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For recently emerging ferroelectric resistive memories, for example, ferroelectric diodes, retention is
one of the most critical concerns and understanding its underlying physics is of importance. It is proposed
that in a ferroelectric diode, the depolarization field (£4y)-driven polarization relaxation can modify the
conduction against time, because the metal/ferroelectric Schottky barrier is greatly influenced by the polar-
ization. Based on this effect, a theoretical model combining both the E4,-driven polarization relaxation
kinetics and polarization-controlled Schottky emission is established. Simultaneously, we experimentally
investigate the retention characteristics of the metal/BiFeO; (BFO)/Lag 7Srg3MnO; (LSMO) ferroelectric
diodes with various BFO thicknesses and top electrodes in order to verify this model. It is revealed that all
the samples exhibit switchable diodelike resistive switching behaviors. The measured current-time [/(7)-]
characteristics show that the current in the low-resistance state decreases with time, indicating resistance
relaxation. Moreover, the resistance relaxation becomes faster as the BFO thickness decreases from 40 to
10 nm and as the top electrode changes from Ag to Au and to Co. Using appropriate parameters, all the
1(?)-t characteristics and their dependences on the BFO thickness and the top electrode’s screening ability
can be well described by the proposed retention model, in which the key role of the E4; is demonstrated.
It is, therefore, deduced that the retention loss in a ferroelectric diode is mainly caused by the Eqp-driven
polarization relaxation and its effects on the Schottky emission. In addition to these fundamental insights,
our study also provides suggestions for the technical aspects, such as improving the retention properties

and nondestructively monitoring the polarization over time.

DOI: 10.1103/PhysRevApplied.11.024058

I. INTRODUCTION

Ferroelectric random-access memory (FERAM) has
been considered as a competitive candidate for next-
generation nonvolatile memories owing to its fast
writing speed, high cycling endurance, and low power
consumption [1], but its commercial applications are
limited by the destructive readout scheme. Recent discov-
eries of ferroelectric resistive switching (FERS) phenom-
ena, such as those observed in ferroelectric diodes [2—4],
ferroelectric tunnel junctions [5—8], and domain walls
[9-13], may offer a unique nondestructive resistive read-
out scheme. Unlike conventional resistive switching (RS)
memories making use of defects-mediated processes
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[14—-17], the FERS is, in principle, a pure electronic pro-
cess and may possess a fundamental merit in terms of
reliability and write-read speed. For example, in ferroelec-
tric diodes, the polarization can modulate the height and
width of a ferroelectric/electrode interfacial Schottky bar-
rier [4,18,19], giving rise to polarization-dependent high-
and low-resistance states. However, the polarization relax-
ation remains a crucial issue and becomes increasingly
important when thinning the ferroelectric films [20,21].
This, in turn, leads to the retention loss of resistance
states in the FERS memories. Despite being a key perfor-
mance indicator, the retention of FERS, in particular its
underlying physics, is not well understood.

Generally, researchers have characterized the reten-
tion properties of their FERS devices by measuring the
resistances in on and off states as a function of time
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(typically up to 102—-10° s) [3,22-24]. If there was no sig-
nificant reduction of the on:off resistance ratio in that
time range, the retention was claimed to be “good”. Some
researchers further predicted the resistances retained after
10 years (approximately 3 x 10% s; the required shelf life
of a memory cell) by linearly extrapolating the resistance-
time [R(f)-t] curves in the log-log plots [25,26]. In fact,
those claims and predictions were empirical and lacked
physical justifications, because no quantitative models
describing the R(f)-t relationships have been available so
far. Only with such models in hand can one reasonably fit
the retention data and give a prediction. Moreover, these
models may shed light on how to improve the retention
properties, which is essential for developing highly stable
FERS devices.

Up until now, a consensus has been reached that the
depolarization field (£q,), which is formed by the incom-
plete screening at the ferroelectric/electrode interface, is
the main cause of polarization relaxation in epitaxial ferro-
electric films [20,21]. It is noted that some defects-related
factors can also cause polarization relaxation, such as non-
switchable interfacial layers [27], grain boundaries [28],
and defects dipoles [29,30]. However, their roles become
insignificant in high-quality epitaxial films. In addition, the
built-in field near the ferroelectric/electrode interface may
also lead to polarization relaxation [31], but it is unidirec-
tional and can be distinguished from the issue under study
in this paper. Therefore, we focus mainly on the polariza-
tion relaxation induced by the Eg4,. The Eg, can further
cause retention loss in the FERS devices due to the afore-
mentioned polarization-controlled conduction, which has
been qualitatively proved by several experimental obser-
vations. For example, Pantel et al. [22] observed that in the
Cu/Pb(Zry,Tipg)O03/Lag7Sry 3sMnO; ferroelectric diodes,
the polarization underwent a back switching driven by
the Eq, within several tens of seconds, accompanied by
a concurrent reduction of on-state current. Kim et al. [32]
reported a faster relaxation of the on:off resistance ratio in
the Co/BaTiOs/La,/3Sr; 3MnOj ferroelectric tunnel junc-
tions with thinner BaTiO3 films where a larger Eg, exists.
However, the quantitative correlations between Egp, polar-
ization, and resistance have not been investigated either
theoretically or experimentally. These correlations in com-
bination with the polarization relaxation kinetics are of
importance for establishing the retention model for the
FERS devices.

Likewise, by correlating the polarization and resistance,
one may be able to use the R(¢)-f measurements as a viable
approach to nondestructively monitor the polarization over
time. Note that the conventional polarization retention tests
rely on the pulse methods [20,21,33], which are destruc-
tive. Additionally, compared to the pulse methods, the
R(#)-t measurements have less stringent requirements for
the insulativity of a material, which may be extremely
useful for leaky ferroelectrics and ultrathin films.

In this paper, we first develop a retention model for
ferroelectric diodes on the basis of the Eg,-driven polar-
ization relaxation kinetics and the conduction mecha-
nism of Schottky emission, which is polarization con-
trolled. We then prepare a series of metal/BiFeO;
(BFO)/Lay7Sro3MnO; (LSMO) ferroelectric diodes with
various BFO thicknesses and top electrodes, which all
show switchable diodelike RS behaviors. The experi-
mentally observed retention characteristics can be well
described by our model, demonstrating the validity of this
model. In addition, our model can explain the dependences
of the resistance-relaxation rate on the BFO thickness and
the top electrode’s screening ability by taking into account
the role of Eg,.

II. THEORETICAL FORMALISM

The proposed retention model combines the E4,-driven
polarization relaxation kinetics and the polarization-
controlled Schottky emission, which will be described in
detail below.

