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The rectifying properties of Nb:SrTiO3-Bi1�xGdxFeO3-Pt structures (x¼ 0, 0.05, 0.1) displaying

diode-like behavior were investigated via current-voltage characteristics at different temperatures.

The potential barrier was estimated for negative polarity assuming a Schottky-like thermionic

emission with injection controlled by the interface and the drift controlled by the bulk. The height of

the potential barrier at the Nb:SrTiO3-Bi1�xGdxFeO3 interface increases with Gd doping. The results

are explained by the partial compensation of the p-type conduction due to Bi vacancies with Gd

doping in addition to the shift of the Fermi level towards the middle of the bandgap with increasing

dopant concentration. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4729816]

Owing to its multiferroic behavior at room temperature

(RT), BiFeO3 (BFO) has attracted a considerable interest for

application in microelectronics, especially for non-volatile

memories.1–8 It has also been considered as a candidate to

replace lead-based piezoelectric ceramics.9,10 One major

problem hindering the applications based on BFO thin films

is the presence of high leakage currents that screen the

applied field and obscure the current peaks associated with

polarization (P) reversal in this system.11–14 Among the

methods to reduce leakage was doping with iso- or heterova-

lent atoms replacing Bi or Fe in the BFO lattice, such as La,

Nb, Ca, Mn, Cr, Gd, or alloying with other perovskites.15–21

Particularly, Gd is of interest due to the fact that, owing to its

high valence spin state, it may induce some ferromagnetic

activity which is more attractive for applications compared

to the antiferromagnetism specific for pure BFO. Reduction

in leakage was reported for Gd doped BFO films deposited

by metal organic decomposition on platinized Si wafers.22

Another work reported that the leakage current in epitaxial

BFO layers deposited by pulsed laser deposition (PLD) on

single crystal SrTiO3 substrates with SrRuO3 electrodes can

be manipulated via control of the orientation of the BFO

layer.23 BFO deposited directly on Nb doped conducting

SrTiO3 single crystal substrates (Nb:SrTiO3, shortly STON)

with Pt top electrode also leads to a structure with diode-like

behavior.24 Despite the very recent interest in such struc-

tures, there is no systematic study reporting on the height of

the potential barrier at the STON-BFO interface as well as

the dopant dependence of the potential barrier.

In the present study we report on control of the barrier

height by Gd doping of the BFO layer in a Nb:SrTiO3-

Bi(1�x)GdxFeO3-Pt (STON-BFGO-Pt) structure with [001]

direction of STON perpendicular to the plane (x¼ 0, 0.05,

0.1). The BFGO layer was prepared by sol-gel deposition on

(001) STON substrates having 0.7% Nb doping. X-ray dif-

fraction analysis showed that the pure and doped BFO layers

grow quasi-epitaxially (columnar) on single crystal sub-

strates at a thickness of around 100 nm with the (001) and

(002) film peaks visible while other bulk BFO peaks are

absent (Fig. 1(a)). The top Pt contacts of 0.1� 0.1 mm2 were

deposited by magnetron RF-sputtering through a shadow

mask. The electric measurements were performed at differ-

ent temperatures in a cryogenic probe station from Lake-

Shore (model CPX-VF). The capacitance of the samples

were measured with a Hioki LRC bridge, the leakage current

with a Keithely 6517 electrometer and the hysteresis loop

with a TF2000 ferroelectric tester from AixAcct.

FIG. 1. (a) XRD pattern of the pure BFO film where 1 and 2 denote the

(100) and (200) peaks of the film, respectively. Note that Gd doped films

have nearly the same pattern (not shown here), (b) C-V characteristic at RT

for single phase BFO layer. Measurement performed at 100 kHz with an am-

plitude of 0.1 V for the ac signal.
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Polarization-applied field (P-E) measurements showed

that the hysteresis loops both in pure and doped BFO were

severely distorted by the leakage current even at tempera-

tures lower than RT. The ferroelectric behavior of the BFO

layers could be confirmed only by capacitance-voltage (C-V)

characteristics as shown in Fig. 1(b) where butterfly shape

specific for ferroelectrics is observed. The shift between the

sweep-up and sweep-down characteristics is small, suggest-

ing a small coercive field. Moreover, the fact that the switch-

ing takes place only in one polarity indicates the presence of

a considerable internal electric field, probably due to highly

asymmetric charge accumulations at each interface,25 similar

to the one reported recently for SrRuO3-Pb(Zr,Ti)O3-Ta

Schottky like diodes.26 It has to be noted that the sample

does not behave as an ideal ferroelectric capacitor, where the

voltage dependence of the capacitance is given only by the

reversal of P. The C-V curve has to correlate with the

current-voltage (I-V) characteristics at RT, which are pre-

sented in the Fig. 2 for pure and doped BFO. The asymmetry

shows that the STON-BFO-Pt structure has a diode like

behavior, being forward biased for positive voltages applied

on the top Pt contact and reverse biased for negative voltages

applied on Pt. The current magnitude does not vary much

with the Gd doping and rectification ratio is not very high,

being around 40 at 61 V. Returning to the C-V characteristic

shown in Fig. 1(b), the peculiar voltage dependence on the

positive polarity may be related to the voltage dependent

space charges which are present in the diode like structure.

