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BiFeO3 thin films were epitaxially grown on (001) GaAs substrate by pulsed laser deposition with Nb

doped SrTiO3 as a buffer layer. Piezoresponse force microscopy images exhibit effective ferroelectric

switching of the heterostructure. The temperature-dependent current-voltage characteristics of the

heterostructure reveal a resistance switching phenomenon and diode-like behavior with a rectifying

ratio of 2� 102 at the applied voltage of 613.4 V. The electrical transport mechanism in the

heterostructure has been illustrated by constructing the energy band structure. In addition, the

resistance switching behavior in the heterostructure could be explained by the polarization modulation

of the depletion region at the interface of the semiconductor and the ferroelectric layers.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4890115]

The heterostructures consisting of multiferroic

BiFeO3(BFO) thin film have received noticeable attention

because of their remarkable multiferroic and optical properties

at room temperature.1–4 Especially, the resistance of these

BFO based heterostructures can be reversibly switched

between a high resistance state (HRS) and a low resistance

state (LRS) by applying voltages, which indicates the potential

application of BFO based heterostructures in bistable memory

devices.5,6 The observed phenomena of resistive switching

existed in BFO based heterostructures appear to vary with the

processing conditions and microstructures of the BFO films,

suggesting that several conduction mechanisms may be

involved.7–11 Previous studies mostly reported the electrical

transport properties of BFO related thin films on various sub-

strates. Wang et al. observed resistive switching behavior of

SrRuO3(SRO)/BFO/Pt junctions, which could be modulated

by the ferroelectric polarization. It was found that the ferro-

electric polarization is capable of inducing blocking or non-

blocking interfaces for the transport of electrical carriers, and

consequently the observed switching behavior.12 Tsurumaki-

Fukuchi et al. has analyzed the carrier transport behavior in

SRO/Bi1�dFeO3/SRO structure and a large number of screen-

ing charge separating from the polarization charge could be

detected at the interface between the conducting SRO and fer-

roelectric BFO layer, which might be involved in the progress

of the resistive switching behavior.13 The electrical transport

property in these structures is thought to be strongly dependent

on the polarization modulation of energy band, but it is still

not fully understood. Therefore, detailed knowledge of the

charge carrier dynamics is crucial for the realization of further

application of these BFO heterostructures.

For practical application, the direct growth of the BFO on

commonly used semiconductors, such as Si and GaAs, GaN

has drawn much attention. As the lattice mismatch and growth

environment incompatible, the epitaxial growth of BFO

directly on semiconductor is still a challenge. Therefore, a

buffer layer was usually engaged to realize epitaxial growth of

these structures. For instance, Luo et al. realize the epitaxial

growth of BFO films on GaN substrate using SrTiO3(STO)/

TiO2 double-layer buffer layer.14 Yang et al. has grown BFO

on GaN substrate using STO as buffer layer and studied the

carriers transport characteristics of BFO/STO/GaN heteroepi-

taxial structures.15 Among these semiconductors, GaAs should

play an important role as a typical �–V semiconductor

because of its direct band gap and higher saturated electron

mobility. Recently, high-quality ferroelectric BaTiO3 thin films

with similar crystal structure of BFO have been deposited on

GaAs by MBE and laser MBE techniques, which pave the way

for the subsequent epitaxial growth of BFO on GaAs.16,17 In

our previous study, the epitaxial growth behavior of Mn-doped

BFO grown on GaAs (001) with a Nb doped SrTiO3 (NSTO)

buffer layer has been reported, and the multiferroic properties

of the heterostructure have been investigated.18 In this work,

the electrical transport property of BFO/NSTO/p-GaAs hetero-

structure was investigated by temperature dependent I-V char-

acteristics. Resistive switching phenomenon was discussed

according to the band structure of the heterostructure combined

with ferroelectric polarization in BFO film.

