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In this paper, a theoretical approach, comprising the non-equilibrium Green’s function method
for electronic transport and Landau-Khalatnikov equation for electric polarization dynamics, is
presented to describe polarization-dependent tunneling electroresistance (TER) in ferroelectric
tunnel junctions. Using appropriate contact, interface, and ferroelectric parameters, measured
current-voltage characteristic curves in both inorganic (Co/BaTiOs/Lao.¢7Sr0.33MnO3) and organic
(Au/PVDF/W) ferroelectric tunnel junctions can be well described by the proposed approach.
Furthermore, under this theoretical framework, the controversy of opposite TER signs observed ex-
perimentally by different groups in Co/BaTiO3/Lao.67Sr0.33MnO3 systems is addressed by consid-
ering the interface termination effects using the effective contact ratio, defined through the effective
screening length and dielectric response at the metal/ferroelectric interfaces. Finally, our approach
is extended to investigate the role of a CoO, buffer layer at the Co/BaTiOgs interface in a ferroelec-
tric tunnel memristor. It is shown that, in order to have a significant memristor behavior, not only
the interface oxygen vacancies but also the CoO, layer thickness may vary with the applied bias.

I. INTRODUCTION

Over the past four decades, the computing perfor-
mance has been exponentially improved in a microchip
because of doubled device density occuring approxi-
mately every two years according to the Moore’s law?.
However, at the same time, as the complementary metal-
oxide-semiconductor (CMOS) technology is down-scaled
to the nanometer regime, the static power consumption
plays a non-trivial role in total power dissipation due
to a significant amount of leakage currents in memory
and logic devices?. As a consequence, recently, active
research has also been underway in pursuit of low-power
and non-volatile memory and logic circuits in the beyond-
CMOS technologies®. The major advantages of the non-
volatility in the microprocessor potentially are (i) the
system speed improvement by eliminating the need of
transferring data between volatile power-starving mem-
ories (i.e. static and dynamic random-access memories)
and external non-volatile storage (i.e. hard disk drive) as
well as (ii) the energy efficiency enhancement by remov-
ing the static power consumption.

Among many emerging non-volatile memory tech-
nologies, ferroelectric (FE) devices based on quantum-
mechanical tunneling, known as ferroelectric tunnel junc-
tions (FTJs), have attracted significant attention due
to the extremely high ON/OFF ratio, very low write
power, and non-destructive read?. The concept of an
FTJ has been demonstrated experimentally® ® thanks to
improved technologies in fabricating high quality ultra-
thin FE films by pulsed laser deposition or off-axis sput-
tering, which push the critical thickness of ferroelectric-
ity down to a few unit cells'®*. Moreover, over the past
decade, FE fabrication technologies have become mature

and compatible to the back-end CMOS process'®, and
therefore FTJ-CMOS circuits with additional microchip
functionality may become a reality in the near future.

In an FTJ, the switching of resistance, also known
as tunneling electroresistance (TER) effect, is achieved
by the polarization reversal in the FE barrier via ap-
plied voltage. The TER effect is fundamentally different
from other resistive switching mechanisms such as the
formation of conductive filaments within a metal-oxide
insulator in an atomic switch'®, the oxygen-vacancy-
assisted conduction in a resistive random-access mem-
ory (RAM)'7, and the magnetization-dependent tun-
neling in a magnetic tunnel junction (MTJ)!¥®. In
particular, unlike tunneling magnetoresistance (TMR)
in the MTJ, which is typically only a few hundred
percent'® 2!, TER in an FTJ can easily reach 10°%8,
offering a much more reliable read mechanism for
the stored memory bits. While significant TER is
achieved in F'TJs, there still exists a controversy in TER
signs, particularly for Co/BaTiOs/Lag.675r0.33MnO3
(Co/BTO/LSMO) systems”?2; that is, TER signs ob-
served experimentally from different groups are com-
pletely opposite. Note that the term ”TER sign” is in-
troduced here to specify the relation between the electric
polarization direction and the resistance state. The TER
sign is defined as ”+” (positive) and ” —” (negative) when
the low (ON) resistance state is produced by the polar-
ization pointing to the top and the bottom electrodes,
respectively. Recent experimental work shows that these
opposite TER signs can be attributed to the dead lay-
ers induced by either TiO2 or BaO termination at the
Co/BTO interface?.