In order to gain further insight, the I-V characteristics at

different temperatures were performed on pure and doped

BFO layers. The results are given in Fig. 3. It is clear that,

for the negative polarity there is a great temperature depend-

ence of the leakage current, about 2 orders of magnitude or

more at a voltage of �1 V. On the positive polarity side, the

temperature dependence is more evident at low voltages,

below 0.6 V. At higher voltages the temperature dependence

diminishes, and the steps occurring in the I-V characteristics

at certain voltages support the hypothesis that the leakage

current for forward bias at high voltages is dominated by

space charge limited currents (SCLC) possibly with an expo-

nential distribution of traps.27 It has to be noted that the tran-

sition to SCLC happens in the same voltage domain where

the C-V characteristic shows the peculiar voltage depend-

ence. It can be assumed that the redistribution of space

charges makes the voltage dependence of the capacitance

more complicated for the present diode-like structure com-

pared to the ideal ferroelectric capacitors.

In the following paragraphs, only the negative part of

the I-V characteristics will be analyzed in detail. The rectify-

ing behavior of the STON-BFOG-Pt structure suggests that

thermionic emission over a potential barrier may be respon-

sible for the leakage current in reverse bias. The question is

the following: Is the potential barrier located at the STON-

BFO interface or at the BFO-Pt interface? It could be that

potential barriers exist at both interfaces but one of them is

lower, leading to the diode-like I-V behavior. Another

unknown is the conduction type of BFO in bulk of the film.

Previous reports suggest p-type conduction due to Bi losses

during PLD deposition or during crystallization annealing in

the case of sol-gel deposited films.24,28 Work of Guo et al.
on a similar pseudocubic perovksite (LiNbO3) shows that

LiNbO3 exhibits a p-type conductivity due to Li losses dur-

ing fabrication.29 Assuming that the BFO films in the present

study are also p-type, the reverse bias occurs when negativeFIG. 2. I-V characteristics at RT for different Gd doping of the BFO layer.

FIG. 3. I-V characteristics at different temperatures for BFO films with no

Gd doping (a), with 5% Gd doping (b) and with 10% Gd doping (c).
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voltage is applied on the top Pt electrode, meaning positive

polarity on the bottom STON substrate. Therefore, it can be

concluded that the reverse biased Schottky contact is located

at the bottom STON-BFO interface while the top BFO-Pt

interface behaves as a quasi-ohmic contact.

With the above proposition in mind, the temperature de-

pendence of the negative part of the I-V characteristics in

Fig. 3 was analyzed considering a conduction mechanism in

which the injection of charge is controlled by the potential

barrier existing at the STON-BFO interface while the drift in

the ferroelectric film is controlled by the bulk. The Schottky-

Simmons equation was used30

J ¼ 2q
2pmeff kT

h2

� �3=2

lE exp � q

kT
U0

B �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

qEm

4pe0eop

s ! !
:

(1)

Here q is the electron charge, h is the Planck’s constant, meff

is the effective mass, k is the Boltzmann’s constant, l is the

mobility of electrons in the conduction band of BFO, E is the

electric field in the bulk of BFO, T is the temperature, UB
0 is

the potential barrier at zero bias, Em is the maximum field at

the interface if a Schottky-like contact is present (depletion

region width is voltage dependent), e0 is the vacuum permit-

tivity, and eop is the dielectric constant at optical frequencies.

Em is given by31

Em ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qNeff ðV þ VbiÞ

e0est

s
þ P

e0est
: (2)

Here Neff is the effective density of charge in the depleted

region of the Schottky type contact, P is the ferroelectric

polarization, Vbi is the built-in potential (including the con-

tribution of ferroelectric polarization), and est is the static

dielectric constant. The voltage dependence of J in Eq. (1)

will be dictated by the dominant term in Eq. (2). If the

polarization term is dominant
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2qNeff ðV þ VbiÞ=e0est

p
�

P=e0est

�
then log J ! V1/2 and UB

0 is drastically reduced by

P. If the P term is negligible in Eq. (2) then log J ! V1/4. It

must be noted that Eq. (2) applies if the ferroelectric film is

only partially depleted in the voltage range employed for

electrical measurements. Referring to the samples studied in

this work, it is clear that pure and doped BFO layers are par-

tially depleted in the voltage range used for C-V measure-

ments (see Fig. 1(b)) as the capacitance varies continuously

with the applied voltage. In the case of a fully depleted film

the capacitance should converge towards a constant value

with increasing the voltage, which is definitely not the case.

