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Film structure and ferroelectric properties of vanadium-doped
Sr0.8Bi2.3Ta2O9 thin films

San-Yuan Chen,a) Bang-Chiang Lan, and Chang-Sheng Taso
Department of Materials Science and Engineering, National Chiao-Tung University, 1001 Ta-hsueh Road,
Hsinchu, 300, Taiwan, Republic of China

~Received 21 January 2002; accepted for publication 1 April 2002!

Vanadium-doped strontium bismuth tantalate Sr0.8Bi2.3(Ta22xVx)O9 ~SBTV! (x50 – 0.8) have been
prepared on Pt/Ti/SiO2 /Si substrates using a metalorganic decomposition method. Well-crystallized
and dense SBTV films can be obtained at an annealing temperature as lower as 650–700 °C that can
be attributed to the enhanced densification due to the addition of vanadium. With partial substitution
of tantalum by vanadium up tox50.15, a larger remanent polarization (2Pr) of 30.5mC/cm2 can
be obtained for the Sr0.8Bi2.3Ta1.85V0.15O9 film at 800 °C that is attributed to the larger grain size and
increased ‘‘rattling space.’’ Furthermore, the vanadium substitution for tantalum ion can effectively
reduce the leakage current density as lower as 531028 A/cm2 at an applied electric field of 100
kV/cm because of the reduced mobility of charge carriers. However, the incorporation of vanadium
does not cause appreciable negative effect on the fatigue endurance of Sr-deficient Sr0.8Bi2.3Ta2O9

films until more than 20 mol % (x50.2) vanadium was added. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1480110#
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I. INTRODUCTION

SrBi2Ta2O9 ~SBT! is one of the most promising mater
als for application to nonvolatile random access memo
due to its excellent ferroelectric properties, characterized
limited polarization fatigue and low coercive field.1,2 SBT
belongs to the family of Aurivillius compounds with a ge
eral formula of (Bi2O2)12(Am21BmO3m11)22, consisting of
m-perovskite units sandwiched between bismuth oxide l
ers.~Here A and B are the two types of cations that enter
perovskite unit. A is Bi13, Ba12, Sr12, Pb12, or K11; B is
Ti41, Ta15, Nb51, Mo61, or W61.!3,4 The ferroelectric
properties, crystal structure and microstructure are rem
ably influenced by the composition fluctuation. Atsukiet al.5

reported that the remanent polarization (Pr) of SrxBi2zTa2O9

~0.7<x<1.0, 2.0<2z<2.6! increased with the decrease
the Sr/Ta mole ratio for films annealed at 800 °C. A ma
mum remanent polarization was also reported for the S
films with 20 mol % Sr-deficient and 10 mol % Bi-exce
composition.6,7 The enhancement inPr with decreasing Sr
content fromx51.0– 0.8 was attributed to the increase
grain growth. Watanabeet al. reported that the dependenc
of Pr on Sr content in SrBi2Nb2O9 ~SBN! films was entirely
due to the sensitivity of grain orientation to Sr content.8 The
randomly oriented Sr-deficient SBN films have larger rem
nent polarization thanc-axis oriented stoichiometric SBN
films. However, the high postannealing temperatures and
low remanent polarization of SBT films are two major ba
riers for their application to random access memories.9

Many physical properties of materials may vary sign
cantly with a subtle change of chemical composition throu
doping or substituting of desired impurities. The Nb subs
tution for Ta was also used to enhance the ferroelec

a!Electronic mail: sychen@cc.nctu.edu.tw
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properties.10,11 The partial substitution of Sr21 by Ba21 has
resulted in the noticeable improvement of the dielectric c
stant and remanent polarization was also observed.12 An en-
hanced remanent polarization was also observed in the
film with the addition of Pb21 cation.13

Although the Sr-deficient SBT films have been report
to exhibit more excellent polarization compared to stoich
metric SBT films; little work has been done to investigate t
role of B-site substitution in Sr-deficient SBT system. Se
eral works demonstrate that the additive usually plays
important role in grain growth and has a remarkable effect
electrical properties of materials especially for electro
ceramics.14 Vanadium oxide~Tm5;690 °C! or vanadium-
based multiple oxide system are reported to have lower m
ing point and used as one effective sintering aid for lo
firing ceramics.15,16 Therefore, vanadium-doped SBT film
were chosen to investigate the effect of vanadium incorpo
tion on the structure, surface morphology, and electri
properties of Sr-deficient Sr0.8Bi2.3Ta2O9 thin films.

