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In this work, we report on the variability of the Schottky effect in solution processed BajxSrxTiO3 films
(BST, x=0, 0.5) grown on 0.5% Nb doped SrTiO3 substrates with top Pt electrodes (NSTO/BST/Pt). The
films display leakage currents accompanied by varying degrees of hystereses in the current-voltage
measurements. The magnitude of the leakage and hystereses depend on the Sr content. We focus on
the current-voltage (I-V) behavior of our samples in the light of thermodynamic theory of ferroelectrics
coupled with equations of semiconductors. Our calculations allowed us to unambigously determine the
electronic character of the defects and related band bending effects in our samples. The extent of
asymmetry and the hystereses in the I-V curves for x=0 and 0.5 are shown to be controlled by the
polarization in qualitative agreement with our calculations. Amplitude of the ferroelectric polarization,
which is a function of composition here, has a strong impact on leakage currents in forward bias while
this effect is much weaker under negative bias. The latter occurs as polarization pointing away from the
NSTO semiconducting substrate causes depletion of carriers at the NSTO side of the NSTO/BST interface,
increasing resistance to current flow through the stack. Such an occurence also increases the energy gap
between the Fermi level and the conduction bands of the films, thereby reducing the bulk conduction
through the film as well. The dependence of leakage currents on polarization direction points out to the
possibility of a non-destructive read-out route in ferroelectric films much thicker than tunnel junctions.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

but with three major differences: FE polarization is switchable,
appears along with a structural symmetry breaking transition at a

Formation of a Schottky junction between a semiconductor and
a metal depends on the metal work function and the Fermi level of
the semiconductor. In the case of a wide bandgap polar semi-
conductor such as GaN, ZnO and alike, the inherent electric polar-
ization of the semiconductor comes into play as an additional
parameter as polarization charges near the metal/semiconductor
interface can generate significant potential drops leading to band
bending accompanied by carrier depletion/accumulation in these
regions. Ferroelectrics (FEs) are similar to polar semiconductors in
the sense that both possess a polarization in the absence of the field
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critical temperature and is strongly coupled to electric fields
whereas other polar semiconductors exhibit a fixed polarization
simply due to asymmetric bond angles between anions and cations
intrinsic to the crystal structure. The Schottky diode effect in a
ferroelectric film can also be switchable leading to the phenomena
of resistive switching. It is naturally observed to be much stronger
in ferroelectric films than a regular leaky dielectric owing to the
presence of the remnant polarization in the former. In fact, any
ferroelectric film with asymmetric electrodes with at least one of
which is a semiconductor is expected to exhibit resistive switching
due to the considerable penetration of the electric field into the
semiconductor electrode. This occurs so as the extent of screening
of polarization charges can vary significantly depending on deple-
tion or accumulation states caused by the direction of the
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ferroelectric dipoles.

That the ferroelectric polarization is switchable and sensitive to
local electric and elastic strain fields as well as the non-linear
dependence of polarization on applied bias renders a “ferroelec-
tric Schottky junction” different from a classical Schottky junction.
The Schottky effect and how ferroelectric polarization influences
this was discussed in some detail as early as 1994 in Ref. [1]. One of
the first reports discussing the hystereses in the I-V curves of FE
submicron films was published in 1997 but mostly with qualitative
arguments [2]. Another recent outcome of the continuing interest
related to this topic has been the switchability of the electronic
character of interfaces as recently reported in some works [3,4] and
polarization induced self-doping effects [5]. It has been shown in
Refs. [[2 and 3]] that the boundary conditions for polarization, i. e.,
how polarization terminates at an electrode interface can deter-
mine whether carriers from electronic defects from inside of the
film will accumulate or deplete that interface. Such formations
distinguish between whether the interface will have Schottky or
Ohmic character and determine the conduction (leakage) currents,
which are inevitable in almost all ferroelectric thin film systems.
Emanating from the film fabrication conditions, there is always
some amount of deviation from exact stoichiometry of the lattice
that introduces into these systems p-type or n-type electronic de-
fects such as oxygen vacancies, impurities and etc. Thus, leakage
currents due to these defects almost always form a “background
current” when identifying the switching currents. The leakage
currents are also subject to the electronic nature of the film/elec-
trode interfaces.

In the same context mentioned above, the dependence of the
“conduction” currents on the direction of ferroelectric polarization
along the film normal in a sandwich type capacitor stack has gained
recent interest as this could be perceived as a method of a non-
destructive read-out in ferroelectric memory development. Such
an approach has been repeatedly mentioned and tested in a
number of works [6—30]. Several of these works focus on ultra thin
films acting, in a way, as tunnel junctions (due to their small
thicknesses) and memristors [18] with tunable resistance. In
thicker films (>8—10 nm) where quantum tunneling diminishes,
one needs to consider bulk conductivity to be able to interpret the
leaky behavior commonly observed in ferroelectric thin films. The
bulk conductivity is expected to be a function of polarization di-
rection inside the ferroelectric film as long as the finite screening
effects at the film/electrode interfaces exist, a phenomena that has
been overlooked. This is so because the only “intrinsic” source of
electric field in a ferroelectric is the partially screened polarization
charges at the interfaces where the termination of the dipole
sequence occurs. We must mention here that we classify applied
bias and work function asymmetry of the top/bottomelectrodes as
well as charged defects and defects with inhomogeneous elastic
strain fields as “extrinsic” sources of electric field. At low-to-
moderate bias values, bulk controlled leakage occurring in rela-
tively thick films (>8—10 nm) will depend on finite screening ef-
fects of polarization and its direction and can be understood by the
changes in the slopes of the energy bands and their position with
respect to the Fermi level. In a conventional sandwich type FE
capacitor with at least one SC electrode, the electrostatics of the
stack is strongly determined by the sign of the partially screened
polarization charges at the SC interface that will induce band
bending occurring inside the film. The depletion barrier potential at
the FE/SC interface is another important parameter determining
the extent of current flowing through the stack. An on/off current
ratio of around 10% was reported by Zhang et al. in polycrystalline
BiFeOs films [29] followed by Bai et al. reporting this value to be 850
in 150 nm thick Pb(Zr0.4Ti0.6)03 films that exhibited good ferro-
electric stability despite high leakage currents [31]. Bottom

semiconductor oxide substrates were used in both works ampli-
fying the on/off current ratio as a function of polarization direction.

