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Physical characteristics and electrical properties of Sr 0.8Bi2¿xTa2O9 films
on Al 2O3 ÕSi annealed at high temperature

Ban-Chiang Lan, Chih-Yuan Huang, and San-Yuan Chena)

Department of Materials Science and Engineering, National Chiao Tung University, Hsinchu,
Taiwan, Republic of China

~Received 6 May 2003; accepted 4 September 2003!

Bismuth-containing layered perovskite Sr0.8Bi21xTa2O9 ~SBT! thin films with x50 – 0.8 were
prepared to investigate annealing temperature effect, especially at high temperature, on physical
characteristics and electrical properties of SBT films on Al2O3 ~10 nm!/Si. At 800 °C, the
Sr0.8Bi2Ta21xO9 /Al2O3 /Si exhibits ferroelectric mode and the width of memory window decreases
with the increase of Bi content that is dependent on the effective coercive field. However, at a higher
annealing temperature of 900 °C, a larger ferroelectric memory window was obtained for Bi-rich
Sr0.8Bi21xTa2O9 (x50.4 or 0.8! films compared to SBT film (x50) that should be related to the
reduced leakage current due to the formation of rod-shape grains and amorphous SBT composite
layer. The leakage current of Sr0.8Bi2.4Ta2O9 /Al2O3 /Si annealed at 900 °C is about 1.2
31029 A/cm2 that has two orders of magnitude lower than that of 800 °C-annealed SBT films
measured at2100 kV/cm. However, the Sr0.8Bi2Ta2O9 (x50) film on Al2O3 /Si capacitor shows
no obvious change with the increase of annealing temperature. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1621716#
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I. INTRODUCTION

Although the metal/ferroelectric/semiconductors on
transistor memory has been studied for about 40 years,1 the
progress of this memory is still very slow because of
problems of interface reaction between ferroelectric mate
and Si.2,3 In order to overcome these problems, an interm
diate layer of SiO2 ,4 CeO2,5 or Y2O3 ~Ref. 6! is inserted
between ferroelectric material and Si to form met
ferroelectric/insulator/semiconductors structure~MFIS!.7,8

However, it was found that the MFIS structure with the
buffer layers have large absorption current due to the h
density of crystalline defects or carrier traps existing in
interface of Si and buffer layer. Al2O3 has been considere
as the candidate because the Al2O3 is amorphous and goo
diffusion barrier with low interface trap density.9 Further-
more, taking process integration issues with next genera
high performance and low voltage logic technology into a
count, ultrathin gate dielectrics with large capacitance
required. Recently, we have reported the results of o
transistor~1T! ferroelectric metal-oxide-semiconductor fie
effect transistor ~FeMOSFET! memory, using ultrathin
Al2O3 with thickness of 40 Å as both gate dielectric a
diffusion barrier due to the highk and excellent diffusion
barrier properties.10,11 However, up to now, the discussion
of annealing temperature effect on ferroelectric thin film
have focused on low processing temperature because
temperature treatment may cause the ferroelectric prop
deterioration, especially for metal-ferroelectric-metal~MFM!
structure. It is noticed that although a low temperature
nealing is required for ferroelectric material used in on

a!Author to whom correspondence should be addressed; electronic
sychen@cc.nctu.edu.tw
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transistor-one-capacitor ferroelectric random access mem
a high temperature stable ferroelectric is also necessary
the 1T FeMOSFET because of the process integration c
sideration. However, owing to the interdiffusion at the inte
face of ferroelectric/insulator/Si at high annealing tempe
ture, it was commonly recognized that the electric
properties of the MFIS structure would be deteriorate
Therefore, up to now, only little work was focused on t
issue of high annealing temperature effect on the electr
properties and structure change. Recently, Leeet al. reported
that the memory window of SBT thin films on
Si3N4 /SiO2 /Si capacitor was in the range of 0.75–1.2
with annealing temperature from 800 to 900 °C.12 Our group
has also demonstrated that with increasing annealing t
perature from 650 to 900 °C, a larger memory window s
with a lower leakage current was obtained for BLT/Al2O3 /Si
capacitor.13 However, no detailed explanation was propos
to elucidate the role of high annealing temperature in
electrical characteristics of MFIS structure. Therefore,
effect of high annealing temperature on electrical proper
of SBT-based MFIS structure will be systematically studi
in this work.

