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We have investigated the effect of ferroelectric barium titanate (BaTiO3) film thickness on the
charge transport mechanism in pulsed laser deposited epitaxial metal-ferroelectric semiconductor
junctions. The current (/)—voltage (V) measurements across the junctions comprising of 20-500 nm
thick BaTiO; and conducting bottom electrode (Nb: SrTiOj substrate or La,;3Ca;3MnO5 buffer
layer) demonstrate the space charge limited conduction. Further analysis indicates a reduction in
the ratio of free to trapped carriers with increasing thickness in spite of decreasing trap density.
Such behaviour arises the deepening of the shallow trap levels (<0.65eV) below conduction band
with increasing thickness. Moreover, the observed hysteresis in /-V curves implies a bipolar
resistive switching behaviour, which can be explained in terms of charge trapping and de-trapping
process. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4931158]

I. INTRODUCTION

Perovskite ferroelectrics (FEs) have been the subject of
intensive research in recent years due to their potential appli-
cation in various electronic devices like multilayer capacitor,
ferroelectric tunnel junction, non-volatile memories, and
electro-optic devices.'”” These nanoscale devices require fer-
roelectric materials in thin film form with specific properties
such as high Curie temperature, large spontaneous polariza-
tion, high dielectric constant, low dielectric loss, and large
electro-optic coefficients. Amongst various ferroelectric
oxides, BaTiO; (BTO) is an excellent prototype with highest
ferroelectric Curie temperature of 403 K and large value of
spontaneous polarization for such applications. In recent
years, tunnel electro-resistance as high as 10000% as well as
resistance switching by five orders of magnitude in resistive
switching device and memristor have been achieved using
BTO as ferroelectric layer.>® Apart from ferroelectricity, the
control of leakage current plays a crucial role in designing
various electronic devices. While the leakage has detrimental
effect on various electronic devices due to fatigue, imprint,
resistance degradation, and breakdown, the photovoltaic
devices require large leakage currents.” Thus, the conduction
mechanism in these systems become utmost important to
understand and control the required properties of the micro/
nanoscale devices. Although BTO is considered as an insula-
tor in bulk form, it is treated as a semiconductor due to the
presence of free carriers during the charge transport in a de-
vice. In such metal-semiconductor junctions, four main
charge transport processes are involved. Out of these, two
mechanisms, i.e., Schottky emission (SE) and Fowler-
Nordheim (F-N) tunnelling, are interface controlled phenom-
ena while the other two, i.e., space charge limited current
(SCLC) and Poole-Frenkel (P-F) emission, are bulk
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controlled. Although there are several reports on the study
of current (/)-voltage (V) characteristics of BTO films, 013
any one of the four mechanisms mentioned above or a com-
bination of those have been reported to be responsible for
charge conduction. Moreover, the forward and reverse bias
current do not always follow same mechanism. The obser-
vation of such large variety of charge conduction indicates
that various deposition techniques like molecular beam epi-
taxy, pulsed laser deposition (PLD), sputtering, etc., and
the difference in growth parameters like substrate (or
buffer), oxygen pressure, temperature, etc., play important
role in these films. Apart from these, one more important
parameter from the point of view of charge conduction is
the thickness of ferroelectric BTO layer, whose effect has
not been extensively studied till now. Boni et al. have
reported the thickness dependent study of BTO, where the
conduction results from a combination of thermionic injec-
tion at the interfaces and thermally activated hopping.'®
The hopping mechanisms can arise due to the presence of
oxygen vacancies in their films grown under oxygen pres-
sure of 3 x 10> mbar. The integration of ferroelectric BTO
in oxide based electronic devices requires high oxygen
pressure for good quality defect free growth of various ox-
ide layers. Moreover, the pulsed laser deposition is a versa-
tile technique for such growth involving multi-elemental
compounds like La; ,Sr,MnO;, LaNiOs, StTiO3 (STO),
CaTiO;, etc.**'%!"!¥ Therefore, the study of charge con-
duction in pulsed laser deposited BTO films under high
oxygen pressure has been undertaken in this study. We
have explored the effect of BTO thickness (20-500 nm) on
charge conduction in the junction between ferroelectric
BTO and the conducting electrodes. While the top electrode
is kept as Au, we have chosen two different bottom electro-
des; namely, n-type Nb:STO and p-type La,;3Ca;;3MnO;
(LCMO), which assists the epitaxial growth of BTO layer.

