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Electroresistance effects in ferroelectric tunnel barriers
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Electron transport through fully depleted ferroelectric tunnel barriers sandwiched between two metal elec-
trodes and its dependence on ferroelectric polarization direction are investigated. The model assumes a polar-
ization direction-dependent ferroelectric barrier. The transport mechanisms, including direct tunneling, Fowler-
Nordheim tunneling, and thermionic injection, are considered in the calculation of the electroresistance as a
function of ferroelectric barrier properties, given by the properties of the ferroelectric, the barrier thickness, and
the metal properties, and in turn of the polarization direction. Large electroresistance is favored in thicker films
for all three transport mechanisms but on the expense of current density. However, switching between two
transport mechanisms, i.e., direct tunneling and Fowler-Nordheim tunneling, by polarization switching yields a
large electroresistance. Furthermore, the most versatile playground in optimizing the device performance was
found to be the electrode properties, especially screening length and band offset with the ferroelectric.
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I. INTRODUCTION

In recent years, the preparation of high-quality ultrathin
films of perovskite ferroelectrics (F) by various deposition
techniques such as pulsed laser deposition or off-axis sput-
tering has pushed the lower limit of the critical thickness for
ferroelectricity to a few unit cells,'* in good agreement with
theory.> This was the prerequisite for observing direct
quantum-mechanical tunneling through a ferroelectric
barrier®’ for which giant electroresistance (ER) was
predicted.® A direct tunneling (DT) effect and a resistance
state depending on the polarization direction were experi-
mentally shown on tunneling junctions with a ferroelectric
barrier.”~'> However, depending on the effective thickness of
the ferroelectric barrier other transport mechanisms such as
Fowler-Nordheim tunneling (FNT) or thermionic injection
(TT) rather than the direct tunneling may play the major role
in transport across ultrathin ferroelectric films, as has been
already shown on only 5 nm thick BiFeOj thin films.'3 The
various transport mechanisms which concurrently contribute
to the effective carrier conduction in such a metal-
ferroelectric-metal (MFM) structure raise the questions
which mechanism governs the electronic transport and what
are the parameters to be tuned in order to maximize the re-
sistance change or the ER.

In the present paper we analyze the transport through a
MFM structure, as shown in Fig. 1(a). A perovskite ferro-
electric, such as BaTiOz (BTO), acts as a potential barrier.
The effective barrier is polarization direction dependent due
to insufficient screening of the polarization charges.”$ In our
analysis we included three major contributions to the effec-
tive current, namely, direct tunneling, Fowler-Nordheim tun-
neling, and thermionic injection.

II. MODEL

We study here a metal-ferroelectric-metal heterostructure
as sketched in Fig. 1(a). The F with a spontaneous polariza-
tion Pg and a static permittivity &g, is sandwiched between
two different metals (M;) with different Thomas-Fermi
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screening lengths /;. A voltage is applied to metal M, and the
resulting current j through the MFM heterostructure is cal-
culated in dependence on the ferroelectric polarization
direction.

We assume that the ferroelectric layer is fully depleted,
i.e., there are no free carriers within the ferroelectric, and the
semiconductor properties of the ferroelectric do not play any
role in the transport mechanism. This assumption is reason-
able up to a certain film thickness d=2w, when w is the
depletion width, which depends on the effective free-carrier
concentration N, the apparent build-in potential V; ., which
is itself polarization dependent,'* and the static permittivity
£y and can be calculated by'>

2808stat(v+ Véi)
w= | ———, (1)
eNgp

For d=2w at zero applied voltage V the film is fully de-
pleted. For instance with Ng=5X 10" 1/cm’, V;.=0.1 V,
and g4,,=60 the depletion width w is about 3.5 nm, thus we
restrict our investigation to film thicknesses d smaller than
about 5 nm.

The polarization P is perpendicular to the film surface,
either pointing toward the contact where the voltage is ap-
plied (P>0) after switching with a negative voltage or away
from it (P<<0) after switching with a positive voltage as
shown in Fig. 1(a). This resembles the polarization state
which is typically found in single domain tetragonal thin
ferroelectric films such as BTO (Ref. 16) or PbTiO;.!”