In addition to electrode related effects, the directional depen-
dence of bulk conductivity on polarization could also be a strong
function of whether or not strong surface effects other than elec-
trostatic ones dominate from the FE film side. Surface electric fields
from possible surface reconstruction effects removing the de-
generacy of the polarization can be one factor [32]. The former is
namely due to “polarization boundary conditions (BCs)” while the
electrode screening is solely comprising the external electrostatic
BCs on the system. Strong surface effects introduced into the sys-
tem via the polarization BCs can lead to additional carrier-
redistribution as reported in prior works [4]. Although theoreti-
cally possible, these effects are quite tricky to test in experiments
and distinguishing them from bulk related effects are non-trivial.
Note that tunneling effects are outside of bulk conduction
explained here as the existence of tunneling between local traps as
a contribution to leakage is another possible mechanism but re-
quires relatively high fields than considered herein this work.

Composition of ferroelectric films is often a parameter in
tailoring a specific functionality towards a desired response in IC
devices. As any “functional output” for any composition is sensed in
terms of variations in currents generated by the stack in applica-
tions, leakage and mechanisms giving rise to these currents are of
utmost importance. We shall show in this paper that leakage and its
relation to polarization can be tailored to design stacks displaying
resistive switching. In this paper, we report on the resistive
switching effect that vary with Sr content in high quality (Ba,Sr)
TiO3 (BST) films that we fabricated via a solution precursor depo-
sition method and analyze their current-voltage behavior in the
light of thermodynamic theory of ferroelectrics. BST compositions
offer the flexibility to design functionalities around the choice of
the Sr content for a range of applications and particularly for agile
dielectric tunable devices [33—38]. The major motivation behind
this study was to investigate the effect of polarization strength on
the leakage behavior of ferroelectric films where the (Ba,Sr)TiO3
provides an ideal platform for this purpose. Polarization strength is
expected to be a function of Sr content when grown on a
compressive substrate such as SrTiO3; and alter the leakage current
magnitudes. Although we fabricated 3 compositions, namely
BaTiO3 (BT), Ba0.7Sr0,3Ti03 (BST 7030) and Bao'55r0_5TiO3 (BST 5050),
we compare the results from BT and BST 5050 as BST 7030 always
falls into an almost average behavior of the two end compositions.
Such an outcome is entirely consistent with the mechanisms we
provide here to explain the compositional dependence of the
current-voltage behavior we report for BT and BST 5050. We
therefore find it sufficient to compare experimental results in the
light of thermodynamic simulations for two compositions, namely
BT and BST 5050, to reveal that the difference in the polarization
strength would cause dramatic variations in the diode-like
behavior. Following the experiments, we computed the band
bending and carrier distribution maps in these compositions grown
on conducting Nb:SrTiO3 (NSTO) electrodes with top Pt electrodes
using published phenomenological parameters for these materials
including the NSTO. In the calculations no apriori assumptions
were made and we discussed the asymmetry in the experimental
current-voltage (I-V) and the capacitance-voltage (C-V) curves in
the light of our results. The electronic defect type consideration in
our thermodynamic approach confirms that all films in this work
behave as n-type semiconductors with approx. volumetric impurity
densities of about 10%*m 3,

2. Experimental method

In this study, BST films with two different compositions of (BT
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and BST 5050) were prepared by the sol-gel method. The used
chemicals were Barium Acetate (Ba (AC),) (Sigma-Aldrich), Stron-
tium Acetate (Sr (AC)2) (ABCR), Titanium (IV) Isopropoxide (TIP)
(Sigma-Aldrich), Glacial Acetic Acid (GAA) (MERCK) and 2-Propanol
(MERCK). In order to obtain the final solution from precursors films
fabrication, two separate solutions were prepared. The first solu-
tion was made by mixing the Ba (AC),, Sr (AC); with GAA. This
solution was left for mixing on the stirrer for 1 h at room temper-
ature. The second solution was prepared by mixing the TIP and 2-
propanol on the stirrer for 30 min at room temperature. After 1h,
first solution was added to the second one and the whole mixture
was stirred for 1 h at room temperature. The concentration of the
obtained solution was 1 M. In order to deposit higher quality films,
0.5 M solution was prepared by diluting the 1 M solution via adding
GAA. The detailed information about the mixing ratio and sample
coding are presented in Table 1.

Prepared solutions were deposited on the substrates by spin
coating method (Laurell spin coater model WS-650-23B). The spin
speed and spin time were optimized in forms of two steps. In the
first step, spin speed was set to 500 rpm for 15s followed by
another step at 6000 rpm for 60 s. Deposited films were dried in air
at 200 °C for 5 min on hot plate. Then they were heated up to 400 °C
by 5°C/min rate and were are kept in 400 °C for 30 min. Samples
were then heated up at the same rate to 800°C and kept at this
temperature for 150 min. The flowchart of the sample preparation
process is given in Fig. 1. The entire heat treatment process
(including heating up and cooling down) was carried out in an
oxygen rich environment (2.0 1/min flow rate). The films were then
characterized by XRD for structural information followed by
Scanning Electron Microscopy (SEM) for morphological
information.