Moreover, considering the difficulty to record a P-E loop

and small voltage difference between the maxima of the

sweep-up and sweep-down curves in C-V measurements, it

can be assumed that remnant polarization is small in the

BFO layer and that the P term in Eq. (2) is negligible.

Another contribution comes from the possibly large value of

est in our films with columnar texture. Neff may be also larger

than in fully epitaxial films. Thus, it is reasonable to consider

the case log J�V1/4. The data were analyzed in the follow-

ing way: the log(J/T3/2) was plotted as a function of 1000/T

(Arrhenius plot) for a certain applied voltage, and from the

slope the potential barrier at the relevant bias voltage was

estimated (including the Schottky effect); the potential bar-

riers at several applied voltages were then plotted as a func-

tion of V1/4, and the potential barrier at zero volt was

estimated from the intercept at the origin. Here, the better is

the linear fit the more accurate is the estimate of UB
0. How-

ever, an error up to 0.1 eV is possible while applying this

method. The V1/4 dependence of the potential barrier is pre-

sented in Fig. 4 for the BFO samples with different Gd

content.

The intercept at the origin yields the following values

for the potential barrier at zero volt: 0.32 eV at zero doping;

0.45 eV for 5% Gd doping; 0.60 eV for 10% Gd doping. The

results show that the height of the potential barrier increases

with Gd content in the BFO film. This is a very interesting

result which can be explained assuming a compensation

mechanism of the holes, introduced by the presence of Bi

vacancies, by the electrons introduced via Gd doping. In the

undoped BFO films the conduction is predominantly p-type,

the Fermi level is closer to the valance band, thus the poten-

tial barrier for holes is not very high. Gd doping can compen-

sate the p-type conduction, thus the Fermi level moves

towards the middle of the forbidden band leading to an

increase of the potential barrier for holes. Despite the signifi-

cant increase of the potential barrier, the magnitude of the

leakage current on the negative side of the I-V characteristics

does not vary significantly with the Gd doping. Referring to

Eq. (1) it can be seen that a quantity which may impact sig-

nificantly the apparent potential barrier and the carrier injec-

tion into the ferroelectric layer is Em. There are several

quantities which can vary with the Gd content, such as Neff,

P, Vbi, and est, making it hard to decide which of these quan-

tities is contributing the most to the partial compensation of

the increased barrier height.

Some useful information can be extracted from the C-V

characteristics, assuming that the BFO film behaves as a

wide bandgap semiconductor. The 1/C2-V representation can

be used to extract information about the density of the free

carriers. Figure 5 shows the above representation for the case

of pure BFO film. Similar results were obtained for the films

doped with 5% and 10% Gd. In Fig. 5 one has to notice that

the intercept at origin on the voltage axis, giving Vbi, is not the

FIG. 4. The voltage dependence of the potential barrier in the case of BFO

films with different Gd doping, on STON substrates. The confidence factor

for the linear fit is in all cases higher than 0.99.
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same for sweep up and sweep down. This fact is a finger print

for the presence of the ferroelectric polarization, which is

changing the band-bending at the interface depending on the

sign of the polarization charge.31 The slope of the 1/C2�V

dependence was used to estimate the density of the free car-

riers n, and the intercept was used to extract Vbi. The results

are presented in Table I. One can see that the density of the

free carriers is slightly decreasing with increasing Gd doping,

supporting the hypothesis of the compensation of the p-type

conduction via n-type doping. However, Neff is not the same

with n, as Neff accounts for the total density of the fixed charge

in the depletion region of the Schottky contact. Neff can be

larger than n because it accounts for both ionized impurities

and the trapped charges in the depleted region. The difference

in n for sweep up and sweep down can give an estimate for

2P, considering that this is the charge compensating P. The

obtained value for 2P is between 6 and 11 lC/cm2, confirming

that the “measurable” P is very low because of the screening

produced by the high density of free carriers.

In conclusion it was shown that the potential barrier at

the STON-BFO interface increases with Gd doping. While

the concentration of the free carriers in the BFO layer

decreases, the leakage current remains still too large to re-

cord a hysteresis loop. This is because the increase of the

barrier height and of the built-in potential has opposite

effects on the current density according to the Eqs. (1) and

(2). Further studies are needed to fully elucidate the origin of

the high conductivity in pure BFO films. Only in this way

the compensation mechanism by doping can be effective in

the reduction of the leakage current.
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