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c-axis epitaxial thin films of Bi-layered homologous,SgBisTi,Osm. 3 (M=3, 4, 5, and bwere
fabricated on(001) SrTiO; single crystal substrates by pulsed laser deposition, respectively.
Microstructures of the films were systematically characterized by x-ray diffra@tictuding 6—26

scans, rocking curve scans amfdscang, atomic force microscopy, and transmission electron
microscope. Epitaxial relations were established to be (OQL)Ri,Ti,O3m 3l (001)SrTiG, and
[110]Sh,—3BisTimOsm-3ll[ 010]SITiO; by ¢ scans and selected area diffraction. A special kind of
atomic shift along th@001] direction and a slight atomic vibration of Ti®ctahedra were revealed

and discussed. The room-temperature dielectric constants of these epitaxial films measured by using
an evanescent microwave probe were 223, 23713, 272+ 19, and 221 20 for films withm

=3, 4, 5, and 6 respectively. @003 American Institute of Physic§DOI: 10.1063/1.1579864

I. INTRODUCTION tures. This is because for these highly anisotropic oxides, the
a- and b-axis epitaxial films are very difficult to fabricate,
There has been much interest in ferroelectric thin filmsand although the-axis epitaxial films are easy to fabricate,
since their unique dielectric, piezoelectric, pyroelectric, andn view of NVFRAM application, thec-axis epitaxial films
ferroelectric properties can be utilized for memory devicesare of little significance since the vector of the spontaneous
ultrasonic sensors, and infrared detectorsin recent years, polarization is perpendicular to theaxis, specifically along
electrical properties of Bi-layered oxidé&urivillius phase$  ihe a axis®10 However, in view of academic point, many
such as SrBiTa,0 (SBT) and Bi,_,L&,TizOy, thin films jmportant physical, chemical, and structural properties of
have been_ widely studied for their applications i”A”g”V()lat"ethese Bi-layered oxides remain to be further investigated.
ferroelectric random access memofMVFRAM).""® The  propingc-axis epitaxial films of these rather unconventional
B'i'ayerg-‘ﬁ oxide fam!yz can be described asaterials can reveal the fundamental structural properties
(Bi202)"" (Am-1BmOsm.1) "%, where A represents Bi, Ba, since such studies are important for understanding the basic
Pb, Sr, Ca, K, Na, and rare earth elements, B represents W cyre and intrinsic propertiés It should be noted that,
Ta, Nb, W, Mo, Fe, etc., annh. represents fthe number of BO very recently, Choret al. reported that by suitably substitut-
octahedra between two neighboring,® layers. For ex- ing trivalent ions, the Ti-based Bi-layered oxides show giant

aqup_:_?’ S;TI?;I' 401253’ SBI'?‘)‘iT'_FiO (1)2 (B;g_’rirn:rr?Z’Ser;‘J"‘glg spontaneous polarization aloogaxis directiont? Therefore,
( 4, M=4) $Bi4TisOss ( 5, M=>5) © 2 9 rowing and probing the-axis epitaxial films of the Bi-
4, and 5 octahedra, respectively. Electrical properties OF

. o . ; . _layered oxides are still of great importance.
polycrystalline thin films of these materials in capacitor . .
) . On the other hand, it was suggested that Bi-layered ox-
structures with simple metal electrodes have been well

studied*’ However, reports on microstructure and electricalftdefS gvrlithrp>5 c;]) ul<r:i] nc))('E dOCCL: dnztt:;allyn?ir:(? ?omfe t?ltterlpts
properties ofa-, b-, and c-axis epitaxial thin films of these 0 tabricate such an oxide ende a ure ot the phase

oxides are rare in literature though such epitaxial-thin-ﬁlm/sBI]'F’b.":_lrt];]j .qu' However, th(lalre_ 'Str? ° fdwectfr;e-ls?.? o
substrate systems are important in the development of deviﬁih' It their c;cc;r.r(_arr.]cg, esgggla y 'E, he r?rmlc?h N Tims.
applications, as well as in fundamental issues such as in i the case of $Bi,TigO ( ls) which should have six