© 2015 AIP Publishing LLC
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Il. EXPERIMENTAL DETAILS

The epitaxial thin film of BTO has been deposited on
(001) oriented Nb:STO (1.4 wt. % Nb in SrTiO3) single crys-
tal substrates using KrF excimer (wavelength =248 nm)
based pulsed laser deposition technique. The thicknesses (d)
of BTO layer are 100, 200, 300, 400, and 500 nm. Also, we
have prepared 20, 50, and 100 nm thick BTO films on (001)
STO substrate with 50nm thick LCMO buffer layer. The
films were deposited at a temperature of 750 °C under 0.5
mbar oxygen pressure and subsequently cooled in 1 atm. ox-
ygen pressure. The structural characterization was performed
by X-Ray diffraction (XRD) with Cu Ka source in 0-20, w,
and ¢ modes. The surface morphology was investigated
using atomic force microscopy (AFM). We have thermally
evaporated Au (100nm) dots with 200 um diameter on the
films, which serves as top electrodes. The bottom contact
was taken from the back side of Nb:STO in case of BTO/
Nb:STO films. In case of buffered films, the top BTO layer
was milled by Ar-ion milling, and the bottom contact was
taken out from the exposed LCMO layer. The electrical
measurements were performed in Lakeshore cryogenic probe
station and closed cycle refrigerator, where the voltage bias
was applied on the top electrode and the bottom electrode
was kept as ground. All the measurements were performed at
300K.

lll. RESULTS AND DISCUSSION
A. Structural characterization

Figure 1(a) displays the 0-20 X-ray diffraction patterns
for 100nm thick BTO grown on Nb:STO substrate and
LCMO (50nm) buffered STO substrate. We observe the
presence of (00I) oriented BTO peaks, which indicate the
c-axis oriented epitaxial growth of BTO layer in both kinds
of films. The high crystalline quality of these films is
revealed from w-scans with full width at half maximum
(FWHM) less than 0.55°-0.68° [see Figs. 1(b) and 1(c)]. The
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FIG. 1. (a) The 0-20 XRD pattern for BTO (100 nm)/Nb:STO and BTO
(100 nm)/LCMO (50nm)/STO heterostructures. The rocking curves about
(001) BTO peak for (b) BTO/Nb:STO with wy=22.61° and (c) BTO/
LCMO/STO with wg=22.55°.

J. Appl. Phys. 118, 114103 (2015)

average crystallite size (D) can be calculated from Scherrer
formula: D = 0.944/f cos 6, where / is X-ray wavelength, 0
is Bragg angle, and f is FWHM in radian. The calculated
crystallite sizes of the BTO layer are 8—15 nm. The epitaxial
growth of the BTO layer further confirmed by ¢-scans (not
shown here) about (111) peak represents four symmetric
peaks observed at every 90° rotation due to four-fold sym-
metry of the layers. Moreover, the peaks of each component
of the film (i.e., BTO, LCMO, and STO) are present at exact
same ¢ value, which implies an epitaxial relation of the
form: [100] BTO || [100] LCMO || [100] STO. Thus, our
crystalline films will have lesser defects and disorder
(thereby lesser leakage currents) as compared to polycrystal-
line films. Now, we comment on the role of thickness on the
structural modification of BTO layer due to strain effect. The
lattice mismatches [(agro — dgwp)/dg.p] of BTO (a=3.994 A,
c=4.038A) with Nb:STO (¢=3.905A) and LCMO
(a=3.86 A) are +2.3% and +3.3%, respectively. Thus, the
BTO layer is under in-plane biaxial compressive strain,
which enhances out-of-plane lattice constant (¢). But, in our
heterostructures, the thick BTO layer is expected to be fully
relaxed. We have verified this by extracting the ¢ from 0-20
XRD scans, which reveals expected thickness independent
nature of c. Moreover, the fabrication of good quality junc-
tions requires smooth topography and low roughness of the
layers. While the AFM images of the films confirm a uni-
form and homogeneous surface with maximum root-mean-
square roughness of 2-3nm, similar roughness values are
obtained from X-ray reflectivity measurements.