The XRD patterns of the samples revealed that we obtained
highly [001] textured films in both BT and BST 5050 (shown around
the (002) substrate peak in Fig. 2) where the only peaks we
observed exhibit a shallow hump centered around 26 =45.4°
belonging to the (002) out-of-plane spacing of the tetragonal phase
of BT. In the case of BST 5050 we only observed a slight change in
intensity of the Nb:SrTiO3 shoulder near 26 = 46.3° that is possibly
due to the relatively low misfit of the BST 5050 with the underlying
substrate. Despite its composition falling into the paraelectric
regime at room temperature and absence of any compressive
strong misfit, the latter still exhibits a clear ferroelectric behavior
along the film normal as evidenced through the C-V measurements.
The XRD pattern also included additional peaks due to diffraction of
Cu K;1 and K, from the NSTO single crystal causing a splitting of
the (002) peaks at 20 =46.47° and 46.59° respectively. A small
intensity of Cu Kp diffraction from the (001), (002) planes were also
detected at 260 =20.53° and 41.78 as labeled in Fig. 2. The NSTO
substrate peaks are the ones with the high intensity at 22.74° and
46.45° respectively corresponding to (001) and (002) planes. No
secondary phases were detected in the films and we also checked
the stoichometry of our BT and BST 5050 films via carrying out an
EDX analysis during SEM studies of the film morphologies. Due to
the strong overlap between Ba La and Ti Ko peaks for an incident
electron beam energy of 12 keV in addition to the strong substrate
signal, the chemical composition analysis was not reliable. XRD
patterns of the powders prepared from the same solution together

Table 1
Chemical precursor mixing ratio for the fabrication of films used in this work.

with the film samples (not shown here) were used in estimating
composition. We noted that the pattern of the BST 5050 composi-
tion was in fact matching the peak positions one would expect in a
BST 4456 composition corresponding to a slightly higher Sr content
than 0.5 (out of 1) at A-sites. The BT film proved to be in accordance
with previously published JCPDS data [39]. In spite of the small
composition difference mentioned above, we denote the BST
composition as BST 5050 in the entire paper for convenience. Note
that such a minor difference in composition has no effect on the
underlying physics of the problem as well as the thermodynamic
calculations.

Following the XRD experiments, circular shaped platinum (Pt)
electrodes with 70 pm diameter and approx. 100 nm thickness were
deposited on the films using a Torr Thermal evaporator. The elec-
trical characterization was carried out at National Institute of Ma-
terials Physics (NIMP) in Bucharesti, Romania. The equipment at
NIMP includes a Lakeshore cryoprober model CPX-VF, a Keithley
electrometer model 6517 (for [-V characteristics), a ferroelectric
tester model TF2000 from aixACCT (for hysteresis loops), and an
impedance analyzer model HP 4194 A for C—V measurements. Two
different configurations were used to carry out the electrical
measurements whose schematics are provided in Fig. 3. The first
configuration was used to obtain the I-V curves while the second
configuration was used for C-V measurements for reduced leakage
contribution in the latter.

3. Theoretical method

To shed light on the experimental observations, particularly the
[-V curve asymmetry and the hystereses observed in these curves,
we referred to the thermodynamic theory of ferroelectrics with
appropriate modifications and considerations pertaining to the
systems analyzed here. We provide a schematic of the BST heter-
ostructures analyzed in this work in Fig. 4. The total thickness of the
films are taken as 100 nm as this is approximately the thickness of
the grown films. The material parameters of a given composition of
(Ba,Sr)TiO3 are assumed to be a weighted linear average of the
constituents, namely BT and ST in the following manner:

=) - BT+ -5 (1)

where s/ is any material parameter, such as the band gap, ther-
modynamic stiffness coefficients, or unit cell lattice parameter of a
film corresponding to a particular fraction of Sr replacing Ba ions in
the lattice, namely f, s’ and s°" are any given material parameter for
pure BT and ST, respectively. f is taken in this model as 0 and 0.5,
corresponding to relevant bulk Curie temperatures and other co-
efficients of the films as prescribed above. Averaging of material
properties, both thermodynamic, structural and electronic, is an
approximation to serve as a means to provide us with the results
that can be used to interpret certain electrical behavior observed in
these structures. As the experiments show that compositions
considered in this study, namely BT and BST 5050 are all in the
ferroelectric phase on NSTO (Please see the experimentally ob-
tained C-V plots in Fig. 5 where ferroelectric switching is evident
from the so-called butterfly shape of the curves), we assign a small
compressive misfit of —1% to each structure allowing us to treat all

Sample Code Composition Ba (AC), (g) Sr (AC), (g) GAA (mL) TIP (mL) 2-Propanol (mL)
BT BaTiO3 2.5542 0 10 3 15.5
BST50/50 Bap5Sr05Ti03 1.2771 1.0285 10 3 15.5
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500 rpm, 30s

Fig. 1. Flow chart of thin film preparation in this work. The last rapid annealing stage is for the crystallization of the top electrodes.
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Fig. 2. The XRD patterns of the BT and BST 5050 films grown in this work. The region falling into the blue rectangle on the right plot is enlarged to reveal the (002) region of the
substrate. The peaks labeled as Ky are a result of the Cu Kg radiation leaking from the X-ray tube and diffracting from the (100) and (200) planes of the films at 26 = 20.53° and 41.78°
respectively. No secondary or unidentified peaks are present, implying the high perovskite phase fraction in our samples. In the enlarged portion of the pattern around the substrate
peaks, the high intensity dual peaks at 46.47° and 46.59° emanate from diffraction of Ka1 (1s — 2s transition) and Ka2 (1s — 2p transition) radiation of Cu from the (002) substrate
planes. (002) of the BST 5050 is not visible implying a well matching of this composition with NSTO. BT film exhibits a slight hump around its bulk (002) peak position near 45.5°
indicating some degree of relaxation from the —2.56% misfit with the NSTO. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

compositions in their respective ferroelectric regimes. How this -

misfit aids in obtaining ferroelectricity shall be shown in the v.D=p (2)

coming paragraphs of this section. In a polar dielectric sandwiched

between a semiconductor and an electrode, the Maxwell equation has to be satisfied at every point in both films, with any composi-
tion, deposited on bottom n-type NSTO electrode considered here.
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(a) Configuration 1

(b) Configuration 2

Fig. 3. The 2 configurations of electrical measurements pursued in this work: (a) through-thickness measurement and (b) capacitors in series measurement to get the C-V curves.

