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Structural and dielectric properties of Fe-substituted BST thin films
grown by laser ablation
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Abstract

BST thin films are grown by pulsed laser deposition technique at different temperatures and different oxygen deposition pressures. X-ray
diffraction studies confirm the perovskite phase of the films. From theε′–V characteristic tunability is calculated and the films grown at lower
oxygen deposition pressure is found have higher tunability which is explained in terms of stress developed in the film and oxygen vacancies
formed during deposition. Theε′–V variation is explained in terms of Devonshire’s phenomenological theory.
© 2004 Elsevier B.V. All rights reserved.
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. Introduction

Ba1−xSrxTiO3 (BST) is a nonlinear ferroelectric mate-
ial whose dielectric properties are strongly dependent on
he applied electric field. At room temperature BST can be
rought in the paraelectric phase by substitution of appro-
riate amounts of Sr as the Curie point of the material can
e controlled by varying the Sr content. In the paraelectric
hase, hysteresis is very small and the dielectric properties
an be tuned by an applied dc electric field. Because of these
roperties BST thin films are employed to develop tunable
icrowave devices such as voltage tunable phase shifters,

apacitors, oscillators, filters, delay lines and parametric am-
lifiers [1,2]. By applying a dc electric field a change in the
alue of permittivity is produced which in turn can introduce
change in the propagation constant (phase change), and it

an be tuned in real time for a particular application[3]. For
he application of this material for tunable microwave devices
he dielectric and insulating properties must satisfy some of
he properties such as-high tunability i.e. large variation ofε′
ith applied dc field, low loss tangent over the range of oper-

matching with the dielectric of air so as to have lower in
tion loss in the device stage, low leakage current, single p
with dense microstructure and minimal defects, and su
morphology must be smooth and crack free. Various au
have reported that by using small concentration of ac
tor ions such as Fe2+, Fe3+, Co2+, Co3+, Mn2+, Mn3+, Ni2+,
Mg2+, Al2+, Ga3+, In3+, Cr3+and Sc3+ which can occupy th
B sites of the (A2+B4+O3

2−) perovskite structure the loss
the BST material can be lowered[4–6]. In the present wor
we report on the structural, surface morphology and die
tric properties of the Fe-substituted BST thin films prepa
by pulsed laser deposition (PLD).

2. Experiment

An Fe-substituted BST target of the composit
Ba0.7Sr0.3Fe0.01Ti0.99O3 was made from the AR grad
BaCO3, SrCO3 and TiO2 powders by solid-state reacti
route reported elsewhere[7]. Thin films were deposited on
ting voltage, lower value ofε’ (<500) for better impedance
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(1 1 1) oriented Pt/Ti/SiO2/Si substrates by PLD. The out-
put from a pulsed KrF excimer laser of wavelength 248 nm
(LAMBDA PHYSIK, Compex 201) was focused onto the tar-
get with laser energy of 250 mJ and frequency of 7 Hz. Thin
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films were deposited by maintaining oxygen pressure in the
deposition chamber at three different pressures of 100, 200
and 300 mTorr while the substrate temperature was fixed at
650 and 700◦C, respectively. The thickness of the films was
about 0.5�m.

Thin films were characterized for structural, surface mor-
phological and dielectric properties. The structural charac-
terization is done by X-ray diffraction (XRD) technique us-
ing Cu K�-radiation (Phillips Model PW-3020). The surface
morphology of the films were analyzed by atomic force mi-
croscopy (AFM, NT-MDT SOLVER P47H). The dielectric
properties of the films were studied by making an MFM ca-
pacitor configuration (prepared by sputter coating 400´̊A thick
Au-dots on top of the surface of the films at room temper-
ature through a shadow mask of area∼1.96× 10−3 cm2).
The ε′–V characteristics of the films were measured by us-
ing a computer-controlled impedance analyzer (HP 4294A)
at 100 kHz and an oscillating voltage of 100 mV.

3. Results and discussion

Fig. 1shows the XRD patterns of the BST thin films de-
posited by PLD at different temperatures and pressures. It is
observed that all the films crystallize in the perovskite struc-
t ows
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Fig. 1. XRD patterns for the Ba0.7Sr0.3Fe0.01Ti0.99O3 thin films deposited
at substrate temperature (a) 650◦C and (b) 700◦C.

For a ferroelectric film subjected to stresses (X), the
Helmholtz free energy can be expanded in terms of strain
(x) as[11]

F (T, P, x) = F0 +
(

1

2

)
αP2 +

(
1

4

)
βP4

+
(

1

6

)
γP6 − PE + Cx2 (2)

whereα, β, γ are the free energy expansion coefficients. But
∂F/∂P= 0 for a stable state of the ferroelectric at a constant
temperature. Then we get from Eq. (2) as

αP + βP3 − E = 0 (neglecting higher orders ofP) (3)

for smallP, E ≈ αP (4)

now
1

ε′ = ∂E

∂P
= α + βP2 ≈ α + 3β

(
E2

α2

)
(5)

The experimental plot of dielectric constant with the bias
field fits well with Eq. (5), which explains the variation of
dielectric constant with electric field.
ure and the orientation is in (1 1 1) direction, which sh
hat the orientation follows that of the substrate. Diffe
onditions during the deposition do not seem to affec
tructure of the films.

