge in a limited capacitor area.

162 +] O +1)



Abstract (in Korean)

ANAEE dekee Ax 23] Fo TH 2ARA, ¥
AfAR2 Brdow e7Hn ok oled ¥e FR §32
A7) GaM, AN WAL A§AL, AN FA
FAE ZolAY, naAES HE BAS AN FAAR
olgste Ao AwHel WHow BEHT Utk AT, 279
WA Ag gel wek sl wgom AT el
e EE ANNEAE Fuss o oA ofegd Ausn
otk WA, AAY sl AR DANARAE A
A A Aol Gloid, 71ES] B Mol 2EAow A2

Aol e gl

ofell, Al Kol F°o FMAIRA (NC) Ao
AAMAIR A AAIE 22 AR FAE AEdE ¢ e

7Feidol  AAEAE kARt Al NC ddS *2A

-

FHAATE SR duA FHE A= ARl dRET=

2
|o
U

9
=2

2

O
BN
r_\.L

el NCEEGS 582 F A Aok=

163 A k._, 1_]|



Al o
1=

}+= Landau-Khalatnikov (LK)

S

|

kYA
ar

Aol A 2

FARE o] 2] §k o] A<

ol e} s

74

A7y A

=]
R

o] 27}

sk7] el

kil

o] gl

fo 7] o] 2%

J|

= 7 AAE] depolarization ©]F& A&

/?b]'

&

NC

Landau-Devonshire (LD) ©]

R

ol O

1
-

depolarization

ToR

L —
R

AHAdE oy, NCHdoR bgst Hu, o]gl niyy

17} =

o
RS

AAZF  AA

9]

©

=

Il

s
X

oF

_]

B

AAe] o

2]

L —
R

ol 4]

[0

/2)1-

o] ARAE ARG

=

o

I =22 AARA7E @l

A =

deHow

164



=

R

5k AO

kil

T

°©

P} 919
F91517)

ok
A4t

A7 deA =
A

otk NC 527 A

°©

Apo] Urehubl ek
A

| Ao =

Fex
il

&

1 NC Eele] w=w, 3nm 77 o)l 4]
AO/PZT

W3 }lol=

3

O]

10nm = W3} AZ3, PZT S 9
9]

Fod

o
A28 9]

2 oA
A A o

L —

R

A 5T

L —

R

%3l depolarization % 7|

}Ef ol A

o

S7h wAE S oM, NC
v g

=
z 9

HA
H
o

9]

S [e)
& © &, ALO+/Pb(Zr,Ti)O; (AO/PZT) 7 H A E 9]

Aol A

2
AF
ol
%

o4 NC Rd= ol

AA A delM=

150nm = 7%
x|z ol

AO/PZT %7}

g}ul
o4 A
AOZ 9]
R

L=
3

Fex

el
N
o

165



o =73

I ool Atk uhEkA, 7=

3]

Z2 s d7] del o]

ZoA

e

PN
T

7g el A

Alr

B

i

B

i

w3k AA

A 71

el

0

A

s

ol
i

7

X
KA

N
el

B

AlL,Oy/BaTiO; (AO/BTO) #HIAIE oA AA=Z

Txe AWAERATE A0

Il

A %

ol A4

135
o

A
o

s

=3
o

Foll - B 2% ASAIRIA

A
o

AA = NC3H

3

H]

A ' 2o

A3E Ak ol

gol AAF AFERA=

A

&

=3
o

oM AAIR A

1

ok

il

Aol ek

Sk
=

rol -8

o] A3 NC

oAM=

gl

S|
&

b aAbE

5743

o] AYAEA (FHALH), AdAEA ST

e
=]

F290]:

¥H:2012-31277

feis
<,

166



	1. Introduction
	1.1. Overview and Issues on Negative capacitance
	1.2. Objective and Chapter Overview
	1.3. Bibliography

	2. Literature
	2.1. Theory of Negative Capacitance
	2.2. Depolarization in Ferroelectric Thin Films
	2.3. Tunnel Switching Behavior
	2.4. Bibliography

	3. Alternative Approach on Negative Capacitance Effects
	3.1. Introduction
	3.2. Review on Previous Theoretical Model
	3.3. Alternative Theoretical Model on Negative Capacitance
	3.4. Summary
	3.5. Appendix
	3.6. Bibliography

	4. Competitive Relation between Negative Capacitance Effect and Tunnel Switch Behavior in Al2O3/PZT Bi-layer Capacitor
	4.1. Introduction
	4.2. Experimentals
	4.3. Results and Discussions
	4.4. Summary
	4.5. Bibliography

	5. Time Dependence Negative Capacitance Effects in Al2O3/BTO Bi-layer Capacitor
	5.1. Introduction
	5.2. Experimentals
	5.3. Results and Discussions
	5.4. Summary
	5.5. Bibliography

	6. Conclusion
	Abstract (in Korean)


<startpage>23
1. Introduction 1
 1.1. Overview and Issues on Negative capacitance 1
 1.2. Objective and Chapter Overview 8
 1.3. Bibliography 10
2. Literature 11
 2.1. Theory of Negative Capacitance 11
 2.2. Depolarization in Ferroelectric Thin Films 16
 2.3. Tunnel Switching Behavior 21
 2.4. Bibliography 24
3. Alternative Approach on Negative Capacitance Effects 26
 3.1. Introduction 26
 3.2. Review on Previous Theoretical Model 32
 3.3. Alternative Theoretical Model on Negative Capacitance 35
 3.4. Summary 55
 3.5. Appendix 57
 3.6. Bibliography 62
4. Competitive Relation between Negative Capacitance Effect and Tunnel Switch Behavior in Al2O3/PZT Bi-layer Capacitor 65
 4.1. Introduction 65
 4.2. Experimentals 71
 4.3. Results and Discussions 72
 4.4. Summary 102
 4.5. Bibliography 104
5. Time Dependence Negative Capacitance Effects in Al2O3/BTO Bi-layer Capacitor 108
 5.1. Introduction 108
 5.2. Experimentals 113
 5.3. Results and Discussions 121
 5.4. Summary 154
 5.5. Bibliography 156
6. Conclusion 160
Abstract (in Korean) 163
</body>