Pt electrode

G A

Eernmoelectric film

Nb:SrTiO,
substrate

Fig. 4. The schematic of the stack used in the thermodynamic calculations. Shaded
region at the Pt/film interface indicates the presence of a dead layer whose thickness is
d (taken as 0.5 nm in our work). The details of the boundary conditions are defined in
Sect. 3.
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Fig. 5. C-V curves obtained from configuration 2 in this work for BT and BST 5050
films.

One can suppose that the top metal electrode (Pt here) does not
allow any field penetration (ideal electrode behavior), although this
assumption has to be modified to some extent for finite screening

considerations as will be shown. We can write 3, the dielectric
displacement vector, as

D = [DxX + D,Z] (3)
where
Dx = €o€bEx + Px aI‘ld DZ = 6’0€bEz + PZ (4)

in the FE layer with x and z denoting the in-plane and out-of-plane
components respectively and,

Dy = egerEx and D; = egerE; (5)

in the n-type bottom electrode having a dielectric constant of
ertaken as that of undoped SrTiO3 (=300). In Egs. (4) and (5), &, is
the permittivity of the vacuum and ¢, is the background dielectric
constant of the FE (10 in this work, see Refs. [40,41] for its expla-
nation), Ex and E; are respectively thex — and z— components of the
electric field vector E determined from Ex = —9¢/0x and E; = —
d¢/0z, Py and P; are the FE polarization components along x- and z-
axes respectively. p is the total charge density and consists of
electrons, holes and ionized donors in the n-type NSTO bottom
electrode and donor impurities in the FE:

p=a(-n +p"+Np) (6)
where

Nt =Np {1 - (exp(%) + 1)1] (7)
n~ =Nc (exp (W) + 1) h (8)
pt =Ny [1 - (exp <w> + 1)_1} (9)

N}, (Np) is the ionized (total) donor density either in the n-type
bottom electrode or the FE film. Np can be expressed as Np = Ngg +
Nge where Npg stands for the volumetric density of doping in the
bottom oxide electrode, namely Nb concentration in SrTiO3 and Ngg
denotes the n-type impurity concentration in the (Ba,Sr)TiO3 layer,
n~ is the electron density, p*is the hole density, N¢ is the effective
density of states at the bottom of the conduction band, Ny is the
effective density of states at the top of the valence band, E¢ is the
energy of an electron at the bottom of the conduction band, Ey is



6 0. Mohammadmoradi et al. / Acta Materialia 148 (2018) 1-13

the energy of an electron at the top of the valence band at a given
coordinate (either the FE film or the NSTO), Er is the Fermi level, ¢ is
the local electrostatic potential. All the band parameters for NSTO
and BST 5050 are given in Table 2. To carry out the calculations
including the band bending in the stack, one needs to know Ef of
the stack. Assuming the large volume of the NSTO compared to the
film and the electrode volumes, we suppose that the bottom con-
ducting oxide electrode acts as a carrier reservoir and that the
Fermi level of the stack equilibriates with that of the bottom sub-
strate acting as a carrier reservoir due to its large volume compared
to the film and the Pt top electrode. Electrostatic (for the potential)
and non-electrostatic boundary conditions (for the polarization)
are needed to obtain solutions to the above equations. The
boundary conditions for the electrostatic potential are:

orE = @nsc@z =0 (10)

implying the continuity of the potential at the FE/nSC interface,
whereggg and ¢,g¢ are the electrostatic potentials inside the FE and
the n-type NSTO bottom electrode respectively, and

(PFE:@DL:O@Z:L+CI (11)

at the FE/metal interface, where we assumed the presence of a thin
dead layer (d = 0.5 nm thick) having a dielectric constant of 70 that
is approx. the “background lattice polarizability” of the Pt metal as
reported earlier [43], ¢p; denotes the potential in this layer that is
to be computed from V-Dp; = 0 where subscript “DL” stands for
“dead layer” and components of D has their usual meaning as in Eq.
(5). The bias is always applied to the top Pt electrode, and the
bottom conducting oxide electrode is always kept at zero potential
(implying this electrode is grounded similar to the experiment).
Periodic boundary conditions (BCs) are employed along the plane
of the structures for both the electrostatic potential and polariza-
tion. While the electric field is connected to the dielectric proper-
ties of the nSC bottom electrode and FE via Egs. (3) and (4), Landau-
Ginzburg Eqgs. of state for polarization also have to be satisfied in
the FE layer:

205'P; + 4o PoP? + 4a55P3 + 6ayy1 PE + any (4PPY + 8P2PE)

2P, 62Pz> g

+ 20[1231’217;(1 — G<

0z2  ox2 0z
(12)
Table 2
Phenomenological constants and band parameters used in the calculations.