B. Current (/)-voltage (V) characteristics

The room temperature current density (J)-voltage (V)
characteristics of all Au/BTO/Nb:STO and Au/BTO/LCMO
heterostructures are presented in Fig. 2. Clearly, all the
curves demonstrate rectifying behavior with the reduction in
the current densities with increasing film thickness. There
are two noticeable differences in J-V data of these hetero-
structures. First, the leakage current density in BTO/LCMO
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FIG. 2. The semi-logarithmic J-V curves for (a) Au/BTO/Nb:STO with
d =100, 200, 300, 400, and 500nm as well as (b) Au/BTO/LCMO with
d=20, 50, and 100 nm. The arrows and numbers indicate the voltage sweep
direction and sequence.
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is lower than that in BTO/Nb:STO for same thickness.
Second, the J for positive voltage bias is higher than that for
negative polarity in BTO/Nb:STO; while opposite trend is
observed for BTO/LCMO. Since the top electrode is same in
both types of structures, the differences arise only due to dif-
ferent bottom electrodes. The first difference arises due to
the difference between the work function of metal (bottom
electrode) and electron affinity of the semiconductor (BTO).
This results in the formation of barrier at the interface and
the depletion region (caused due to the flow of carriers to
equalize the Fermi level) near the interface. Assuming
n- type semiconducting nature of BTO, the metal with higher
work function will form higher barrier. In our films, the
work function of LCMO (4.8eV) is higher than that of
Nb:STO (4.1eV), and, thus, lower leakage is observed for
BTO/LCMO due to higher barrier at the interface. The sec-
ond difference stems from the type of charge carriers present
in the bottom electrodes. While Nb:STO is n-type with more
electrons (majority carriers) compared to BTO, LCMO is
p-type with holes as majority carriers. Thus, in BTO/
Nb:STO, the positive polarity makes bottom electrode
Nb:STO to inject electrons into BTO, which results in higher
current compared to the case of negative polarity. In contrast,
the negative polarity in BTO/LCMO drives the electron into
LCMO causing higher current. Another important feature of
these J-V data is the presence of resistive switching, which
results in two different resistance states (high resistive state
“HRS” and low resistive state “LRS”) due to hysteresis dur-
ing voltage sweeps. We will discuss about this feature in
more detail in the later part of this manuscript.

The conduction in these metal-ferroelectric heterostruc-
tures is determined by the mechanisms related to both bulk
of the film and the interface as discussed before. Also, there
is a possibility that one of them can dominate the charge
transport and thereby suppressing the other effects. To deter-
mine the dominant conduction mechanism in these junctions,
we begin more rigorous analysis of our data using various
models. First, we can rule out the F-N mechanism as the
electron tunneling across such thick (>20nm) BTO layer is
unlikely. The second interface controlled process is the

Schottky emission. The current density in metal-
semiconductor Schottky model can be expressed as'’
—q qE
J=AT?exp|— | @5 — 1
xp kT B 47'58()8(1), ( )

where ¢ is the electronic charge, k is Boltzmann constant,
T=300K, ®p is the Schottky barrier height, &,=8.854
x 1072 C*N""'m 2 is vacuum permittivity, and &4, is dynamic
dielectric constant. The Richardson constant (A) is defined
as: A = (4nkgm* /h*) = 120(m* /m), where m is the elec-
tronic mass and m* =5 m is the effective mass of electron.”®
Figure 3(a) displays In J vs. E plot for Au/BTO/Nb:STO
and Au/BTO/LCMO junctions. Clearly, the fits according to
Eq. (1) cannot account for the whole voltage range, which
implies that this may not be the conduction mechanism in
these junctions. Still we went ahead with the fitting to extract
two important parameter; dynamic dielectric constant and

J. Appl. Phys. 118, 114103 (2015)
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FIG. 3. The positive polarity high resistive state data of BTO (100 nm)/Nb:
STO and BTO (100 nm)/LCMO along with the linear fits according to (a)
Schottky emission and (b) Poole-Frenkel emission.

barrier height. The extracted values of dynamic dielectric
constant are around 0.08-0.16, which is quite low compared
to previously reported value of 6.3.'% Our estimated barrier
height for BTO/Nb:STO structures increases from 0.45 to
0.7eV with increasing BTO layer thickness and the ® for
BTO/LCMO increases from 0.5 to 0.65eV. Moreover, the
variation of @y with thickness is contradictory to the interfa-
cial nature of SE mechanism. Here, we mention a thickness
dependent study of ®p in Pb(Zr,Ti)O; by Lin et al.>' They
have proposed that the reduction in the film thickness results
in enhanced band bending and thereby increasing the barrier
height, which is opposite to our experimental results.
Although we cannot deny the fact that there will be some
contribution from SE in /-V data for low enough electric
fields, the above observations negate the possibility of inter-
face dominated conduction in our junctions. Coming to bulk
dominated mechanism, we first tried to explain the J-V data
using P-F mechanism, which is governed by the following
expression: '