A. Depolarization field

A ferroelectric capacitor consists of a metal/ferroelectric/
metal (MFM) structure, as shown in Fig. 1(a). For an
electrically poled ferroelectric film having macroscopic
polarization P, two sheets of polarization charges (£P)
appear on the M/F interfaces. To compensate for the polar-
ization charges, the screening charges (+o,) are built up
in the metals near the M/F interfaces. In realistic met-
als, however, the screening charges are displaced for finite
distances from the interfaces, leading to the incomplete
screening of polarization charges [34]. Consequently, the
Eg4p arises, which is given by

_(P - Us)

Eqp =
E0&st

(1

Here, g is the vacuum permittivity and ey is the static
dielectric constant of the ferroelectric layer. In Eq. (1), the
negative sign in front of (P — o) indicates that the direc-
tion of Eg, is opposite to that of the polarization. Unless
otherwise specified, we will neglect the negative sign and
consider only the magnitude of E4,. Note that Eq. (1)
applies to the case where the interfacial trapped charges are
minor factors, which may be neglected. [See Appendix A
for more details.]

The remaining task is to figure out the o;. Assuming that
the screening is of the Thomas-Fermi type, we obtain [35]

. Pd
—eal(h/em) + (blema)] +d’

2

Os

where d is the thickness of the ferroelectric film, /() is
the screening length of electrode Mz, and ep1(2) is the
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FIG. 1. Schematics of MFM structures showing (a) the align-
ment of all the domains along one direction right after applying
the external field (i.e., initial state) and (b) the back switching
of certain domains after a certain time (i.e., polarization-relaxed
state). The schematic energy-band diagrams corresponding to (c)
the initial state and (d) the polarization-relaxed state. Here, the
potential distributions within the metals are not drawn.

permittivity of electrode M (). The electrodes M| and M,
correspond to the bottom and top electrodes, respectively.
For an ideal conductor, the screening length is zero while
the dielectric constant is infinity. In this case, the o, equals
the P [see Eq. (2)], and therefore, the Eq, is zero [see
Eq. (1)]. For a realistic metal, however, its screening length
and dielectric constant have finite values. This causes the
o5 to be smaller than the P [see Eq. (2)], that is, incom-
plete screening, and, in turn, leads to the presence of Eg,

[see Eq. (1)].

B. Polarization relaxation

As seen above, for realistic MFM structures, the Egp
unavoidably exists, which can drive the back switching of
certain polarizations, giving rise to the polarization relax-
ation [Fig. 1(b)]. To describe such E4,-driven polarization
relaxation, we apply a model proposed by Lou [36]. This
model assumes that the back switching occurs in a region-
by-region manner, as observed in both polycrystalline and
epitaxial ferroelectric films [37—40]. More specifically, a
ferroelectric film can be divided into Ny (Ng>> 1) ele-
mentary regions. The back switching of a region is realized
by the nucleation and growth of the reversed domain until
it fills up the whole region. The events of back switching
in different regions are independent. As time goes by, the
number of back-switched regions increases, and therefore,
the retained polarization decreases. This, in turn, leads to
the change of Eq, (i.e., the driving force for back switch-
ing) with time [see Eq. (1)]. In other words, both P(f) and
E 4p(?) are functions of time. The key idea of Lou’s model is
to use a feedback loop of the £y, corrected by the updated

retained polarization at each time point to derive P(f) and
Egp(0) [36].

While the detailed derivation can be found in Ref. [36],
we present here only the resultant feedback equations:

Ny — 1 At o
=expy——— Xexp|— , Q)
NO o Edp(tO)

_ _An G
No—l_exp{ foo Xexp[ Edp(tl)“’ ®

N() —n At,, o
——— =exp{— xexp|——1|1. (%)
No—n—+1 I Edp(lnfl)

Equations (3) and (4) describe the back switching of the
first and second regions, respectively. By analogy, Eq. (5)
describes the back switching of the nth region with n =1,
2,...,(No/2)—1]. At, is the time interval that the nth region
takes to back switch, while ¢, is the total time required for
the back switching of all #n regions, which can be written
as

th=ty+ Y At (6)
i=1

Additionally, in Egs. (3)A5), t5 is the switching time
under an infinite field and « is the activation field for
switching. Both 7o, and « are the parameters of the Merz
equation

1 1 o
— = — X exp (——), @)
tSW o0 E
where t, is the switching time under the field £. In Eq. (7),
1/tyw can be interpreted as the probability per unit time
of the polarization switching under the field £. Therefore,
by comparing Eq. (7) and Egs. (3)~(5), one can find that
the back switching is nothing more than the polarization
switching driven by a time-dependent depolarization field
Edp(l‘).

If the initial polarization at #, (the moment when the
external field is just removed) is Py, the retained polar-
ization P(t,) after the back switching of » regions can be
expressed as

N0—2n

P(ty) = No

Po. (8)

Now the polarization relaxation kinetics can be quantita-
tively determined by solving Egs. (1)8) iteratively. For
example, once P(t,_1) is known, then E(#,_,) can be cal-
culated using Egs. (1) and (2). Substituting E(#,_1) into
Eq. (5), one can calculate Az, and further obtain ¢, using
Eq. (6). Since P(t,) can be straightforwardly known from
Eq. (8), the P(t,)-t, relationship is thus established.
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C. Conduction mechanism

The remaining task is to establish the relationship
between polarization and resistance by analyzing the con-
duction mechanisms. In the concerned ferroelectric diodes,
the ferroelectric layers are intermediately thick (typically
several tens of nanometers) and semiconducting (assuming
n type hereafter), which can form two Schottky barri-
ers (Pp,; and $p,) with the bottom (A4;) and top (M>)
electrodes, respectively [Fig. 1(c)]. In these structures, the
Schottky emission, manifested as the injection of ther-
mally activated electrons across the Schottky barrier into
the conduction band of the ferroelectric film, may be the
major conduction mechanism, noting that other conduc-
tion mechanisms may also be involved (to be discussed
later). The current flow is mainly controlled by the bar-
rier that is reverse biased, which depends on the polarity
of the applied voltage V. For example, if V" applied on the
top electrode is negative, the top barrier $p, is reverse
biased and thus limits the overall current. The current due
to Schottky emission at the reverse-biased barrier is given
by [18,19]

q qE
I = SA*T? —— [, - , 0
xp |: kgT < B 47‘[80K>i| ©)

where S is the electrode area, A™ is the Richardson con-
stant, g is the electron charge, T is the absolute tem-
perature, kg is the Boltzmann constant, K is the optical
dielectric constant of the ferroelectric, and E is the elec-
tric field (£ = V/d, assuming that the film is fully depleted).
@'y is the apparent Schottky barrier height, which may be
expressed as [18,41]

WNewhoi ) P
g~ INeff ¥ bi > + q , (10)

/ 0
®p =5 <87T288K285t 4rrelK ey
where @5 is the Schottky barrier height determined purely
by the difference of the electrode’s work function and the
ferroelectric’s electron affinity, N g is the space charge
density, and V}; is the built-in voltage. The second and
third terms on the right-hand side of Eq. (10) represent
the barrier height modulations by the space charges and
polarization charges, respectively. The positive (negative)
sign in front of the third term is adopted when the neg-
ative (positive) polarization charge is located at this bar-
rier. In other words, the negative (positive) polarization
charge increases (decreases) the apparent Schottky barrier
height, giving rise to the polarization-controlled Schottky
emission.