; ; 2+
terface physics and growth mechanisms of artificial strucOctahedra bloc-ks betyveen two nglghborlngz@|) lay-
ers, although its optical properties have been repdfted,

there is, as far as we know, no careful structural character-
dElectronic mail: yfchen@nju.edu.cn ization [i.e., high-resolution transmission electron micro-
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FIG. 1. Schematic of the crystal structure(af BTO, (b) SBTi,, (c) SBTis,
and (d) SBTig.
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s_cope(HRTEM)] Of_ it have been_camed out to ensu_re a FIG. 2. XRD 6-26 scans patterns of the films deposited @®1) STO
single phase material. To meet this goal, HRTEM studies Ofjngle-crystal substrate) m=3, (b) m=4, (c) m=5, and(d) m=6.
c-axis epitaxial SBT thin films are necessary.

The synthesis of homologous oxide thin films system
can offer tremendous potential for tailoring the ferroelectricll. EXPERIMENTAL DETAILS

anq dielectric.propgrties of materials. For exam.ple, by pre- Ceramic pellet of BTO used as the PLD target was pre-
paring the first five members Of. the 34 TinOzn. 1 R}ared by a citrate complex method and that of $B{in
rquIesden—popper .homologous series by molecular bea:4, 5, and 6 was prepared by solid-state reaction, respec-
epitaxy (MBE), Haeniet al. reveal that the first member of e The preparation details were discussed elsewhere.
this series, STiO,4, has several potential advantages overrne pLp processes were performed using a KrF excimer
the n=cc member, SrTiQ, in the applications of metal- |55er of wavelength of 248 nm, pulsewidth of 30 ns. The
oxide-semiconductor field effect transistéMOSFETS." BTO and SBT}, (m=4, 5, and 6 thin films were fabricated
Motivated by the works described above, we preparedyt 750 °C on(001) STO single crystal substrates for 20 min,
c-axis epitaxial homologous BTO, SBTiSBTis, and SBTé  respectively. During each fabrication, the flowing oxygen
thin films on (001) SrTiQ (STO) single crystal substrates by pressure was 30 Pa and deposition frequency was 5 Hz. After
pulsed laser depositiofPLD) and studied their microstruc- each fabrication, film wam situ annealed at 750 °C with 0.5
tures and electrical properties. BTO SBTiSBTis, and  atmosphere oxygen pressure for 10 min.
SBTig are four members of the Bi-layered oxide family with The crystal structures and epitaxial arrangements of the
3, 4, 5, and 6 TiQ octahedra between two neighboring films were studied by x-ray diffractioXRD) using a
Bi,O, layers, respectively. The schematic of the crystalRigaku-D/Max-rA diffractometer and a SIEMENS D5000
structure of these Bi-layered materials are shown in Figsdiffractometer. Surface morphologies and cross-sectional mi-
1(a)—1(d). crostructures were examined by a Nanoscope llla atomic
According to Hesseet al,'® for Bi-layered oxides, the force microscopy(AFM) and a JEOL 4000EX transmission
pseudotetragonal or the orthorhombic structure can be usedlectron microscope, respectively. Room temperature dielec-
In the case of pseudotetragonal structure ghandb- lattice  tric constants were measured by using an evanescent micro-
constants of these materials are about 3.84-3.86 A, whicwave probe(EMP).}"*
show little variation with respect tan value and are very
similar with the lattice constant of cubic ST@£3.90 A) lIl. STRUCTURE CHARACTERIZATION
and that of pseudocubic LaAfJLAO, a=3.79 A). The lat-
tice mismatches of these materials between STO are leds XRD study
than 1.54% and between LAO are less than 1.32%, therefore, Figures 2a)—2(d) show the XRD patterns of BTO and
STO and LAO are promising substrates for thaxis epitax-  SBTi,, (m=4, 5, and 6 films deposited 0i001) STO single
ial growth of Sk, 3BisTiOsmssz (M=3, 4, 5, and B thin crystal substrates, respectively. The peaks of BTO, $BTi
films. In this article, however, orthorhombic structure index-and SBTi were indexed according to the standard powder
ing will be used. diffraction data while the peaks of SKTare indexed by