II. EXPERIMENT

The starting materials for the metalorganic decompo
tion process were bismuth 2-ethylhexanoa
$Bi@CH3(CH2)3CH~C2H5)COO]3%, strontium
2-ethylhexanoate$Sr@CH3(CH2)3CH~C2H5)COO]2%, vana-
dium isopropoxide V~OC3H7)5 and tantalum ethoxide
@Ta~OC2H5)5] with 2-ethylhexanoic acid as the solvent. Th
metalorganic precursors were mixed to form solutions w
compositions of Sr0.8Bi2.3(Ta22xVx)O9 . ~SBTV!. Prior to
film deposition, the substrate (Pt/Ti/SiO2 /Si) was cleaned in
acetone and alcohol ultrasonic baths, then blown dry with2

gas. The solutions were spin coated onto the substrate
speed of 3000 rpm. After each coating, the as-deposited
was dried on a hot plate at a temperature about 350 °C
2 © 2002 American Institute of Physics
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remove the solvent before application of the next coati
After the process was repeated four times, the as-depo
films were sintered at 500–850 °C in air for 30 min by d
rectly placing the coated substrate into a preheated tube
nace. Most of the data reported here were obtained for fi
with four layers (t50.37– 0.4mm).

The crystal structures of the films were analyzed by
ing Siemens D5000 x-ray diffraction~XRD! with CuKa ra-
diation and a Ni filter. The chemical composition of the film
was determined using inductively coupled plasma mass s
troscopy ~Perkin Elmer, SCIEX ELAN 5000!. The film
thickness was measured by Dektak surface profilome
Field-emission scanning electron microscopy~FESEM! ~Hi-
tachi S4000! was performed to investigate the surface m
phology of the films. Patterned top Au electrodes were sp
ter deposited onto the SBT layers through a shadow mas
an area of 8.031024 cm2 area to define capacitors. A ferro
electric testing system~RT-66A, Radiant Technologies Inc!
operating in the virtual-ground mode was used to obtain
remanent polarization (Pr)-coercive field (Ec) hysteresis
characteristics. Fatigue tests of the films were conducted
ing a bipolar square wave of 5 V at 1 MHz.

III. RESULTS AND DISCUSSION

A. Microstructure and phase evolution

XRD analysis was used to investigate the effect of va
dium content on the structural development
Sr0.8Bi2.3(Ta22xVx)O9 films (0<x<0.8) annealed at 800 °C
for 0.5 h. As shown in Fig. 1, both intensity and sharpness
the ~115! oriented peak were enhanced with increasing va
dium content in the range ofx50 – 0.2 content, suggestin
an increase in grain size compared to Sr0.8Bi2.3Ta2O9 without
vanadium. The~115! reflection is slightly shifted to the lowe
diffraction angle, indicating that the V ions could be di
solved into TaO6 octahedral structure to substitute for T
ions. Nevertheless, with the addition of vanadium cont
above 0.2, the~115!-oriented peak intensity was rapidly de
creased along with the accelerating formation of the py
chlore phase~labeled asx phase in Fig. 1!, indicating the
layered perovskite structure became unstable. The p