We assume also that the currents are mostly electron cur-
rents because in most oxide ferroelectrics with metal elec-
trodes the barrier for electrons is lower than the barrier for
holes.'® It is noteworthy, that this applies for n-type as well
as for p-type ferroelectric films.!”

The carrier transport through the MFM structure depends
on the barrier properties, which in turn depend on the polar-
ization. The polarization direction may influence the electro-
static potential of the barrier because of the polarization
charges or the barrier’s thickness due to piezoelectric
strains.” Depending on the piezoelectric coefficient of the
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FIG. 1. (Color online) (a) Sketch of the MFM heterostructure
with P>0 and (b) the corresponding energy potential profile of the
potential barrier for P>0 (solid line) and P<0 (dashed line),
respectively.

ferroelectric material the influence of the piezoelectric strains
might be neglected, as it is the case for La, ;Biy ¢MnOj; tun-
neling barriers® or may play a crucial role for the transport
through the barrier.

However, here, we focus on the polarization dependence
of the electrostatic potential in the MFM heterostructure and
introduce it by employing a model proposed by Zhuravlev et
al.® The ferroelectric polarization P creates a surface charge
equal to P at the metal-ferroelectric interfaces [see plus and
minus signs in Fig. 1(a)]. These surface charges are screened
inside the metal as sketched in Fig. 1(a) by the shaded areas
but due to the finite capacitance of the screening space
charges of real metals the screening is incomplete inside the
ferroelectric. This leads to a depolarization field opposing the
polarization direction.?? Furthermore, the asymmetry in-
duced by the polarization direction and the different screen-
ing abilities of the metals gives different shapes of the po-
tential barrier for different polarization directions.?

The imperfect screening originates from the finite capaci-
tance of the screening space charges?>> which is due to the
small but finite screening length [, , in the metal electrodes
M, , and the ionic permittivity of the electrode material )%
The screening lengths can be calculated by the free-electron
model and are on the order of 1 A [e.g., for Cu: 0.55 A
(Ref. 37) and for StRuO; (SRO): 0.8 A (Ref. 23)]. Only few
reports give ionic permittivity &y, of the electrode materials
but for SRO &) is found to be about 8.2 The change in the
potential barriers 2A® , on polarization reversal and the de-
polarization field Eqe, inside the ferroelectric can be calcu-
lated from Thomas-Fermi screening (see, e.g., Ref. 24) bear-
ing in mind that the polarization charge is a two-dimensional
sheet of immobile charges at the interface between ferroelec-

tric and metal as sketched in Fig. 1(a),320
1,0,
Ab=L, o, )
E0EM,i
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Here, the initial assumption of a fully depleted ferroelectric
film is used. Note that here P is the polarization charge
which contributes to the depolarization field, which is not
necessarily the spontaneous polarization as discussed below.

To arrive at the potential barrier relevant for transport
processes the potential due to band offsets and the image
force potential have to be superimposed. If the permittivity
responsible for image force lowering is sufficiently high, the
image force lowering can be neglected as a first approxima-
tion. The potential barrier without image force lowering is
then given by

(DB,iz (Di * A(I)i’ (5)

where @ , is the barrier without polarization which might be
different for different metals.'>!8 The upper sign (+) applies
for @, (the barrier at the interfaces between metal M; and
the ferroelectric) and the lower sign (—) for ®,. The resulting
potential-energy profile for P>0 is shown in Fig. 1(b) as a
continuous line and for P <0 as a dashed one.

Although here the depolarization field is assumed to be
caused by the insufficient screening, a thin passive layer be-
tween ferroelectric and electrode would lead qualitatively to
the same effects. The same applies for other screening
mechanisms which might be different from Thomas-Fermi
screening.?

