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Highly c-axis-oriented Bj ,d-a, 75Ti150,, (BLT) films with a homogeneous in-plane
orientation were successfully grown on $iSi(100) and Pt/Ti/Si@Si(100) substrates
by a sol-coating route. The substitution of lanthanum ions for bismuth ions in the
layered perovskite suppressed the formation of pyrochlore phase and enhanced

the c-axis-oriented growth. The-axis-oriented BLT film fabricated on a
Pt/Ti/SiO,/Si(100) substrate showed fatigue-free characteristics with a large remanent
polarization of 26—2§.C/cn¥ and the coercive field of 50—75 kV/cm. These features
significantly enhance the potential value of the BLT film for the applications to
high-density ferroelectric random-access memories devices. In addition, the
c-axis-oriented BLT film, with a homogeneous in-plane orientation on an amorphous
surface, can be used as a suitable template material for applications to various
electro-magneto-optic devices.

I. INTRODUCTION used techniques. The advantages include (i) the ability to
Thin-film Bis glag 7Tis0;, (BLT), prepared by produce a uniform film over a large area, (ii) a relatively

pulsed laser deposition (PLD), was recently proposed a@Wer cost, (iii) easy control of composition and thick-
a promising alternative to ferroelectric thin films hav- N€SS; (iv) good chemical homogeneity, and (v) low proc-

ing polarization fatigué. Thin-film BLT showed well-  €SSINg temperature.} .
saturated polarization-electric field (P-E) switching _ Park and co-workerseported that lanthanum-modified

curves and fatigue-free behavior after being subjected tgi411s912 (BT) sustained the layered perovskite struc-
3 x 10'° read/write cycles at a frequency of 1 MHz. ture of BT phase. They proposed that lanthanum ions

However, as Kingon pointed out, such films are Charac_substituted for bismuth ions located near the Ti—O octa-

terized by a mixed orientation of grains with a possibility "€dron layer and thereby enhanced the stability of oxy-
of increased bit-to-bit variability in a capacitor for high- 96N ions in the lattice. Accepting this proposition, one
density ferroelectric random-access memory (FRAM)CaN expect that BLT also has a layered perovskite struc-
devices? In addition, PLD-grown films generally exhibit (Uré and thus possesses a high affinity for thaxis-
highly nonuniform film profiles. These are problematic ©7'€nted preferential growth by virtue of its layered
for device applications because large-scale processing [fture- Thus, the BLT film can potentially be used as a
the integrated circuit industry requires a uniform andPromising template layer for the growth of various func-