Furthermore, it is well known that the electrical prope
ties of ferroelectric film are strongly influenced by compo
tion and microstructure change. Previous reports in the
erature demonstrated that the bismuth content shows st
influence on the ferroelectric properties of Bi-based MF
structure and that excess Bi is usually required to comp
sate for the loss of Bi due to the high volatility of Bi durin
processing and Bi diffusion into the bottom electrode dur
annealing.14,15However, for the Bi-based MFIS structure a
nealed at higher temperature, the effect of excess Bi on
electrical properties and structure change is more impor
and worthy of investigation. Therefore, in this work, the ro
il:
5 © 2003 American Institute of Physics
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of Bi content in electrical properties of SBT-based MF
structure will also focused and discussed.

II. EXPERIMENT

4-in. Si p-type wafers were used in this study. Afterin
situ native oxide desorption, amorphous Al layer was th
mally evaporated on wafers. The Al layer was oxidized a
temperature of 400 °C for 2 h to form 10 nm Al2O3 and
finally annealed at 800 °C for 30 min in nitrogen ambie
More detailed fabrication process can be found in our pre
ous works.16 The SBT precursors were prepared by metal
ganic deposition process using strontium 2-ethylhexano
@Sr(C8H15O2)2#, bismuth 2-ethylhexanoat
@Bi(C8H15O2)2#, tantalum ethoxide@Ta(OC2H5)5# as the
metalorganic precursors. The xylene was used as solve
mix with metalorganic precursors to form the solution. T
solutions with the compositions of Sr0.8Bi21xTa2O9 (x
50 – 0.8) were spin coated on the Al2O3 /Si substrate at
4000 rpm for 30 s and then dried on a hot plate at a temp
ture of about 350 °C. This procedure was repeated for sev
times to obtain the desired film thickness about 340 nm. T
as-deposited films were annealed at different temperat
from 650 to 900 °C for 30 min. After that, the Al electrode
were formed by thermal evaporation. The electrode are
the stacked capacitor is 3.1431024 cm2. The crystal struc-
ture of SBT films was detected by MAC Science M18XH
x-ray diffractometer with CuKa radiation. The crystal struc
tures of the films were analyzed by using x-ray diffracti
~XRD! with CuKa radiation and a Ni filter. The chemica
composition of the films was determined using inductive
coupled plasma~ICP! mass spectroscopy. Three samp
were performed for the ICP analysis and calculated with
ror deviation of;5%. The surface morphology of the film
was examined using Hitachi S-4000 scanning electron
croscopy~SEM! and the total thickness of SBT films wa
measured by cross-sectional SEM images. Transmis
electron microscopy~TEM, Philip Technai 20! was used to
observe the microstructure and analyze the element distr
tion of the films. The electrical properties were characteriz
by I –V and C–V measurements using HP-4156 and H
4284, respectively.

III. RESULTS AND DISCUSSION

A. Crystal phase and microstructure

Since the Sr-deficient SBT films have been reported
exhibit more excellent polarization compared to stoich
metric SBT film,17 the compositions of Sr-deficien
Sr0.8Bi21xTa2O9 ~SBT! with x50 – 0.8 were used in this
work. The XRD patterns in Fig. 1~a! show that above 700 °C
the ~115! diffraction peak of Sr0.8Bi2.4Ta2O9 films becomes
sharper and perovskite SBT phase has been fully develo
on Al2O3 /Si substrates that is probably correlated with B
excess composition and layered perovskite structure of
SBT. Even annealing the Sr0.8Bi2.4Ta2O9 films at 800–
900 °C, the obtained SBT films are polycrystalline and
other second or undesirable pyrochlore phases are dete
Similarly, for the Sr0.8Bi21xTa2O9 films with various Bi con-
tents (x50 – 0.8) annealed at 900 °C, the XRD patterns~not
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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shown here! illustrate no apparent differences. In contra
when the SBT was deposited on the Pt/Ti/SiO2 /Si substrate,
Fig. 1~b! shows that perovskite SBT phase was develope
700 °C and with increasing annealing temperature up
850 °C, besides the presence of the perovskite SBT, a s
amount of pyrochlore phase was generated especially for
film with x50.18,19