FIG. 1. XRD patterns of SBTV films annealed at 800 °C for 0.5 h.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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chlore phase was similar to Bi-deficient pyrochlore as
ported by Rodriguez et al.17 XRD studies of
Sr0.8Bi2.3(Ta1.8V0.2)O9 films also indicate that the films an
nealed at 500 °C are amorphous. From 600 °C, a broad
fraction peak appears at around 2u528.5, which indicates
that a mixture phases of fluorite and perovskite are evol
from the amorphous SBTV films. At 650 °C, as shown
Fig. 2, a strong~115! diffraction peak along with a smal
broad matrix are formed, which indicates that the films a
not fully crystallized. However, at 700 °C, well-crystallize
perovskite phase has been completely developed in
Sr0.8Bi2.3(Ta1.8V0.2)O9 thin films, which is much lower than
that of Sr0.8Bi2.3Ta2O9 films without doping vanadium. In
other words, the addition of vanadium lowers the anneal
temperature and promotes the crystallization of layer
structure ferroelectric SBTV films. At 850 °C, the diffractio
peak around 29.5° labeled withx phase in Fig. 2 become
stronger and the~115! peak of perovskite phase almost di
appears. Even at 800 °C, as the vanadium content~x! was
added more than 0.4 in the SBTV film, complete pyrochlo
phase with no trace of perovskite has been developed. On
contrary, at 850 °C, although the pyrochlore phase can
detected for the undoped SBT films (x50), the film is pri-
marily composed of perovskite phase. The findings im
that the addition of vanadium causes perovskite-SBTV m
unstable.

Figure 3 illustrates typical~FESEM! surface images ob
tained from SBTV films having various vanadium conten
and heated at 800 °C. The microstructure of SBT (x50) film
presents a rod-like grain matrix. With the addition of van
dium, a dense microstructure consisting of larger and sh
grains was observed for the SBTV films withx,0.4. How-
ever, an increase of vanadium content~i.e., x50.4! leads to
the reduction of grain size and the formation of pyrochlo
phase. Typical SEM microstructure of SBTV (x50.2) films
annealed at 650–850 °C was shown in the Fig. 4. The film
600 °C presents featureless microstructure. At 650 °C, a
crostructure consisting of rod-like grain matrix with som
bright micrograins intervened in between grain boundar
was observed, indicating SBTV perovskite phase has b

FIG. 2. XRD patterns of Sr0.8Bi2.3(Ta1.85V0.15)O9 films annealed at different
temperature for 0.5 h.
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FIG. 3. SEM surface micrographs of SBTV with~a! x50, ~b! x50.2, ~c!
x50.4, and~d! x50.8 films annealed at 800 °C for 0.5 h.

FIG. 4. Phase evolution of Sr0.8Bi2.3(Ta1.85V0.15)O9 films annealed at 850 °C
for ~a! 5, ~b! 10, ~c! 30, and~d! 60 min.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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crystallized from the matrix. The micrograins are probab
flourite phase as corresponding to the XRD pattern mar
with arrow in Fig. 2. At 750 °C, the cluster grains are merg
together to form larger sheet grains, which is probably
lated to the lower melting point of vanadium-based oxid
The average grain size were measured to be about 300–
nm. At 850 °C, the microstructure exhibits different brig
polygonal grains mixed with dark lump area that should
pyrochlore phase or other secondary phases in accordan
the XRD patterns of Fig. 2.

The atomic force microscopy~AFM! images in Fig. 5
indicate that the surface morphology of the 800 °C-annea
SBTV with x50.2 film exhibits smooth. It could be eluci
dated with the fact that the addition of low melting-poi
vanadium-based content makes SBTV film relatively easy
merge small grains into large and flat grains during hig
temperature annealing. However, excess vanadium~at x
>0.4! may induce the Ti outdiffused from the substrate
react with SBTV film to form pyrochlore phase and thus t
film morphology becomes rather rough.

B. Ferroelectric properties

Ferroelectric hysteresis measurements were condu
on Sr0.8Bi2.3(Ta22xVx)O9 thin films in metal/ferroelectric/
metal configuration at an applied voltage of 6 V using sta
dardized RT 66A ferroelectric test system. The typical h

FIG. 5. Atomic force micrographs of SBTV with~a! x50, ~b! x50.2, ~c!
x50.4 films annealed at 800 °C for 0.5 h.
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teresis loops of Sr0.8Bi2.3(Ta1.85V0.15)O9 films annealed at
700–800 °C are shown in Fig. 6. It was observed that
saturated hysteresis loops have been developed from
films annealed at 700–800 °C that can be attributed to
enhanced densification due to the addition of vanadium.
illustrated from the SEM images in Fig. 3 for 700– an
800 °C-annealed SBTV films, it can be observed that
grain size of the film at 800 °C is larger but the dens
shows little difference compared to 700 °C-annealed fi
However, the remanent polarization (2Pr521.9mC/cm2) of
the Sr0.8Bi2.3(Ta1.85V0.15)O9 films annealed at 700 °C i
lower than that (2Pr530.5mC/cm2) at 800 °C. The larger
grain size is the cause of the largerPr value for the SBTV
films annealed at 800 °C.

