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ABSTRACT: We report the tunable electrical response in functionally
graded interfaces in lead-free ferroelectric thin films. Multilayer thin
film graded heterostructures were synthesized on platinized silicon
substrate with oxide layers of varying thickness. Interestingly, the
graded heterostructure thin films exhibited shift of the hysteresis loops
on electric field and polarization axes depending upon the direction of
an applied bias. A diode-like characteristics was observed in current−
voltage behavior under forward and reverse bias. This modulated
electrical behavior was attributed to the perturbed dynamics of charge
carriers under internal bias (self-bias) generated due to the increased
skewness of the potential wells. The cyclic sweeping of voltage further
demonstrated memristor-like current−voltage behavior in functionally
graded heterostructure devices. The presence of an internal bias
assisted the generation of photocurrent by facilitating the separation of
photogenerated charges. These novel findings provide opportunity to
design new circuit components for the next generation of micro-
electronic device architectures.
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1. INTRODUCTION

Functionally graded ferrolectric thin film heterostructures have
attracted significant attention in recent years due to their
unusual ferroelectric and dielectric response. These graded
ferroelectric systems have been projected for the application as
gate dielectric in ferroelectric memory field-effect transistors
(FeMFETs),1−4 providing a nondestructive readout operation
with high density. The stored dipole moments in the
ferroelectric material can adjust the threshold voltage of a
FeMFET, and thus drain current of each switching state can be
discriminated and identified as a logic state in memory. In such
applications, the switching capability and energy loss during the
operation of ferroelectric gate is quite important. Both of these
parameters (switching and energy loss) are dependent upon the
polarization-electric field hysteresis behavior of a ferroelectric
material. Graded heterostructures provide an opportunity for
tuning the performance of these devices. In order to develop
ferroelectric systems with adequate hysteretic behavior for
circuit and storage components, efforts have been made on
fabricating multilayer thin films5−7 with internal/built-in field
across the interaface due to finite polarization coupling between
the layers. Moreover, the electrical transport under built-in
electric field and perturbed dynamics of charge carriers can be

utilized to achieve resitive switching for memrister applica-
tions.8 This built-in electric field can be instrumental in
photoinduced charge separation for achieving the high
efficiency optoelectronic components.9,10 Furthermore, the
built-in electric field in ferroelectric devices results in
polarization offset, which can be utilized for high sensitivity
infrared detectors.
Attempts have been made to synthesize multilayer thin film

structures with built-in bias field using (BaSr)TiO3 (BST) or
Pb(ZrTi)O3 (PZT) based material systems.11,12 Because lead is
hazardous and toxic to the environment, there is a challenge in
developing new generation of components based on PZT due
to the low volatilization temperature of lead oxide.13−15 BST-
based material systems have Curie temperature in the vicinity of
room temperature,12 which limits the temperature range of
operation in a fabricated FeMFET. In literature, researchers
have demonstrated variety of multilayer ferroelectric thin film
structures, mostly, based upon the PZT and BST systems.16−20

Such thin film structures have been appealing for a new class of
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transcapacitive ferroelectric devices, which are viewed to be the
dielectric equivalent of the semiconductor junction devices.11,21

However, they require a new material system and architecture
to overcome the challenges imposed by environment, temper-
ature range, ferroelectric hysteresis and current−voltage
behavior. Here, a systematic investigation is presented on
new lead-free graded heterostructures, which can overcome
above challenges and provide an opportunity to develop
practical components.
We have synthesized functionally graded interfaces in the

lead-free thin films of BaTiO3 (BT) and 0.975BaTiO3−
0.025Ba(Cu1/2Nb2/3)O3 (BT−BCN) and successfully demon-
strated the modulation of ferroelectric behavior and electrical
response in such structures. The design of lead-free piezo-
electric/ferroelectric BT−BCN with superier functional
response has been discussed elsewhere.22 Briefly, several
compositions were synthesized over a wide compositional
range and characterized. The composition 0.975BaTiO3−
0.025Ba(Cu1/2Nb2/3)O3 was found to exhibit superior piezo-
electric response with d33 ∼ 330 pC/N and kp ∼ 46%.22 The
piezoelectric response of BT−BCN was comparable to that of
commercial lead-based PZT (Pz23, Ferroperm) with d33 = 330
pC/N and kp = 0.52. Moreover, BT−BCN had a tetragonal
crystal structure similar to that of BaTiO3. The differences in
tetragonality and polarization of various ferroelectric layers
resulted in strain and polarization gradient across the thickness
of thin film that induced the translation of the P−E hysteresis
loop on E-field and polarization axes, diode-like current−
voltage (I−V) behavior, and asymmetry in capacitance−voltage
(C−V) plots. The J−V characteristics (J represents the current
density) exhibited high rectification ratio for graded hetero-
structure. The functionally graded interfaces in the thin film
architectures further exhibited memristor-like resistive switch-
ing behavior. Interestingly, the photovoltaic effect was observed
in the specimen having functionally graded interfaces with
internal electric field. Here, we provide a fundamental
understanding of the modulated electrical response and the
role of internal electric fields in imparting these desired
characteristics to the functionally graded ferroelectric hetero-
structures.