homogeneous film over a large area of Si substrate fofiona! thin films having a homogeneous orientation on a
the reproducibility of devices. The sol-coating route em->1 Substrate. ,
ployed in the present study is a useful method for the 1N€ direction and the magnitude of spontaneous po-
fabrication of various electronic and electro-optic thinl@rization in lanthanum-modified BT crystals have not
films and has definite advantages over other commonl€€n clearly understood, while those for the unmodified
T crystal are well known. Single-crystal BT has two
distinct directions for its spontaneous polarization: one
5 ) with a magnitud_e of 50 + fC/cn? in the b direqtion,
Address all correspondence to this author. and the other with 4.0 + O.ﬂC/cn'F along thec axis34
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that substitutes for bismuth ion exerts a strong bondingange between 400 and 650 °C for 1 h in the same oxy-
influence on the Ti—O octahedron, stretching the octahegen atmosphere. As-annealed films were crack free, uni-
dron unit. Provided that the lanthanum ion changes théorm, and dense, and they adhered well on the sub-
direction and the magnitude of spontaneous polarizatiorstrates used.
these changes will be most readily reflected in the direc- Chemical compositions of the annealed films were ex-
tion parallel to thec axis because the spontaneous po-amined using energy dispersive spectroscopy (EDS). For
larization along thec direction is significantly smaller areliable EDS analysis, the chemical compositions of the
than the polarization perpendicular to theaxis. Thus, crystalline BLT and BT powders, as derived from
the spontaneous polarization along thaxis is expected the same precursor sols, were determined using an in-
to be highly susceptible to the lanthanum substitution. ductively coupled plasma emission spectrometer
In this study, highlyc-axis-oriented Bj ,d a5 -sTi30,,  (ICPES) with a high-frequency argon plasma as an emis-
(BLT) films were successfully grown on both SiSi(100)  sion source. The stoichiometry of powders, as evaluated
and Pt/Ti/SiQ/Si substrates using a sol-coating route.using an ICPES, was essentially the same as the intended
Contrary to the BLT film ¢ = 0.75) fabricated by PLD, one. The composition-identified BLT and BT pow-
the present BLT films were characterized by a strongders were then used as standards for the quantita-
c-axis-oriented growth with a homogeneous in-plane oritive EDS analysis. Both the stoichiometry of the
entation. A Pt/BLT/Pt/Ti/SiQ/Si(100) capacitor, fab- BLT/SiO,/Si(100) annealed at 700 °C for 15 min and
ricated in the present work, showed a well-saturatedhat of the BLT/Pt/Ti/SiQ/Si(100) annealed at 650 °C
polarization—electric field (P-E) switching curve with its for 1 h were essentially the same as the desired composition.
remanent polarization &) of 26-28u.C/cn? and coer-
cive field (E.) of 50-75 kV/cm at an applied voltage
of 10>
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II. EXPERIMENTAL
A. Preparation of sol
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The precursor solution for the BLT was prepared by
first dissolving appropriate amounts of bismuth ac- &
etate [Bi(CHCOO)] and lanthanum acetate hydrate g
[La(CH;COOQO); + 2H,0] into an acetic acid solution at ==
room temperature in a glove box flushed with nitrogen
gas. Similarly, an acidic solution of bismuth acetate was
prepared for the BT precursor. A stoichiometric amount
of titanium isopropoxide solution {Ti[(CE),OCH];}
was slowly added to the mixed precursor solution in &a) 20 (degree)
glove box. Clear yellowish sols with a molar concentra-
tion of 0.3 M were obtained. These sols were stable over
a period of several months. A 4 mol% excess amount of
bismuth acetate was used to compensate the Bi loss that,
occurs during the thermal annealing of amorphous films.:::
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B. Fabrication and characterization films E‘ i g b4

and capacitors b4 g s &
The BLT and BT films were fabricated onto both -g g §ao§
SiO,/Si(100) and Pt/Ti/SiQSi(100) substrates using a = o 6% ']

repeated coating/drying cycle. The drying was performed
at room temperature. The dried films were amorphous as
determined by x-ray diffraction (XRD). The amorphous . : . L L
films deposited on SigSi(100) substrates were subse- 3 15 30 45 60
quently crystallized by thermal annealing at various temqp) 20 (degree)

peratures between 300 and 800 °C for 15 min in akG. 1. XRD patterns of (a) BLT and (b) BT powders. The powders

oxygen atmosphere. The films prepared on Pt/TifBiO \ere derived from the same precursor sols used in the preparation of
Si(100) substrates were annealed in the temperatutsin films.
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It was Bi:La:Ti = 3.25:0.75:3. Similarly, the composi- lanthanum oxide or associated compounds that con-
tion of the BT film annealed at the same temperature watain bismuth or titanium. This observation indicates
Bi:Ti = 4.03:3. The thickness of the annealed filmsthat the lanthanum ions in the BLT do not form minority
was estimated using a transmission electron microscogghases or segregate from the interior grain but dis-
and a field-emission scanning electron microscope. Theolve into the perovskite lattice. It is known that the
crystallinity of the annealed films was examined by XRDradius of a trivalent bismuth ion is very similar
using6-20 scansp-rocking curve scans, and pole-figure to that of a lanthanum iom(Bi®**) = 1.02 A, r(La®") =
analysis. 1.06 A® This suggests that lanthanum ions can readily

For the fabrication of BLT and BT capacitors, top Pt substitute for bismuth ions in the perovskite lattice.
electrodes were deposited using an electron-beam evap®herefore, one can conclude that the BLT maintains a
rator. The typical area of a top electrode wasén?.  layered structure similar to the perovskite BT even under
The ferroelectric properties of the fabricated capacitorextensive modifications by lanthanum. This conclusion
were measured using a RT6000S ferroelectric analyzeagrees with the crystal structure of the BLT proposed by
(Radiant Technology) equipped with a micrometer probePark and his co-workers.
station. However, small changes in the lattice parameters were

observed with increasing concentration of lanthanum. It
is known that the BT single crystal has a pseudo-
. RESULTS AND DISCUSSION orthorhombic structure wita = 5.411 A,b = 5.448 A,
andc = 32.83 A at room temperatureAccording to
A. Crystal structure of BLT this, the peaks corresponding t0l)- and (&I)-type re-