SrTiO3 [52] BaTiO3 [44]
Lattice parameter (nm) 0.3904 0.4004
Tc (°C) —253 130
C(10°°C) 8 x 10° 1.5 % 10°
a71(N m®/C?) 6.8 x 10° 3.6 x (T-175) x 10%
a15(N m8/Cc?) 2.74 x 10° —0.0345 x 108
a711(N m'9/C8) 0 6.6 x 10°
ag12(N m'9/C8) 0 18.14 x 10®
0a153(N m'0/c8) 0 —7.45 x 10°
$11(107 2 N/m?) 5.546 8.3
S12(107 2 N/m?) —~1.562 -2.7
S44(107 "2 N/m?) 9.24 9.24
Q;1(m?*/C?) 0.0457 0.11
Q12(m?*/C?) —0.0135 —0.043
Qua(m*C?) 0.00975 5.165 x 1072
g (10719 m3/c?) 6[53] 6 53]
Ny, Nc (m~3) 10%%,10%° 10%, 10%
Ev, Ec, Ep (eV) —~7.1,-3.9, —4.0 —6.72,-4.0,-4.1

2a0'Py+2(2afy + o) PR + 205 PyPZ + 60111 PR+

%Py asz>_ dp

2 w2 )
(13)

2011 [3P§ +3P3P2 + PxP4| + 20153P3 P2 G(

subject to the BCs in Eq. (14). Here of', of%, o5, of, off}, off}, are the
renormalized phenomenological thermodynamic coefficients [44]
in SI units with o* and o being o = (T — T¢) — ug./’(Qn +Q12)/
(S11+  Siz)andaf = a(T — Tc) - 2u}Qi2/(S11 +S12)  due  to
renormalization with misfit strain where o = (2¢9C) !, o, and o}
contain the clamping effect of the film, while «111, a112, @123 are the
dielectric stiffness coefficients in the bulk and are computed as
defined in Eq. (1) for BT and BST 5050, u?/’ is the misfit strain tensor
for a cubic structure and is taken here as —1% (negative here
meaning compression) that keeps the FE polarization along the
normal of the stack plane both in BT and BST 5050 as the experi-
ments reveal ferroelectricity in both samples along the film normal.
G is the gradient energy coefficient and is assumed to be isotropic
for convenience. All the phenomenological coefficients used in the
thermodynamic calculations are provided in Table 2. The polari-
zation boundary conditions at the m/FE and FE/nSC interfaces are
important as previously discussed [4,45] and can be expressed as

sz _ dPX _
{””*ELO,L =0, {”*”ELOL =0 (14)

with z indicating the coordinates for m/FE and FE/nSC interfaces, Ais
the extrapolation length determining the extent of the change of
polarization along the film normal at the interface and is a
parameter implying how polarization terminates at the interfaces
(taken as 3 nm here based on previous reports [46]). We employ a
finite difference discretization in 2D and carry out a Gauss-Seidel
iterative scheme to solve the coupled Egs. (1) and (2) and (6)—(9)
2-13 simultaneously subject to BCs in Egs. (10), (11) and (14). The
computation grid consists of nh x 200 points where h is the dis-
tance between the nearest nodes both along x- and z-axes with a
value equal to the cubic state of the FE (~4A), where n is the
number of nodes whose sum gives the FE layer thickness (100 nm
as aforementioned). We terminate the solution after 5000 itera-
tions that yield a difference of about 10~% for P between two
consecutive steps. All results here are provided for room temper-
ature calculations.

4. Results and discussion

Our attempts to obtain the polarization-electric field (P-E)
hysteresis curves to confirm the ferroelectricity in our samples
were inconclusive due to the large amounts of leakage currents.
When obtaining the P-E plots of the BT and BST 5050 films, we
chose +3V and +4V respectively for each sample as we did not
want to push the samples into the high leakage current regime but
the hystereses loops were still bloated. As we shall show later in the
paper, BT in particular is vulnerable to leakage at bias values
exceeding +2 V. Following this, we conducted capacitance-voltage
(C-V) measurements at 1kHz where the ferroelectric switching
peaks in capacitance are clearly observed in both BT and BST 5050
compositions, confirming room temperature ferroelectricity in the
samples (See Fig. 5). The fact that BT has lower capacitance
compared to BST 5050, especially near zero bias, is likely related to
the larger misfit strain of this composition with the NSTO substrate
in addition to its inherently higher Curie temperature. Looking at
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the XRD pattern in Fig. 2, BT film has a slight hump around 45.5°, a
possible outcome of a small portion of this film having structural
variants and higher defect density due to strain relaxation. It must
be kept in mind that spin coated samples do not reach the quality
level of pulsed-laser deposition or similar plasma based vacuum
deposition techniques but electronic character and behavior of the
interfaces are often weakly dependent on microstructure for an
average quality film that homogeneously covers the substrate.
Overall, one might expect to have higher density of structural de-
fects in BT than in BST 50/50, causing the relative detoriation in the
C-V response. Close to zero bias capacitance, as BT is strained more
than BST 5050 (compressively), it is feasible to expect BT to have a
higher Curie temperature than that of BST 5050, leading to a lower
capacitance in the former in all bias range, consistent with the
thermodynamic theory of these compositions.

We already explained in the Experimental Section that the C-V
curves were extracted in a “capacitors in series” mode measure-
ment where we benefit from 2 blocking interfaces that lowers the
leakage current flowing through the system (Fig. 3b), allowing us to
go up to +3 V in the BT film. The shift of the C-V curves towards the
negative bias voltages in both samples is due to the asymmetry of
the top/bottom electrodes in addition to carrier depletion/accu-
mulation at the electrode interfaces as will be discussed in the
coming paragraphs. Note that, if the data were to be plotted in
terms of the electric field, this would have meant a shift towards a
positive field axis as E; = — d¢/0z(See Fig. 5). The up-sweep bias
and down-sweep bias curve forms are quite symmetric and do not
reveal directly any Schottky diode effects as one might expect
depletion/accumulation states either in the film or the FE/NSTO
interface that would alter the capacitance behavior at the relevant
applied bias values.