2. EXPERIMENTAL SECTION
2.1. Thin Film Deposition. The lead-free stoichiometric BaTiO3

and 0.975BaTiO3−0.025Ba(Cu1/3Nb2/3)O3 targets were synthesized
using conventional mixed oxide processing route. The detailed
synthesis process for BT and BT−BCN can be found elsewhere.23

The single layer, bilayer, and trilayer functionally graded thin film
heterostructures were deposited on Pt(111)/Ti/SiO2/Si substrate
(Inostek, Seoul, Korea) using a vacuum chamber with KrF (λ = 248
nm) excimer pulsed laser deposition (PLD) system at energy density
of ∼2.5 J/cm2 with a laser repetition rate of 10 Hz. The deposition was
performed in an oxygen pressure of 100 mTorr with substrate
temperature of ∼800 °C. All the films were deposited for 20 000
pulses with typical thickness of 250−280 nm under similar deposition
conditions. The only varying parameter was the film thickness ratio
between BT and BT−BCN. The variation in the BT and BT−BCN
layers was achieved by controlling the repetition rate of the laser
pulses. We used Philips X’pert Pro X-ray diffractometer (Almelo, The
Netherlands) for recording XRD patterns at room temperature. All the
samples were found to crystallize in ABO3 type perovskite structure
with tetragonal symmetry, as shown in Figure S1 (Supporting
Information). These films also exhibit preferred crystallographic
orienation along ⟨111⟩, as shown in Figure S1.
2.2. Morphology and Microstructure. The morphology of each

thin film was observed by field emission scanning electron microscopy

(SEM), as shown in Figure S2 (Supporting Information). The
morphology and microstructure of the bilayer thin film was
investigated using transmission electron microscopy (TEM). For
fabricating electron transparent TEM sample, we used standard
grinding and ion-milling methods. The TEM images were recorded
using a FEI Titan 300 microscope. A scanning probe microscope
(Bruker Dimension Icon, Billerica, MA) coupled with conductive
platinum coated silicon cantilever was used to perform the
piezoresponse force microscopy (PFM) on the single layer and bilayer
thin films. The PFM images were recorded at frequency of 1 MHz
under applied AC voltage of 3 V. The morphology images were also
recorded concomitantly with the PFM images.

2.3. Ferroelectric and Electrical Characterization. For
electrical measurements, the top platinum (Pt) electrode with
diameter of 500 μm was deposited by rf-sputtering via a shadow
mask at room temperature. Both the ferroelectric P−E hysteresis loops
and the I−V characteristics were recorded using a ferroelectric tester
(Radiant technology). A Keithley 4200-SCS Parameter Analyzer
connected with Cascade Summit 9000 Probe Station was used for
cyclic current - voltage measurements. The C−V measurements were
performed using a HP 4194A impedance analyzer at 500 mV AC
voltage and frequency of 1 kHz.

2.4. Photovoltaic Measurements. The photovoltaic perform-
ance of the thin films was analyzed under one sun AM 1.5 (100 mW/
cm2) illumination with a solar simulator (150 W Sol 2ATM, Oriel).
The power output of the lamp was calibrated to 1 Sun (AM1.5G, 100
mW/cm2) using a certified Si reference cell. During the photovoltaic
measurements, the current−voltage characteristics were recorded with
a Keithley digital source meter (model 2400).

3. RESULTS AND DISCUSSION

3.1. Design of Various Thin Film Architectures and
Microstructural Analysis. The schematic representations of
various graded thin film heterostructures, studied in this work,
are depicted in Figure 1a. The top view and the cross-sectional
SEM image of the bilayer 0.5(BT)−0.5(BT−BCN) structures
are shown in Figure 1b,c. The cross-sectional TEM micrograph
of functionally graded bilayer heterostructure thin film is shown
in Figure 2a, and the inset shows the magnified view of the