The BFO films were grown on the p-type GaAs (001)

substrate by pulsed laser deposition (PLD) using an excimer

laser (k¼ 248 nm) via a 100 nm thick NSTO (001) thin film as

buffer layer. The conductive NSTO buffer layer could be
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grown on p-GaAs (001) directly at 590 �C, the experimental

details can be referred in our previous reports.17,19–21 After the

buffer layer deposition, the substrate temperature was fixed at

620–650 �C, and the oxygen pressure was raised up to 9 Pa for

subsequent BFO deposition. During deposition, the laser fre-

quency and energy density were kept at 10 Hz and 6 J/cm2,

respectively. The distance between the target and substrate

was 5 cm. The thickness of the BFO was about 300 nm. After

BFO deposition, the sample was in situ annealed at 420 �C in

100 Pa of partial oxygen pressure before cooled down to room

temperature in order to compensate oxygen vacancies in the

films.22 Finally, Pt electrode with a diameter of 0.2 mm was

sputtered onto the BFO films as top electrode to form ohmic

contact. The crystal structure of the samples was examined by

X-ray diffraction (XRD) technique. The surface morphology

and piezoelectric force microscopy (PFM) measurements were

carried out on a scanning probe microscope (SPM). The cross-

sectional morphology of the heterostructure was observed

using a FEI FP2003/11 field emission scanning electron micro-

scope, operated at an accelerating voltage of 20 kV. The mea-

surement of I-V characters was performed by using a Keithley

2400 meter with the step voltage of 0.1 V. Pt electrodes were

sputtered onto the BFO films and GaAs substrate as top and

bottom electrode, respectively. The voltage was defined as

“positive” when the bottom Pt electrode was grounded and

“negative” when the top Pt electrode was grounded.

Figure 1 shows a typical H-2H XRD scan curve on a

semi-logarithmic scale for BFO films grown on Nb-STO buf-

fered p-GaAs (001) substrate. Only (00l) reflections from BFO

films were observed besides the GaAs (00l) reflections. Almost

no second phase could be observed in the scan indicating that

the films have a mostly single (00l) orientation. According to

Bragg’s diffraction law, STO unit began to grow with a 45� in-

plane rotation on GaAs to get a comfortable lattice match due

to a large mismatch between STO (a¼ 3.905 Å) and GaAs

(a¼ 5.65 Å), which is consistent with the observation in Ref.

23. The lattice constant of the BFO film was calculated to be

3.959 Å, comparable to that of bulk BFO, indicating fully

relaxed strain state in the films. Meanwhile, no Nb-STO peaks

were observed in the scan because of the peaks of BFO films

covered it and lower intensity of the peaks due to thinner

thickness of Nb-STO. The cross-sectional morphology of the

heterostructure is shown in the inset of Figure 1. It can be seen

that the BFO film has grown columnarly on NSTO buffer layer

with a clear interface.

To understand the influence of ferroelectric polarization

on the electrical transport property of BFO/NSTO/p-GaAs

heterostructure, SPM was performed to characterize the sur-

face structure of the as-grown sample. Figure 2(a) shows the

topography of the BFO film on GaAs (001) substrate with the

area size of 1.5� 1.5 lm2. One can see that BFO surface is

distributed with 3D islands randomly nucleated on the sur-

face,24 and the root mean square roughness of the surface is

about 10 nm. The local ferroelectric properties of the hetero-

structure were examined by PFM. The amplitude and phase

signals of vertical PFM (VPFM) were simultaneously

obtained on the surface of the samples at same area, as shown

in Figures 2(b) and 2(c), respectively. From these images, a

color contrast corresponding to a poly-domain state can be

clearly seen under the PFM measurement with an ac bias volt-

age of 2.5 V. The strong dark and bright contrast of the VPFM

image (Fig. 2(b)) imply a large polarization perpendicular to

the BFO film. Piezoelectric contrast can also be switched with

a DC voltage applied to the tip. The out-of-plane polarization

was reversed effectively when bias voltage switched from

30 V to �30 V (Fig. 2(d)). Besides, a slight offset of the PFM

hysteresis loop is observed, which could be attributed to the

clamping effect from substrate. The PFM hysteresis loop from

out-of-plane was investigated as a function of the applied

electric field. In the measurement, the ac voltage was 1 V at

46 kHz. The measured coercive electric-voltage (Vc) is about

16 V, indicating the ferroelectric behavior of spontaneous

polarization in BFO films grown on GaAs at nanoscale.