Frequency dependent and quasi-static current-voltage curves in
both the BT and BST 5050 samples reveal a hysteresis at both po-
larities as provided in Fig. 6. That the hystereses in the I-V curves
occur in both 1kHz signal and the quasi-static bias sweep means
this behavior is not related to any dynamic effects, carrier trapping
defects or delays such as dielectric relaxation processes and similar.
The possible deep trap effects could also be expected to produce a
hysteresis in a dynamic I-V measurement on the positive bias side
but the up-sweep (from zero bias) would yield the upper branch of

the hysteresis and the down sweep (to zero bias) would form the
lower branch, just the opposite of what we observe in our samples.
The hystereses in the negative bias regime, on the other hand, can
be attributed to dynamical effects or trap related phenomena in the
1 kHz measurements as no such effect is present in the negative
bias regime of the quasi-static I-Vs (Compare Fig. 6a and b). Trap
driven phenomena often reveals itself in frequency dependent
measurements and is unlikely to be observed in quasi-static mea-
surements (due to trap relaxation). The disappearance of the hys-
tereses on the negative bias side of our films when switching from
the 1kHz dynamical measurement to the quasi-static measure-
ment is perfectly according with this definition. On the other hand,
we see the hystereses in both dynamical measurements and quasi-
static measurements for positive bias side, a strong implication of
dependence of currents on polarization direction. In fact, the hys-
tereses in our [-V experiments get much more prominent in quasi-
static measurements, just the opposite of what one would expect
from trap driven effects.

The currents recorded during the positive and negative bias
sweeps (See Fig. 7) are also quite different in magnitude that can be
explained qualitatively by the diode-like behavior. In a ferroelectric,
however, the presence of polarization can significantly alter this
outcome and the results need to be evaluated considering the
presence of a switchable spontaneous electric polarization. The
smearing of the “current curves” in Fig. 7 especially in the negative
bias regime of the BT is pointing out to a “more difficult and
gradual” switching as well as increased resistance in the NSTO/BT/
Pt samples for negative polarity. This effect in BST 5050 is not as
prominent as that of what we observe in BT. This can be explained
on the basis of the difference in the amplitude of the polarization in
the two samples where a weaker polarization (in BST 5050) is ex-
pected to induce a shorter depletion length in the NSTO as we shall
discuss in the next paragraph.

Switching in a ferroelectric proceeds by nucleation of domains
of opposite polarization sign and growth of these regions as long as
the bias favoring the nucleated domains is kept on the system.
Locally nucleated domains will require compensation of the bound
polarization charges at least from the electrode side to overcome
the depolarizing fields they are experiencing (hence the FE/elec-
trode interfaces being likely sites for domain nucleation and
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Fig. 6. I-V curves obtained from (a) 1 kHz dynamic and (b) quasi-static measurements in BT and BST 5050 films. Notice the hystereses in the positive bias regime of the BT. The up
arrow indicates the jump in conductivity at the bias when polarization switches and starts pointing towards the NSTO interface while applying positive bias to top electrode. The
arrow pointing down near zero bias indicates diminishing current while approaching zero bias after the max positive bias was already applied.
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Fig. 7. Variation of the currents during the dynamic sweep in (a) BT and (b) BST 5050 samples and the corresponding I-V loops are provided in (c) and (d) respectively. Note that the
currents in BT are considerably greater than that of BST 5050 especially in the positive bias regime.

growth). As the polarization strength of BT is expected to be higher
than that of the BST 5050, a greater length of depletion occurs at the
BT/NSTO interface, whereby the newly nucleated domains near this
interface are screened only by fixed ionized donors instead of free
carriers, making switching under negative bias more difficult and
gradual. This “carrier depleted” state on the bottom electrode while
polarization is still pointing away also reduces the overall current
passing through the stack during application of bias, hence the
behavior given in Fig. 7a is observed. Note that, despite the smaller
polarization strength in the BST 5050 films, hence smaller deple-
tion lengths on the NSTO side for these samples, the overall current
on the negative bias regime is relatively comparable to that of BT or
perhaps slightly more (when corrected for the shift in current to-
wards negative values near zero bias). This supports the view that it
is the unsufficient screening and presence of a depletion layer at the
FE/NSTO interface that leads to a more difficult switching, reducing
and smearing the currents for negative bias. The effect is most
pronounced in BT as one expects greater depolarizing fields for
films of this composition in the presence of a semiconducting
bottom electrode.

Thus, the increased resistance of the BT samples to current flow
when under negative bias (and partly under positive bias before
polarization switching takes place, see the lower portion of the I-V
curve for BT in Fig. 6b until around 0.75V) can qualitatively be
explained on the basis of the “depletion of carriers” at the NSTO
side of the NSTO/FE interface. The mechanism by which this occurs
needs further elaboration, particularly due to the presence of

polarization and its strength. To do so, we refer to the results we
obtained using the theoretical method prescribed in Section 3
under various bias values. Zero bias polarization and charge den-
sity maps indicate that the samples are expected to be “up polar-
ized” that is consistent with the shift along the bias axis in the
experimental C-V curves as well as the I-V curves as will be shown.
Refering to our experimental data, we note that I-V curves espe-
cially in BT start at high resistance state corresponding to the po-
larization pointing away from the FE/NSTO interface. The
“polarization pointing up” state does not change with until around
0.75V for BT films, and 0.5V for BST 5050. We shall later on
demonstrate that this is consistent with the thermodynamic
computation results. Note that the bias values are always assigned
to the top Pt electrode (See Fig. 4). We again would like to remind
here that we carried out the calculations without any assumptions
regarding the built-in bias in the stacks or additionally “inserted”
conditions and are thus qualitatively very useful to shed light on
the experimental data.

