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The effect of annealing on the microwave properties of Ba 0.5Sr0.5TiO3
thin films
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Naval Research Laboratory, Washington, D.C. 20375
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Oriented, single phase thin films~;5000 Å thick! of Ba0.5Sr0.5TiO3 ~BST! have been deposited onto
~100! MgO and~100! LaAlO3 ~LAO! substrates using pulsed laser deposition. The capacitance and
dielectricQ (1/tand) of as-deposited and annealed films have been measured from 1 to 20 GHz as
a function of electric field~0–80 kV/cm! at room temperature using interdigitated Ag electrodes
deposited on top of the film. For films deposited onto MgO, it is observed that, after a postdeposition
anneal~1000–1200 °C!, the dielectric constant decreases and the dielectricQ increases. For films
deposited onto LAO, a postdeposition anneal~< 1000 °C! resulted in a significant increase in the
dielectric constant and a decrease inQ. The observed dielectric properties of the BST films are
attributed to the changes in film stress, which affects the extent of ionic polarization. ©1999
American Institute of Physics.@S0003-6951~99!03307-0#
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Ferroelectrics are a class of nonlinear dielectrics wh
exhibit an electric field dependent dielectric constant.1–3 This
property is currently being used to develop a new class
frequency tunable microwave circuits. BaxSr12xTiO3 ~BST!
is a solid solution ferroelectric material suitable for micr
electronic device applications due to its large electric fi
dependent dielectric constant and composition depen
Curie temperature. A large electric field effect has alrea
been demonstrated in ferroelectric films deposited by pu
laser deposition~PLD!.4,5 The critical properties that need t
be optimized for tunable microwave devices are the mag
tude of the change in the dielectric constant as a function
the applied electric field and dielectric loss at microwa
frequencies.

In this letter, we report an investigation of the effects
a postdeposition anneal on the dielectric properties of B
(x50.5) thin films measured at microwave frequenc
~1–20 GHz!. Ba0.5Sr0.5TiO3 thin films ~;5000 Å! were
grown on~100! MgO and~100! LaAlO3 ~LAO! single crystal
substrates at 750 °C in an oxygen ambient pressure of
mTorr by pulsed laser deposition~PLD!. The BST films
were postdeposition annealed in flowing O2 at 900–1000 °C
for 24 h. Films were also annealed at 1050–1250 °C for
using an encapsulated-sample annealing technique.6 BST
films were characterized for structure and morphology us
x-ray diffraction ~XRD! and scanning electron microscop
~SEM!. Film composition was determined by inductive
coupled plasma-optical emission spectroscopy~ICP!. Inter-
digitated capacitors with gaps from 6 to 12mm were depos-
ited on top of the BST films through a polymethylmethac
late ~PMMA! lift off mask by e-beam evaporation of 1 to
2-mm-thick Ag and a protective thin layer of Au. Microwav
S11 measurements were made on an HP 8510C network
lyzer at room temperature. The data are fitted to a para
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resistor-capacitor model to determine capacitance and die
tric Q (1/tand).7 Dielectric constants~e! were calculated us-
ing the device dimensions.

BST (x50.5) films grown on~100! MgO and ~100!
LAO substrates were found by XRD to be single phase a
exclusively oriented in the~100! direction. Typical full-
width at half-maximum~FWHM! of thev-scan peaks for the
~002! reflection of BST films on~100! MgO were 0.7°–0.9°.
For films deposited onto LAO,v~FWHM! was 0.16°~the
resolution limit of the diffractometer!. From the XRD data, it
was determined that the as-deposited films had larger la
parameters than the bulk BST, presumably due to oxy
deficiencies. Postdeposition annealing of deposited films
O2 caused the lattice parameter to decrease approachin
bulk value. As the annealing temperature increased,
v-scan FWHMs for BST film on MgO reached a minimu
of ;0.4°. The BST (x50.5) films were Ba and Sr deficien
(Ba/Ti50.45 and Sr/Ti50.49), as determined by ICP. SEM
images of as-deposited BST films on MgO and LAO show
that both films were fine grained with an average grain s
of ;500 Å.