Substantially different to the above-mentioned screening
mechanism is the ionic screening.???° In this scenario, part of
the polarization charges penetrate into the electrode, which is
feasible by the ionic structure of oxide electrodes, and is then
screened in situ.”? That means the screening charges and po-
larization charges are at the same place yielding no depolar-
ization field. If one part of the polarization is screened by
ionic screening and the other by Thomas-Fermi screening,
the polarization contributing to the depolarization field, and
therefore entering Eq. (4), is reduced.

The potential barrier and the depolarization field are sub-
sequently used to calculate the current j across the hetero-
structure when a voltage V is applied to metal M,. Since j
depends on the barrier and hence on the polarization direc-
tion we can define the electroresistance, given by the “pessi-
mistic” definition

_j(P>0)-j(P<0)
J> ’

ER

(6)

where j- denotes the current density in the high conduction
state.

In our calculations we took account of direct tunneling
and the interface-limited mechanisms thermionic injection
and Fowler-Nordheim tunneling. We did not include bulk-
limited conduction mechanisms, like space-charge-limited
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current, into this study because they are not expected to in-
fluence the transport through ultrathin films.

A. Direct tunneling

Direct tunneling is a quantum-mechanical phenomenon.
For the present analysis we used the current density jpr
given by Gruverman et al.'? for a trapezoidal potential bar-
rier [see Fig. 1(b)] using the WKB approximation,

eV\32 ( ev>3/2 ]
Dpr—— | | Py +—
) Cexp[a{( B2 5 ) B.1 5

JpT = 5
1% eV
2 1)) _ e_ _ \/q) + —
a [ \/ B27 7 B1T
eV eV
Xsinh| — \/(I) - \/(I) +— 1,
S1n |: CY{ B2 2 B.1 5 }:|
(7)
where C =—t:;;:?, a= 3fz(<1fjﬁ£n\;fip[,_2)’ and m, ,, being the ef-

fective tunneling electron mass. Because a finite image force
lowering is not included in the trapezoidal barrier, the current
given by the above formula rather underestimates the tunnel-
ing current.”’

B. Thermionic injection

Thermionic injection describes the current which is due to
charge carriers which overcome the potential barrier by ther-
mal energy.'> The barrier height is lowered by image force
lowering, called the Schottky effect. The current density can
be described for sufficiently high voltages (approx. V
>100 mV at room temperature, i.e., approximately 3kzT/e)

by
1 eE
. o =A>$>T2 _—<CI) _\/:> N 8
]Sch(ttky exp|: kBT B 477808,'ﬂ ()

where @y is the potential barrier, A** the effective Richard-
son’s constant, and g4 the permittivity of the ferroelectric
responsible for image force lowering. At low voltages where
the above formula is not valid we approximate the current by
an ohmic relation.

C. Fowler-Nordheim tunneling

FNT is tunneling across a triangular-shaped potential bar-
rier, which is formed by applying an electrical field E to a
rectangular or trapezoidal barrier.?® FNT is basically the
same physical phenomena as direct tunneling, but in a dif-
ferent voltage regime, i.e., the high-voltage regime. The cur-
rent density is given by?®

) e’m, 2 8m\2m, <I>§/ 2 ©)
= €X - |.
TN Sk, By T 3he E

While image force lowering is essential for thermionic injec-
tion it will not seriously alter the FNT current at room tem-
perature or below, i.e., much below the Fermi temperature.

PHYSICAL REVIEW B 82, 134105 (2010)

10 B DT

10" FNT .

005 00 05 10 TS
VIV]

FIG. 2. (Color online) Voltage dependence of the current-
density contributions j from DT, FNT, and TI of (a) 1.2 nm, (b) 3.2
nm, and (c) 4.8 nm thick ferroelectric to the total current for P
>0 (solid lines) and P <0 (dashed lines), respectively. The follow-
ing parameters are used in the simulation: P=3 uC/cm?, £,=60,
en=10, m,,o=m, A*=10° Am2K?2 [,=08 A, ,=055 A,
epm1=8, emp=2, and @ =D,=1 V.