Figure 7 illustrates that the 800 °C-annealed SBTV fil
prepared from precursor solution with an addition of van
dium less than 0.3 exhibit better ferroelectric properties co
pared to Sr0.8Bi2.3Ta2O9 thin films. The maximum 2Pr value
occurs at the SBTV films withx50.15. Above that (x
50.15), the remanent polarization was found to decre
with increasing vanadium content. The measured rema
polarization (2Pr) values are 30.5mC/cm2 and 18.1mC/cm2,
respectively, for Sr0.8Bi2.3(Ta1.85V0.15)O9 and Sr0.8Bi2.3Ta2O9

thin films. The improved polarization may be partially attri
uted to the enhanced grain growth as observed in the S
micrographs~Fig. 3!. Besides the effect of grain size, oth

FIG. 6. Hysteresis loops of Sr0.8Bi2.3(Ta1.85V0.15)O9 films annealed at 700
and 800 °C for 0.5 h at an applied voltage of 6 V.

FIG. 7. Remanent polarization (2Pr) of vanadium-doped SBTV films an
nealed at 800 °C for 0.5 h at an applied voltage of 6 V.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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effects to account for variation in remanent polarization ha
to be considered. According to the report of Subbarao for
layered perovskite structure,18 the enhanced ferroelectri
properties in the SBTV films could be well explained b
increasing ‘‘rattling space’’ due to the substitution of van
dium for tantalum because pentavalence vanadium i
(V51, 0.58 Å! have a much smaller size compared with n
bium ions~Ta51, 0.64 Å!.19 However, because V51 can have
six coordination of oxygen, it is too small to form a stab
layered perovskite structure. As revealed by Wu and C
with niobium ~Nb51, 0.69 Å! substituted by vanadium up t
10 mol % (y50.1) in the strontium bismuth vanadium nio
bate@SrBi2(Nb12yVy)2O9# ceramics, the layered perovskit
structure can be preserved.16 Therefore, in the presen
work, the peroskite structure is still retained fo
Sr0.8Bi2.3(Ta22xVx)O9 of x50.2 films but for the SBTV
films with the addition of vanadium more than 0.2, i.e.,x
50.4, the structure becomes so unstable and the pyroch
phase is induced. Therefore, the remanent polarization
creases significantly from 2Pr518.1mC/cm2 for SBT films
without vanadium doping to 2Pr530.5mC/cm2 for SBTV
films of x50.15 and then rapidly drops to 2Pr

59.8mC/cm2 for SBTV films of x50.4.

C. Leakage current

In general, the occupation of Bi on Sr site often occurs
the Sr-deficient SBT compositions since both radii of Sr21

and Bi31 are very close, where some fraction of the positi
charged BiSr

d ions might be compensated by electrons.20,21

Therefore, by considering only the most probable defe
Sr-deficient SBT films are characteristic ofn type. In our
work, a reduced leakage current shown in Fig. 8 was
served for the Sr-deficient SBT films with increasing van
dium up tox50.15. The phenomenon reveals that the co
centration and mobility of intrinsic charge carrier in the S
deficient SBT films may decrease due to the incorporation
vanadium cation because a decreased leakage current
gests a reduced concentration of charge carriers. Howeve
it was assumed that only pentavalent vanadium cation e
in the SBTV films after air annealing, no appreciable oxyg
vacancies are created for the samples with vanadium dop
Therefore, the decreased leakage current could be expla
by two possible mechanisms. One is that the reduced mo

FIG. 8. Current density of vanadium-doped SBTV films at 100 kV/cm el
tric field.
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ity of charge carriers may result from the distortion and co
plexity in the crystal structure due to the substitution of ta
talum by smaller vanadium ion. As the vanadium dopi
concentration exceeds a critical point, the perovskite str
ture becomes unstable and even destructive, resulting in
rochlore phase formation as evidenced in Fig. 1. Con
quently, an increased leakage current was observed in
SBTV films added with vanadium~x! exceeding 0.3.