The chemical compositions of Sr0.8Bi21xTa2O9 on
Pt/Ti/SiO2 /Si substrate were analyzed by ICP, showing th
after annealed at 800 °C for 0.5 h, the molar ratio of Sr,
and Ta in the film is very close to the composition in t
precursor solutions except for a partial loss of Bi and
extra detectable Ti compared to those in precursor solutio
As the Sr0.8Bi21xTa2O9 film was further annealed at 850 °C
for 0.5 h, the Sr/Bi/Ta ratio normalized in Ta52 is approxi-
mately to 0.73/1.73/2.0, 0.75/1.97/2.0, and 0.74/2.21/2.11
for x50, 0.2, and 0.4, respectively. This reveals the occ
rence of Bi loss at such a higher annealing temperature
the importance of excess Bi for the SBT films.

Figure 2 illustrates the typical~FESEM! surface images
of Sr0.8Bi21xTa2O9 (x50 or 0.4! on Al2O3 /Si at 800 and
900 °C, respectively. It was observed that the grain size
SBT thin films is strongly dependent on annealing tempe
ture and bismuth content. As shown in Figs. 2~a! and 2~b! for
SBT with x50 andx50.4 films annealed at 800 °C, respe
tively, the grain size is larger for Bi-rich Sr0.8Bi2.4Ta2O9 film
compared to Sr0.8Bi2Ta2O9 film. The microstructure of
Sr0.8Bi2.4Ta2O9 film presents rod-like grains and loose m
trix. On the other hand, a dense microstructure consisting
finer and round grains was observed for the Sr0.8Bi2Ta2O9

FIG. 1. XRD patterns of Sr0.8Bi2.4Ta2O9 films on ~a! Al2O3 /Si and ~b!
Pt/Ti/SiO2 /Si as a function of annealing temperature.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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film. As increasing annealing temperature from 800
900 °C, a dense microstructure with larger grains was
served in Fig. 2~c! for the 900 °C-annealed Sr0.8Bi2Ta2O9

thin film. However, for Bi-rich Sr0.8Bi2.4Ta2O9 films shown
in Fig. 2~d!, a rod-grain or sheet-grain matrix interposed w
smaller black areas in between grain boundaries was
served, which mostly shows up in the Bi-rich Sr0.8Bi2.4Ta2O9

films at high annealing temperatures.
Figure 3 shows that the cross-sectional TEM image

the Sr0.8Bi21xTa2O9 /Al2O3 /Si structure annealed at 800
900 °C in the oxygen ambient. As shown in Figs. 3~a! and
3~b! for the SBT withx50 and 0.4 films annealed at 800 °C
a sharp interface between Si and Al2O3 was observed. No
apparent difference was seen. With increasing annealing
perature up to 900 °C, Fig. 3~c! illustrates that a little diffu-

FIG. 2. SEM images of Sr0.8Bi21xTa2O9 films annealed at 800 °C for~a!
x50, ~b! x50.4 and 900 °C for~c! x50, ~d! x50.4.

FIG. 3. Cross-sectional TEM images of Sr0.8Bi21xTa2O9 /Al2O3 /Si struc-
ture annealed at 800 °C for~a! x50, ~b! x50.4 and 900 °C for~c! x50, ~d!
x50.4.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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sion envelop~as marked with the arrow! was formed at the
interface of Al2O3 insulator and Si for the SBT withx50
film. According to EDS analysis~not shown here!, the reac-
tion layer is confirmed to contain the elements of Bi, Al, a
Si. On the other hand, for Bi-rich Sr0.8Bi2.4Ta2O9 /Al2O3 /Si
structure annealed at 900 °C, as shown in Fig. 3~d!, the
Al2O3 layer becomes thinner and the SBT film on Al2O3 /Si
was separated into two layers. The top layer is compose
rod-shape SBT grains and the bottom layer becomes am
phous structure. As revealed by Auger electron spectrosc
~AES! ~no shown here!, the Si has been diffused into Al2O3 .
According to our previous study,20 it is suggested that the
amorphous structure is probable SBT composite insula
containing Sr, Bi, Ta, Si, and Al.