215 41

In both the latter mechanisms the electric field E is the
field responsible for band tilting, i.e., a superposition of the
applied field E,,=—V/d, the depolarization field Egy.,, and

the field due to band alignment E Ba,,dth)‘. The potential

barrier @5 is the energy barrier which tife electrons must
overcome during transport across the MFM heterostructure,
ie., @y, for V>0 and Py, for V<O.

For our calculations which were performed using Wol-
fram Mathematica 6 we assume a MFM heterostructure at
room temperature (T=300 K) with a perovskite bottom
electrode M; made of SRO, BTO as the ferroelectric, and Cu
as the top electrode M, material. The parameters correspond-
ing to BTO (d=3.2 nm, P=3 uC/cm?** £, =60, &;;=10,
m, ,e=m,, and A**=10° A m™ K™) and its interface with
SRO (1,=0.8 A,®;=1 V,gy,=8) and Cu [,=0.55 A,
®,=1 V, and &y,=2 (Ref. 30)] were used in the following
unless other parameters are mentioned. We discuss and jus-
tify these values in Sec. IV.

III. RESULTS

Figure 2 shows the current densities resulting from the
three conduction mechanisms versus applied voltage V for
the two opposite polarization states (P>0 and P<0 with
solid and dashed lines, respectively). Direct tunneling gives
rather parallel current branches for the two polarization di-
rections, with the current for P >0 (for P> 0 the polarization
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FIG. 3. (Color online) Voltage dependence of the (a) total cur-
rent density j,; for P>0 (solid lines) and P<O (dashed lines),
respectively, and (b) the corresponding ER for a 1.2, 3.2, and 4.8
nm thick ferroelectric. The parameters are the same as in Fig. 2.

points toward the electrode with the larger ratio of screening
length and permittivity [;/ ey, i.e., toward the electrode with
lower screening ability) being larger than the one for P <0
for all d and V. Therefore the corresponding ER is positive
and rather independent of the applied voltage. The current-
voltage curve for FNT increases more steeply as the bias
increases and the two polarization branches cross each other
at a certain voltage. The ER, for negative voltages, is basi-
cally —1 at low V, goes through zero at a certain V (here,
approximately 1 V) and then increases to positive values.
Symmetrical behavior but opposite applies for the positive
voltages. The high ER at low voltages is because of the fact
that there is virtually no current for one polarization direction
since the band tilting is not sufficient for FNT. The crossing
bias for FNT and direct tunneling is basically the barrier
height as expected. For thermionic injection the ER is quite
large with its value given by the change in barrier height on
polarization reversal due to its underlying mechanism. How-
ever, for a real device the change in total current is important
which consists of all three contributions.

The total current density in the MFM structure for the two
polarization states (P>0 with solid lines and P<0 with
dashed lines) is shown in Fig. 3(a) for three different thick-
nesses d. It is basically governed by one of the three trans-
port processes which might change with voltage, thickness,
or polarization direction. The governing transport process
can be read from Fig. 2. For a thickness up to 3.2 nm and
low voltages (voltages below the barrier height, here, ap-
proximately 1 V) we obtain direct tunneling. This yields, for
instance, an ER of about 40% at 3.2 nm [Fig. 3(b)]. At a
higher voltage FNT sets in with a decreasing and increasing
ER at negative and positive V, respectively. A narrow transi-
tion region is in between both regimes but apart from that
region the current either due to FNT or direct tunneling can
be neglected due to the steep increase in FNT with increasing
voltage. For V>0 it is possible to switch the major transport
mechanism from FNT for P parallel to electron flow (P
>0) to direct tunneling for P antiparallel to electron flow
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FIG. 4. (Color online) (a) Contour plot of the ER versus voltage
V and ferroelectric film thickness d with following parameters: P
=3 pClem?, e4y=60, &;=10, m,,,=m, A*=10° Am=2 K72
1,=08 A, 1,=0.55 A, ey 1=8, ey,=2, and ®;=P,=1 V. The
spacing between the thin solid lines represents a change in ER of
0.04. The transition regions between DT, FNT, and TI are sketched
by the thick dashed lines; (b) a cross section through the contour
plot at V=15 V (dashed-dotted line) and V=-0.2 V (solid and
dashed line), i.e., the thickness dependence of the ER.