Figure 1. Thin film device architectures and morphology. (a)
Schematic representation of various graded thin film heterostructures,
(b) SEM micrographs of bilayer thin film with equal thickness of BT
and BT−BCN (top view), and (c) cross-sectional view of the structure
shown in panel b. Schematic of polarization electric field (P−E) loops
for (e) bulk and (f) thin film structures and (insets) corresponding
trilayer functionally graded heterostructures. Note the translated P−E
loop for graded thin film trilayer structure.
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interface without defects. The cross-sectional TEM and SEM
micrographs undoubtedly indicate the columnar growth of the
bilayer thin film. The selected area electron diffraction (SAED)
from the cross-section of the film shows evidence of the
preferred orientation in ⟨111⟩ direction of the deposited thin
film, as shown in Supporting Information (Figure S3). This is
in line with the ⟨111⟩ preferred orientation observed in the
XRD-patterns of various films (Figure S1). The indexing of the
fast Fourier transform (FFT) pattern corresponding to the
rectangular area marked in the image, suggested [110] zone
axis. Figure 2b shows a HR-TEM lattice fringe image with
stripe like nanodomains. The smaller size nanodomains have
been found to switch with ease as compared to their
macroscopic counterpart due to higher domain mobility.24,25

The high density of the ferroelectric domains results in
enhanced domain wall mobility, which in turn, gives rise to
enhanced functional response. However, in polycrystalline bulk
systems, the domain size decreases with the decrease in the
grain size until a critical size is reached, beyond which, domain
walls are clamped by the geometrical restrictions imposed
through the grain boundaries. Due to very small differences in
compositional variation between the BT and BT−BCN layer
(BT−BCN contains Cu = 0.8 atomic % and Nb = atomic
1.6%), the bilayer structure was not clearly observed in the
TEM. Moreover, due to small concentration of Nb and Cu
atoms, energy dispersive spectroscopy (EDS) was not able to
detect these elements. Therefore, to investigate distribution of
Cu and Nb across the thickness, we performed time-of-flight
secondary ion mass spectrometry (TOF-SIMS) analysis on
bilayer 0.5(BT−BCN)−0.5BT thin film, as shown in Figure 2c.
For SIMS depth profiling, the Cameca IMS 7f GEO magnetic
sector secondary ion mass spectrometer was used. The crater
map created after recording the SIMS spectra is provided in the
Supporting Information (Figure S4). The SIMS depth profiling
results indicated that Ba, Ti, and O elements were uniformly
present across the thickness. However, Cu and Nb was present
only across the half thickness (∼125 nm) of the film. This
confirmed the presence of composition gradient in 0.5(BT−
BCN)−0.5BT bilayer thin film. In SIMS results, the elemental
concentration was not quantified due to lack of the standard
specimen for the calibration.
The bulk functional properties23,26 of BT and BT−BCN

materials previously reported are summarized in Table 1. One
can find a significant difference in the functional and structural

properties of these two materials. These differences lead to
different structural and electrical response in the thin film form.
The tetragonality (c/a) was calculated using (200) and (002)
X-ray diffraction peaks and was found to be 1.01 and 1.006 for
BT and BT−BCN powders, respectively.23 This difference in
tetragonality between BT and BT−BCN defined the difference
in principle strain Ss, given as Ss = (c/a −1). The magnitude of
Ss was found to be 0.01 for BT and 0.006 for BT−BCN, which
could result in the strain gradient across the interface between
the two coupled layers. The large difference in remnant
polarization created a functionally graded structure across the
thickness of the film.

3.2. Effect of Functional Grading on Ferroelectric
Response. Figures 3a and 4a show the surface morphology for

Figure 2. Interface and compositional analysis using TEM and SIMS, respectively. (a) Bright field TEM image of the bilayer 0.5(BT−BCN)−
0.5(BT) thin film cross section and (inset) HR-TEM image of lattice fringes across the interfacial region. (b) HR-TEM image of the thin film
showing stripe-like ferroelectric nanodomains from [110] direction and (inset) FFT pattern corresponding to the rectangular region. (c) Time-of-
flight secondary-ion mass spectra for the 0.5(BT−BCN)−0.5(BT) bilayer thin film. Note the variation of various elements across the thickness of the
film. Presence of Cu and Nb suggests bilayer structure of the thin film.

Table 1. Bulk Functional Properties of the Materials23,26

Deposited As Thin Film Structures

bulk properties

sample
d33

(pC/N) ε33
T /εo

Pr
(μC/cm2)

tetragonality
(c/a)

Tc
(K)

BT 144 2100 17 1.010 398
BT−BCN 330 3000 5 1.004 353

Figure 3. | PFM to study local piezoelectric response in single-layer
BT−BCN thin film. Recorded simultaneously (a) surface topography,
(b) PFM piezoresponse image, (c) PFM phase image showing
ferroelectric domains, and (d) PFM amplitude image.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b06544
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