B. C – V and memory window characteristics

The C–V characteristics of SBT/Al2O3 /Si capacitors
were measured at 1 MHz. Figure 4 shows the typicalC–V
curves and the memory windows of SBT/Al2O3 /Si with dif-
ferent Bi concentration annealed at 800–900 °C. The bia
swept from210 to 110 V. The positive memory window
value is related to a clockwise hysteresis loop attributed
the ferroelectric mode. It was found that with increasing
concentration, theC–V loops were shifted toward righ
~positive voltage! that is attributed to a little diffusion of Bi
into Si as evidenced from the TEM~Fig. 3!. The diffusion of
Bi into Si causes the enhanced acceptor concentration in
interface and therefore, the charge in the depleted area
increased that cause the shift of threshold voltage to the p
tive direction. In addition, the decrease in the capacita

FIG. 4. C–V curves of Sr0.8Bi21xTa2O9 /Al2O3 /Si capacitors as a function
of bismuth content at~a! 800 °C and~b! 900 °C.
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with increasing the Bi concentration, especially for the MF
structure annealed at 900 °C, is strongly related to the for
tion of amorphous SBT shown in Fig. 3~d!. Figure 5 shows
that the SBT films exhibit ferroelectric mode and the wid
of memory window becomes larger at higher write voltag
up to615 V. Above that, the charge injection will be induce
into the Al2O3 from Si since the electrons severely penetr
into the Al2O3 . Therefore, according to the following rela
tionships, the memory window will be reduced:

Vm52Ec2Vci , ~1!

whereVm is the memory window, 2Ec the effective double
coercive voltage, andVci the flat-band voltage shift due t
charge injection. The larger memory window of SBT wi
x50 compared to that of Bi-rich SBT (x50.4) is primarily
attributed to the decrease inVci and the increase in 2Ec . As
illustrated in Fig. 6 for the polarization versus electric fie
hysteresis loops of Pt/SBT/Pt/Ti/SiO2 /Si structures, with in-
creasing the Bi concentration fromx50 to x50.4, the coer-
cive field (2Ec) decreases from 145 to 107 kV/cm at th
applied voltage of 6 V, indicating that the SBT withx50
shows a larger memory window than that withx50.4 on the
same Al2O3 /Si structure because the former has a lar
coercive field than the latter based on Eq.~1!.

As the Sr0.8Bi21xTa2O9 /Al2O3 /Si was annealed a
900 °C, Fig. 7 demonstrates that the memory window
creases with the applied voltage, and a saturated mem

FIG. 5. Relationship between memory window and applied voltage
Sr0.8Bi21xTa2O9 /Al2O3 /Si capacitors annealed at 800 °C.

FIG. 6. P–E hysteresis loops of Sr0.8Bi21xTa2O9 films with various bis-
muth contents on Pt/Ti/SiO2 /Si annealed at 800 °C for 0.5 h under an a
plied voltage of 6 V.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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window of 4–7 V was attained for the SBT withx50 and
0.2 films. In sharp contrast, for the Bi-rich SBT films (x
50.4 and 0.8!, the memory window values become larger
higher applied voltages even up to620 V. A large memory
window of 18 V was obtained for the 900 °C-anneal
samples at the applied voltage of 20 V and this should be
largest ferroelectric memory window reported so far. A
though the SiO2 was probably formed, from the cross
sectional TEM image~not shown here!, no obvious SiO2
interface layer was detected even in the higher magnificat
Therefore, the effect of SiO2 on the effective field applied on
the SBT can be neglected because it is too thin~,1 nm! to
be detected. The enhancement of memory window can
elucidated by the electric field distribution between the S
and Al2O3 as follows:

Ef5S « i

« fdi1« idf
DVG , ~2!

whereE, «, andd are the effective applied to a capacitor, th
dielectric constant, and the thickness, respectively. The s
scripts of f and i stand for the ferroelectric and insulato
respectively, andVG is the applied gate voltage. As one ca
see the cross-sectional TEM of Bi-ric
Sr0.8Bi2.4Ta2O9 /Al2O3 /Si in Fig. 3~d!, the original SBT was
separated into two layers consisting of high dielectric«
5200– 250) perovskite SBT and low dielectric consta
amorphous SBT structure. Therefore, the dielectric cons
of the overall Bi-rich SBT can be decreased and more
plied voltage is distributed over the SBT film compared
SBT with x50 film. Furthermore, owing to the formation o
amorphous SBT structure that is similar to the insulator,
Sr0.8Bi21xTa2O9 /Al2O3 /Si can be applied under a highe
voltage without dielectric breakdown. Therefore, a larg
memory window can be obtained for the Sr0.8Bi21xTa2O9