(P<0). This gives the highest ER (e.g., approximately 80%
for 3.2 nm, i.e., an “optimistic” ER of about 400%) in het-
erostructures with a thickness lower than about 3.2 nm for
reasonable voltages. At V<0 this transition occurs when the
FNT current branches cross each other yielding a drop in ER.
For thicker films, for instance a 4.8 nm ferroelectric film,
thermionic injection is found for low voltages giving a high
ER (positive at negative voltage and negative at positive
voltage). At higher V, analogous to thinner films, FNT sets in
yielding a transition region where we obtain either FNT or
thermionic emission depending on the polarization direction.

Figure 4(a) shows the dependence of the ER on voltage V
and thickness d of the ferroelectric layer in a contour plot.
This map can be divided into four regions as sketched by the
dashed lines. At low voltage and thickness we obtain direct
tunneling with a transition to thermionic injection for thicker
films. At high voltages FNT is the predominant transport
mechanism with a transition to the other two mechanisms
giving high ER and low ER at V>0 and V<0, respectively.
The characteristic features of each transport mechanism and
the transition regions on the map can be used to identify the
transport mechanisms on similar maps for different param-
eters.

As already shown by Gruverman et al.'? the ER increases
with increasing thickness for direct tunneling [solid line in
Fig. 4(b)]. We find the same for FNT [dashed-dotted line in
Fig. 4(b)] as well as for thermionic injection (dashed line).
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FIG. 5. (Color online) ER (contour plot) versus applied voltage
V and film thickness d for different parameters (a) m, ,,=3m,, (b)
ein=60, (c) P=10 uC/cm?, and (d) 1,=0.55 A, ,=0.8 A, &y,
=2, and gy ,=38. The scale and the other parameters are the same as
in Fig. 4.

However, the total current density decreases for thicker films
by some orders of magnitude [see Fig. 3(a)]. It means that
the high ER of thermionic injection is at the expense of the
current density.

We tested the stability of the qualitative behavior of the
transport mechanisms against reasonable changes in the used
parameters, as exemplified in Fig. 5. Parameters related to a
certain mechanism like m, ,, [shown in Fig. 5(a)] for direct
tunneling and FNT or &, [Fig. 5(b)], A™, and T for thermi-
onic injection basically only shift the transition between tun-
neling and thermionic injection. For instance, a higher m, ,,
shifts the transition to a lower thickness [Fig. 5(a)], whereas
for higher &, [see Fig. 5(b)], lower A™, and lower T the shift
is to thicker ferroelectric films. In Figs. 5(c) and 5(d) param-
eters which are related to the change in potential on polar-
ization reversal, namely, P [in Fig. 5(c)] and [, and [, [in Fig.
5(d)] are changed. It is obvious from Egs. (3)—(5) that a
higher polarization, larger screening lengths, and lower per-
mittivity e, which also directly influences the potential
barrier, give higher ER, which gives the ideal structure. This
is in agreement with Fig. 5(c), where the polarization P is
increased from 3 to 10 wC/cm?. In Fig. 5(d) the screening
capacitances of the two different electrodes are exchanged
yielding a mirroring of the current densities with respect to
the y axis and an exchange of P >0 with P <0, giving in this
case, for instance, a negative ER for direct tunneling.

The effect of changing the barrier height ®; at the inter-
face between metal and ferroelectric M;/F is shown in Fig.
6. Thermionic injection is strongly dependent on the barrier
height, with increasing current for decreasing barriers.
Therefore, the shift of the transition from direct tunneling to
thermionic injection to lower thicknesses for lower barriers
[compare Figs. 4(a), 6(a), and 6(b) for decreasing barrier
height] is reasonable. Furthermore, the transition from direct
tunneling to FNT moves to lower voltage for lower barriers,
i.e., the threshold for the onset of FNT is lowered.