Figure 3 shows the current-voltage (I-V) curves meas-

ured on the sample at the temperature ranging from 150 K to

FIG. 1. XRD scan for the BFO films grown on NSTO buffered GaAs (001)

substrate. The inset is cross-sectional scanning electron micrographs of the

BFO/NSTO/GaAs heterojunction.

FIG. 2. (a) Surface morphology of the BFO/NSTO/GaAs heterostructure;

(b) amplitude and (c) phase PFM images of the BFO/NSTO/GaAs hetero-

structure; (d) the piezoresponse output of the BFO/NSTO/GaAs heterostruc-

ture as a function of the applied electric voltage.
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300 K, and the sweeping voltage is from �14 V to 14 V.

Here, the forward bias was defined as a positive voltage

applied on top Pt electrode and negative voltage applied on

p-GaAs. As seen in Fig. 3 in the BFO/NSTO/GaAs hetero-

structure, the I-V curves show typical diode-like current

characteristics and the value of threshold value is about 5 V

at room temperature. The rectifying ratio is about 2� 102 at

the applied voltage of 613.4 V. At a given voltage, the cur-

rent density decreases with the decreasing temperature. The

similar results have been found in other heterostructures.25,26

Compared with STO/GaAs structure,25 the threshold value

increased and it could be attributed to the band structure of

as-grown BFO thin film on STO/GaAs.

In order to further investigate the electrical transport

behavior of the BFO/NSTO/GaAs heterostructure, the energy

band diagram is schematically illustrated in Fig. 4 in order to

explain the current-voltage (I-V) characteristics. Generally,

BFO films exhibit p-type conduction as a result of Bi loss.27–29

For NSTO buffer layer, it is usually treated as n-type semicon-

ductor with an energy band gap of 3.2 eV and an electron affin-

ity of 4 eV.30,31 Thus, a p-n junction can be formed at the

BFO/n-type semiconductor interface. For Nb-STO, BFO, and

GaAs, the values of electron affinity [v(Nb-STO)¼ 4.0 eV,

v(BFO)¼ 3.3 eV, v(GaAs)¼ 4.1 eV] and energy band gap [Eg

(Nb-STO)¼ 3.2 eV, Eg(BFO)¼ 2.8 eV, Eg(GaAs)¼ 1.42 eV]

were taken to construct the band structure.25,30–32 The band

offset value of the conduction band between BFO and NSTO

is 0.7 eV [DEc¼ v(Nb-STO)� v(BFO)] and that of the va-

lence band is 1.1 eV [DEv¼ [v(Nb-STO)� v(BFO)]þ [Eg

(Nb-STO)�Eg(BFO)]]. In a similar way, the DEc and DEv

of NSTO/GaAs could be calculated to be 0.1 eV [DEc

¼ v(GaAs)� v(Nb-STO)] and 1.68 eV [DEv¼ [v(Nb-

STO)� v (GaAs)]þ [Eg (Nb-STO)�Eg (GaAs)]], respec-

tively. Accordingly, the parameters of the band structure are

illustrated as seen in Fig. 4. Since the barrier height for holes is

0.2 eV larger than that for electrons, the hole current will be

approximately a factor of 104 smaller than the electron current,

suggesting that the current is dominated by the electrons in our

heterostructure.33 When the forward voltage was applied on

the BFO/NSTO/GaAs heterostructure, the electrons would

transfer from BFO to p-GaAs. When the negative voltage was

applied on the BFO/NSTO/GaAs heterostructure, the energy

barrier between BFO and NSTO would hinder the transport of

electrons which results in a small current.25,28 Moreover, based

on the band structure, the heterostructure can be treated as two

back to back PN junctions and exhibits diode-like I-V charac-

ters with increased threshold voltage.