While no significant differences were seen in the mic
structure of BST films deposited onto MgO and LAO, i.e
deposited films on both substrates are single phase, orie
and have similar grain size, we observed significant diff
ences in the microwave properties for as-deposited films
films which have been annealed at low temperat
~<1000 °C! as shown in Table I. The data used in this ana
sis was observed to be a representative of several sam
measured under similar conditions. The reported values
capacitance andQ are nominally at 10 GHz although most o
the samples were very stable over the frequency rang
1–20 GHz. For the same capacitor geometry, the
deposited BST film on MgO shows a higher capacitancee
515406382) and a lower dielectricQ than the as-deposite
BST film on LAO (e5874654). After annealing, the ca
pacitance~C! (e5770670) and % tuning, defined a
$@C(0)2C(E)#/C(0)%3100 whereE is an applied electric

-
ic
3 © 1999 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



e
t

1034 Appl. Phys. Lett., Vol. 74, No. 7, 15 February 1999 Chang et al.

Downloaded 10 Ju
TABLE I. 1–20 GHz dielectric properties as a function of electric field~0–67 kV/cm! of as-deposited and
low-temperature (<1000 °C) annealed BST (x50.5) films on MgO and on LAO. The number of devic
measurements is 12 and 21 for BST on MgO and LAO, respectively.~The interdigitated capacitor has eigh
fingers with 6mm gap, 80mm length, and 10mm width.!

Electric field BST on MgO BST on LAO

@kV/cm# as-deposited annealed as-deposited annealed

C @pF# 0 0.77560.193 0.38760.035 0.44060.028 1.28160.161
67 0.41860.121 0.25360.031 0.35460.039 0.59460.098

Q(51/tand) 0 761 1566 2061 661
67 1764 31615 46613 1963
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tress
field, decrease and the dielectricQ increases in BST films on
MgO. The opposite effect is observed for films deposi
onto LAO. The capacitance (e525456319) and % tuning
increase and the dielectricQ decreases in postdeposition a
nealed BST films grown on LAO.

The temperature dependence of the dielectric prope
for BST films is significantly different from the correspon
ing bulk material. The variation in dielectric constant of BS
system have been reported as a function of sam
composition,1,8 crystallinity,9,10 grain size,11–13 and stress.14

Of these factors, the large difference in the dielectric beh
ior for the BST films deposited onto MgO and LAO may b
only attributed to the differences in film stress because
other microstructural differences are observed. The indu
film stress arises from several contributions~e.g., a lattice
mismatch and a difference in the thermal expansion coe
cients between the film and substrate!. The relevant data for
the single crystalline substrates and bulk BST (x50.5) are
summarized in Table II.

Figure 1 shows a possible stress field in each sys
caused by the lattice mismatch and the thermal expan
mismatch. For BST films on MgO, the lattice of the film ma
be expanded near the interface to match to the larger la
of the substrate and compressed on cooling by the the
expansion mismatch (aBST,aMgO). As the film is annealed
the lattice constant of the film contracts due to the film
laxation. Therefore, there are two competing force fact
affecting the stress field of the film, which generate fi
strain. The dielectric properties of the film are affected
this force competition and the lattice contraction. As me
tioned above, the observed lattice parameter indicates
the as-deposited BST films contain significant oxyg
vacancies.15,16 These oxygen vacancies can be filled by a
nealing in flowing O2. This process cause a lattice contra
tion in the BST films. It is worthwhile to note that the stud
of film stress due to the film-substrate mismatch and diff
ence in thermal expansion coefficients is complicated
cause additional change in the film lattice parameter. Th
vacancies may increase, decrease, or screen the overal
stress. In the interdigitated capacitor geometry, the comp

TABLE II. Lattice parameters~a! and thermal expansion coefficients~a! of
MgO and LAO substrates and bulk BST (x50.5).