For barriers, which are asymmetric even without polariza-
tion, i.e., ®; # ®,, the resulting behavior regarding the onset
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FIG. 6. (Color online) ER (contour plot) versus applied voltage
V and film thickness d showing the dependence on potential barrier
® with (a) ®;=P,=06 V, (b) &;=D,=1.4 V, and (c) P,
=1.4 V and ®,=0.6 V. The scale and the other parameters are the
same as in Fig. 4.

of thermionic injection for V>0 is similar to the one for @,
and the behavior for V<0 is similar to ®, because those are
the barriers which have to be overcome thermally. Hence, in
Fig. 6(c), where ®;=1.4 eV and ®,=0.6 eV, thermionic
injection is virtually absent for positive voltages, comparable
to the case of ®;=P,=1.4 eV and sets in at very low thick-
ness for negative voltage like the case of ®;=P,=0.6 eV.
Interestingly, the transition between direct tunneling and
FNT is at low positive voltages and at high negative voltage.
This is because of the enhancement of the band bending due
to different band offsets favoring FNT at positive voltages
for the case of &, >d,.

IV. DISCUSSIONS

First, we analyze the interplay of polarization direction
and screening ability of the electrodes with the transport
mechanisms by analyzing Figs. 2, 4(a), and 5(d). For direct
tunneling the current is lower when the polarization points to
the metal electrode with the smaller screening length over
permittivity /;/ey; because this yields a higher average bar-
rier as can be established from Egs. (2), (4), and (5).
Thermionic-injection currents are higher for polarization
pointing against charge (electrons) flow, which is due to the
lower potential barrier height ®p; in this case. For FNT the
situation is different. At low voltages (below the crossing
voltage) the currents are higher for polarization parallel to
charge flow, whereas it is the other way around at high volt-
age. At low applied voltage a sufficiently high band bending
is crucial to render a triangular-shaped barrier necessary for
FNT, which can be enhanced by the depolarization field.
However, at high voltages when the potential barrier is suf-
ficiently triangular for both polarization directions the barrier
height ®p;, which hence determines the average barrier,
makes the difference. Therefore the sign of ER, i.e., whether
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the current for P>0 or P <0 is higher, depends on the volt-
age polarity and on the major contributing transport mecha-
nism, finally on thickness and voltage.

The major contributing mechanism at a certain voltage
and thickness range depends also on the material properties
of the MFM heterostructure, i.e., the parameters in our simu-
lation. Therefore, we will discuss the applicability of the
used parameters to real MFM heterostructures and their im-
pact on transport and ER. As already mentioned in the pre-
vious section the parameters can be divided into two sets,
some change the potential barrier and some are related only
to a certain transport mechanism.

Since the potential barrier is the same for all transport
mechanisms we start our discussion with d, P, [j/&y;,
L/ eya, @y, Py, and ey, As shown in Fig. 4(b), a high
thickness d leads to a large ER for all transport mechanisms
but in turn it also results in a high resistance and correspond-
ingly low current densities [see Fig. 3(a)] which might not be
favorable for applications due to the long RC time constant
related to it. Another way of obtaining high ER ratios is to
employ thermionic injection which works for large voltage
ranges but it only predominates the transport at higher thick-
ness with corresponding low conductivity. Furthermore, ther-
mionic injection is strongly temperature dependent and this
would alter the performance of a device used in an unstable
temperature environment. A temperature independent, high
ER at low thickness and therefore low resistivity can be
achieved in the transition region between direct tunneling
and FNT at positive voltage applied to the metal with the
larger screening length over permittivity ratio, i.e., for in-
stance V>0 for [}/ ey 1 <lp/epp.