In addition to the promising progress in the FTJ
experiments, lots of theoretical efforts have also been



made in predicting or understanding TER in an FTJ.
Inspired by the polar switch concept proposed by Leo
Esaki in 1971%%, the giant TER was predicted near
the zero bias based on electron direct tunneling?°:26.
Using a similar model, enhanced TER by inserting a
non-polar dielectric layer at the metal/FE interface was
also predicted near the equilibrium?®’. Furthermore,
going beyond the equilibrium, polarization-dependent
TER was predicted to be based either solely on direct
tunneling?® or on combination of several transport mech-
anisms including direct tunneling, Fowler-Nordheim tun-
neling, and thermionic emission®®. Nevertheless, works
on polarization-dependent TER were mainly based on
the analytical models derived from the Wenzel-Kramer-
Brillouin (WKB) approximation and did not include a
realistic FE hysteresis loop. More importantly, most
of the theoretical approaches describe the experimental
data in the low-voltage range; so far, none of them has
provided quantitative comparisons with current-voltage
(I-V) characteristics measured from a full FE hysteresis
sweep, which is extremely important in designing FTJs as
memory elements, where both read and write operations
need to be well-described. This paper presents a compre-
hensive approach to (i) describe the experimentally mea-
sured I-V relations for various types of FTJs, and (ii) to
explain the discrepancy in the TER signs observed ex-
perimentally by different groups in the Co/BTO/LSMO
layered structures. The developed approach includes
the non-equilibrium Greens function (NEGF) method for
electronic transport under different bias conditions3® and
the thermodynamics-based Landau-Khalatnikov equa-
tion for a complete ferroelectric hysteresis loop.

An FTJ structure is shown in Fig. 1(a), where the de-
vice is composed of an FE thin film sandwiched between
two metallic electrodes. In this work, TER is assumed to
be induced by band structure modifications through the
electrostatic effect due to polarization reversal (Fig. 3).
Moreover, to explore the role of a CoO,, buffer layer in the
Co/BTO/LSMO systems, reported to be an inevitable
by-product while depositing the metallic electrode??, an
FTJ structure with a non-polar DE layer at the metal /FE
interface is also considered as shown in Fig. 1(b).
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FIG. 1. Schematics of FTJs in the (a) absence and (b) pres-
ence of a non-polar dielectric (DE) layer between the ferro-
electric (FE) and metallic electrode. M1 and Mz are top and
bottom metallic electrodes, respectively.

The rest of this paper is organized as follows. In Sec-
tion II, mathematical details of the proposed approach
for TER in an FTJ is presented. In Section III, using this
theoretical model, good agreement with the experimen-
tal I-V characteristics is shown for various FTJs, and the
discrepancy in the reported TER sign in Co/BTO/LSMO
systems is explained by introducing the termination ef-
fect using the effective contact ratios. Also, the model is
extended to investigate the role of a CoO, buffer layer in
an FE memristor. Section IV concludes the paper.

II. THEORETICAL FORMALISM
A. FTJ without Non-polar Dielectric

To describe the polarization-dependent TER in an
FTJ, the energy band diagram under the effects of the
applied electric field, built-in field, and depolarization
field is considered. In this work, the applied electric field
is generated by a bias voltage across an FTJ, the built-in
field is mainly due to the work function difference be-
tween layered materials®' 33, and the depolarization field
is induced by the incomplete screening of the FE bound
charge. Figs. 2(a), (b), and (c) illustrate electrostatic po-
tential profiles induced by the applied electric field, built-
in field, and depolarization field for F'TJs in the presence
and absence of a non-polar DE layer, respectively. Math-
ematically, for an FTJ without a non-polar DE layer, it
is assumed that the potential profiles within metals (Vaq
and Vjr2) follow the Thomas-Fermi expression®* and are
given as (see Appendix A for detailed derivations)
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where p; is the screening charge density at the FE/metal
interfaces (C/m?), A; and Ay are effective screening
lengths of top and bottom FE/metal interfaces, respec-
tively, €1 and es are relative dielectric constants of top
and bottom FE/metal interfaces, respectively, and ¢q is
the vacuum dielectric constant. Note that the imper-
fect screening here is described by both effective screen-
ing length and dielectric constant, rather than Thomas-
Fermi one, since it is generally accepted that the im-
perfect screening is determined not only by the metal,
but also by the FE thin film and the specific interface
geometry®®. As a result, from Eqgs. 1 and 2, the po-
tential drop in top and bottom electrodes are 2 li‘: and
PsA2

Pt respectively. As described in Eq. 3, in an FTJ,
by applying Gauss’s law near the metal/FE interface,
the electrical displacement in the FE is equal to the free
charge density at the FE/metal interface.

