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(Ba0.8Sr0.2)(Zr0.2Ti0.8)O3 (BSZT) films were grown on La0.5Sr0.5CoO3 buffered (001) SrTiO3

substrates by pulsed laser deposition. Effects of Co doping on electrical properties of the films were

investigated to establish material design through defects control. The doping led to a significant

improvement in the electrical properties with reduction in leakage current and dielectric loss. In

addition, the dielectric tunability and figure of merit were enhanced, implying that Co-doped BSZT

films are promising materials for tunable microware applications. Our detail studies suggest that the

improved electrical properties of Co-doped BSZT films are closely related to defect concentrations in

the films. VC 2011 American Institute of Physics. [doi:10.1063/1.3666021]

Barium strontium titanate (Ba,Sr)TiO3 (BST) has

attracted considerable attention for their potential applica-

tions in microwave devices due to a high tunability under an

external electric field.1–5 As the tetravalent ions Zr4þ is

chemically more stable than Ti4þ, barium zirconium titanate

Ba(Zr,Ti)O3 (BZT) has been chosen as an alternative to BST

for tunable applications.6 Many studies report that doping

with small amount of acceptors such as Er3þ,1 Mg2þ,2 Al3þ,3

Mn2þ/Mn3þ,4 and Co2þ/Co3þ (Ref. 5) can greatly improve

the electrical performance of BST films. Several studies

have also investigated the effect of acceptor dopants such as

Ca2þ,7 Mg2þ,8 and Mn2þ/Mn3þ (Ref. 9) on the electrical

properties of BZT films.

In this letter, the effect of doping with low concentra-

tions of Co on the dielectric and leakage properties of

(Ba,Sr)(Zr,Ti)O3 (BSZT) films are investigated. Until now,

the influence of Co dopants on the electrical properties of

BSZT films has not been reported elsewhere. In this study,

BSZT materials were chosen to utilize the high dielectric

tunability of BST and the low dielectric loss of BZT.10

In addition, Co acceptor dopant was chosen to suppress the

ac/dc conductivities and improve the electrical properties of

the films.

(Ba0.8Sr0.2)(Zr0.2Ti0.8)1-xO3 doped with Co¼ 0.0, 0.006,

0.013 (abbreviated as BSZT0, BSZT6 and BSZT13) films

are deposited in-situ on (La0.5Sr0.5)CoO3 (LSCO) buffered

(001) SrTiO3 substrate by pulsed laser deposition (PLD). A

XeCl excimer pulsed laser (k¼ 308 nm) of 1.5 J/cm2 and

3 Hz is used. The deposited temperature and oxygen pressure

are controlled to be 780 �C and 40 Pa, respectively. The

thickness of BSZT:Co and LSCO layers are about 300 nm

and 150 nm, respectively. After the depositions, the hetero-

structures are annealed at 550 �C in oxygen ambient (1 atm)

for 40 min. For electrical measurements, 200 nm Pt electro-

des are deposited on the surface of the BSZT:Co/LSCO het-

erostructures through a metal shadow mask by sputtering.

Phase structures, surface morphologies, and electrical prop-

erties of the BSZT:Co thin films are investigated. Details of

the measurements have been reported elsewhere.10

Figure 1(a) shows the h-2h XRD patterns of the BSZT

films on LSCO buffered (001) STO single crystals. Only the

(h00) peaks of the BSZT:Co films and the (00l) peaks of the

LSCO films are observed, indicating that those films grew

perpendicular to the surface of STO substrate. Lattice param-

eters along the (h00) direction of the BSZT:Co thin films can

be estimated from the (200) peaks (2dsin h ¼ k). The ionic

radius of Co2þ (0.75 Å) is larger than that of Zr4þ (0.72 Å)

and Ti4þ (0.61 Å), but it is smaller than that of Ba2þ (1.35 Å)

and Sr2þ (1.18 Å). The lattice parameter of the BSZT0,

BSZT06, and BSZT13 are 3.971 Å, 3.984 Å, and 4.011 Å,

respectively. An increase in the lattice parameter with

increase of Co-concentration in the films implies that the

Co2þ ions should be substituted into the B-site of ABO3

perovskite structures.