To identify the effect of lanthanum substitution on the flections should be distinguished from one another. As
phase stability, both BLT and BT powders were pre-presented in Fig. 2, the XRD pattern of the BT € 0)
pared, and their crystal structures were analyzed bgonsistently shows the splitting oh@) and (kI)-type
XRD. All the XRD peaks of the BLTX = 0.75) were reflections that are associated with orthorhombic struc-
identified and indexed according to the XRD data of theture. Contrary to this, the BLT does not show any peak
perovskite BT phase compiled in the JCPDS (card nosplitting caused by the distinch@) and (&kl)-type re-
35-0795). There was an one-to-one correspondence bflections. This indicates that the BLX (= 0.75) has a
tween these two patterns despite some peak shifts andtragonal structure rather than a pseudo-orthorhombic
changes in the relative intensity. According to the XRDstructure. The computed lattice parameters of the BLT
pattern presented in Fig. 1(a), the BLX £ 0.75) pow-  based upon the XRD patterns ae= b = 5.423 A, and
der does not show any evidence of the formation ofc = 32.869 A at room temperature.
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FIG. 2. XRD patterns of BLT and BT powders, showing the splittinghdfi}- and (kI)-type reflections in the orthorhombic BT.
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B. Crystallization behavior and microstructure of highly c-axis-oriented preferential growth with the ab-
BLT and BT films sence of the paraelectric pyrochlore phase gTBO, up

To critically assess the effect of lanthanum substity{0 800 °C. i
In contrast, the BT film shows two broad peaks

tion on the preferential growth without any disturbance X : _ A
by the texture of a bottom electrode, both BLT and rassociated with (200) and (117) reflections at 400 °C,
films were first deposited on Sig8i(100) substrates &S evident in Fig. 3(b). The XRD pattern shows a
and subsequently annealed at various temperatures fgp*€d orientation while the formation of the pyrochlore
15 min. Figure 3 compares the crystallization behavior ofSi2T1207 is evident in the films annealed above 700 °C.
the BLT film on the SiQ/Si(100) substrate with that According to previous investigations of BT film growth,
of the BT film. In case of the BLT film. as shown the formation of the pyrochlore phase is quite common
in Fig. 3(a), the XRD peak that corresponds to theunder thermal annealing above 750*%r under depo-
(008) reflection appears at 400 °C, indicating thatS!tion C?g‘g'}'ons of a low oxygen pressure and a high
the onset of crystallization to a layered perovskite is/Y€NCe: Investigators have avoided pyrochlore-
close to 400 °C. The peaks corresponding tol }@gbe phas_e formation by the ad_d_ltlon of an excessive amount
reflections grow continuously with the annealing tem-©f bismutl? or by deposition éénder an oxygen-rich
perature. The most prominent feature of the XRD pat&tmosphere and at a low fluence.

terns presented in Fig. 3(a) is that the BLT film shows a In view of this, it can be inferred that the formation of
the pyrochlore phase in the BT film results from a defi-