546 J. Appl. Phys., Vol. 94, No. 1, 1 July 2003 Zhang et al.

(a) STO (001) A (a) STO (f102)

- (b) BTO (008) ( T “

3

s 3 | | |

2 |c) sBTI, (0010) < |(c) sBeTi |(119)

; z

] (2}

= s 1 l l |
E 1

(d) SBTi, (0012) (d) SBTi_ (1111)
(e} SBTi, (OOUL (e) SBTI, (1113)

7 8 9 10 11 12 13 14 15 0 60 120 180 240 300 360
6 (deg.) ¢ (deg.)
FIG. 3. XRD rocking curves of th¢a) STO substrate antb) BTO, (c) FIG. 4. XRD ¢ scans patterns of th@ STO substrate antb) BTO, (c)
SBTi,, (d) SBTis, and(e) SBTig. SBTi,, (d) SBTis, and(e) SBTig.

assumingc=>5.700 nm** Obviously, only (00) peaks of oObserved, as was expected for cubic STO. In each case of

these materials and (DOpeaks of STO substrates can be Figs. 4b)—4(e), four peaks separated by about 90° indicating

detected, indicating the highlg-axis oriented growth of that thec axis is the fourfold symmetric axis of these mate-
these films. rials. The in-plane lattice of BTO, SBJi SBTi5, and SBT

To detect if there is a tilt of-axis orientation away from are believed to be restricted by the substrate lattice, to form a
the surface normal, rocking curve measurements of ST@seudomorphic tetragonal structure without orthogonal
(001) reflection and BTO(008, SBTi, (0010), SBT: distortion!® The angles between STQ02 and BTO(117),
(0012), and SBT{ (0014) reflections were carried out. The SBTis (119, SBTis (1111), and SBT§ (1113) reflections
results are shown in Figs(@-3(e). The full width at half ~ are all about 0°, which is almost equal to the calculated val-
maximum(FWHM) of (002) reflection of STO substrate and ues. From these results, the alignment of the in-plane lattice
(008, (0010), (0aL2), and (0@4) reflections of BTO, Vectors can be concluded. Therefore, the epitaxial relation is
SBTi,, SBTis, SBTi films were 0.17°, 0.95°, 1.41°, 2.34°, established to be
?nd(;L.f(_)IP, rﬁspe%tively, implyinogl; that high qualiaxis tex- (00D)Sr, 3Bi,TiOsmy 5l (001)STO,
ured films have been prepared. -

X-ray ¢ scans were employed to investigate the epitaxial (1101t 5BiaTimOsm: 5[ 100ISTO,
qualities and epitaxial behaviors of these films. In #hecan ~ and
measurements, ST@A02, BTO (117, SBTi, (119, SBTis
(1111), and SBT{§ (1113) reflections were selected. For
each measurement, thé @nd, the tilt angle off the surface B. AFM surface morphologies
normal, were fixed at defined values, as shown in Table .
Then the corresponding scan result was obtained by rotat- AFM surface morphology can provide sufficient infor-
ing the sample 0°—360°. The results were plotted in Figsmation about the growth mode of thin filfi->3The surface
4(a)—4(e). The measured FWHM of STQ.02), BTO (117), morphologies of these epitaxial films were recorded by AFM
SBTi, (119, SBTis (1111), and SBT§ (1113) reflections over an area of &mx3 um, as shown in Figs.(&-5(d).
are 0.12°, 1.12°, 0.53°, 0.85°, and 0.41°, respectively. In FigGenerally, the extremely smooth, dense, and uniform surface
4(a), four equally spaced peaks separated by 90° could bwithout any cracks or voids of BTO film and the relatively

rough surface morphologies of SBTiSBTi;, and SBT§

films with some irrational islands were shown. The AFM
TABLE |. Parameters used for x-ray scans measurements. surface morphologies indicate that the growth mechanism of
BTO is different from that of SBTi, SBTi;, and SBT§: the

[110]Srk,_ 3Bi;TimOsms 3I[010]STO.