ps = €oErg + P, (3)

where P is the electric polarization of the FE and Frg
is the total electric field across the FE. Furthermore, due
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to the fact that the potential drop induced by the ap-
plied bias and built-in field has to be completely shared
by both metallic electrodes and the FE, the following
equation is satisfied.

s A A
P2l | P32 | Brptpp = Vi + Vi, (4)
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where V, is the applied voltage and V; is the voltage drop
due to the built-in field, defined as M with
¢1 and ¢o being conduction band discontinuities at the
top and bottom FE/metal interfaces, respectively, Ep;
and Ery being Fermi energies of top and bottom metal-
lic electrodes, respectively, and e being the elementary
charge. From Eqs. 3 and 4, the total electric field across
the FE is given as

Va+ Voi — P (2% + 22
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Note that the depolarization field, Eg.p, is obtained by
canceling the built-in field with the applied bias (V, +
Vi = 0) and given as
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By replacing Erg in Eq. 3 with Eq. 6, the screening
charge density induced simply by the FE bound charge,
Ps.p, 18 given as

P
Ps,p = SV (7)
1+ tFEel + tFE262

which is consistent with the common expression shown
in Ref.26.
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FIG. 2. Schematics of electrostatic potential profiles due to
(a) applied electric field, (b) built-in field, and (c) depolar-
ization field for FTJs with (bottom panel) and without (top
panel) a non-polar DE layer between the FE and top metallic
electrode.

The energy band diagram is constructed by assuming
that the bulk properties of metallic electrodes remain the
same under the applied bias; that is, the Fermi energy

of the metal is fixed. Illustrated in Fig. 3(a) by setting
the conduction band edge in the top metallic contact as
the zero energy reference, chemical potentials at top and
bottom contacts (11 and usg, respectively) have to satisfy
the following equation:
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(p L + 61+ Epptrg — ) — Ep.
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B. FTJ with Non-polar Dielectric

When a non-polar DE layer is present between the top
electrode and the FE layer (Fig. 1(b)), a procedure sim-
ilar to the one presented in Section II-A can be used to
obtain the electric fields and potential profiles in an FTJ.
Again by applying Gauss’s law near the metal /FE inter-
face and also assuming that the electric displacement is
continuous at DE/FE interfaces, as well as the net volt-
age drop has to be entirely shared within the device, the
following equations are satisfied.

ps = cobrg + P = eoeppEpE, 9)
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where Epp is the electric field across the DE, and epg is
the dielectric constant of the non-polar layer. By solving
Egs. 9 and 10, the interface screening charge density and
electric fields across the FE and the non-polar DE are
given as

(Va+ Vi) + P
Ps = 1 tiﬁE N A2 (11)
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where V}; now is defined as (b2tde—d1—EratBri) ity O

being the band discontinuity at the FE /non-polar DE in-
terface. Note that the screening charge density induced
solely by the FE bound charge can be obtained by re-
moving both V, and V;; in Eq. 11, and the resulting
expression is consistent with that in Ref.?”. After know-
ing the incomplete screening charge at the interface, the
corresponding depolarization field can be calculated us-
ing Eq. 12 and is given as
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As expected, Eq. 14 is reduced to Eq. 6 when tpg is
reduced to zero. Similarly, by using the same energy



reference in the previous case, the FTJ energy band dia-
gram with a non-polar DE layer, as shown in Fig. 3(b),
is established by satisfying the following equation:

eVo = p2 — 1
psAl
=|(——+¢1+ Eprtpr — ¢c + Eretre
€1€0
ps)\Q
—¢2 + + Ep2 | — Ep. (15)
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C. FE Hysteresis Loop

To describe the electric polarization response of a FE
thin film under applied bias, built-in field, and depolar-
ization field, the Landau-Khalatnikov (LK) equation is
used and given as®®

oP OF
Y5 = T3P (16)
where ~y is the viscosity coefficient and F' is the FE free
energy including the bulk and interactions with different
types of electric fields, which can be in general expanded
in terms of the thermodynamic order parameter based
on the Landau theory and is written as

1
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where a7, @11, and aj1; are free energy expansion
coefficients®337 39 E_ is the applied electric field, and
Ey; is the built-in field. In Eq. 17, the first three terms
are for the bulk FE free energy, the contributions from
applied electric and built-in fields are described by the
fourth and fifth terms, respectively, and the last term
represents the self-energy of the depolarization field (thus
the factor of $)3.