ciency in bismuth, which, in turn, is caused by its high
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FIG. 3. XRD patterns of (a) BLT and (b) BT films prepared on FIG. 4. XRD patterns of (a) BLT and (b) BT films prepared on
SiO,/Si(100) substrates and thermally annealed at various indicatet/Ti/SiO,/Si(100) substrates and thermally annealed at various indi-
temperatures for 15 min. cated temperatures for 1 h.
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volatility. Also, the deficiency in it may cause the nu- Pt/Ti/SiO,/Si(100) with that of the BT/Pt/Ti/Sig}Si(100).
cleation of the layered perovskites of BT with a largeThe XRD diffraction peaks that correspond to (008),
amount of defects and subsequent crystallization of th€0012), and (117) reflections appear at 400 °C in BLT
perovskite with various amounts of defects, resulting infilm while the peaks corresponding to (117) and (0012)
mixed orientation of the film. It is known that the vapor reflections are observed at the same temperature in BT
pressure of bismuth and that of lanthanum in the temfilm. For both films, compared with the (117) reflection,
perature range between 1150 and 1170 °C are 1 torr arttle intensity of (00-type reflections rapidly increases
10 *°torr, respectively? Thus, the substitution of lan- with annealing temperature. The BLT and BT films an-
thanum for bismuth may suppress the formation of thenealed above 550 °C then exhibit a highfaxis-oriented
pyrochlore phase and subsequently enhancecddveis-  preferential growth with a minor degree of (117) orien-
oriented growth in the films annealed at high temperatation. The degree of (0Btype preferential growth, as
tures over 700 °C because the substitution tends not onlgstimated using Lotgering’s orientation factdrwas
to sustain the stoichiometry of cations in bismuth sitesover 99% for both BT and BLT films annealed at 650 °C.
but also to retain oxygen ions in the layered perovskiteCrystallinity of BT films is higher than that of BLT films.
structure. It seems that the stability of oxygen ions isThis is caused by enhanced grain growth of BT films, as
closely related to the observed fatigue-free behavior ohown in Fig. 5. In contrast to BT/Si5i(100) annealed
the BLT film, as inferred by Park and co-workeérs. at temperatures over 700 °C, the formation of the pyro-
So the effect of lanthanum substitution on ferroelectricchlore phase in BT/Pt/Ti/SigSi(100), annealed below
properties could be analyzed, both BLT and BT films650 °C, was completely suppressed. However, the pyro-
were deposited on Pt/ Ti/Si5i(100) substrates and sub- chlore phase was observed from BT/Pt/Ti/g&)(100)
sequently annealed at various temperatures. In Fig. 4, wennealed at 700 °C. This is consistent with the phe-
compare the crystallization behavior of the BLT film on nomenon observed from BT/Si3i(100). From these

(@
()

FIG. 5. Field emission scanning electron micrographs and cross-sectional images of (a) BLT film on PtJ&i($0D) and (b) BT film on
PU/Ti/SiG,/Si(100). The films were thermally annealed at 650 °C for 1 h. Pt and Ti layers were not clearly observed due to small thickness.
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facts, it is clear that the pyrochlore-phase formation indiffusivity of bismuth will be significantly higher than
BT/Pt/Ti/SiG,/Si(100) is avoided by lowering the an- that of lanthanum. In this case, because of lower diffu-
nealing temperature below 700 °C (Fig. 4), below whichsivity of lanthanum, the substitution of lanthanum for
the deficiency in bismuth, caused by evaporation, can bbismuth suppresses the grain growth of BLT, as observed
avoided. Thus the effect of lanthanum substitution onin Fig. 5(a). For both films, the thickness of ferroelectric
crystallization behavior is not critical in the films depos- layers on Pt/Ti/Si@Si(100) are in the range between
ited on Pt/Ti/SiQ/Si(100) substrates and thermally an- 2800A and 3100A. The lattice image and the selected-
nealed below 650 °C. area electron diffraction (SAED) pattern of a cross-section
In addition crystallinity of BLT and BT films on of the BLT film on SiQ,/Si(100) reveal the layered
Pt/Ti/SiO,/Si(100) substrate is higher than that of nature of the film and thes-axis-oriented preferential
the films on SiQ/Si(100) substrate. This can be at- growth, as illustrated in Fig. 6.
tributed to enhanced grain growth of the films on . . '
Pt(crystalline)/Ti/SiQ/Si(100) substrate, as shown in gi'olr}gl(algz)osrfgag?g of BLT and BT films on
Figs. 5 and 6. It has been reported by other researchers 2
that grain growth of BT film on crystalline layers, such As mentioned previously, the BLT crystal has a lay-
as indium—tin oxid&* or silver!® is largely enhanced, ered perovskite structure with tetragonal symmetry at
compared to that of those films on amorphous subfoom temperature. Tetragonal BLT crystal with tbe
strates of SiQ. axis orientation possesses fourfold symmetry. Thus, four
Microstructural features of the thermally annealedpoles separated from one another by 90° should appear in
BT and BLT films are compared in Fig. 5. As shown in the pole figure if the film has a homogeneous in-plane
micrographs, the grain size of the BT film is substantiallyorientation. As shown in Fig. 7 four poles, separated by
larger than that of the BLT filmx = 0.75). Considering 90°, are evident in the pole figure of the BLT film
the well-known volatility of bismuth, one expects that theprepared on the SiZ5i(100) substrate. This clearly