20 d BTO film is grown via a two-dimensional2D) layer-by-
STO (102 52.34° 26.57° layer growth mod&?* while the SBTj, SBTis, and SBT§
2 (139 % PR films have undergone a three-dimensiof@D) island-like
SBT:“ 2111)1) 30.71° 48.97° growth mode? The different growth mode of BTO, SBJj
SBTi: (1113) 31.04° 48.44° SBTis, and SBT} is also revealed by cross-sectional TEM

images, as will be shown in the following. It should be noted
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~

Therefore, at the early stage of film growth, large strain of
SBTi,, (m=4, 5, and 6 along thea or b axis will force the
adatoms to form separatedaxis epitaxial island, which is
3D island growth mode. In the case of BTO, relatively small
strain along the or b axis may not be sufficient to force the
adatoms to form separatedaxis epitaxial island, therefore,
BTO film is grown via a 2D layer-by-layer growth mode.
These results are consistent with the AFM surface morphol-
ogy measurements. The average thickness of BTO, SBTi
SBTi;, and SBT§ films are 452, 735, 432, and 500 nm,
respectively.

The selected area electron diffracticfAED) of BTO/
STO heterostructure are shown in Figga)#7(c). Figure
7(a) is a SAED pattern taken from the STO single crystal
FIG. 5. AFM surface morphologies ¢&) BTO, (b) SBTi,, (c) SBTis, and substrate area along the10] direction, Fig. Tb) is a SAED
(d) SBTig epitaxial films on STO substrates, respectively. pattern taken in the area of the BTO films, which is identified

to be the[110] zone electron diffraction pattern, and Fig.
o ) . 7(c) is a SAED pattern taken in the area covering both the
that in Fig. Sa), the stripes of the BTO films can be seen, fim and substrate, which is a simple superposition diffrac-
which indicate that the surface of STO substrate can be coRjgp, pattern of BTO film and STO substrate because typically

1000nm T

sidered to consist of steps, terraces, and kifiks. (001) diffraction spot of STO can also be identified in this
figure, as indicated by an arrow. The sharp electron diffrac-
C. Cross-sectional TEM studies tion spots with no broadening again indicate that the film

Figures 6a—6(d) are the low magnification cross- have_ good single crysf[allinity. Similar results of SBISTO,
sectional TEM overview micrographs of the BTO/STO, SBTis/STO, and SBT/STO heterostructures were also ob-

SBTi,/STO, SBT/STO, and SBTj/STO heterostructures, t@ined, as shown in Figs(@-7(f), Figs. 1h)-7(i), and Figs.
respectively. The BTO film is homologous with no detectable’)=7()., respectively. From these SEAD resullts, the inter-
grain boundaries and the interface and surface are shaffCc€ relationship has been found to be

enough. This result confirms again that the BTO film is (001) St 3Bi g TiO3m4 3l(00) STO

grown via a 2D layer-by-layer growth mode. In the case of

SBTi film, the irrational grain boundaries perpendicular toand
the film normal are presented, which are the typical glues of [1T0]Srm,SBi4Tim03m+3||[010]STO

3D island growth mode. One of the factors that might be

responsible for the different growth mode of BTO and SBTi (m=3, 4,5, and § which is consistent with the x-rag scan
(m=4, 5, and 6 is that BTO has only Bi—Ti—O perovskite results.

unit while SBTj, (m=4, 5, and 6 have different Bi-Ti—O Figures 8a)—8(d) show the cross-sectional HRTEM im-
and Sr—Ti—O perovskite units. Note that in a Bi-layered ma-2ges of the BTO, SBTi SBTis, and SBT} films. Each film
terial with different perovskite units, the atomic displace-shows a number of wedge shaped contrast parallel to the
ment, thus the strain, aloror b axis is larger than that in (00D plane of the substrate surface, which should be attrib-

such a material with only one kind of perovskite ufit. uted to the large-axis lattice constant, i.e., layered structure
of each material is obtained.