While Ref.3” pointed out that Eq. 16 is mainly ap-
plicable to for the intrinsic single-domain FE switching,
which typically requires a defect-free FE thin film with
a very small cross-sectional area and is quite different
from the extrinsic switching driven by FE domain nu-
cleation and propagation, here for simplicity, we assume
that the electric polarization in an FE thin film can be
represented by an effective electric polarization, P, sat-
isfying the LK equation. And the experimental FE hys-
teresis loops, characterized by the remanent polarization
and coercive voltage, can be well described by adjusting
expansion and viscosity coefficients. Furthermore, by us-
ing Eq. 16, the shift in an FE hysteresis loop due to a
non-zero built-in field across an FTJ can also be easily
captured®?. Note that the electric displacement through
the FE, D, is written as*’

D =e¢ (14 x)Erg + Py, (18)

where x accounts for the linear contribution of the po-
larization and P, is the polarization due to switching
dipoles. However, in the LK equation mentioned above,

P accounts for the effects from both linear response and
switching dipoles, and thus the electric displacement is
simply written as egErpg + P.
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FIG. 3. Energy band diagrams at a bias voltage V,, satisfying
p2 — p1 = eV, for FTJs (a) without and (b) with a non-polar
DE layer between the FE and metallic electrode. Arrows in
the FE represent the direction of the electric polarization.

D. Tunneling Currents

As shown in Fig. 3, based on Eqgs. 8 and 15, the en-
ergy band diagram can be constructed for a given electric
polarization obtained from the LK equation and is used
as the electron potential energy in the non-equilibrium
Green’s function (NEGF) method to calculate the trans-
mission coefficient®’. For the tunneling currents, the
Landau formula is applied and given as*!

1== % 5 [aEE 5 E) - 2B} 19

ky,k=

where k, and k., are electron wave vectors in the trans-
verse plane, e is the elementary charge, A is the cross-
sectional area, F is the total electron energy, ¢ is the
transmission coefficient. f; and f; are Fermi-Dirac dis-
tributions for top and bottom metallic contacts, respec-
tively, given as

f1(2) (E) T T Eomie)? (20)



where pq and s are chemical potentials of top and bot-
tom metallic contacts with pus — pu; = eV,, kp is the
Boltzmann constant, and 7" is the temperature. The de-
tails of writing an alternative expression for currents us-
ing the electron wave vector in the spherical coordinates
are shown in Appendix B. The transmission coefficient in
Eq. 19 is calculated using the Green’s function, G, given
as

t = trace (I*GIPGT), (21)

where G is defined as (EI — H — 3¢ — X))~ ' with I, H,
and X being the identity matrix, device Hamiltonian, and
contact self-energy, respectively, and T is the broadening
function defined as i (E — ET). The detailed expression
of the Hamiltonian and contact self-energy can be found
in the Appendix C.

IIT. RESULTS AND DISCUSSION

In this section, the theoretical framework pre-
sented above is used to explain existing experimental
results”22. First, to show the model captures key un-
derlying physics behind FTJs, measured I-V character-
istics for both inorganic and organic FTJs are fitted
by using proper energy band diagram and LK param-
eters. Next, the concept of effective screening length
and dielectric constant is applied to explain the opposite
high/low resistance states observed in Co/BTO/LSMO
systems”?2, which may result from interface termination
effects?®. Finally, the model is extended by including
a CoO, non-polar buffer layer at the Co/BTO interface,
and it is shown that the voltage-dependent oxygen vacan-
cies at the CoO,/BTO interface may be partially respon-
sible for the memristor behavior as mentioned in Ref.?2.

A. Comparison with Experimental -V
Characteristics

In this paper, for an FTJ, it is assumed that TER is
a main consequence of modifying the energy band di-
agram through depolarization fields induced by incom-
plete screening charge at FE/metal interfaces, and is ex-
pected to vary with the polarization. In other words, at
a given voltage, a larger difference in two opposite polar-
ization states leads to more pronounced TER. Hence, to
describe measured FTJ I-V characteristics, it is required
to accurately model FE hysteresis loops, which are also
presented in the following comparisons with experiments.
Note that, for simplicity, all the FE hysteresis loops in
this work are simulated by applying a sinusoidal voltage
signal with a period of 70 ps, and LK parameters are
adjusted accordingly to obtain a reasonable FE response
observed in experiments. In reality, FE thin films may
have different dynamic responses with respect to an ap-
plied bias, depending on the quality, material, or size of
the sample.
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FIG. 4. (a) Comparison between FTJ (Co/BTO/LSMO) ex-
perimental data (diameter = 700 nm)” and simulation results
using the following band diagram parameters: tpp = 2 nm,
(251 = d)z = 7.15 eV, EF1 = EF2 = 6.5 eV, €1 = 2.4, €2 = 9.67
A =05 x 1070 m*2 XAy =1 x1071° m*2, m* = 0.8meo.
(b) Simulated FE hysteresis loop for FTJ (Co/BTO/LSMO)
experiments’ (V. ~ £3 V, epp ~ 11, and P, ~ 0.3 C/m?)
with the following LK parameters: v = 1.8 x 1072 m sec/F,
a1 = —2.77 x 10" m/F, a1 = —5.35 x 10° m®/C?F, and
a1 =2 x 10'° m?/C'F.