C

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b06544/suppl_file/am5b06544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b06544/suppl_file/am5b06544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b06544/suppl_file/am5b06544_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b06544


single layer BT−BCN and 0.65(BT−BCN)−0.35BT bilayer
thin film, respectively. The piezoresponse, phase and amplitude
PFM images are depicted in Figure 3b−d and Figure 4b−d for
single and bilayer thin films, respectively. The morphology of
both the samples was found to be similar. However, there was a
large differences in the piezoelectric response, phase, and
amplitude of both the films. The single-layer BT−BCN film
showed high contrast in the piezoresponse, phase, and
amplitude image. On the other hand, the bilayer thin film
exhibited lesser contrast in PFM image, suggesting smaller
piezoelectric response. It can be clearly observed that the
ferroelectric domains of the bilayer thin film are relatively
poled, whereas the single layer film exhibits entirely random

domain distribution, as shown in both the phase images
(Figures 3c and 4c). This indicates the polarization of the
bilayer thin film is probably naturally oriented without external
bias. We measured the local piezoresponse hysteresis using
PFM for the single layer BT−BCN and bilayer 0.65(BT−
BCN)−0.35BT thin films, which indicated polarization switch-
ing in these films at the nanoscale, as shown in Figure S5
(Supporting Information). We believe that the presence of
internal bias played a major role in the origin of the difference
in the functional response, measured, using PFM.27 The
presence of an internal bias has been previously found to
substantially modulate the domain morphology.28

Figure 5 shows the P−E hysteresis recorded using bipolar
signal at 2 kHz for various thin films having functionally graded
heterostructures. For this, the polarization hysteresis loops at
different frequencies and fields (not presented here) were
measured for optimization of the measurement parameters.
Also, contribution of the leakage current has been found to be
lower at higher frequency.29 To perform a comparative analysis
for different architectures, we selected the P−E loops measured
at a bipolar signal with a frequency of 2 kHz. From these
figures, we can clearly observe the translation of P−E hysteresis
loop on the E field and polarization axes. The shift along the
polarization axis could be attributed to the internal bias present
at the interface. This measurement was performed with drive
and return probe on top and bottom electrode, respectively.
Interestingly, on reversing the polarity of the hysteresis
measurements (i.e., bottom electrode was used as a drive
electrode and top electrode was used as a return), the P−E loop
was shifted in opposite direction as depicted in the insets of
Figure 5 for different systems. The magnitude of translation of
P−E loop was found to be same under both types of
measurement configurations. Therefore, the direction of
translation of the hysteresis loops was found to be dependent

Figure 4. | PFM to study local piezoelectric response in bilayer
0.65(BT−BCN)−0.35(BT) thin film. Recorded simultaneously (a)
surface topography, (b) PFM piezoresponse image, (c) PFM phase
image showing ferroelectric domains, and (d) PFM amplitude image.

Figure 5. | Modulated ferroelectric behavior in functionally graded thin film architectures. Translation of P−E hysteresis on polarization and E-field
axes for (a) BT−BCN single layer, (b) 0.5(BT)−0.5(BT−BCN) bilayer having equal thickness, (c) 0.35(BT)−0.65(BT−BCN) bilayer having
unequal thickness, and (d) 0.35(BT−BCN)−0.30(BT)−0.35(BT−BCN) trilayer functionally graded heterostructure thin films. Insets are showing
P−E loops measured under similar conditions but with bottom electrode as drive and top electrode as return. On interchanging electrode (i.e.,
bottom electrode as drive and top electrode as return), shift of hysteresis in opposite direction was noticed.
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on the applied bias (forward or reverse) confirming the
presence of a strong internal E-field. The centers of the P−E
loops intersecting the x-axes were at −20, −29, −37, and −30
kV/cm instead of 0 kV/cm for the BT−BCN, 0.5(BT−BCN)−
0.5BT, 0.65(BT−BCN)−0.35BT, and 0.35(BT−BCN)−
0.3(BT)−0.35(BT−BCN) thin films, respectively. This clearly
suggests presence of enhanced internal bias in the functionally
graded thin film heterostructures. In a ferroelectric junction, the

polarization is expected to influence the charge transport as a
result of modified band alignments and carrier concentration
depending on the direction of the ferroelectric polarization
state.30−32 To further understand the effect of functionally
graded heterostructures on the electrical response, we
performed current−voltage measurements.

3.3. Rectifying Characteristics, Memristor Behavior
and Photovoltaic Effect in Functionally Graded Archi-

Figure 6. | Current−voltage characteristics with high rectification behavior in functionally graded thin film heterostructures devices. Current density
(J) versus E-field plots for (a) BT−BCN single layer, (b) 0.5(BT)−0.5(BT−BCN) bilayer with equal thickness, (c) 0.35(BT)−0.65(BT−BCN)
bilayer with unequal thickness, and (d) 0.35(BT−BCN)−0.30(BT)−0.35(BT−BCN) trilayer functionally graded thin film heterostructures. (Insets)
Current density versus E-field plots measured under similar conditions but with bottom electrode as drive and top electrode as return.