In all the simulations, we assumed a n-type impurity density of
10 m~3 in the films as such densities are often reported in similar
perovskite ferroelectrics and used in other computational studies
[47—49]. This is also required, in fact, to be able to simulate leaky
films with the bloated hystereses behavior. That we consider n-type
impurities is consistent with the Schottky behavior observed in our
experiments with ¢ysto > ¢z Where FE is either BT or BST 50/50.
We find that the positive, imprinted polarization direction leads to
considerable electron depletion on the NSTO electrode near the
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NSTO/FE interface even at zero bias both in BT and BST 5050 with
the latter having weaker electric fields (due to weaker polarization)
with less penetration into the conducting NSTO as expected (Fig. 8).
In general, when the negative monopole of the ferroelectric dipoles
point towards the bottom NSTO electrode, the carriers in the NSTO
are repelled from the interface, exposing the ionized Nb donors that
are fixed in their lattice coordinates. Negative bias only amplifies
this effect, i. e., the depletion zone in the NSTO grows with bias
increasing in the negative direction (not shown here). A similar
observation was reported in Ref. [50] in BiFeOs films with electrical
domains on Lagg7Srg33Mn0O3 electrodes and we should add here
that such an outcome is a combined effect of bottom electrode and

band bending effects inside of the ferroelectric film. Periodic band
bending schemes in the presence of electrical domains were dis-
cussed in a recent work [51]. Thus, for “upward polarization” the
polarization charges are screened via “fixed space charges” from
the NSTO side at the NSTO/BT (or BST 5050 albeit a weaker polar-
ization) interfaces at zero bias, any negative bias and, in fact, even in
slightly positive bias before polarization switching takes place (X
0.5V), hence the hystereses in the I-V curves of these systems. The
presence of the space charge (carrier depleted) region at the NSTO
side of the stack is a “high resistance” region that lowers the
amount of current passing through the stack in the limit of the
NSTO/DZ/FE/Pt stack acting as a “resistors in series” where the “DZ”
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term denotes “depletion zone” at the NSTO/FE interface on the
NSTO side. Fig. 8e and f map the free electron densities inside the BT
and BST 5050: Note that the accumulation of the carriers near the
top electrode from the FE side is related to the way the polarization
terminates at this interface in the presence of the dead layer where
one expects significant bound polarization charges (despite the
high background polarizability of the Pt lattice [43]). Such accu-
mulation of carriers near electrode interfaces is expected to occur in
any ferroelectric film with ionizable impurities and is a phenomena
that has been discussed extensively relatively recently in the light
of interface boundary conditions [3,4]. Carrier accumulation in the
film near the top electrode, combined with the depletion in the
NSTO, possibly further favor the imprinted polarization state and

0. Mohammadmoradi et al. / Acta Materialia 148 (2018) 1-13

stronger the polarization higher the carrier accumulation as given
in Fig. 8e—f for BT and BST5050.

A sufficient positive bias on the top Pt electrode (around 1V for
BT and 0.5V for BST 5050) reverses the above situation, especially
following the switching of polarization in both samples (Fig. 9)
where the entire stack exhibits free electron accumulation (Fig. 9e
and f), causing the high amounts of leakage under positive bias
particularly in the BT system. Free electron density is expected to be
higher in BT when under positive bias as well as a stronger accu-
mulation of carriers in the NSTO near the bottom interface and
therefore a higher leakage current density than the BST 5050 is
observed (See Fig. 6 and compare the free electron densities
computed and mapped for BT and BST 5050 in Fig. 9e and f). One
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can also note that the high resistance — to low resistance transition
for BT occurs around 0.75V (Fig. 6) that is in good agreement with
our calculations where we find the electron accumulation in the
stack to be significant in our thermodynamic approach.

The flat band energy diagrams are essential here to describe the
above phenomena from the view point of the position of the con-
duction band with respect to the Fermi level. The imprint and the
associated carrier distribution can be pictured via use of the
computed energy band diagrams given in Fig. 10 where we show
the extent of band bending in the presence of the complex elec-
trostatic interactions. Taking the NSTO as a carrier reservoir,
yielding a Fermi level of around —4.2 eV (vacuum level being zero),
the conduction band of the FE “dips into” the Fermi level near the
top interface where carriers accumulate even at zero bias. With
increasing positive bias on the top electrode, the entire conduction
band is submerged beneath the Fermi level, explaining the positive
bias conductivity of the BT and BST 5050 samples in this work. The
electrostatic potential due to partially screened polarization
charges cause considerable modification to the conduction and the
valence bands of the FE films (Fig. 10) and the slope of the con-
duction band is steeper in BT with respect to that of in the BST 5050
case. Furthermore, the portion of the conduction band near or in-
side the Fermi level for BT is considerable compared to that of the
BST 5050 case (Fig. 10). This is emanating from the difference in the
strength of the polarization in the two systems where the stronger
polarization in BT generates larger polarization charges upon
termination of the dipole sequence at the Pt interface accompanied
by the formation of a dead layer there (due to electric field pene-
tration into the Pt). As a result, one can expect carrier accumulation
in both BT and BST 5050 near the Pt interface even at zero bias with
the former composition having a more prominent impact on this
phenomena (Compare Fig. 8e—f and 10). The interpretation of the
results of our calculations regarding the conduction band position
with respect to the Fermi level of the stacks is pointing out to the
bulk controlled conductivity in the experimental measurements on
the films. Bulk conductivity here is determined by the extent of the
screening of polarization charges at the electrode interfaces, i. e.,

the band bending inside of the “bulk” of the films is strongly related
to the potential drops emanating from the partially screened po-
larization charges at the interfaces.

One must keep in mind that none of the effects discussed above
would have occurred had the electrodes been all ideal where the
polarization charges would be perfectly screened, consequently
making the electric field inside the FE zero unless the electrode
work functions are different. As such, the “resistive switching”
process would not have occurred either. The condition of polari-
zation driven “accumulation” and “depletion” at the NSTO/FE
interface causes the strong asymmetry in the currents at positive
and negative bias observed in the experimental I-V curves of BT and
BST 5050 samples. We clearly see from our quasi-static I-V exper-
iments that the leakage currents in BT samples particularly on the
positive bias side are at least 2—3 orders of magnitude larger than
that of the BST 5050 samples for a given positive bias (Fig. 6b). This
observation is entirely in qualitative accordance with our simula-
tions that reveal the NSTO controlled conduction along with bulk
conductivity inside the BST films, both driven by polarization
strength. The BST 5050, in fact, exhibits this “asymmetry” in a
weaker fashion (almost no asymmetry at all for bias < 1 V) owing to
its smaller polarization. This is consistent with our thermodynamic
calculations where depletion length variations in the NSTO is less
for BST 5050 than for BT, hence less of a difference in the currents in
the former when under positive and negative bias unless high bias
values (approx. >1.5 V) are reached. Thus, one can conclude that the
strength of polarization has great influence on the leakage behavior
of these systems that arise from the way the polarization interacts
with the electrode interfaces and the extent of screening provided
by the electrodes for polarization charges. In addition, we find that
even if there are no impurities in a ferroelectric film, finite
screening of electrodes can alone lead to leakage via bulk con-
duction inside the FE if the polarization is strong enough (such as in
the case of PbTiO3 films).