FIG. 6. (a) Cross-sectional view, (b) SAED pattern of a cross-section, (c) lattice image, and (d) microstructure of BLT §i8i(8)0) thermally
annealed at 700 °C for 15 min.
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BLT thin films on SiO,/Si(100) and Pt/Ti/SiO,/Si(100) substrates
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FIG. 7. Pole figure and rocking curve of BLT film/Si&i(100) ther-

mally annealed at 700 °C for 15 min: (a) pole figure for the
(117) reflection, and (by-rocking curve of the (0014) plane.

30

indicates that the BLT film has a homogeneous in-plane

orientation and is grown directly onto the SiSi(100)
substrate. Furthermore, the angle between thB-(9pe
plane and the (117) plane, as estimated from the pol
figure, is 54°. This value is very close to the reported
value of 56° for the highlg-axis-oriented BT film grown
on Al,O, (0001) substraté® The rocking curve corre-

sponding to (0014) plane indicates that the full-width at

half-maximum is 2.8° [Fig. 7(b)].
To minimize the interfacial energy, a polycrystalline

a homogeneous in-plane orientation. Thus, the observed
homogeneous in-plane orientation of the BLT film is
closely related to its thermodynamic stability on
SiO,/Si(100) and Pt(111)/Ti/SigdSi(100) substrates.
However, the BT film, fabricated using the PLD method,
on a Si(100) substrate with a native oxide layer of SiO
showed a random in-plane orientatibimt® This suggests
that the mechanism of nucleation and growth of a given
BT-based film depends on the specific method used in
film fabrication.

D. Ferroelectric properties of BLT and BT films

P-E hysteresis loops of Pt/BLT/Pt/Ti/SiSi(100) and
Pt/BT/Pt/Ti/SiGQ,/Si(100) capacitors were measured at
10 V. For both types of capacitors, well-saturated polar-
ization—electric field switching curves (P-E curves) were
obtained, as presented in Fig. 8. The remanent polari-
zation (2,) increases dramatically from 4 to8C/cn¥ to

film on an amorphous heterogeneous surface, in genera|,
should grow along the direction normal to its close-
packed plane with the lowest surface energy. In addition
to this, a homogeneous in-plane orientation is preferred
because a low-angle grain boundary is energetically

P (nClcm®) 30- -
20 ..o"'....:: -
w7
400 200 ° ¢ . 200 400
o -104»'. E (lecm)
o® g .....:5(.)._-
asgitess 30-
(a)
P (uC/cm?) 20
¢ /
10{ o ,-""'
.....a
400 200 ..;‘ : 3 200 " 400
..',-:._.;;'_ E (kVicm)
&
20 -

more favorable than a high-angle grain boundary, whicqb)

leads to an inhomogeneous in-plane orientation. Sinc

(00)-type planes are the close-packed planes in th
BLT film, the interfacial energy can be minimized by
the formation of a highlyc-axis-oriented film with
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EIG. 8. P-E hysteresis loops for the highdyaxis-oriented (a) BLT

Gnd (b) BT films with a homogeneous in-plane orientation on

Pt/Ti/SiO,/Si(100) substrates. Both BLT and BT films were thermally
annealed at 650 °C for 1 h. The size of top Pt electrode wa$ dif?.
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26-28u.Clcn? by the lanthanum substitution. According
to previous investigations,P2 and E; (coercive field)
values of highlyc-axis-oriented BT films are typically

P (uClcm’) 20

5-8uClcn? and 2-5 kV/cm, respectivef?2* These 10 -
values are similar to those of the present BT film. f

The 2P, value of orli]r2 BLT & = 0.75) capacitor is even <
higher than 24.C/cnt obtained from the PLD-grown T T T e g T T T
BLT film.* The coercive field of the present BLT capaci- =00 2000 90 ’f 100 éookwaoo
tor is in the range of 50 to 75 kV/cm, which is somewhat ﬂ (kVicm)
higher than the previously reported value of 50 kV/cm ]
for the PLD-grown capacitor.In addition to these, the ® 1 cycle
2P, value of the present BLT capacitor is substan- 207 o  3.5X10"°cycle

tially higher than that of SrBira,Og, another fatigue- )
free layered perovskite, which ranges between 6 anff