The bulk spontaneous polarization value Pg, e.g., about
30 uC/cm? in BTO, might be higher than the one used in
the simulations, but in ultrathin ferroelectric films P
decreases.” For instance, P was found to be about
10 uC/cm? in 5 nm BTO (Ref. 2) and about 6 uC/cm? in
4 nm PbZr 5 Tiy 3005 (PZT).! We did not include the thick-
ness dependence in our analysis. However, since the polar-
ization increases with increasing thickness, this would add to
the trend of increasing ER for increasing thickness [Fig.
4(b)]. Some polarization charges might also be screened by
charges resulting from defects inside the ferroelectric. In this
scenario polarization and screening charges are almost at the
same place yielding no residual field and decreasing the po-
larization charge contributing to the depolarization field. This
makes the used polarization value reasonable even for re-
ported higher experimental values in ultrathin films.3! An-
other mechanism yielding no residual field and therefore re-
ducing the polarization charge contributing to our calculation
is ionic screening. Since the depolarization field and the
change in potential on polarization reversal is linear in P,
higher ER is expected for a high unscreened P value.

The static permittivity of the ferroelectric ey, can be
taken from capacitance-voltage measurements at ultrathin
ferroelectric films. The preferred growth direction on stan-
dard substrates such as SrTiO; is usually c-axis oriented.
Kim et al.3? report g, in the range of about 60250 depend-
ing on the voltage for a 30 nm BTO film with no significant
dependence on thickness down to 5 nm. The value of g, is
quite close to the bulk value of 160 for c-axis oriented single
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FIG. 7. (Color online) ER (contour plot) versus applied voltage
V and film thickness d showing the dependence on screening
lengths /; and [, with (a) [;=3.2 A and ,=2.2 A, (b) ;=08 A
and [,=22 A, and (c) [;=/,=0.8 A and ey =&y ,=8. The scale
and the other parameters are the same as in Fig. 4.

crystals.’® We use the high-field permittivity 60 in our simu-
lations since this is the value free from extrinsic contribu-
tions, i.e., domain walls or alignment of defect dipoles. A
lower gg, of the ferroelectric, as, e.g., found in PZT (Ref.
34) or PbTiO;,® is advantageous for larger effects as can be
seen from Egs. (3) and (4).

Usually, high-quality oxide ferroelectric films are grown
epitaxially onto a perovskite electrode, e.g., SRO, whereas
the top electrode might be a suitable elemental metal. Good
ferroelectric properties were shown, for instance, for Cu on
PZT.36 Therefore, the screening lengths /; reported in litera-
ture, calculated from the free-electron model, for Cu and
SRO (0.55 A and 0.8 A, respectively)?*37 were used as well
as the corresponding permittivities &y, which together yield
the capacitance of the screening charge. Other metals with
corresponding different capacitance of the screening space
charge would change the magnitude of the ER. The ER is
enhanced either for bad metals with large screening lengths
l;/ep; and hence a small capacitance of the screening
charges at both interfaces [compare Fig. 7(a) to Fig. 4(a)] or
even more for highly different screening lengths /;/ ey ; at top
and bottom interfaces as shown in Fig. 7(b). This applies for
all three transport mechanisms, since large (or a large differ-
ence in) screening lengths /;/ ) ; increase the change in bar-
rier offset and depolarization field, which is important for
FNT and thermionic injection, as well as the difference in
average barrier height important for direct tunneling. Of
course, if the screening is too low and the polarization too
high, the depolarization field might suppress ferroelectricity
completely? or favor formation of a pinned 180° domain
state.’® The choice of metal may also influence the barrier
height ®,.

Interestingly, we find an ER even for a symmetric MFM
structure (M;=M,). Figure 7(c) shows that at low voltage
and thickness, where direct tunneling dominates the trans-
port, the ER is vanishing in agreement with Ref. 8. At higher
voltage and thickness the ER is due to FNT and thermionic
injection, respectively, like in the asymmetric case. The ER
for FNT and thermionic injection is evident because both
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mechanisms strongly depend on the barrier properties at the
electron injecting electrode. Indeed, these properties, i.e., the
barrier height and the depolarization field, change on polar-
ization reversal as sketched in Fig. 1(b) and therefore yield a
rather high ER.