Another possibility is that the vanadium doping does n
only enhance densification but also make film surfa
smooth. As shown in Fig. 5, the AFM analysis of the SBT
films shows that the SBTV films ofx,0.3 exhibit flat and
dense microstructure. Above that concentration (x50.3), the
film surface becomes rather rough, implying that the fil
have higher leakage current. Therefore, the lowest leak
current occurs at the SBTV film withx50.15 composition.
The leakage current of Sr0.8Bi2.3(Ta1.85V0.15)O9 films was
measured around 531028 A/cm2 at an electric field of 100
kV/cm, much lower than that (1.531026 A/cm2) of undoped
SBT film by proximately one and half orders of magnitud

D. Fatigue behavior

Ferroelectric thin films of bismuth-containing layere
perovskite such as SrBi2Ta2O9 and SrBi2Nb2O9 have been
reported to have excellent good fatigue resistance. Fat
endurance was tested with 1 MHz bipolar pulses at 6
Figure 9 shows the fatigue behavior of SBTV~x50, 0.15,
and 0.25! films prepared at 800 °C for 0.5 h. Although S
deficient Sr0.8Bi2.3Ta2O9 film shows an optimal remanent po
larization ofPr59.7mC/cm2, a loss ofPr of 12% was mea-
sured after 1010 cycles. On the other hand, for the SBT film
with vanadium added (x50.15), no rapid fall off in thePr

value was observed up to about 108 cycles, but the decay in
Pr was about 10% of the initial value after 1010 cycles. This
indicates that the incorporation of limited vanadium into t
layered perovskite structure does not cause appreciable
tigue. However, the decay in remanent polarization beco
apparent with increasing vanadium content above 20 mo
(x50.2) such as Sr0.8Bi2.3(Ta1.75V0.25)O9 film, indicating
that the addition of vanadium seems detrimental to fatig
resistance of SBT films. There are several proposals tha

FIG. 9. Fatigue behavior of Sr0.8Bi2.3(Ta22xVx)O9 films with an applied
voltage of 6 V at 1 MHz.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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tempt to explain the fatigue behavior of ferroelectric th
films especially for ferroelectric lead zirconate titana
~PZT!.22–24Oxygen vacancy and electron/hole injection ha
been suggested as possible mechanisms for the fatigu
PZT films. In our case, no oxygen vacancy we produc
because both Ta and V have the identical valence st
Therefore, the oxygen vacancy mechanism is not applica
in explaining the fatigue behavior of SBTV films. Howeve
as more than 20 mol % (x50.2) vanadium was added, th
increased fatigue behavior may be correlated with the
crease of lattice distortion and the suppression of dom
switching because of the structural complex. Further work
underway to understand the effect of vanadium doping
the fatigue properties of the SBT-based layered perovs
structures.

IV. CONCLUSIONS

~1! Enhanced ferroelectric properties and lower proce
ing temperature of Sr0.8Bi2.3Ta2O9 films deposited on
Pt/Ti/SiO2 /Si substrates can be obtained by doping va
dium.

~2! The measured remanent polarization (2Pr) values
increases from 18.1mC/cm2 for Sr0.8Bi2.3Ta2O9 film to 30.5
mC/cm2 for Sr0.8Bi2.3Ta1.85V0.15O9 film at an applied voltage
of 6 V, respectively.

~3! The incorporation of vanadium doping can lead
an increase in leakage resistance of Sr0.8Bi2.3Ta2O9 film. The
leakage current as lower as 531028 A/cm2 can be obtained
at an applied electric field of 100 kV/cm.

~4! The substitution of limited vanadium for tantalum
does not cause appreciable fatigue. However, the additio
more than 20 mol % vanadium seems to adversely affect
fatigue resistance of Sr0.8Bi2.3Ta2O9 films due to large lattice
distortion.
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