Figure 7. | Log−Log plots of current−voltage characteristics in forward bias showing different mechanisms of electrical transport. Log (J) versus Log
(V) plots for (a) BT−BCN single layer, (b) 0.5(BT)−0.5(BT−BCN) bilayer with equal thickness, (c) 0.35(BT)−0.65(BT−BCN) bilayer with
unequal thickness, and (d) 0.35(BT−BCN)−0.30(BT)−0.35(BT−BCN) trilayer functionally graded thin film heterostructures. On the basis of the
slope (m) obtained from linear fitting, regions having different slopes are marked on various figures.
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tectures. Figure 6 shows the current density versus electric
field (J−E) plots for various thin film structures. From these
figures, we can clearly notice that the current density is higher
in forward bias than that in the reverse bias, exhibiting diode-
like characteristics. This also indicates the existence of strong
internal bias across the interface. The electrodes were similar in
all the thin film samples, which makes it easier to understand
the effect of functional grading on the electrical output. Because
there was no significant difference between the forward and
reverse bias current in single layer BT−BCN thin film (Figure
6a), the electrode effect can be assumed to be trivial. To
understand the mechanism of conduction, Log (J) versus Log
(V) (forward bias) curves were plotted for different thin films
structures, as shown in Figure 7. The space charge limited
current (SCLC) can be written as33 J = (9μεsε0θ/8d)E

2 with θ
= nf/nt = (Nc/Nt) exp(Et−Ec/kT), where θ is the ratio of the
total density of free electrons nf and trapped electrons nt, μ is
the mobility of the charge carriers, εs is the static permittivity of
thin film, ε0 is the permittivity of free spaces, d is the thickness
of film, Nc is the effective density of states in the conduction
band, Nt is the trapped electron density, Et is the energy level of
the traps, and Ec is the bottom energy level of the conduction
band. The voltage at which rapid increase in the current density
occurs is termed as the trap filled limit (TFL), VTFL = eNtd/
2εsε0. The VTFL for various thin films is marked in Figure 7. The
variation in the value of VTFL suggests varying height of the
potential barrier for different thin film architectures. With the
increase in an applied bias, electrons were injected into the film.
This resulted in higher density of these electrons as compared
to the thermally stimulated electrons. An increase in leakage
current generally occurs due to the interaction between the
positively charged traps and electrons under SCLC conduction.
During SCLC regime, charge carriers get trapped and generate
a push-back voltage until all traps are filled (trap filled limit). In
other words, after capturing large number of electrons, in order
to maintain charge neutrality, the charged interfacial region is
pushed back (generating push-back voltage) to uncover
required amount of positively charge carriers.34 At VTFL, the
system overcomes push-back voltage and current rises rapidly.35

The slope of Log(J)−Log(V) plots can be helpful in delineating
the mechanism of electrical condition. On the basis of linear
fitting, the Log(J)−Log(V) curves were divided in to different
regions as marked in Figure 7. The single-layer BT−BCN thin
film was found to have slopes m ∼1.5 and 2.0 suggesting ohmic
and space charge limited current (SCLC) conduction
mechanism, respectively. The VSCL is the voltage at which
conduction mechanism changes from ohmic to SCL. On the
basis of slopes values, bilayer and trilayer thin films were found
to exhibit different mechanism of conduction (i.e., ohmic, SCL,
and TFL). The drop in current density for BT−BCN single
layer thin film may be attributed to the newly created traps.
However, the slope of higher field regime was increasingly
higher for bilayer thin films with equal (m ∼ 2.4) and unequal
thickness (m ∼ 4.4), and trilayer thin film (m ∼ 11). The higher
slope could be attributed to the increased internal bias and the
nature of the distribution of traps across the thickness in the
specimen.36,37 However, the mechanism of conduction in high-
voltage regime of the unequal bilayer and trilayer thin films may
not be purely SCLC, but a cooperative electrical conduction
mechanism incorporating SCLC and TFL. In low-voltage
regime, the nonlinearity can be attributed to the presence of the
point defects (e.g., oxygen vacancies; see next section on defect
chemistry) and defect dipoles as a result of Cu substitution in

BT−BCN. These oxygen vacancies can significantly contribute
to the origin of space charges in the ferroelectric materials.38