Figure 5 shows a typical I-V curve of the heterostructure

at room temperature, indicating resistive switching character-

istic. The bias voltage was swept as �14! 0!þ14! 0!
�14 V. It is apparent that the heterostructure exhibits a high

resistance state when sweeping from 0 toþ14 V, and a low re-

sistance state when sweeping from þ14 V to 0 V. The I-V

measurements have been carried out in the temperature range

of 150 K–300 K, as shown in the inset of Fig. 5. While the

temperature decreases, the hysteresis (in logarithmic scale)

window is getting smaller. As seen in Fig. 5, a resistive

switching behavior could be obviously observed from the I-V

curves. We have also measured hysteresis I-V characteristic

for different bias voltage (not shown here). All I-V curves ex-

hibit a similar hysteresis property. In previous studies, a

diode-like rectifying I-V characteristic without the switching

behavior has been observed in STO/GaAs and other oxide/

GaAs related heterostructures.8,19 As a consequence, we con-

sider that the switching behavior in the BFO/NSTO/GaAs het-

erostructure could be attributed to the influence of BFO films.

The similar electrical transport behavior has also been

FIG. 3. I-V curves of BFO/NSTO/GaAs heterostructure from 150 K to 300 K.

The inset shows the schematic of Pt/BFO/NSTO/GaAs heterostructure.

FIG. 4. Schematic energy band diagram of the BFO/NSTO/p-GaAs

heterostructure.

FIG. 5. I-V curves of BFO/NSTO/GaAs heterostructure at room tempera-

ture. The inset is log(J) vs E at the experiment temperature from 150 K to

300 K, respectively.
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reported in other systems of ferroelectric-semiconductor struc-

tures.9–11,34,35 For instance, Voora explained these electron

transport properties in BTO/ZnO heterojunction with deple-

tion layer formation between the ferroelectric/semiconductor

layers, which would result in the occurrence of an additional

barrier at the interface between the BTO and ZnO due to the

spontaneous polarization of the structures and therefore

caused the resistive switching behavior.10,36

In our case, the observed resistive switching behavior in

BFO/NSTO/GaAs heterostructure can be understood by the

ferroelectric polarization modulation effect on the width of

depletion region and then influence the height of potential bar-

rier at the BFO/NSTO interface.37 According to the energy

band diagram as seen in Fig. 4, a depletion region with a cer-

tain width occurs at the BFO/NSTO interface and the deple-

tion region would induce an energy band bending at the

interface accordingly.38 When the ferroelectric polarization in

BFO is downward after applying positive voltage, the positive

polarization bound charges aggregate at the BFO/NSTO inter-

face. Meanwhile, the electron carriers in n-type NSTO are

attracted by these positive bound charges and migrate toward

the interface, resulting in a decrease of the depletion width. In

other words, a decrease of the barrier height at the interface

between BFO and NSTO.39 In contrast, when the polarization

is upward after applying a negative voltage, the electrons in n-

type NSTO are repelled by the negative bound charges at the

BFO/NSTO interface, and then increase the depletion width.

As a result, the depletion regions and energy barrier heights in

BFO/NSTO/GaAs heterostructure are changed and the resist-

ance switching behavior occurs.

In conclusion, the BFO/NSTO/GaAs heterostructure has

been fabricated by PLD. The temperature-dependent current-

voltage characteristics of the heterostructure reveal a resist-

ance switching phenomenon and diode-like behavior with a

rectifying ratio of 2� 102 at the applied voltage of 613.4 V.

Combined with the energy band structure, the electrical

transport mechanism could be attributed to the ferroelectric

polarization modulation effect on the width of depletion

region and then influence the height of potential barrier at

the BFO/NSTO interface.
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