As seen from Egs. (9) and (10), the polarization relax-
ation can cause the barrier height variation [Figs. 1(c)
and 1(d)], and, in turn, leads to the current relaxation.
Since the P(7)-¢ relationship has been already established

(see the previous section), the /(¢)-f [or R(?)-t, equivalently]
relationship can also be obtained via Egs. (9) and (10).

Note that when the mean free path of the ferroelectric
film is small, the charge transport may become bulk lim-
ited, and therefore, the conduction mechanisms may be
changed. In such a case, Eq. (9) may be modified into
the Simmons equation [41] to more appropriately describe
the current. However, we still use Eq. (9) in this work
because of the following two reasons. First, the reported
mean free paths in epitaxial ferroelectric films (approxi-
mately 20 nm) [41] are comparable to the thicknesses of
the films being investigated in this work, suggesting that
Eq. (9) may still be applicable. Second, Eq. (9) and the
Simmons equation are similar in form, and the only dif-
ference is that the pre-exponential term in the Simmons
equation is weakly field dependent [41]. For the problem
of interest in this work, a small and constant read voltage
is applied during the retention test. Therefore, for model-
ing the /(f)-t relationships, using Eq. (9) or the Simmons
equation would make little difference.

I1I. EXPERIMENTAL METHOD

The BFO/LSMO bilayers are grown on the (001) SrTiO3
(STO) single-crystal substrates by pulsed laser deposi-
tion (PLD) using a KrF excimer laser (A =248 nm). The
40-nm-LSMO films are grown at 650 °C under an oxygen
pressure of 15 Pa. Subsequently, the BFO films with thick-
nesses of 10, 20, 30, and 40 nm are grown at 690 °C under
an oxygen pressure of 13 Pa. After deposition, the samples
are cooled down to room temperature at 10 °C/min in an
oxygen ambient atmosphere of 1 atm.

The crystal structures of the samples are characterized
by XRD and further checked by TEM. The topogra-
phy, ferroelectricity, conduction, and surface potential are
studied by AFM, piezoresponse force microscopy (PFM),
conductive AFM (CDAFM), and scanning Kelvin probe
microscopy (SKPM), respectively, all of which are based
on a commercial AFM (Cypher, Asylum Research). In the
CDAFM measurements, the nanosized Au, Ag, and Co top
electrodes (approximately 0.15 um? in area) are deposited
by a thermal evaporation method using the polystyrene
spheres as templates.

A representative 30-nm-BFO film is used to demon-
strate the good quality of our samples. Figure 2(a) reveals
that the BFO film is atomically flat, with a roughness of
approximately 200 pm. The XRD 6-26 scan in Fig. 2(b)
shows the distinct (00/) diffraction peaks from only BFO,
LSMO, and STO, indicating the phase purity. Figure 2(c)
presents the reciprocal space mapping (RSM) around the
(113) reflection, in which H, K, and L are the reciprocal
space coordinates. As clearly seen, the (113) diffraction
spot of BFO does not split and it almost has the same
H coordinate as those of LSMO and STO. These obser-
vations suggest that the 30-nm-BFO film is almost fully
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FIG. 2. (a) AFM topography image of the 30-nm-BFO film.
Inset shows the topography image taken after growing Au nan-
odots as top electrodes. (b) XRD 6-26 scan and (c¢) RSM around
the (113) reflection of the BFO(30 nm)/LSMO/STO heterostruc-
ture. (d) High-resolution TEM image taken at the BFO/LSMO
interface and FFT patterns of BFO and LSMO.

strained and exhibits a tetragonal-like structure without
monoclinic tilting [42]. The high-resolution TEM image
[Fig. 2(d)] further demonstrates the high-quality BFO and
LSMO epitaxial layers with a flat interface. Combining the
FFT pattern [inset in Fig. 2(d)] and the above XRD and
RSM results, the lattice parameters of BFO are calculated
as:c=~4.10 A and a=~3.91 A.

IV. RESULTS AND DISCUSSION

A. Ferroelectric properties

Figure 3(a) displays the PFM phase and amplitude hys-
teresis loops of the 30-nm-BFO film. The phase is switched
by approximately 180° and the amplitude loop exhibits a
butterflylike shape, demonstrating the ferroelectric nature.
In addition, the PFM out-of-plane phase image [Fig. 3(b)],
which was taken immediately after electrically writing two
adjacent areas with tip biases of +9 and —9 V, shows
a clear phase contrast of approximately 180°. This signi-
fies the formation of antiparallel domains in the two areas,
providing evidence for the ferroelectric switching. How-
ever, the phase image [Fig. 3(c)] taken 10 min after the
electrical writing shows a decay in the phase contrast, sug-
gesting that polarization relaxation exists in the BFO film.
Figure 3(d) further shows the time-dependent amplitudes
measured in the +9 and —9 V written areas. As can be
seen, both upward and downward polarizations (i.e., Pyp
and Pgown) do relax. From this observation, and also con-
sidering the high quality of the epitaxial BFO films, one
may infer that the polarization relaxation is mainly caused
by the Eg, rather than the unidirectional built-in field or the
defects-related factors.
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FIG. 3. (a) PFM phase (upper panel) and amplitude (lower
panel) hysteresis loops of the 30-nm-BFO film. PFM phase
images taken (b) right after the electrical writing and (c) after
waiting for 10 min. (d) Time-dependent amplitudes measured in
the +9 and —9 V written areas (corresponding to Pgown and Py,
respectively).

B. I-V and I (1)t characteristics of the
Auw/BFO(30 nm)/LSMO structure

The Au nanodots (approximately 0.15 um? in area) are
used as the top electrodes for the CDAFM measurements.
The bottom electrodes are the LSMO films, which exhibit
metallic-conduction behaviors (see results in Appendix B).
Figure 4(a) shows the typical current-voltage (I-V) char-
acteristics of the Au/BFO(30 nm)/LSMO structure. The
sequence of voltage sweepis -8 V—>0— 48 V—>0—
—8 V (sweep rate: 0.1 Hz), and the voltage is termed
as positive when the top electrode is positively biased.
In Fig. 4(a), a clear switchable diodelike RS behavior is
observed, and the voltages where the high-resistance state
(HRS) changes to the low-resistance state (LRS) coin-
cide with the coercive voltages (approximately —5.7 and
+5.8 V) [see comparison between the upper and lower
panels in Fig. 4(a)]. Such RS behavior is, however, not
observed in the STO films, which are nonferroelectric (see
results in Appendix C). Therefore, the RS is most likely to
be caused by the polarization reversal in the BFO films.