FIG. 1. (Color online) (a) XRD h-2h patterns for all BSZT:Co films; (b)

(202)-plane Phi scan of 0.6 at% BSZT:Co film fabricated on LSCO buffered

STO; (c) Williamson-Hall plot for analysis of inhomogeneous strains in

0.6 at% BSZT:Co film. The peaks are indexed as S for STO, B for BSZT,

and L for LSCO, respectively.
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Figure 1(b) shows the u-scans of the BSZT6 (202),

LSCO (202), and STO (202) reflections. The azimuthal dif-

fraction patterns of the BZT6 film, LSCO bottom layer, and

STO substrate clearly reveal the four-fold symmetry with the

same orientation. No other peaks can be found in the inter-

vals between those peaks, implying a highly oriented growth

mode of BSZT6 and LSCO layers on STO substrate. Figure

1(c) depicts a typical Williamson-Hall plot for the 0.6% Co-

doped BSZT films. Four planes (i.e., (103), (203), (303), and

(402)) are selected for the William-Hall plots analysis11

ðbcos hÞ2 ¼ ðKk=DÞ2 þ ð4eisin hÞ2; (1)

where b is the measured diffractions peak width by subtract-

ing the instrumental contributions; h is the diffraction angle;

K is a geometrical constant close to 1; k is the x-ray wave-

length; and D is the coherence length along the scattering

vector. The defect-induced inhomogeneous strain (ei) is

extracted from the slope of linear fits of ðbcos hÞ2 as a func-

tion of ð2sin hÞ2. According, the values of ei are estimated to

be 0.31 6 0.02%, 0.26 6 0.01%, and 0.17 6 0.01% for

BSZT0, BSZT6, and BSZT13 films, respectively. The result

indicates a reduction of defect-induced inhomogeneous

strain in the films due to the existence of Co-dopants.

In order to gain further insight on the effect of Co doping

on the inhomogeneous strain in the BSZT films, we examine

the ac electric-field dependence of dielectric constant at

1 MHz, as shown in Fig. 2. In the measurement, the samples

were preliminarily polarized by cycling 105 times at 25 kV/cm

to obtain a linear dielectric response.12 Under subswitching

fields, the domain-wall contribution to the dielectric permittiv-

ity eðEÞ can be examined by the Rayleigh law,13

eðEÞ ¼ e0einit þ ae0E; (2)

where E(E < EC) is the applied ac field and EC is the coer-

cive field; e0 is the vacuum permittivity; einit is the initial per-

mittivity without external field; and a is the Rayleigh

coefficient due to the irreversible displacement of domain

wall. Our study reveals that the Rayleigh coefficient a of

BSZT:Co films increases with increasing Co dopant concen-

tration. A theory of Boser13 indicates that the reciprocal of

the Rayleigh coefficient a�1 is proportional to the defect con-

centration, implying that the concentration of defects that

affecting the domain wall motion in BSZT films decreases

with increase Co-dopant in the films.

The influence of Co-doping on the current density J ver-

sus electric field E characteristics of BSZT films is shown in

Fig. 3(a). The leakage current in the undoped BSZT film is

remarkably reduced upon addition of Co at each given elec-

tric field. Such a phenomenon is consistent with previous

study that Co dopants can significantly decrease the leakage

current in BST films.5 Another interesting feature in Fig.

3(a) is that in different electric field regions, the Co-doping

dependence of leakage current shows different characteris-

tics. The bias polarity dependence of the J � E characteris-

tics reveals that different leakage mechanisms operated in

the positive and negative bias region.

Figure 3(b) shows the relationship of lnðJ=EÞ � E1=2 for

BSZT:Co films under a positive bias, which can be divided

into two regions corresponding to Poole-Frenkel (P-F) con-

duction and Fowler-Nordheim (F-N) tunneling regions. At a

low field region, the leakage current can be characterized

using the P-F conduction mechanism,14 JPF � E exp

�ðEl=kT � e
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eE=pe0eop

p
=kTÞ, where T is the temperature;

El is the barrier height; k is the Boltzmann constant; e is the

charge of an electron; and eop is the optical dielectric permittiv-

ity. By extracting the optical dielectric constant from the slopes

of the curves, the conduction mechanism can be identified. It is

found that eop range from 3.8� 5.6 at E1=2 < 0:42 MV/cm,

which are quite close to the expected dynamic permittivity of

BSZT films (eop � 4).15 At the high field region, eop deviates

from the ideal value of �4 and follows the F-N tunneling

behaviors,16 JFN � E2expð�4
ffiffiffiffiffiffiffiffi
2m�
p

ðew0Þ
3=2=3e�hEÞ, where

m� is the effective electron mass; and w0 is the potential barrier

height. A good fitting of leakage current data was found at

E1=2 > 0:42 MV/cm. Thus, the F-N tunneling appears as the

dominant leakage current mechanism at the high field region

due to electric-field concentration.