The ratio 1.5 × 104 of the maximum current in forward bias
to that in reverse bias, in Figure 6b, indicates rectifying
current−voltage characteristics of bilayer with equal thickness
of BT and BT−BCN layers. This value of rectifying ratio is 2
orders of magnitude higher than those reported for other
perovskite based oxides and comparable to that for binary oxide
p−n junctions.1 The other structures also show the rectifying
characteristics, but the ratio is lower than that of bilayer with
equal thickness of BT and BT−BCN. These I−V measure-
ments were performed by sweeping voltage from zero toward
positive and negative directions. However, on cyclic sweeping
of the voltage (i.e., sweeping voltage from negative to positive
and positive to negative), hysteresis in I−V plots was obtained
(Figure 8). These results are representative and recorded after

cycling five times. The trapping and detrapping of charge
carriers can substantially contribute to the hysteretic behavior
of I−V plots.39 This memristor-like behavior40 can be attributed
to the built-in E-field and the trap controlled current
conduction mechanism. The rectification behavior reveals that
the transport is remarkably influenced by the presence of built-
in field across the interface. During forward bias, the device
goes through the set operation (high resistance state (HRS) to
low resistance state (LRS)). Under increasing reverse bias, the
device resets to a previous state. Therefore, the migration of
charge carriers under the influence of the internal bias across
the interfaces appears to play a vital role in the electrical
transport. Especially, oxygen vacancies (being highly mo-
bile38,41 and having smaller activation energy ∼0.5 eV41) have
been found to play an important role in hysteretic current−
voltage behavior.4142 The 0.8 atom % substitution of Cu2+ (in
present case) on Ti4+-site generates equivalent amount of the
oxygen vacancies in the system, as discussed later. Moreover,
switching of ferroelectric domains can also modulate the
internal field across the interface, and thereby, influence the
current voltage characteristics.39

The presence of internal E-field could be very useful in solar
energy harvesting, as the sample would not require poling
(depolarization field) and the effective charge carrier separation
may occur under an internal bias. In order to demonstrate the
presence of the internal electric field, photovoltaic measure-

Figure 8. | Memristor-like behavior in functionally graded film
heterostructures. Current versus voltage plots under cyclic sweeping
indicating memristor like hysteresis for a bilayer 0.35(BT)−0.65(BT−
BCN) thin film architecture. (Inset) Magnified view from the reverse
biased region.
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ments were performed on a bilayer thin film, as shown in
Figure 9. The photovoltaic measurements revealed open-circuit

voltage (Voc) and short-circuit current (Jsc) to be 1.079 μA/cm
2

and 0.22 V, respectively. The photovoltaic measurements on
bilayer thin film further suggested fill factor (FF) of ∼ 22.6%
and efficiency of η = 0.54 × 10−4 %. Even though the η is quite
low, the photovoltaic result on bilayer thin film clearly
demonstrate the presence of internal electric fields. These
thin films had high resistivity which reduced the photocurrent.
It is worthwhile to mention that we did not find photovoltaic
effect in single layer BT−BCN thin film. The small value of
various parameters obtained from the photovoltaic measure-
ments can be attributed to the wide optical band gap of BT−
BCN (4.38 eV)15 and BT (3.5 eV).43 Materials with such large
band gaps can only absorb UV radiation, which accounts for
only 4% of the solar radiation. However, such thin film
structures, fabricated with narrow band gap (<3.0 eV)
ferroelectric materials, may have significantly high photovoltaic
performance.
Figure 10 shows the C−V plots for various thin film

structures at 1 kHz. The difference in the height of the peaks
further suggests the presence of the internal bias and finite
coupling across the layers. On interchanging the electrodes
(top and bottom), the height of the peaks in C−V plots was
interchanged, indicating the effect of functional grading. The
tunability (= ((Cmax − Cmin)/(Cmax)) × 100) calculated from
C−V plots of single layer BT−BCN thin film capacitor was
found to be ∼89%. However, the tunability of other graded
heterostructure thin film capacitors was found to be ∼92%
stressing their technological relevance. The high tunability in
the functionally graded thin films can be attributed to the
enhanced nonlinearity due to built-in bias.28

3.4. Origin of Point Defects/Defect Dipoles and Built-
in Electric Field. To further explain the modulated electrical
response, it is important to understand the defect chemistry in
these thin films. According to the chemical formulation of BT−
BCN, the overall charge neutrality should be maintained by
Cu2+ and Nb5+ doping on the Ti-sites. For electroneutrality, the
acceptor doping of Cu2+ on the Ti4+ -sites gives rise to an
equivalent number of oxygen vacancies VO

•• (Kröger−Vink
notation) given as

+ ⇌ + ″ + +× •• ×BaO CuO Ba Cu V 2OBa Ti O O (1)

The oxygen vacancies VO
•• impact the domain wall mobility.