qE
TLEYEy

J = quN_ E exp % Oy — 2)

where p is the electron mobility, N, is effective density of
state in conduction band, and @ is the barrier height of trap.
The fits [see Fig. 3(b)] to the data in the limited range of
voltage yield a wide variation in the values of ¢4, ranging
from 0.5 to 8. Also, we observe an increasing trend for @7
with increasing thickness (0.33-0.62eV for BTO/Nb:STO
and 0.55-0.67 eV for BTO/LCMO). Therefore, we can safely
rule out the P-F mechanism in these films. Now, we consider
the last possible conduction mechanism viz., SCLC, where
the injected carrier density from the metal electrodes exceeds
the free carrier density of the bulk BTO. In this scenario, the
SCLC current density in the presence of traps is given as'®
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FIG. 4. The log J — log V plot for (a)
BTO/Nb:STO and (b) BTO/LCMO.
The values of slopes to the linear fit
are written in the figure. The arrows
indicate the voltage (V77;) at the trap
filled limit. Here, we have shown the
positive polarity high resistive state
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where 0 is the ratio of free to trapped carriers and ¢, is the
static dielectric constant. Here, we have used previously
reported value of &, = 185 and u= 10> m*V~'s~".'?° This
expression qualitatively explains the reduction of current
density with increasing as shown in Fig. 2. With the increase
in the voltage, the injected carriers from the electrode start
filling the traps present in the bulk of the film. At a certain
voltage V7 (trap filled limit), all the traps become filled
and the current density rises rapidly. The Vx; divides the
J-V data into two different regions, as shown in Fig. 4. The
lower electric field data show a quadratic relationship
between J and V' [Eq. (3)], which is a hallmark of SCLC. On
the contrary, the higher field regions have much higher slope,
which is due to continuous distribution of the traps.*?
Moreover, the trap density (V,) can determined from Vi z;
using the relation'®

9ere0VrrL
N == )
In a heterostructure, the regions near the interfaces will have
larger number of traps as compared to the bulk part of the
film. Vianello et al. have reported the spatial distribution of
stress generated traps, which decrease from the interface to-
ward the bulk of the dielectric.?®> Therefore, the trap density
is expected to be more for thinner films as observed from our
extracted values of N, [see Fig. 5(a)]. We have also extracted
the 6 from the intercept of linear fits to log J — log V data.
The thickness dependence of 0 is presented in Fig. 5(b).
Clearly, the 0 decreases with increasing thickness in spite of
decreasing N,, which seems contradictory at first glance.
Moreover, the values of 0 for BTO/LCMO are order of mag-
nitude smaller than those for BTO/Nb:STO. To understand
these, we have to consider the depth of the trap level in addi-
tion to N,. The trapping of the carriers is a thermal process
and, thus, it depends on the energy difference between the

0
log V'

1

trap level (E,) and the conduction band (E.), which is called
activation energy E4, =E.— E,. The 0 is related to E4 by the
expression: 0 = (N./gN,)exp [—(E. — E;)/kT], where g =2
is degeneracy factor and N.. is effective density of state in con-
duction band.'” The N, can be taken as 10°! cm > as observed
in these systems.>* The activation energies extracted from the
expression are less than 0.65eV in these heterostructures as
compared to band gap (3.2eV) of BTO as shown in inset of
Fig. 6. Such low activation energy implies that the trap energy
level lies close enough to the conduction band and, thus, these
traps are called “shallow traps.” In such scenario, the electrons
in trap level and conduction band are in thermal equilibrium
and the charge conduction follows thermally activation pro-
cess as assumed before. Moreover, we observe an enhance-
ment in £, (or the deepening of the trap level) with increasing
thickness [Fig. 6]. Therefore, more number of the trapped car-
riers is freed due to lower E4 and higher N,, which will result
in higher 6 for thinner films. Moreover, the values of E, for
BTO/LCMO are larger in comparison to those for BTO/
Nb:STO, which results in lower 0 in case of BTO/LCMO.

"= 1o o © BTO/Nb: STO @]
S o O BTO/LCMO ]
o 10°F o 3
= (o} ]
~10"k (0] (oF
z 10" : : Q | =
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FIG. 5. The thickness dependence of (a) N, and (b) 0 for BTO/Nb:STO
and BTO/LCMO. The values of 6 for BTO/LCMO are multiplied by a fac-
tor of 100.
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FIG. 6. The activation energy (E,) for BTO/Nb:STO and BTO/LCMO het-
erostructures as a function of BTO layer thickness. The inset shows the sche-
matic band diagram showing conduction band (E.), trap energy level (E,),
Fermi level (Er), and valence band (Ey).