More specifically, as the voltage sweeps from —8 to
+5.8 V, the polarization is oriented upward, increasing the
barrier height at the BFO/LSMO interface while reducing
that at the Au/BFO interface [assuming that BFO is an n
type semiconductor; see Eq. (10)]. Due to the asymmetric
barrier heights, the electron emission across the top (bot-
tom) barrier is facilitated (suppressed), resulting in larger
currents at negative voltages than at positive voltages (i.e.,
diodelike current rectification), as shown by the red curve
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FIG. 4. Conduction measurements on the Au/BFO(30 nm)/
LSMO structure. (a) Typical I-V characteristics (upper panel)
and PFM phase loop (lower panel). (b) Plots of In(/) vs V%3
in the voltage ranges of —8 V— 0 and +8 V — 0. Insets
show the schematics of Schottky barriers in the P, and
Pgown states. (c) Experimental data of the /(f)-¢ characteris-
tics and the fitting curve calculated from our retention model.
Insets schematically show the variation of barrier heights over
time.

in Fig. 4(a). When the voltage exceeds +5.8 V, the polar-
ization is switched downward and thus the asymmetry of
the top and bottom barrier heights is reversed. This leads
to the reversal of the diode’s forward direction, which is
maintained during the voltage sweep from +8 V back to
—5.7 V [see blue curve in Fig. 4(a)].

One prerequisite for the above scenario (i.e., RS induced
by the polarization-controlled Schottky emission) is that
the Schottky emission is truly the major conduction mech-
anism. To verify it, the /-V curves in the LRS are replotted
in the form of In(/) vs V%3 [see Eq. (9)], as shown in
Fig. 4(b). The In(/)-7° curves under both —8 V — 0 and
+8 V — 0 exhibit certain linearity, implying that the con-
duction is governed by the Schottky emission. Moreover,
the optical dielectric constants calculated from the slopes
of the fitting lines are approximately 4.8, which agree with
the experimental value of BFO (approximately 6.25) [43].
This indicates the validity of the Schottky emission model.
The barrier heights can also be estimated using the inter-
cepts of fitting lines on the In(/) axis. In the voltage range
of —8 V— 0, the Au/BFO barrier limits the current and
its height is approximately 0.61 eV; however, as the volt-
age sweeps from +8 V to 0, the BFO/LSMO barrier is
current limiting and its height is approximately 0.58 eV
[see insets in Fig. 4(b)]. Note that the /-V characteristics
in the HRS are not used for fitting, because the measured
currents are very low and contain significant contributions
from capacitive currents and background noises. There-
fore, the heights of current-limiting barriers in the HRS
(i.e., Au/BFO and BFO/LSMO barriers in the voltage
ranges of 0 —> —5.7 V and 0 — +5.8 V, respectively) are
unavailable. More detailed results and analyses, which
confirm the Schottky emission mechanism and verify the
Schottky barrier heights, are provided in Appendix D.

The retention behavior of the Au/BFO(30 nm)/LSMO
structure is investigated by measuring the current at a small
read voltage of —1 V after applying a —8 V write pulse to
set the Py, state (i.e., the LRS is achieved and the Au/BFO
barrier is current limiting). Note that the retention test is
not applicable for the HRS because of the issues associated
with the low currents, as mentioned above. In addition,
only the magnitude of the current will be used while its
sign will be neglected hereafter. As shown in Fig. 4(c),
the current decays relatively quickly (from approximately
0.1 nA to approximately 0.07 nA) within the first 300 s,
and then slowly decreases to approximately 0.05 nA at
1800 s. Such current decay behavior is reproducible, as
demonstrated in the cyclic retention tests (see results in
Appendix E).

The current decay is not caused by the capacitive cur-
rent resulting from the polarization relaxation, because the
capacitive current is several orders of magnitude lower
than the current shown in Fig. 4(c) (see Appendix E for
comparison). Hence, the current measured at —1 V in the
retention test is mainly the conductive current, which is

024058-6



DEPOLARIZATION-FIELD-INDUCED ...

PHYS. REV. APPLIED 11, 024058 (2019)

time dependent, and the current decay indicates that the
resistance increases over time. It is also demonstrated that
such resistance relaxation is not caused by the defects-
mediated charge-trapping processes (see Appendix F for
more details). In addition, the resistance relaxation is not
observed in the nonferroelectric STO films (see results in
Appendix C). Therefore, the resistance relaxation observed
in the Aw/BFO/LSMO structure is most probably due to
the relaxation of the BFO’s polarization, which induces the
Schottky barrier variation during the conduction. More-
over, the resistance relaxation is also observed in the LRS
in the Pgown state (see results in Appendix G), suggesting
that its main driving force is the E g4, rather than the built-in
field.

To further understand the mechanism of resistance
relaxation, we use the model proposed in Sec. II
[Egs. (1)«(10)] to fit the observed [(¢)-t characteris-
tics. In the fitting procedures, some parameters that
were taken from the literature are fixed: for BFO,
e =060 [19], K=6.25 [43], teoc=1 ns [36], and
P(t=0)=60 uC/cm? [44]; for LSMO, [, =0.8 A and
e =8 [19]. Additionally, some parameters deter-
mined from the experiment data are also fixed [e.g.,
D'p2(t=0)=0.61 eV for the Au/BTO barrier, which is
current limiting]. Other parameters, which depend on the
film thickness (activation field «) and the top electrode
(I and &)s,), are varied to obtain good fits. All param-
eters used for the fittings are summarized in Table I in
Appendix H. As clearly seen from Fig. 4(c), the experi-
mental /(#)-t curve can be well fitted and the fitting param-
eters are obtained as: « =2.19 x 10° V/m, L, =0.5 10\, and
emp=2. It is typical that the o value is one order of
magnitude higher than the coercive field (E.) [45], that
is, approximately 2 x 10> V/m in our 30-nm-BFO film
as indicated by the PFM results [Fig. 3(a)]. (Note that
this large E, is reasonable for the BFO at such a small
thickness because the reported £, values of the >100-nm-
BFO films are 0.1 to 0.5 x 103 V/m [44,46], while they
became as large as 2 to 7 x 10® V/m in the <10-nm-BFO
films [26,47].) In addition, the /; and &), values are con-
sistent with those reported for Au [19]. All the results
demonstrate the validity of our model. As our model sug-
gests, the E4,-driven polarization relaxation [Egs. (3)+(8)]
can increase the height of the Au/BFO barrier over time
[Egs. (9) and (10)]. This appears to be the origin for the
resistance relaxation [see insets in Fig. 4(c)].