The AFM micrographs of a typical film grown
00 mTorr and 700◦C are shown inFig. 2. The films are

ound to be smooth and crack free. There is no signifi
ifference in the microstructure of the different films and
rain size of films grown under different conditions seem

ie in the same range (∼0.5�m).
The variation of dielectric constant (ε′) and loss tangen

tanδ) with frequency of a typical film is shown inFig. 3.
small frequency dispersion is observed for all the fil

he variations of dielectric constant (ε′) versus voltage (V)
f the different films are shown inFig. 4(a) and (b). From thi
ariation it is observed that the value of dielectric constanε′)
ecreases with the increase of applied dc field. This vari
an be explained in terms of Devonshire’s phenomenolo
heory[8–10]. According to his theory, in the perovskite cu
tructure, Ti-ions oscillate in an unharmonic potential of
orm ar2 +br4, wherer is the position of the Ti-ion. In th
ase of a stress free ferroelectric subject to an electric
E), Gibbs free energy (G) can be expanded in even pow
f the polarization with coefficients, which are functions

emperature (T) only

(T, P) = F (T, P) − EP (1)

hereF andP are the Helmholtz free energy (F) of a strain-
ree ferroelectric and polarization, respectively.

Harbutt Han
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Fig. 2. AFM micrographs of a typical film deposited at 300 mTorr and 700◦C (a) 2D and (b) 3D view.

From the variation of dielectric constant with applied field,
the value of tunability which is defined as

tunability (%)= ε′
0 − ε′

max

ε′
0

× 100% (6)

is determined for all the films.Table 1summarizes the prop-
erties of dielectric data for the films.

FromTable 1, a significant change is observed in the di-
electric properties of the films deposited under different con-
ditions although the structural and morphological properties
remain almost the same. The films deposited at lower pres-
sure for a particular substrate temperature is found to have
higher value of dielectric constant and higher value of tunabil-
ity. Various workers have reported the variation of dielectric
constant of BST system as a function of composition[12,13],
crystallinity [14,15], grain size[16–18] and stress[19]. As
there is no significant difference observed on the crystallinity,
grain size and surface morphology for the present films, the
observed variation of the dielectric properties of the films
may be attributed to the film stress. It might also be possi-
ble that the dielectric properties are dependent on the oxy-

Fig. 3. Variation of dielectric constant (ε′) with frequency for the films de-
posited at different substrate temperatures and oxygen pressures 700◦C and
200 mTorr.

gen background pressure and substrate temperature. Both of
the aforementioned can be responsible for the generation of
oxygen vacancies or the lack of them. With a change in the
oxygen pressure during deposition, a change in the oxygen
vacancy concentration is introduced; the oxygen vacancies
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Fig. 4. Variation of dielectric constant (ε′) vs. voltage (V) of the films de-
posited at substrate temperature (a) 650◦C and (b) 700◦C at different oxygen
deposition pressures.

may increase, decrease, or screen the overall film stress. Dif-
ferent amount of stresses are produced in these films because
of the lattice mismatch and thermal expansion between BST
films and Pt/Si substrates. The stress was found to be lower
for the films deposited at lower oxygen pressure[20].

The dielectric properties are affected by the presence of
moisture, complexity of the grain boundaries, grain size, ori-
entation and ionic space charge carriers like oxygen vacancies
and other ionic defects generated during film growth. Dur-
ing deposition at a particular temperature (T), we can assume
that the oxygen atoms in the chamber and in the BST film are
in equilibrium. The oxygen vacancies act as donors in BST
films and so oxygen vacancies (V0) formed in the film can be

Table 1
Dielectric data of the films

Substrate
temperature (◦C)

Oxygen pressure
(mTorr)

ε′ tanδ Tunability
(%)

650 300 365 0.567 16
650 200 548 0.252 22
650 100 649 0.3 27
700 300 300 0.38 9
700 200 426 0.207 15
700 100 538 0.238 22

expressed in terms of oxygen atoms in BST (OBST) as

OBST ↔ V0 +
(

1

2

)
O2 + 2e (7)

From simple mass-action equation, the oxygen concentration
can be expressed as

[V0][e]2 ∝ exp

(−�H

kT

)
P−1/2 (8)

where [V0] is the concentration of oxygen vacancies in the
BST matrix,P is the pressure of oxygen in the chamber and
�H is enthalpy for generating oxygen vacancies. The number
of oxygen vacancies in the BST matrix is quite small, so
[OBST] is constant and [V0] is (1/2)[e], the concentration of
oxygen vacancies at any temperatureT is

[V0] ∝ P−1/6 (9)

Thus the films deposited at lower oxygen pressure are
expected to have higher concentration of oxygen vacancies.
When the number of oxygen vacancies increase, there is an in-
crease in the total polarization because of the increase of num-
ber of defect dipoles and ionic polarization[20]. So the films
deposited at lower oxygen pressure have higher dielectric
constant, higher tunability and lower loss. However, films de-
p much
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in
osited at oxygen pressures below 100 mTorr showed
igher losses probably on account of increased conduc
rising due to the presence of oxygen vacancies and
xhibiting a net reduction in dielectric properties. Althou
he tunability in the films was reasonable high, the diele
eeds to be reduced and further work is being done spe

o address this issue.

. Conclusions

The value of the dielectric constant (ε′) and tunability o
he BST thin films fabricated at lowest oxygen deposi
ressures are found to be highest at both the substrate te
tures of 700 and 650◦C. This observed variation is explain

n terms of the lower stress and higher oxygen vacancy
entration for the films deposited at lower oxygen depos
ressure. When the oxygen vacancy concentration is h

he polarization is higher because of the increase numb
efect dipoles.
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