MgO LaO Bulk BST (x50.5)

a @Å# 4.213 3.787 3.947
~Pseudocubic!

a @1026/°C# 13.8 10.0 10.5
l 2001 to 132.250.135.110. Redistribution subject to A
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sion, which is parallel to the applied electric field~Fig. 1!
and subsequently to the polarization field for the orien
BST (x50.5) film, is expected to decrease the net polari
tion ~i.e., a reduced ionic displacement!. As shown in Table
I the as-deposited BST film on MgO exhibits a higher c
pacitance and a lowerQ than both the as-deposited BST film
on LAO and the annealed BST film on MgO. It may b
inferred from this observation that the as-deposited BST fi
on MgO is under tension, which promotes the polarization
electric dipoles, and the annealed film is under compress
which constrains the polarization. For BST films deposit
onto LAO, the dielectric properties are reversed. This is
cause the lattice parameter and the thermal expansion c
ficient for LAO are smaller than for BST. This interpretatio
of the strain induced modification of the dielectric propert
of the BST film is consistent with several reports on t
study of stress on the dielectric constants for bulk ferroel
tric and incipient ferroelectric materials.14,17,18 For bulk
BaTiO3,

14 SrTiO3,
17 and KTaO3,

18 pressure induced change
were observed in the dielectric constant, which was show
decrease under compression and increase in extension. A
present time we can only discuss the effect in thin film
qualitatively as we do not know exactly the zero stress s
for the thin films. We have identified forces that are bo
compressive and tensile however, we do not have well
fined equilibrium position with which to reference the tra

FIG. 1. Schematic diagrams of a possible force factors affecting the s
field of BST (x50.5) films ~a! on MgO and~b! on LAO.

IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



es

r
b-
gh
g
-ra
iz
c

, t
ic
tti
h

za
di

r
ec
t

T
as
the

epo-
ure
ric

on
ct
-
ic
the

of
ed
so-

er,

ll,
.

er,

J.

pl.

m-

s.

1035Appl. Phys. Lett., Vol. 74, No. 7, 15 February 1999 Chang et al.
sition between a film under tension to a film under compr
sion.

BST films were annealed in a BST ceramic vessel fo
h in flowing O2 at temperatures up to 1200 °C for MgO su
strates and up to 1250 °C for LAO substrates. The hi
temperature annealed films did not show any surface de
dation but showed smaller lattice parameters, narrower x
rocking curves, smoother surfaces, and larger grain s
~;2000 Å! as characterized by XRD and SEM. The diele
tric properties of BST films (x50.5) deposited on MgO and
LAO which have been postannealed atT<1250 °C are
shown in Fig. 2. As the annealing temperature increases
capacitance and the % tuning decrease and the dielectrQ
increases. Since the film is more contracted as the la
parameter decreases, the ionic displacement is reduced w
results in lower net polarization. This decrease in polari
tion lowers the dielectric constant which results in lower
electric loss as expected from the Kramer–Kro¨nig relations.
The change in dielectric properties with lattice paramete
in agreement with literature reports on the cell volume eff
in BST system. In that study, the authors observed tha
decrease in lattice parameter leads to decrease inTC and
dielectric loss.19,20The decrease inTC means lower dielectric

FIG. 2. 1–20 GHz dielectric properties as a function of electric field~0–67
kV/cm! of high-temperature annealed BST (x50.5) films ~a! on MgO and
~b! on LAO. The error bar indicates standard deviation.
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constant, lower tuning, and lower dielectric loss for our BS
system~e.g.,x50.5). Our results are consistent with this
we observe that the increase in the % tuning is related to
increase in the dielectric constant.

In summary, the microwave~1–20 GHz! dielectric prop-
erties (e)tand of pulsed laser deposited BST (x50.5) films
were analyzed as a function of substrate type and postd
sition annealing temperature. After a high-temperat
~1050–1250 °C! anneal, it was observed that the dielect
constant and the dielectric loss decreased for BST films
both MgO and LAO. A different trend in the annealing effe
was observed for BST films grown on LAO with low
temperature~<1000 °C! annealing. The change in dielectr
properties before and after annealing is attributed to
change in film stress and the contraction in film lattice.
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