(x50.4 and 0.8!/Al 2O3 /Si.
The above results apparently reveal the importance o

content on memory characteristics of the SBT/Al2O3 /Si
structure. In addition, as the SBT films were annealed at s
a higher temperature, the Bi loss from either evaporation
diffusion would occur. As shown in the ICP results for SB
films on Pt/Ti/SiO2 /Si substrates, the Bi concentration in th
Bi-rich SBT (x50.4) films is close to 2 (x50). According
to our results in Fig. 6 and the report of Watanabeet al.21

r

FIG. 7. Relationship between memory window and applied voltage
Sr0.8Bi21xTa2O9 /Al2O3 /Si capacitors annealed at 900 °C.
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that the stoichiometric SBT film shows a larger coercive fi
compared to Bi-less and Bi-rich SBT films. Therefore,
900 °C, a maximum memory window appears at the S
film with x50.4. This further demonstrates that the memo
window is dominated by not only the annealing temperat
but also the bismuth content in the SBT films.

C. Leakage current

We have also investigated the current–voltage charac
istics because the leakage current is one of the m
important properties for memory capacitor. Figure 8 illu
tratesJ–V curves of Sr0.8Bi21xTa2O9 /Al2O3 /Si capacitors
annealed at different temperatures. As shown
Fig. 8~a!, the leakage current density o
Sr0.8Bi2.4Ta2O9 /Al2O3 /Si/Al2O3 /Si annealed at 800 °C i
1.731027 A/cm2 at 2100 kV/cm and it increases at hig
voltages. On the other hand, for the samples anneale
900 °C, the leakage current (1.231029 A/cm2) reduces;2
orders of magnitude at2100 kV/cm. In addition, no dielec
tric breakdown up to210 V also implies that the Bi-rich
SBT film annealed at high temperatures has better diele
integrity than that annealed at 800 °C. This smaller leak
current and larger breakdown voltage for Bi-rich SBT film
annealed at 900 °C may be related to the microstructur
rod-shape grains and the formation of insulator amorph
SBT that makes the leakage current lower. Similar trend w
also observed in our previous research for ferroelectric B
thin films on Al2O3 /Si.13 On the other hand, for
Sr0.8Bi2Ta2O9 thin film annealed at 800 °C@Fig. 8~b!#, a
lower leakage current was obtained as compared
Sr0.8Bi2.4Ta2O9 film that is probably due to the diffusion o

FIG. 8. Dependence of annealing temperatures onJ–V characteristics of~a!
Sr0.8Bi2.4Ta2O9 and ~b! Sr0.8Bi2Ta2O9 on Al2O3 /Si.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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Bi or the formation of highly conductive Bi2O3 as revealed
by Shimakawaet al.14 At 900 °C, although the enhance
densification in the SBT films can reduce the leakage curr
the increased grain size probably leads to the increas
leakage current. Therefore, with an increase of annea
temperature, no obvious change in the leakage current of
8~b! was observed for the SBT (x50) film. However, the
leakage current of the SBT (x50) film at 900 °C is still
higher than that of Bi-rich SBT (x50.4) film based on the
Sr0.8Bi21xTa2O9 /Al2O3 /Si structure.

IV. CONCLUSION

In conclusion, we have studied the annealing tempe
ture dependent characteristics of Sr0.8Bi21xTa2O9 /Al2O3 /Si.
At 800 °C, the Sr0.8Bi21xTa2O9 /Al2O3 /Si exhibits ferroelec-
tric mode. With increasing annealing temperature up
900 °C, it was found that Bi-rich SBT(x50.4)/Al2O3 /Si
presents a larger memory window compared to SBT fi
(x50) that should be related to the reduced leakage cur
due to the formation of rod-shape grains and amorphous S
layer. The leakage current of Sr0.8Bi2.4Ta2O9 /Al2O3 /Si an-
nealed at 900 °C is about 1.231029 A/cm2 at 100 kV/cm
and reduced by two orders of magnitude lower than t
annealed at 800 °C. All the results in this study demonstr
that the high annealing temperature makes the stack
SBT/Al2O3 /Si process compatible with current VLSI tech
nology.
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