C. I(¢)-t characteristics of metal/BFO/LSMO
structures with different BFO thicknesses and top
electrodes

To further verify this origin, the retention properties
of metal/BFO/LSMO ferroelectric diodes with different
BFO thicknesses and top electrodes are studied. In the
retention tests, the write and read operations are the

same for all the structures, as described for the above
Au/BFO(30 nm)/LSMO structure.

The I-V characteristics in the insets of Figs. 5(a)-5(d)
illustrate that the BFO films with thicknesses of 10, 20,
30, and 40 nm all exhibit switchable diodelike RS behav-
iors. Figures 5(a)-5(d) also show the normalized I(f)-t
characteristics, from which one can see that the current
decays more rapidly in thinner BFO films. Furthermore, all
the normalized /(¢)-t characteristics are well fitted to the
proposed retention model by varying only the thickness-
dependent parameter (activation field o) while keeping the
other parameters unchanged. As shown in Fig. 5(e), the
calculated Eg, increases as the BFO film becomes thin-
ner, consistent with the known facts. The Eq, values appear
to be quite large (0.6 to 1.9 x 10® V/m), but they are still
smaller than the £, values. Although no measured E g4, val-
ues of BFO films are available, the work by Kim et al. [20]
on BaTiO;3 (BTO) films, using the pulse methods, showed
that the £, values of the 5 to 30-nm-BTO films are 0.3 to
0.8 x 10® V/m, which are even comparable to the E, val-
ues of those BTO films. Considering that our BFO films
have similar thicknesses but larger polarizations compared
to the BTO films, it is, therefore, plausible that the Eg,
values of our BFO films are on the order of 10% V/m.
As the BFO thickness decreases, the Eq, becomes larger
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FIG. 5. Experimental and fitted normalized /(¢)-t characteris-

tics of the (a) 10-nm-, (b) 20-nm-, (c) 30-nm-, and (d) 40-nm-
BFO films. Insets show the corresponding /- curves. (e) Depo-
larization field (£q4p) at t=0 as a function of BFO thickness
(d). (f) Relationship between the activation field («) and the
reciprocal of BFO thickness (1/d).
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and causes a faster polarization relaxation [Egs. (3)}+8)],
which is naturally correlated with the observed faster resis-
tance relaxation in thinner BFO films. In addition, Fig. 5(f)
reveals that the « is roughly proportional to the recip-
rocal of film thickness, agreeing well with the empirical
relationship [48]. This confirms that the E4,-driven polar-
ization relaxation can be appropriately described by the
Merz equation [Eq. (7)].

Figure 6(a) displays the normalized /(7)- characteristics
of the 30-nm-BFO films with the Au, Co, and Ag top elec-
trodes. As the top electrode changes from Ag to Au and to
Co, the current decay becomes more significant. To under-
stand this observation, the normalized /(#)-f characteristics
are fitted by using the retention model, in which only the
top electrode-dependent parameters (/; and &) are var-
ied while the other parameters are fixed. As can be seen
from Fig. 6(b), the fitted values of the screening length
over permittivity ratios (i.e., /»/gyr2) of Ag, Au, and Co are
2.4,2.5, and 2.81 (x10~!! m), respectively. Although the
experimental values of /, and &), are hardly known, one
may qualitatively evaluate the screening ability of a metal

(a)
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norm
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FIG. 6. (a) Experimental and fitted normalized /(f)-¢ character-

istics of the 30-nm-BFO film capped with the Ag, Au, and Co
top electrodes. (b) Top-electrode dependences of the depolariza-
tion field (Egp) at t =0 and the screening length over permittivity
ratio (Zz/EM,z).

(which is inversely related to the l»/e)» value) accord-
ing to its conductivity. It is known that among the three
metals of Ag, Au, and Co, the conductivity of Ag is the
highest whereas that of Co is the lowest. Therefore, the
ly/err» value may increase as the top electrode changes
as Ag — Au— Co, which is consistent with the results
shown in Fig. 6(b). According to Egs. (1) and (2), a larger
ly/er gives rise to a larger Egp, which is confirmed by
the calculated Eg, values shown in Fig. 6(b). This can,
therefore, explain the observed top-electrode dependence
of resistance relaxation behavior. Note that such a depen-
dence cannot be explained by the different work functions
of top electrodes and associated built-in fields, because (i)
the work functions of Ag, Au, and Co are approximately
4.6, 5.3, and 5.0 eV [49], respectively, which shows a
trend different from that of the resistance relaxation rate;
and (ii) the built-in field near the top interface is pointing
upward, which is opposite to the direction of polarization
relaxation.

D. Remarks about the retention model

As seen above, the magnitude of Egp, which depends on
the BFO thickness and the top electrode’s screening ability,
determines the rate of resistance relaxation. Because the
Eg4p plays an essential role and it has been fully expressed
by our model (including its formation and its effects on
the polarization relaxation and further on the conduction),
our model can, therefore, successfully reproduce the exper-
imental /(¢)-¢ characteristics. Note that our model is not
limited to the ferroelectric diodes in the LRS, but can
also be readily applied to the case of HRS if the Schot-
tky barrier height is known. Therefore, one can predict
the retention properties of the ferroelectric diodes over a
long time period, for example, the on.off resistance ratios
retained after 10 years.

In addition, our model suggests that in order to improve
the retention properties, one needs to increase the film
thickness and use the metals with short screening lengths
and high permittivities as the top electrodes. However,
those approaches may deteriorate the initial-state RS prop-
erties or even change the conduction mechanism away
from Schottky emission. It is, therefore, necessary to make
a trade-off between the retention and other RS proper-
ties. In addition, our model can be modified to suit other
types of FERS. For example, the retention of ferroelec-
tric tunnel junctions can also be modeled if the conduction
mechanism of Schottky emission is replaced with quantum
mechanical tunneling. Last but not the least, as the cor-
relation between resistance and polarization is established
in our model, the time-dependent resistance measurements
may be used as a viable approach to nondestructively mon-
itor the polarization over time. This may be particularly
useful for leaky ferroelectrics and ultrathin films, as men-
tioned in the Introduction section.
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V. CONCLUSION