In Fig. 3(d), the log J is plotted as a function of logE for

the leakage current data of BSZT:Co films for the negative

bias region. The curves clearly show different slope regions

for the J-E characteristics. It can be seen that all curves

FIG. 2. (Color online) ac electric-field dependence of dielectric permittivity

for BSZT:Co films under subswitching fields of 1 MHz measured at room

temperature.

FIG. 3. (Color online) (a) Leakage current properties of BSZT:Co films

with undoped, 0.6 at. %, and 1.3 at. % Co, respectively; (b) P-F; (c) F-N

plots of BSZT:Co films under a positive bias; (d) log J versus log E plots of

BSZT:Co films under an negative bias.
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follow a space-charge-limited (SCL) conduction behavior,

which is expressed as17 JSCLC ¼ 9ere0hlE2=8d, where er is

the permittivity of the insulator; l is the free electron mobil-

ity; and d is the film thickness. At the low bias region I, the

slopes of log J � log E curve are all close to 2, indicating a

transition from Ohmic to SCL behaviors. With increasing

electric fields, a transition region characterized by a large

slope of �5–6 is seen (region II). Upon further increasing,

the electric field, the slopes of J-E curves change to about

2–3 again (region III). The deviations of the slope in regions

I and III can be attributed to the scattered distribution of the

trapping levels because of structural and chemical disorders

in the films.18

Now we explore the possible applications of these mate-

rials in tunable microwave applications. Figure 4 shows

the dc electric-field Edc dependence of dielectric permittivity

er
0 and loss tan d measured at 1 MHz and 200 mV. Although

er
0 decreases with increasing Co content, the loss tand at zero

electric field of the films were improved. For example, the

tan d of BSZT0, BSZT6, and BSZT13 films are 0.036, 0.017,

and 0.0097, respectively. The relationship between dielectric

permittivity and dc electric field is given by the Landau-

Devonshire theory as19

erðEÞ ¼
erð0Þ

½1þ 3be3
0e

3
r ð0ÞE2�1=3

; (3)

where b is the Landau parameter; erð0Þ and erðEÞ are the

dielectric permittivity at zero and applied electric field E,

respectively. The values of b for BSZT0, BSZT6, and

BSZT13 samples are estimated to be 2.7� 1010, 5.3� 1010,

and 9.1� 1010 m5F�3V�2, respectively. The dielectric tuna-

bility is defined as g ¼ jerð0Þ � erðEÞj=erð0Þ and the figure of

merit (FOM) can be obtained using FOM ¼ g=ðtan dÞmax.

It is found that the dielectric tunability (@375 kV/cm) of

BSZT0, BSZT6, and BSZT13 samples are 54.5%, 69.1%, and

63.7%, respectively, and the FOM are 15.1, 38.5, and 65.7,

respectively. The result shows that a small quantity of Co can

improve the tunable properties in BSZT films.

In summary, Co-doping has been shown to be an effi-

cient way to improve the electrical properties of the BSZT

films. Changes in inhomogeneous strains in BSZT films

caused by Co doping were investigated through the W-H

plot analysis. The dependence of Rayleigh coefficient under

subswitching fields on the doping concentration was exam-

ined. The leakage current properties were investigated by

systematically studying the J-E characteristics under positive

and negative biases. This study suggest that the defects con-

centrations is responsible for the improved electrical proper-

ties in the BSZT:Co films.
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FIG. 4. (Color online) dc electric-field dependence of dielectric permittivity

and loss tangent for BSZT:Co films measured at 1 MHz. The solid lines indi-

cate the fitting results by Johnson’s [Eq. (3)].
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