The CuTi″ vacancies are immobile contrary to the mobile VO
•• at

ambient temperature.44 The substitution of Nb5+ occurs on the
Ti4+ sites given as

+

⇌ + + ′ + +× • ×

2BaO Nb O

2Ba 2Nb 2e 6O
1
2

O (g)

2 5

Ba Ti O 2 (2)

where NbTi
• and e′ are the singly charged dopant ions occupying

the titanium sites and the electrons in the conduction band,
respectively. The substitution of Nb5+ can also occur on the
Ti4+ site leading to the formation of vacancy at the Ba site
(VBa″ ):

+ ⇌ + + ″ +× • ×BaO Nb O Ba 2Nb V 6O2 5 Ba Ti Ba O (3)

However, the formation of Ba vacancies (VBa″ ) has been
considered energetically unfavorable.45 Therefore, possibility of
the dominant presence of (VBa″ ) can be ruled out.45

Furthermore, the negatively charged CuTi″ can interact with
the positively charged VO

•• leading to the formation of the defect
complexes:46

″ + ⇌ ″ −•• •• ×Cu V (Cu V )Ti O Ti O (4)

The (CuTi″ − VO
••)× defect dipoles have been found to be

oriented along the crystallographic c axis.46 The schematic
representation of the formation of defect dipoles is shown in
Figure 11. We believe that the dynamics of such point defects,

Figure 9. | Built-in bias assisted photovoltaic effect in functionally
graded architecture. Current density versus voltage plots under photo
illumination for a bilayer 0.35(BT)−0.65(BT−BCN) thin film
architecture.

Figure 10. | Asymmetric capacitance−voltage plots due to built-in bias
in functionally graded thin film heterostructure devices. Capacitance
versus voltage plots for (a) BT−BCN single layer, (b) 0.5(BT)−
0.5(BT−BCN) bilayer with equal thickness, (c) 0.35(BT)−0.65(BT−
BCN) bilayer with unequal thickness, and (d) 0.35(BT−BCN)−
0.30(BT)−0.35(BT−BCN) trilayer functionally graded thin films.
(Insets) Capacitance versus voltage plots measured under similar
conditions but with bottom electrode as drive and top electrode as
return.
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along with the defect complexes under the influence of the
internal bias, can modulate the electrical transport behavior of a
system.47

The origin of an internal bias due to a polarization gradient
in the functionally graded ferroelectric heterostructures can be
further understood by invoking phenomenology. The total free
energy for a coupled bilayer system11 can be given as

α ξ α

ψ

= − − − +

− − + + −

∑G G P EP E P G P

EP E P G h G PP

(1 )[ ( ) 1/2 ] [ ( )

1/2 ] /

i

i S el

1 1 1 1 1 2 2

2 2 2 1 2 (5)

where G1 and G2 are free energy of layer 1 and 2 in its high-
temperature PE state, P1 and P2 are the polarizations of layers 1
and 2, Gel is the elastic energy of the polarization-free misfit,
and α is the relative volume fraction. The energy of interface
GS/h (h is the thickness) can be neglected due to a very small
correlation length of the ferroelectric48 in comparison to the
total thickness of bilayer. The last term in above equation is the
interlayer (interfacial) coupling and ψ is the coupling coefficient
(interfacial exchange interaction coefficient) given as11

ψ α α ξ ε= −(1 ) / 0 (6)

where ξ is a measure of the free charge density with respect to
the bound charge at the interlayer interface given as ξ = 1 − ρf
/ρb; ρb is the bound charge density; and ρf is the free charge
density.11 The two limiting values, ξ = 1 and ξ = 0 correspond
to perfect insulating and semiconducting ferroelectric bilayers.11

The schematic of the total free energy G∑ for a homogeneous
and functionally graded bilayer heterostructure is given in
Figure 12. The difference in free energy ΔG between the
components of functionally graded ferroelectric bilayer
heterostructure was expected to result in the built-in potential:

Δ = −
Δ

ΔV
x
P

G
(7)

where ΔP is the difference in polarization.11 The presence of
internal field led to the skewed potential well, which
consequently affected the switching characteristics of the
functionally graded heterostructure under excitation of external
bipolar signal. During hysteresis measurements under bipolar
signal on functionally graded heterostructure thin film, ion
rattles about their respective potential well in low field without
any transition among arbitrarily occupied double wells.11 On
increasing the magnitude of external signal, the ions in the
deepest well are still expected to remain unaffected denying
contribution to the hysteresis.11 However, at this stage, there
could be switching in the shallowest double well pairs. This
switching would not be symmetric as a result of higher

probability of occupancy in lowest energy wells than that of the
upper wells with lower energy.11 Consequently, a displacement
of the hysteresis along the polarization axis was observed
(Figure 5). The presence of net occupancy in the lowest
potential wells was expected to shift the potential well (due to
composition gradient), resulting in all wells becoming
increasingly asymmetric. Furthermore, at higher magnitudes,
the switching in deepest wells could result in an increasing
tilting of potential wells with continued increase in the applied
field. In the case of thin films, due to smaller thickness, the
influence of grading could be expected to result in further
increased skewness of the potential well leading to the
modulation of electrical response (by modulating dynamics of
charge carriers) with translated P−E loop and asymmetric I−V
and C−V characteristics.