Here, we also point out that the conduction in our films is
dominated by SCLC. This in contrast to the thermally acti-
vated hopping dominated conduction for the BTO films grown
in lower oxygen pressures (3 x 10~ mbar).

Finally, we discuss about the bipolar RS seen in the J-V
data. Though the hysteresis loop is more pronounced for
thicker films, the change in resistance is not abrupt implying
feeble switching behavior. Such weak RS has been reported
in PLD grown oxygen deficient STRuO3/BTO/SrRuO; heter-
ostructure, where oxygen vacancy migration is responsible
for observed RS.? Li er al. have investigated the role of oxy-
gen deposition pressure on RS in BTO.?® With increasing
pressure, the nature of RS changes from bipolar RS with
LRS to HRS switching during positive cycle (due to oxygen
vacancy migration) to bipolar RS with HRS to LRS switch-
ing during positive cycle (due to polarization reversal) and
then to unipolar weak RS (due to dielectric relaxation cur-
rent). Even unipolar RS has been observed in doped BTO
films due to conductive filament creation/rupture.”’
Moreover, the forming processes or the creation of an addi-
tional oxide layer at the interface are required to observed
RS in many BTO heterostructures.'*'**® Above discussion
provides number of possible origin of RS in BTO films. We
can rule out the possibility of oxygen vacancy and conduc-
tive filament formation due to the following reasons; (1) our
films are undoped, (2) they are grown in high oxygen pres-
sure, and (3) we have not performed any forming process
before starting the measurement. In case of polarization re-
versal mediated RS, the barrier height decreases at one inter-
face towards the direction of polarization while it increases
at the other interface. Since SCLC is the dominant process in
our films, we do not observe any such barrier modulation.
The extracted Schottky barrier heights for BTO (500 nm)/
Nb:STO are 0.64eV for positive polarity and 0.61eV for
negative polarity. Moreover, the barrier height increases

J. Appl. Phys. 118, 114103 (2015)

with increasing thickness for both the polarities. This is also
contradictory to the polarization reversal scenario, where
one barrier height should increase with increasing thickness
while the other should decrease. Since we do not see any
change in /-V data with voltage sweep rate, our results deal
with steady state conduction with no dielectric relaxation
current. We believe that the observed RS in our films is due
to the trapping and de-trapping of the charge carriers as
observed in other ferroelectric systems like LaFeO3;—PbTiO3
and (Pb, La)(Zr, Ti)O5.'%?° When positive bias is applied in
BTO/Nb:STO junctions, the electrons are injected from
Nb:STO (bottom electrode) into BTO and starts filling the
traps. This results in slow increase of current with voltage,
which forms the HRS for 0 — +4-V. While coming back from
a positive voltage (+V — 0), the filled traps do not hinder
the conduction and thus LRS is attained. Further reduction in
bias (0 — —V) starts de-trapping of the carriers and switches
it back into HRS state when —V — 0. Such anti-clockwise
direction of hysteresis loop is known as negative bipolar RS.
In contrast, the BTO/LCMO junctions show positive bipolar
RS since the holes are the majority carriers in LCMO.
Another feature of observed RS is the reduction of RS with
decreasing thickness. This is related to the depth of trap
level, which reduces with decreasing thickness [Fig. 6].
Thus, the trapping (or de-trapping) of the carriers happens
with much lower biases and thereby reducing the hysteresis.

IV. CONCLUSION

The effect of thickness on the conduction mechanism in
epitaxial BTO films grown on conducting Nb:STO substrate
and LCMO buffered STO substrate has been studied exten-
sively. Space charge limited conduction dominates in these
metals—BTO junctions. While the trap density decreases
with increasing thickness, the ratio of free to trapped carriers
also reduces, this is an effect of increasing activation energy
of thermally mediated trapping process. Still these shallow
traps lie near the conduction band edge within energy range
of 0.65eV. Furthermore, the conduction across BTO/
Nb:STO junction is characterised by higher 0 and lower E,
in comparison to BTO/LCMO junction. We have also
observed negative bipolar resistive switching in BTO/
Nb:STO while positive switching is observed for BTO/
LCMO. The observed switching behaviour and its thickness
dependence were explained in terms of the trapping and de-
trapping of the carriers.
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