The ER due to switching between direct tunneling and
FNT peaks at about 1 V for ®;=1 V [see Fig. 3(b)]. This
gives a rather high field and might be close to the coercive
field of the ferroelectric. At the coercive field the polarization
direction is switched if the electrical field is antiparallel to
the polarization, which in turn means that a polarization-
induced electroresistance effect above the coercive field is
not accessible by any experiment. But, as shown in Fig. 6(a),
the peak in ER can be shifted to a lower voltage by decreas-
ing the barrier height with the shift being approximately pro-
portional to the barrier height. As shown in Fig. 6(c) it is
possible to combine an epitaxial bottom electrode (such as
SRO, which gives a high theoretical band offset of ®;
=1.8 V on BTO) (Ref. 39) with a metal giving a low band
offset suppressing thermionic injection at the voltage polarity
which is favorable for FNT. At least, in principle, the poten-
tial barrier height between ferroelectric and top electrode can
be determined by the metal work function, i.e., it can be
selected by changing the top electrode material.!>'33¢ But it
also depends on interface states.'> The useful band offsets
might also be limited if the difference between the two met-
als is too high since the resulting band bending might gen-
erate backswitching. This means it favors one polarization
direction, whereas the other is unstable.

These parameters change the ER directly, but the choice
in P and ey, is limited by the ferroelectric material. There-
fore, the most versatile playground for optimizing the ER is
the capacitance of the screening charges, i.e., the screening
length and ionic permittivity, and the band offset of the metal
electrodes. Especially in real devices the top electrode offers
the highest flexibility, being not restricted by the growth of
the ferroelectric layer.

The parameters related to specific transport processes are
also material properties of the ferroelectric and therefore can-
not be widely changed. The effective tunneling mass m, ,, is
specific for the two quantum-mechanical mechanisms,
namely, direct tunneling and FNT. In our simulations we use
the free-electron mass m, as effective tunneling mass m, ,,
which is given in literature in the range of 1m, (Ref. 12) to
5m, (Ref. 10) for BTO. A higher effective tunneling mass
might be expected, although the effective tunneling mass is
not necessarily equal to the effective mass in the bulk ferro-
electric. However, a higher m, ,, would just suppress tunnel-
ing which in turn leads to a transition to thermionic injection
at lower film thickness [Fig. 5(a)].
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The parameters connected with thermionic injection are
Richardson’s constant A** and €. For the effective A™ only
few reports with strongly varying values exist, therefore a
standard value for semiconductors is used. The permittivity
in thermionic injection is the image force lowering permit-
tivity &;4. This is not necessarily the static or the optic one."
Using the approach by Sze,'> one arrives at the terahertz
range for a typical ferroelectric, where the permittivity might
be a bit higher than in the optical range.* This permittivity
;=10 is also sufficiently high to get only small changes in
the potential barrier shape. However, as already qualitatively
shown (see Fig. 5), these parameters primarily change the
thickness and voltage range where the transition between the
transport mechanisms occurs.

V. CONCLUSIONS

We studied the transport mechanisms and electroresistive
effects in ferroelectric tunnel junctions with a thickness up to
5 nm including direct tunneling, FNT, and thermionic-
injection currents. All three mechanisms concurrently govern
the transport with the major contribution depending on thick-
ness, voltage, and polarization direction, as well as several
parameters linked to the materials used in the MFM. The
sign of the ER depends on voltage polarity and on the major
mechanism contributing to the current. All transport mecha-
nisms yield higher ER ratios at higher ferroelectric film
thickness but the device performance may suffer from the
high resistance at high film thickness. Most versatile for op-
timizing the ER are the metal electrodes. The metal elec-
trodes govern the value of ER by their screening ability and
additionally influence the potential barrier height between
ferroelectric and electrode, which controls the voltage range
where a transition between different transport mechanisms
occurs. Temperature independent, high ER combined with
low resistivity at an acceptable voltage can be obtained by
employing the change in transport mechanism by polariza-
tion switching from direct tunneling to FNT. The results are
qualitatively stable against reasonable changes in parameters
with highest effects for large P, small gy, small potential
barriers, and large /;/ gy ;, and should qualitatively apply for
all tetragonal ferroelectrics sandwiched between metal
electrodes.
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