First, the measured FTJ I-V characteristics in a
Co/BTO/LSMO layered structure” are used to justify
our theoretical approach. Since there is no clear shift in
hysteresis loops observed in experiments, it is assumed
that a built-in field across the junction is close to zero,
which implies ¢; is equal to ¢2 in our model. Next, LK
parameters for BTO3* are slightly varied so that the FE
thin film exhibits a hysteresis loop with V, ~ +3 V,
erp ~ 11, and P, ~ 0.3 C/m? as shown in Fig. 4(b),
where V., epg, and P, are the coercive voltage, the FE
dielectric constant, and the remanent polarization, re-
spectively. By assuming the following interface param-
eters: A\; = 0.5 x 10710 m*2 and Ay = 1 x 10719 m*?,
¢1, €1, €2, and m* are varied to obtain a good agree-
ment with experimental data while ¢2 is assumed to be



equal to ¢1 as shown in Fig. 4(a), which shows that
in Co/BTO/LSMO systems, a depolarization field mod-
ifying the energy band diagram is the dominant driving
force for TER, rather than the effects due to strain®®
or FE polarization dependent complex band structure®?.
However, even though the experimental data can be well
described by depolarization fields in Fig. 4, changes in
FTJ energy band diagrams through polarization reversals
is not a purely charge-mediated (or electrostatic) effect.
This is mainly because the effective screening length and
the dielectric response significantly depend on the specific
interface geometry, which is a fully quantum-mechanical
outcome and requires approaches in the microscopic level

such as first-principles calculations®?.
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FIG. 5. (a) Comparison between FTJ (Au/PVDF/W) ex-
perimental data’ and simulation results using the following
band diagram parameters: trpp = 2 nm, ¢1 = 6.76 eV,
¢2 = 6.7 eV7 EF1 = EF2 = 6.5 eV7 €1 = 6.57 €2 = 207
AL =0.75 x 10710 m? Xy = 0.45 x 1071 m* m* = 0.1me.
(b) Simulated FE hysteresis loop for FTJ (Au/PVDF/W)
experiments® (Ve~ 21V, €rpp ~ 4.4, and P, ~ 0.18 C/m2)
with the following LK parameters: v = 1.5 x 107® m sec/F,
a1 = —1.38 x 10° m/F, a1 = —2.67 x 10'° m®/C?F, and
a1 = 8 x 10" m?/CF.

In Fig. 4, since only the currents at low voltages are

measured, the full dependence of tunneling currents on
an FE hysteresis loop cannot be observed. As a re-
sult, an I-V characteristic curve reported in an Au/poly-
vinylidene fluoride (PVDF)/W layered structure is used
to justify our model for a complete FE sweep®. Again,
to fit experimental data, a FE hysteresis loop of a mono-
layer PVDF film is generated by tuning LK parameters
as shown in Fig. 5(b), in which the resulting V., erg,
and P, are about 1 V, 4.4, and 0.18 C/m?, respectively.
By using the following interface parameters: e€; = 6.5,
A1 = 0.75 x 10719 m% and Ay = 0.45 x 1071046 ¢,
P2, €2, and m* are adjusted to match experimental data
as shown in Fig. 5(a), where a good agreement between
the theoretical and experimental results is reached. Note
that a weak built-in field, observed in the experiment®
and leading to a small shift in the hysteresis loop as
shown in Fig. 5(b), is included to obtain a better fit
to the experimental data.

In Fig. 5(a), it can be seen that TER varies largely
with the electric polarization; that is, the difference be-
tween high and low resistance states is reduced as the
voltage is close to or beyond the coercive voltage. Fur-
thermore, since the interface parameters for Fig. 5(a)
are more close to bulk values, it can also be concluded
that TER in an Au/PVDF/W organic FTJ is more
dominated by a pure electrostatic effect, rather than
complex changes of interfacial bonds, which can be at-
tributed to the fact that the electrodes are attached to
PVDF thin films using mainly Van der Waals forces in
an Au/PVDF /W structure®.