In summary, by combining the theories of Eg4,-driven
polarization relaxation kinetics and polarization-controlled
Schottky emission, we develop a retention model for fer-
roelectric diodes. Experimentally, the metal/ BFO/LSMO
MFM structures with BFO thicknesses of 10, 20, 30,
and 40 nm and the top electrodes of Au, Co, and Ag
are prepared and their RS properties are investigated.
All the structures exhibit switchable diodelike RS behav-
iors, where the transition from HRS to LRS is triggered
by the polarization switching. The retention test on the
Au/BFO(30 nm)/LSMO structure shows that the current
in the LRS decays over time (i.e., resistance relaxation).
Such resistance relaxation is not caused by the capaci-
tive current from polarization relaxation or the defects-
mediated charge-trapping processes, and additionally it is
not observed in the nonferroelectric STO films. Because
of these results and the nice fitting of /(f)-¢ characteris-
tics to our retention model, it is likely that the resistance
relaxation is due to the polarization relaxation-induced
Schottky barrier variation during the conduction. More-
over, the resistance relaxation rate becomes higher as the
BFO thickness decreases from 40 to 10 nm and as the top
electrode changes from Ag to Au and to Co. This sug-
gests that the E4,, which depends on the BFO thickness
and the screening ability of the top electrode, plays the
key role in the resistance relaxation, which is further con-
firmed by fitting all the /(7)-¢ characteristics to our retention
model. Therefore, the retention loss in a ferroelectric diode
can be attributed to the Eqp-driven polarization relaxation
and its effects on the Schottky emission. In addition, our
study provides some guidance for the improvement of
retention properties and the nondestructive monitoring of
polarization over time.
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APPENDIX A: APPLICABILITY OF EQ. (1)

Because this study deals with semiconducting ferro-
electrics, which contain defects, one may have doubts

about the applicability of Eq. (1). In fact, the bulk defects
(if they carry charges of the same sign and are uniformly
distributed) will not produce an overall depolarization
field, and thus they will not affect Eq. (1). In addition, if the
amount of interfacial trapped charges is much smaller than
those of polarization charges (P) and screening charges
(0s), Eq. (1) also remains unaffected. Below, we will
use the BFO films as an example to demonstrate the
applicability of Eq. (1).

The defect concentration in the BFO films are evalu-
ated using the capacitance-voltage (C-V) measurements.
For proper C-V measurements, large-area Au electrodes
(approximately 100 ym in diameter) and thick BFO films
(approximately 130 nm in thickness) are used. Although
the samples are different from those used in the CDAFM
measurements (see descriptions in Sec. III), the defect con-
centrations in these BFO films may still be comparable
because they are prepared in the same conditions. The C-V
characteristics are measured in both positive and negative
voltage regions, before which the +6 and —6 V dc poling
procedures are conducted, respectively. With this method,
the polarization switching is avoided when measuring the
C-V characteristics.

As seen from Fig. 7, the C~2-V curves in the positive
and negative regions show linearity. Using the slopes of
the C~2-V curves, the doping concentration (N gp) can be
further estimated by [18]

2
Nyop = :
P 7 geoea[d(C2)/dV]

(AT)

where ¢ is the static dielectric constant of BFO (approxi-
mately 60).

The Ng4op values obtained from the C~2-V curves in the
positive and negative regions are approximately 3.3 x 10'8

1/C* (10° F’m")
n (=2}
< (=}

-~
(=]
T

1.5 20 25 30 35
V1v)

FIG.7. C2-VF plots of typical C-V characteristics measured in
positive and negative voltage regions for the Au(approximately
100 gm in diameter)/BFO(approximately 130 nm in thick-
ness)/LSMO structure.
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and 2.2 x 10'® cm™, respectively. The different N gop val-
ues may be caused by the asymmetric distributions of
defects near two interfaces. Hereafter, only the average
value of N (i.€., approximately 2.8 x 10" cm™2) will
be considered.

If the interfacial defect concentration (assuming that the
interface region is approximately 1-nm wide) is close to
N gop, the resultant areal charge density is 0.045 uCl/em?,
three orders of magnitude smaller than P and o. There-
fore, Eq. (1) applies to our BFO films. Certainly, it could
be possible that the interfacial defect concentration is much
larger than Nyp, but it can hardly reach the levels of P
and o (on the order of tens of uC/cm?). Otherwise, one
would observe significant defects-mediated RS behavior,
which is in contradiction to the experimentally observed
polarization-mediated RS behavior (see Appendix D for
more discussions). Therefore, the interfacial defect con-
centration is not large enough to affect the applicability of

Eq. (1).

APPENDIX B: CONDUCTION BEHAVIOR OF
LSMO FILMS

Figure 8 demonstrates that the LSMO film exhibits
metallic-conduction behavior in the temperature range of
20320 K, because the resistivity increases with tempera-
ture. The resistivity at 300 K is approximately 0.012 -cm,
which is quite low and comparable to the values reported
previously [50]. In addition, the carrier concentration
in the metallic LSMO film can reach approximately
10" cm™3 [51]. Therefore, it is reasonable to treat the
LSMO as a metal in the metal/BFO/LSMO heterostruc-
tures.

APPENDIX C: I-V AND I-T CHARACTERISTICS
OF STO FILMS

By comparing the /-V characteristics between the STO
film and the LSMO bottom electrode layer [Fig. 9(a)], one

T 0.015¢
<
X
=3
2z 0.010
=
z
g
& 0.005
0 100 200 300
Temperature (K)
FIG. 8. Resistivity of the LSMO film as a function of tempera-

ture measured by the van der Pauw method.
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FIG. 9. (a) I-V characteristics of the nonferroelectric STO film
(approximately 7 nm) and the LSMO bottom electrode layer (as
a control sample). (b) /()-¢ characteristics of the STO film.

can find that the STO film behaves like a resistor. Nei-
ther resistive switching [Fig. 9(a)] nor resistance relaxation
[Fig. 9(b)] is observed in the STO film.

APPENDIX D: CONDUCTION MECHANISM
ANALYSIS

In the MFM structures, many conduction mechanisms
could work and they are classified into two categories:
bulk limited and interface limited. Here, we mainly focus
on the differentiation between the Schottky emission and
space-charge-limited conduction (SCLC), because these
two mechanisms produce good fits to the experimental /-
data (note: the Schottky emission and SCLC belong to
the interface-limited and bulk-limited mechanisms, respec-
tively). The other conduction mechanisms either pro-
duce poor fits or contradict the experimental observations,
which will not be discussed hereafter.

The semi-log, log-log, and In(7)- /" plots of the typical
I-V characteristics of the Au/BFO(30 nm)/LSMO struc-
ture are presented in Figs. 10(a)-10(c), respectively. We
first point out that the currents in the HRS [Fig. 10(a)] and
those at low voltages (e.g., <0.5 V) in the LRS [Figs. 10(b)
and 10(c)] are not the true conductive currents. It seems
that those currents are mainly contributed from the capac-
itive currents and background noises. This is because as
the voltage-sweeping sequence and speed change, the sign
and magnitude of the current will change (see Fig. 11).
Therefore, we have not done fitting and analysis for those
currents, and below we focus only on the currents at
relatively large voltages in the LRS.