3.5. Potential Applications of Functional Graded
Architectures with Internal Electric Field. On the basis
of the results presented above, these functionally graded
heterostructures can find potential applications, as shown in
Figure 13. The presence of an internal electric field and
resulting polarization offset can be used in fabricating high
density ferroelectric memory devices (Figure 13a). One may
achieve different polarization switching states in forward and
reverse bias both rendering higher number of switching states
to store more information. Incorporation of the ferromagnetic
layers along with the ferroelectric layers in the functional thin
film heterostructure device, will provide an opportunity to
control polarization switching behavior using magnetic field.49

Furthermore, in functionally graded multilayer heterostructures,
the charge offset (polarization offset) can be used to fabricate
high sensitivity infrared detector.11 The effective pyroelectric
constant due to polarization offset can be given as peff = (1/
A)(ΔQ/ΔT), where A is the area of the device, (ΔQ/ΔT) is
the change in the DC charge offset with temperature.11

Engineering of internal electric fields and electrostatic
interactions in functionally graded ferroelectric heterostructures
can also be used to achieve manifold improvement in the
electrocaloric response.50 On the basis of the experimental
results presented in Figure 8, another interesting application of
these structures can be in memristor (resistive switching
applications). The memristor-like current−voltage character-
istics were an outcome of the interfacial coupling/internal bias,
as discussed before. According to eq 6, the interfacial coupling

Figure 11. | Formation of oxygen vacancies and defect dipoles in BT−
BCN layer of functionally graded heterostructure devices. Schematic
representation of the structural model (a) T4+ sites surrounded by
oxygen octahedra in case of pure BaTiO3 (BT), (b) the (CuTi″ − VO

••)×

defect dipole oriented along the crystallographic c axis, creating axial
center in BT−BCN layer.

Figure 12. | Polarization gradient results in built-in internal bias.
Schematic of the total free energy (G∑) diagram for a homogeneous
and functionally graded bilayer heterostructure system. ΔG is the
energy difference across the thickness of the functionally graded
ferroelectric film.
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coefficient ψ in a bilayer graded heterostructure depends on ξ
(the free charge density with respect to the bound charge
density) and α (the relative volume fraction in a bilayer).
Depending upon the application, by selecting suitable dopant
(donor or acceptor) and its concentration, and the volume
fraction of the constituent layers, one can modulate the free
charge density and interfacial coupling coefficient with
minimum screening of the internal field. The engineering of
the internal bias and fabrication of the highly epitaxial
functionally graded heterostructure thin film, would be helpful
in inducing high degree of resistive switching required for the
memristor applications, as shown schematically in Figure 13b.
Furthermore, as demonstrated in the present work, the

internal electric field in functionally graded ferroelectric
heterostructure film was helpful in the photoinduced charge
separation (Figure 9). The high efficiency and large current can
be obtained by using such functional graded heterostructures
composed of narrow band gap ferroelectric materials (<3.0 eV),
which will be helpful in effectively absorbing the visible light.51

The schematic of a solar energy harvesting device based on the
functionally graded bilayer heterostructure is given in Figure
13c. The optimization of electrode configuration to efficiently
collect charges will further result in enhanced photovoltaic
effect. We believe that these structures can be used to efficiently
harvest solar energy using photovoltaic effect and hydrogen
evolution through water splitting. Moreover, oxide ferroelectric
materials are generally very stable, which is vital for the
extended operation of the devices under a harsh environment.
It is worthwhile to mention that these functional device
architectures can be integrated on silicon, as demonstrated in
the present work. However, to fabricate epitaxial architectures
on silicon, various buffer layers will have to be used rendering
their scalability and cost-effective processing.

4. CONCLUSIONS
In summary, novel functionally graded interfaces in ferroelectric
thin films were synthesized. The coupling at the interfaces was
found to modulate the functional response in graded thin film
heterostructures. These thin film structures exhibited shifting of
the hysteresis loops on E-field and polarization axes depending
on the direction of applied bias due to increased skewness of
the potential wells. The thin film structures with graded
interfaces further exhibited diode-like high rectification
characteristics in current−voltage plots and asymmetric nature
in current−voltage plots under forward and reverse bias both
suggesting presence of strong internal bias. This novel
modulated electrical behavior and built-in bias in these graded
interfaces could find potential applications in thin film memory
and other microelectronic devices and in modified form in solar
energy harvesting devices.
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