B. Interface Termination Effects on TER

As shown in Figs. 4 and 5, in both experiments”?,
the low and high resistance states correspond to the elec-
tric polarizations pointing to the top (Co or Au) and the
bottom (LSMO or W) electrodes, respectively. These ex-
perimental results can be explained by the energy band
diagram shown Fig. 6(a), where a lower tunnel barrier is
produced as the polarization is pointing to the top con-
tact, which has larger changes in the interface potential
energy. Note that as shown in Eqgs. 1 and 2, a higher
ratio of % leads to a larger change in the interface po-
tential energy. From Fig. 6(a), it is found that since
at low voltages, the energy slope on the FE barrier is
mostly dominated by the depolarization field, whose di-
rection is always opposite to that of the polarization, the
top and bottom interfaces have opposite effects on the
tunnel barrier. Using the polarization pointing to the
top contact as an example, the top and bottom interface
potential changes reduce and increase the FE barrier, re-
spectively, and these contact effects on the barrier are
reversed as the polarization is switched to the opposite
direction. Consequently, if the interface energy change at
the top is greater than that at the bottom, the FE barrier
for the polarization pointing to the top will be lower and
thus a lower resistance state is generated. Therefore, as



shown in Fig. 6(a), it seems that interface quantities play
a significant role in determining the relation between the
high/low resistance states and the polarization direction.
Here a quantity called the effective contact ratio is de-
fined as % to distinguish the high/low resistance states
in an FTJ. In Figs. 4 and 5, the effective contact ratios
are 1.96 and 5.1, respectively, which are both larger than
1, implying that the resistance states are more dominated
by the top interface. As a result, the lower resistance
state is for the polarization pointing to the top contact
(or the TER sign is ”+4”), consistent with experimental
observations.
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FIG. 6. Energy band diagrams at 0.1 V for both polarization
states with two different effective contact ratios: (a) 1.98 and
(b) 0.49. The dark blue and the green correspond to the
polarization states pointing to the top and bottom contacts,
respectively. Red dash lines represent chemical potentials at
both contacts.

In Au/PVDF/W FTlJs, it is believed that a depolar-
ization field creates larger changes in the potential energy
at the Au side®, and so far, no experimental evidence has
shown that high/low resistance states can be switched in
the same FTJ structure, which is probably because con-
tacts and an organic FE film are attached through Van
der Waals forces, rather than the complex interface bonds

as mentioned previously’. However, in Co/BTO/LSMO
layered structures, several groups have reported an op-
posite relation between the polarization direction and
the resistance state”22. Recently, some groups have re-
ported that the reversal of the high/low resistance states
in Co/BTO/LSMO systems is attributed to either TiOq
or BaO terminated at the Co/BTO interface?®. To sup-
port this argument theoretically, our model provides an
intuitive picture for the reversal of high/low resistance
states induced by termination effects. As predicted by
first-principles calculations, the screening length is al-
most zero at the Pt/BaO-terminated BTO interface*?.
From Ref.?%, it has also been shown that the interface
termination effects on the TER signs in FTJs using Pt
and Co as the top electrodes are consistent. Therefore,
here we assume that, similar to Pt/BTO interface, the ef-
fective screening length at the Co/BaO-terminated BTO
interface is much less than that at the Co/TiO2 BTO in-
terface. In Fig. 6(b), the effective contact ratio is set to
be less than 1 without adjusting % of the bottom inter-
face, and it is shown that compared to Fig. 6(a), where
the effective contact ratio is larger than 1, a lower tun-
neling barrier is generated by the polarization pointing
the bottom electrode, rather than the top one, and thus
the high/low resistance states are reversed.

Figs. 7(a) and (b) clearly indicate that rather than the
individual interface properties, the effective contact ratio
is the most essential factor to determine both sign and
magnitude of TER, defined as I—I, where I+ and I are
the currents corresponding to the polarizations pointing
to the top and bottom electrodes, respectively. In Figs.
7(a) and (b), it is shown that a more pronounced TER
can be produced as the top and the bottom interfaces
become more distinct (i;f > 1or <« 1). Also, from the
same figures, a lower resistance state is always produced
by the polarization pointing to the interface with larger
2 as explained in Figs. 6(a) and (b). In other words, the
sign of TER, as it is defined here, is switched from "+ to
7" as the effective contact ratio changes from the value
larger than 1 to less than 1. As a result, if the effective
contact ratio is equal to 1, meaning that the device is
perfectly symmetric, the resulting TER will also be 1,
and thus it is impossible to distinguish the polarization
direction through tunneling resistance.