Having shown that the hystereses in the positive polarity of the
samples is due to polarization direction at a given applied bias
during an “up” or a “down” bias sweep, one can envision the
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Fig. 10. Flat band energy diagrams computed from thermodynamic theory for (a) BT and BST 5050 when under 0V bias and (b) when under 0.5V bias. CB: Conduction band, VB:
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relation between the triangular bias sweep signal and the polari-
zation direction. In Fig. 11, we help visualize the “high resistance”
and “low resistance” portions of the I-V curves taking the quasi-
static I-V measurement for the BT sample. Looking at Fig. 11, for the
positive bias side of the voltage axis, the shift from high-resistance
to low-resistance in the BT film occurs following the passage of the
critical bias at which polarization switching occurs confirmed by
our thermodynamic simulations. The hysteresis in the BST 5050
film when sweeping the positive bias voltages is not as evident as
that of in BT. As we stated, the theoretical result for the critical
voltages approximately after which hysteresis effects are recorded
are surprisingly coinciding with that of the experimental value
(around 0.5V for BST 5050 and 0.8 V for BT) despite the fact that we
do not consider any dynamical effects including nucleation and
growth kinetics in our calculations. Moreover, the absence of any
detectable hystereses when under negative bias in the quasi-static
I-V curves is purely due to the absence of any polarization
switching in this regime: the already imprinted “negative polari-
zation” is further enhanced under the negative bias.

Finally, comparing the “hystereses magnitude in the currents”
for the 1 kHz measurement and the quasi-static measurement, one

can see that the low resistance and high resistance states differ by a
few orders of magnitude in both BT and BST 5050 in the latter: We
believe that this has to do with the dynamical effects related to
polarization relaxation where the 1 kHz measurement might not
allow “all regions to switch” under the relatively rapidly varying
signal compared to the quasi-static case. Such an effect will
diminish the difference between the low resistance and high
resistance states for a given bias whose origins have been discussed
above. A quasi-static measurement, on the other hand, allows
sufficient time for polarization switching and relaxation at every
bias step, rendering FE/NSTO interface driven resistive switching
more pronounced, hence the significant difference in the currents
during the “up-sweep” and “down-sweep” along the positive bias.

5. Conclusions

We discussed the switchable Schottky effect that is accompa-
nied by resistive switching in high quality sol-gel grown BT and BST
5050 thin film samples using experimental and theoretical
methods. Analysis of the experimental data in light of the ther-
modynamic simulations where the FE films are treated as wide
bandgap semiconductors explain the asymmetry in the I-V curves
and the current hystereses observed under positive bias that is a
function of Sr composition. Thermodynamic calculations show that
the conductivity of the films under the positive bias will be bulk
limited and a strong function of the “polarization strength”, that is
determined here mostly by the Sr content of the film. The latter
claim, in light of the thermodynamic theory, is confirmed by the
different amounts of leakage in BT and BST 5050 films particularly
in the positive bias regime in the experiments. We show that the
“strength” of depletion and accumulation states in the NSTO sub-
strate is a direct function of polarization amplitude. Thus the
prominent hysteresis in I-V plots of the BT on the positive bias axis
is due to the stronger polarization in these films than in BST 5050.
The low leakage under negative bias in the NSTO/FE/Pt stack is
controlled by the space charge region in the NSTO under depletion
as polarization points away from this interface. Apart from the
carrier distribution on the NSTO side of the NSTO/FE interface, the
extent of band bending and the carrier concentration in the con-
duction band of the FE films in bulk-controlled conduction also
strongly depends on the strength of polarization and, therefore, is
ultimately connected with the effectiveness with which the elec-
trodes screen the polarization charges at the interfaces. Bulk con-
ductivity inside the film occurs when the conduction band of the
films enter into the Fermi level when polarization points towards
the bottom NSTO substrate (when NSTO is already in accumulation
state) away from the top Pt electrode, making the FE a “leaky” film
particularly when under positive bias. To explain the effect of po-
larization on leakage, one is obliged to consider the real nature of
the electrodes, i. e., the finite penetration length of the electric field
into the electrodes from the FE as it is impossible to explain resis-
tive switching and the hystereses in the I-V curves without this
important factor. The hystereses in the I-V curves both in dynamic
measurements and quasi-static measurements confirm this
mechanism backed up by our thermodynamic simulations. Micro-
structure is often cited to play a dominant role in thin films as
defect sites could give rise to local conductivities and in-
homogeneities in the properties of the ferroelectric phase. In our
discussions, we did not refer to the possible impact of micro-
structural features (such as dislocations, defects with inhomoge-
neous elastic strain fields and etc.) on the results as the major
experimental findings here clearly imply the dominant mechanism
giving rise to the observed properties to be originating from the
electronic character of the film/electrode interfaces. That the theory
we applied in this work considers an ideal system yielding results
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according with experiment is a direct evidence for this. Our results
demonstrate that it is possible to observe and tailor resistive
switching in relatively thicker films compared to tunnel junctions
where the ferroelectric single domain stability in the latter could be
a concern due to size and surface effects.
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