It is seen from Fig. 10(b) that the /-} characteristics in
the log-log plot are curved, which cannot be fitted using
a single line. One may still use two lines to fit the /-V
curves and their slopes are calculated as approximately 2.2
and 3.7, respectively. This seems to be in agreement with
the SCLC-type conduction behavior. However, it should
be noted that the voltage-sweeping sequences for measur-
ing the I-V characteristics in the LRS are +8 V — 0 and
—8 V — 0, before which the voltages of 0 — +8 V and
0— —8 V are applied, respectively. This indicates that
if the SCLC works, the film would already be trap-filled

024058-10



DEPOLARIZATION-FIELD-INDUCED ...

PHYS. REV. APPLIED 11, 024058 (2019)

() (b) (c)
107 10': Slopes 2 & 4=3.7

g 0 \ / :F.: tSlopes 1 & 3 A‘ZO

S 10 e 1 <

5 - =

E E 10 ¢ ~

5 3 S5t

© 10 © —e— +8V—0V o +8V—0V
L_— _J —e——8V—0V ———8V—0V
—l6 0 6 0.1 1 0:5 110 1:5 2:0

Bias (V) Bias (V) s (Vo‘s)
FIG. 10. (a) Semi-log, (b) log-log, and (c) In(7)-V%> plots of the I-V characteristics of the representative Au/BFO(30 nm)/LSMO

structure.

when the voltage is swept back from the high voltages.
In such a case, one would observe only the regions with
slopes from 1 to 2 in the /-V curves, while the trap-filling
regions (i.e., the abruptly changing regions with slopes
of approximately 3.7) would not be observed. This is,
however, in contradiction to our observations.

In fact, as shown in Fig. 10(c), the In(/)-¥°3 curves show
linearity in wide voltage ranges. The optical dielectric
constants (K) calculated from the slopes of the In(/)-7??>
curves are approximately 4.8, close to the experimental
value of BFO (approximately 6.25). These results suggest
that the Schottky emission may be a reasonable conduction
mechanism for our Au/BFO/LSMO structures.

To further confirm that the Schottky emission rather than
the SCLC is the dominant conduction mechanism, we con-
duct thickness-dependent /-V measurements. Figure 12(a)
displays the [-V characteristics in the LRS for the BFO
films with different thicknesses, and Fig. 12(b) further plots
the current at —1 V in the LRS as a function of thick-
ness. Clearly, the current shows a weak dependence on the
BFO thickness. Such a phenomenon has been previously

2L
2o
N
=
£
5 a2t
<
41 0.2Hz 0.4Hz 0.8 Hz
-0.5 0.0 0.5
Bias (V)
FIG. 11. [-V characteristics measured in a small voltage win-

dow (<0.5 V) at different frequencies.

observed in similar MFM structures [41,52], indicating
that the conduction mechanism is interface limited rather
than bulk limited (note: for the SCLC, the current varies as
d~3 where d is the thickness [53]). Therefore, it is reason-
able that the Schottky emission rather than the SCLC plays
the dominant role in the conduction.

For the Schottky emission, the /-V characteristics typi-
cally show significant temperature dependence, based on
which one can further confirm the Schottky emission
mechanism and extract the Schottky barrier heights. To
measure the temperature-dependent /-V characteristics, we
use the conventional probe station equipped with a heater
and large-area Au electrodes (approximately 100 um in
diameter). The I-V characteristics are measured in both
positive and negative voltage regions, before which the
+6 and —6 V dc poling procedures are conducted, respec-
tively. With this method, the polarization switching is
avoided when measuring the /- characteristics. The mea-
surement temperature is varied in the range of 320-390 K.

The measured /-V characteristics in the positive and neg-
ative voltage regions, plotted as In(J/7?) vs V%3, are shown
in Figs. 13(a) and 13(c), respectively (here, J is the cur-
rent density and 7 is the temperature). As can be seen,
the In(J/T?)-V"3 curves show linearity in the temperature

(@ (b)
. 10
g 3
510‘1 sonm| 107" ’\Q———?/T
5 @ 3() nm E
o 20nm | Q , -
10 i L 10nm 10 ’
0 6 10 20 30 40
Bias (V) Thickness (nm)
FIG. 12. (a) I-V characteristics in the LRS for the BFO films

with thicknesses of 10, 20, 30, and 40 nm. (b) Current mea-
sured at —1 V in the LRS as a function of thickness. For each
BFO thickness, at least five devices are measured and they show
similar results.
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range of 320-390 K, indicating that the Schottky emission
[i.e., Eq. (9)] is applicable.

In addition, by linearly extrapolating the In(J/7?)-%3
curves, one can obtain the intercepts on the V'=0 axis.
Those intercepts are plotted as a function of 1000/7 in
Figs. 13(b) and 13(d), which can be fitted using straight
lines. Based on the slopes of the fitting lines, the Schottky
barrier heights (®’'p) can be extracted. The @' values of
Au/BFO and BFO/SRO barriers are calculated as approx-
imately 0.63 and 0.59 eV, respectively. The ®'p values
obtained here are relatively consistent with those obtained
in Fig. 4(b) (approximately 0.61 eV and 0.58 eV for the
Au/BFO and BFO/SRO barriers, respectively). The small
deviations in @’ values may be attributed to the film inho-
mogeneity since electrodes with different areas are used.

Last but not least, we show, in Fig. 14, that there
is a distinct difference in switching sequence between
the switchable diode-type RS and the SCLC-type RS.
For the switchable diode-type RS, as the voltage sweeps
as -Vmax = 0 = +Vmax = 0 — —Vax, the resistance state
changes as LRS — HRS — LRS — HRS — LRS. The
HRS — LRS switching occurs at the voltage where
the polarization switching happens, and it can occur
at both positive and negative voltage polarities. The
LRS — HRS switching occurs when the voltage goes
across V=0 due to the current-rectifying behavior. For
the SCLC-type RS, following the same voltage-sweeping
sequence, however, the resistance state changes as
HRS — HRS — LRS — LRS — HRS. The HRS — LRS
switching occurs at the voltage where the charge trap-
ping occurs (e.g., at a certain positive voltage). Then, the
conduction follows the trap-filled SCLC until the charge

(a) (b)

log I log 1

FIG. 14. Schematics showing the hysteretic I-V characteristics
of (a) switchable diode-type RS and (b) SCLC-type RS.

detrapping occurs (at a certain negative voltage). After
that, the conduction follows the trap-unfilled SCLC. Note
that when the voltage goes across /=0, no change of
resistance state will occur because the film remains either
trap-filled or trap-unfilled.