C. FTJs with CoO,

From the previous section, it is shown that TER sig-
nificantly depends on metal/BTO interface properties in
an FTJ. Moreover, in addition to the termination effect,
recently some experimental studies have reported that
an inevitable CoO,, layer at the Co/BTO interface plays
an important role in the memristive, i.e. tunable resis-
tance, behavior of a Co/BTO/LSMO FTJ; that is, read-
ing TER varies with the magnitude of the previous writ-
ing voltage?2. Hence, in this section, our simple model is
extended as shown in Figs. 1(b) and 3(b) to investigate
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the CoO, effect on TER.

As mentioned in Ref.??, a positive (negative) applied
bias accumulates (dissipates) oxygen vacancies at the
Co00,,/BTO interface, effectively reducing (increasing)
¢c. Therefore, as shown in the energy band diagrams
of Fig. 8(a), which are constructed using Eq. 15, the
low (high) resistance state corresponds to the polariza-
tion pointing to the bottom (top) contact with smaller
(larger) ¢.. Note that as predicted in Ref.?”, an un-
changed ¢, in both polarization directions will result in a
reversal of high /low resistance states, which haven’t been
observed in the experiment yet?2. Furthermore, since no
significant shift in the FE hysteresis loop was observed
in the experiment?2, in our model, ¢, is adjusted accord-
ingly with ¢. so that the built-in field across the device
is zero. In other words, ¢2 + ¢. — ¢p1 = 0, where ¢po
is fixed due to no change at the BTO/LSMO interface.
Therefore, by using the same simulation parameters for
the interfaces and the FE hysteresis loop as listed in Fig.
4, and assuming that part of BTO transforms into CoO,
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FIG. 8. (a) Energy band diagrams at 0.1 V for high/low resis-
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respectively. (b) Comparison with experimental data?? us-
ing various ¢. for high and low resistance states and different
writing voltages. In addition to tpg = 0.6 nm, tpg = Inm,
¢1 and ¢, the simulation parameters are the same as those
in Fig. 4. (c) Tunneling current versus applied voltage under
different CoO, thicknesses with ¢. being 3.3 eV.



(tpg = 0.6 nm and tpg = 1 nm), ¢, is adjusted to fit
the experimental data as shown in Fig. 8(b), where a
good agreement between the theory and the experiment
is reached. As a result, Fig. 8(b) shows that it is possible
to change TER through modifications of ¢, induced by
voltage-dependent oxygen vacancies at the CoO,/BTO
interface. However, it seems that the required change in
¢, from off to on states may be too drastic for simply
the charge-mediated effect (6.6 to 0.1eV). Therefore, the
thickness of CoO, may also be altered depending on the
applied bias; that is, the CoO, thickness may be reduced
(increased) as the FTJ is switched from high (low) to low
(high) resistance states and thus TER is varied with the
Co0,, thickness as shown in Fig. 8(c). More experimen-
tal studies are required to confirm the possibility of the
voltage-dependent CoQ,, thickness in an FTJ.

IV. CONCLUSION

This paper presents a theoretical description of
quantum-mechanical electronic transport and thermody-
namic ferroelectric responses in both organic and inor-
ganic FTJs. Inversed TER effect with respect to the po-
larization direction reported by different groups can also
be explained by the proposed model through the effective
contact ratio and termination effects. Finally, the role of
a CoO,, buffer layer at the Co/BTO interface is also ex-
amined. It is found that the sizable memristive effects,
i.e. tunable resistance, cannot be explained solely by the
change in the barrier height due to charge-mediated ef-
fects. It is suggested that the CoO, layer thickness may
also change as a result of electrically-induced Co oxida-
tion/reduction at the Co/BTO interface. The proposed
approach for description of the electroresistance effect in
FTJs will provide a foundation for performance optimiza-
tion of the core elements for nonvolatile memory and logic
devices.
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Appendix A: Derivation of Egs. 2 and 3

The relation between charge (Q) and electric field (E)
in the metal can be described by the Poisson’s equation
given as

8E(33): Q :—e(n—no), (A1)

ox €m €0 €m€o

where €, is the dielectric constant of the metal, n is the
electron density, and ng is the electron density in the

x4 —
X2

XN-1
XN

x B~ O:FE @:m. O:0E

FIG. 9. Schematics of illustrating the electron wave vector
in the spherical coordinate and the non-equilibrium Green’s
function (NEGF) approach to FTJs without and with a non-
polar DE layer between the FE and metallic electrode.

neutral metallic electrode. In the metal, the electrons

can be treated as a free fermi gas, and thus the local

potential (V) and electron density can be related as*7
h2

_ 2 3
V—2m0 (37T n)

o

(A2)

with & being the reduced Planck constant, and mg being
the free electron mass. By using —‘Z)—‘; = F, the derivative
of the electron density with respect to = can be expressed
as