20 nClcn?.2272* More importantly, these values @,

andE_ of the BLT capacitor are constant throughout the +p

whole area of the film, which presumably results from 20F —o—o-o s 4

the homogeneity of texture in the present BLT film. This +p 0000

homogeneity in the ferroelectric properties possibly re-«’g — ——nmmm-a_ g ]

moves the problems associated with the bit-to-bit vari-

ability in a film capacitor: o °r T
The fatigue-resistance characteristics of the presen{3: .

PYBLT/Pt capacitor X = 0.75) are summarized in a [ 5 moTAmEee-h-o-o0 ]

Fig. 9. The capacitor shows little change both in the 4| = OO GO

switching polarizationR,,) and in the nonswitching po- _p T

larization @, up to 3.5 x 16° switching cycles. The w ]

P-E curves were obtained at an applied voltage of 5V NPT ST S S T OO R TP TR e

before and after the electric fatigue test using a fatigue 1 100 100 100 10 10" 10"

voltage of 3V. The values of B and E; before the (o) Number of switching

f_atigue test were 14'3C/sz and 50 kv/cm, '€SPEC- FiG. 9. Electrical fatigue characteristics of the Pt/BLT/Pt capacitor
tively, at an applied voltage of 5 V. After the film was before and after being subjected to 3.5 Xgwitching cycles at a
subjected to 3.5 x 18 switching cycles, the values were frequency of 1 MHz: (a) P-E hysteresis loops measured at an applied
still retained at 15.4LC/CIT'|2 and 52 kV/cm at the same Voltage 65V before and after application of the switching cycles, and
applied voltage. Furthermore, no significant change ir'%bz/results of the fz_atlgue test, as determined with a fatigue voltage of
. and a measuring voltagd b V at afrequency of 1 MHz.
the shape of hysteresis loops was observed even after the
film was subjected to 3.5 x 10 read/write cycles at a
frequency of 1 MHz. These features of ferroelectric prop-SiO,/Si(100) and Pt/Ti/Si@Si(100) substrates by a sol-
erties will significantly enhance the potential value of thecoating route. (2) Bi,d a5 757150,, (BLT) maintains the
BLT film capacitor for the applications to high-density layered perovskite nature of Hii;O,, (BT) but has a
FRAM devices. tetragonal structure rather than a pseudo-orthorhombic
In addition to this, the highlyc-axis-oriented BLT structure. The estimated lattice parameters are approxi-
film, with a homogeneous in-plane orientation even onmatelya = b = 5.423 A andc = 32.869 A. (3) The
an amorphous surface, can potentially be a suitablsubstitution of lanthanum for bismuth suppresses the for-
template material for the following applications: (i) mation of the pyrochlore phase, Bi,O,, and subse-
magnetic-field sensors with a colossal magnetoresisguently enhances the-axis-oriented growth with a
tance?® (ii) non-destructive read-out memories with homogeneous in-plane orientation. The stability of the
metal/ferroelectrics/semiconductor structéiteand (iii)  perovskite phase was attributed to the lower volatility of
nonlinear optical waveguidegs:?® lanthanum ions and the enhanced stability of oxygen in
the lanthanum-modified BT. (4) The remanent po-
larization (2,) increases dramatically from 4+8C/cn?
IV. SUMMARY to 26—28uClcn? by the substitution of lanthanum
The results of the present investigation are sumfor bismuth in the layered perovskite. The highly
marized as follows: (1) Highlyc-axis-oriented c-axis-oriented Pt/BLT/Pt capacitor shows little change
Bi; »dag 751130, (BLT) films with a homogeneous in both the switching polarizatiorP(,,) or the nonswitch-
in-plane orientation were successfully grown oning polarization P,) up to 3.5 x 16° switching cycles.
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These features of ferroelectric properties will signifi- 13
cantly enhance the potential value of the BLT film ca-14
pacitor for application in high-density FRAM devices.
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