Combining the above results and analyses, including the
I-V curve fittings, thickness- and temperature-dependent
I-V measurements, and switching sequences of RS, it can
be concluded that the Schottky emission is the dominating
conduction mechanism.

APPENDIX E: CYCLIC RENTENTION TESTS

The cyclic retention tests are performed using repeated
—8 V writing followed by —1 V/0 V reading, and the
results are shown in Fig. 15. Figure 15(a) demonstrates
that the current decay during the —1 V reading is repro-
ducible. To understand the nature of the current measured
at —1 V, a control test using a read voltage of 0 V is con-
ducted. As seen from Fig. 15(b), the current drops to below
approximately 3 pA almost instantly after the —8 V writ-
ing. This suggests that both the dielectric relaxation current
and the detrapping current are very small. This further sup-
ports that the current read at —1 V [current magnitude:

(a) (®)
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FIG. 15. Current-time (/-f) characteristics under (a) repeated

—8 V writing and —1 V reading and (b) repeated —8 V writing
and 0 V reading. Inset in Panel a shows the /-¢ characteristics
for three different cycles using the moment of applying —8 V
writing as the starting time. In Panels a and b, the current at
—8 V reaches the compliance current (20 nA). In Panel b, the
valleys indicated by red circles are caused by the very low
current changing its sign.
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approximately 100 pA; see Fig. 15(a)] is the conductive
current rather than the dielectric relaxation current or the
detrapping current.

In addition, it is observed from Fig. 15 that the cur-
rent induced by a —8 V write pulse (pulse width: 1 s)
reaches the compliance current, that is, 20 nA. The cur-
rent induced by the —8 V write pulse mainly consists of
two components: the capacitive current from the reorien-
tation of relaxed polarization and the conductive current at
—8 V. Because the conductive current at —8 V is already
beyond 20 nA, observing the current peak arising from the
reorientation of relaxed polarization cannot be realized in
our CDAFM system.

APPENDIX F: DEFECTS-MEDIATED CHARGE
TRAPPING

The defects-mediated charge trapping can be excluded
as the major origin for the resistance relaxation in our
AwBFO/LSMO structures. The reasons are given as fol-
lows.

First, as shown in Fig. 5 in the main text, the resis-
tance relaxation becomes faster as the BFO thickness
decreases. If the resistance relaxation is related to the
charge trapping at surface defects, the resistance relaxation
rate would be weakly dependent on the BFO thickness.
This can be studied by the SKPM, which probes the surface
potential associated with the surface defects. As shown
in Figs. 16(a)-16(c), in the 30-nm-BFO film, the surface
potential of the —6 V-written region decays by approxi-
mately 30 mV after a waiting time of 10 min. Figure 16(d)
further reveals that the decay of the surface potential
changes very little as the BFO thickness varies. There-
fore, the surface defects-mediated charge trapping results
in similar relaxation behaviors in the BFO films with dif-
ferent thicknesses, which is inconsistent with the observed
dependence of the resistance relaxation rate on the BFO
thickness.

Then, the resistance relaxation is also not related to the
charge trapping at bulk defects. If this was the case, the
resistance relaxation would be faster in thicker BFO films.
This is again in contradiction to the observed decrease of
the resistance relaxation rate with BFO thickness.

Recall that the defect concentration in the BFO films
evaluated by the C-V measurement is three orders of mag-
nitude smaller than the polarization (see Appendix A for
more details). In addition, the detrapping current is found
to be small (Fig. 15), and no SCLC-type RS resulting from
charge trapping-detrapping is observed (Fig. 14). These
observations suggest that the polarization plays a much
bigger role than the defects in influencing the conduction
in the Au/BFO/LSMO structures.

It is noteworthy that the charge-trapping-induced resis-
tance relaxation may not be necessarily noticeable in
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FIG. 16. SKPM images taken for the 30-nm-BFO film (a) right
after writing the middle square region with —6 V and (b) after
waiting for 10 min. (c¢) Surface potential profiles along the lines
indicated in Panels a and b. (d) Potential decays measured in the
BFO films with different thicknesses (waiting time: 10 min for
all the films).

high-quality films. For example, the Au/STO/LSMO het-
erostructures, in which the STO films and electrodes are
prepared using the same methods as those for the BFO-
based heterostructures, do not exhibit any RS and current-
decay behavior (see Fig. 9). This also hints that the polar-
ization is correlated with the resistance relaxation, because
the most distinct difference between BFO and STO is the
polarization.

In view of all of the above reasons, we think that
the current decay in our BFO films is not caused by
the defects-mediated charge trapping, but is mainly due
to the polarization relaxation and its modulations on the
conduction.
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FIG. 17. I(f)-t characteristics in the LRS in Pgyoy, state for the
30-nm-BFO film.
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APPENDIX G: I-T CHARACTERISTICS OF BFO
FILMS IN Ppown STATE

To achieve the LRS in the Py, state, the +1 V read
voltage is applied after using a +8 V write pulse to set
the Pyown State. The measured /-t characteristics shown in
Fig. 17 reveal a resistance-relaxation behavior.

APPENDIX H: FITTING PARAMETERS

Using Egs. (1)(10) and the parameter values tabu-
lated in Table I, one can fit the /-t characteristics of
metal/BFO/LSMO structures with different BFO thick-
nesses and different electrodes.

TABLE I. Parameters used in the fittings for the /-¢ char-
acteristics of metal/ BFO/LSMO structures with different BFO
thicknesses and different electrodes. In the third column, “F” in
the parentheses denotes that the value is fixed, while “V” denotes
that the value is varied in order to obtain a good fit.

Parameters Values
BFO films  P(t=0) (uC/cm?) 60 (F)

£ 60 (F)

K 6.25 (F)

too (0S) 1 (F)

a of 10-nm BFO (10° V/m) 5.2(V)

a of 20-nm BFO (10° V/m) 2.9 (V)

o of 30-nm BFO (10° V/m) 2.19 (V)

o of 40-nm BFO (10° V/m) 1.78 (V)
Electrodes  /; of LSMO (A) 0.8 (F)

EM,1 of LSMO 8 (F)

Ly/exr 5 of Au (A) 0.25 (V)

/ey of Ag (A) 0.24 (V)

L/ey 2 of Co (A) 0.281 (V)
Schottky ~ ®'3,(t=0) of Aw/BFO(10 nm) (¢V)  0.604 (V)
barriers @', (t=0) of Au/BFO(20 nm) (eV)  0.612 (V)

@' ,(t=0) of AWBFO(30 nm) (eV)  0.610 (V)

®'5,(t=0) of AWBFO(40 nm) (eV)  0.604 (V)

®'p,(t=0) of Ag/BFO(30 nm) (V)  0.577 (V)

@' ,(t=0) of Co/BFO(30 nm) (V)  0.598 (V)
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