? = —%7 (A3)
T 2 (372)3 nT

and therefore the derivative of Eq. Al with respect to x

becomes
0’E _ —e On E
0x2  emep O N2

where the metal Thomas-Fermi screening length, A, is

(A4)

2
defined as h;;—;;ig" (37T2) 5n%. The general solution of

Eq. A4 is AeX + Bes with A and B being coefficients
determined by the boundary conditions, which are, us-
ing the top electrode as an example, E (—o0) = 0 and
E(0) = £=. Therefore, the corresponding electric field
(E1) and potential profile (V1) (—oo < z < 0) are given
as

Ps

By = enr, (A5)
€1€0
‘ / ’ —PsAi &
i=- d2'E (2') = e’r. (A6)
— 0 €1€0

Similarly, by using E(co0) = 0 and E(tpp) = 2 as
boundary conditions, the potential profile (V3) of the bot-
tom electrode (tpp < x < 00) is given as

ps)\Q —(z—trE)
= "¢ A2 .

Vs (A7)

€2€0

Eqgs. A6 and A7 are identical to Eqs. 1 and 2. Note
that as mentioned in the main text, for some FTJs with



complex interfacial bonds, the potential drop near the
interface is described by the effective screening length

and dielectric response, rather than the Thomas-Fermi
35
ne-°.

Appendix B: Alternative Expression of Eq. 18

The electron wave vector can be represented in the
spherical coordinate as shown in Fig. 9. To rewrite
Eq. 18, the first step is to convert the summation into
the integral using periodic boundary conditions (3}, =
% J dk), and the resulting expression is given as

J—%/Z/deyde/dEt(fl—fg). (B1)

Note that ¢, f1, and fo are all energy-dependent. Un-
der the spherical coordinate, dk,dk. can be written as
k2 sin 8d¢dd. For electrons coming from 4z with total
energy, F. equal to F = 2m* + Uy, where m™* is the ef-
fective mass and Uy is the potential energy, the current
equation becomes

27
2
2772h/ / dodOk s1n9/dEt fi—f2)

10

It can be seen from Eq. B2 that the tunneling currents
account for all the contribution of electrons from different
energy levels and injection angles in the metallic contact.

Appendix C: Device Hamiltonian and Contact
Self-energy

The device Hamiltonian, H, is constructed based on
a single-band effective mass Hamiltonian operator of an
electron given as
h? (k2 + k2)

2m*

+U(x), (C1)

where U () is the energy band diagram of an FTJ. Note
that in this approach, a space-independent effective mass,
m*, is used to characterize the quantum-mechanical tun-
neling process in the thin-film device. Therefore, by con-
sidering an electron coming from +x with total energy,

FE, equal to £ = the operator can be rewritten
using Fig. 9 and i 1s gwen as
R _hQ 32
=592 + (B - Up)sin?0 + U (2)
_hQ 32
- T B+ U @), (C2)

where F is the transverse energy of the electron, which

= _26”; d9 sin @ dE (E—U)t(f1— fa)- depends on the injection angle, 6. The device Hamil-
m2h Uo tonian can be obtained by simply converting H into a
(B2)  matrix using the finite-difference method and is given as
|
2%+ E, (0)+U (1) —t 0 -
—t 2t+EL(9)+U(ZZ?2) —t 0
0 0 e ..
0 0 0
0 0 0
...... 0 0
0 —t 2t+EL(9)+U(:EN,1) —t
-+ 0 —t 2t+EL(9)+U(:EN)

where the x axis is divided into N mesh points, =1, =2,

-, xN-1, and x, and ¢ is the coupling strength between
the nearest neighbors defined as t = % with a being
the distance between two nearest mesh points, which is
set as 0.1 nm in the main text. Under the open boundary
condition, the self-energies of top and bottom contacts

are given as

B _teik?z,ta 0 o]
2t = 0 0 9
3p = 0 0 ;
- 0 —tetkera ]
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11
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where £, ; and k, ; are longitudinal electron wave vectors
inside top and bottom electrodes, respectively, given as

cos—1 {1 _ E—U(w12)t—EL(0)}
km t = )

’ a
_ E-Ulzn)—E. (0
cos 1{1——( ]\2[2 L()}

a

(C5)

kwb:

)

(C6)

In addition to TER in FTJs, the same approach can also
be applied to other problems such as spin injection from
a ferromagnet into a semiconductor or a metal®849 as
long as the energy band diagram is known.
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