Details of Figs. 8)—8(d) are shown in Figs. @—9(d),
respectively. As can be seen in these figures, there are atomic
shifts along[001] direction in all of the films. It should be
noted that there are many such atomic shifts in the $BTi
SBTis, and SBT§ films while relatively few in the BTO
films. Generally, such atomic shift and their different behav-
ior in different films may be attributed to the following: First,
different growth mode of BTO and SBJi(m=4, 5, and 6
films results in the different density of atomic shift along
[001] direction. Second, the step-like structure of the STO
substrate surface and the local step-like defect of the films
could also result in such an atomic shift.

As discussed above, at an early stage of film growth,
each separated-axis epitaxial SBTj}, (m=4, 5, and 6 is-
land grows independently, which means that the growth rate
of each island is not necessary to be identical so with the film

FIG. 6. SEAD patterns of the) STO substrate an@) BTO, (c) SBTi,, (4  9rowing, when the neighboring islands become connected,
SBTis, and(e) SBTis. the BLO,/perovskite/BjO, sequence of each separated ep-
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FIG. 7. Cross-sectional TEM overview @) BTO/STO, (b) SBTi,/STO, (c) SBTi5/STO, and(d) SBTig/STO heterostructures.

itaxial SBTi,, (m=4, 5, and island is different, resulting in Will not occur. In this view, it seems that the BTO film
the observed atomic shift along axis as shown in Figs. should have no such atomic shift alof@1] direction, how-
9(b)—9(d). This is consistent with the results observed inever, as schematically shown in Fig. 10, the surface&0t)
c-axis epitaxial BaBi,TisO;g thin films8 In the case of 2D STO substrate can be considered to consist of a step, which
layer-by-layer grown BTO film, such an island connectionWill greatly affect the microstructure of 2D layer-by-layer
grown BTO films if the height of the step is not the integer
number ofc-axis lattice constant, atomic displacement along
the growth direction at the boundary of two neighboring
steps. Therefore, the 2D layer-by-layer grown BTO films
also have atomic shift along001] direction. It should be
noted that the step-like surface structure(@1) STO sub-

FIG. 8. HRTEM images ofa) BTO, (b) SBTi,, (c) SBTis, and(d) SBTig FIG. 9. Details of Fig. 7y(a) BTO, (b) SBTi,, (c) SBTis, and(d) SBTig
epitaxial films. epitaxial films.
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_ different atomic numberZ=38, 22, 83, and 8 for Sr, Ti, Bi,
Height and O, respectively. The Sr and Ti columns have little differ-
[001] ence in intensity because of the close atomic numbers be-
tween them. For each material, the stacking blocks of the
alternate BjO, layers and Ti@ octahedra can be identified.

[010] The BiLO, layers are indicated bB while the TiQ, octahe-

dra lie between two neighboring (BD,)?* layers, which fit
well with the corresponding schematic representation of the

/ - / [100] crystal structure shown in Figs(a—1(d), respectively. The

Width equal spacing between the double,®j layers indicates a
FIG. 10. Schematically surface structure (601 STO single-crystal sub-  Single-phase film. It should be noted that for each film, be-
strate. tween double BIO, layers, other Bi columns can be de-

tected, which correspond to the Bi—Ti—O ferroelectric

blocks. The measured-axis lattice constants ain=3-6
strates could also affect the microstructure of SBTmM films are 32.8, 4_0.4, 49.1, and 56.7 A. No mtgrgrowths are
—4, 5, and 6 films. However, such influence may not be OPserved in the imaged areamwf=3, 4, and 5 films. How-
predominant compared with the influence resulted from th&Ver, some intergrowth of then=6 phase is observed in
3D island-like growth mode. localized region.

In thesec-axis epitaxial films, a local distorted atomic
line can be seen, as indicated by the white arrow in Fig). 9 IV. DIELECTRIC PROPERTIES
It is reported that the TiQoctahedra of the Bi-layered oxide The growth of thec-axis epitaxial films allows the s,
can tilt slightly along the four nominally equivalerd  dielectric constants of these high anisotropic materials to be
axis?"?8 this tilting will lead to the atoms such as Ti bend measured. Room temperature dielectric constant3 ©f
upward, downward left, or right irrationally. The repeatedthese epitaxial films were measured with an evanescent mi-
small bent will form this type of distorted atomic line. In crowave probéEMP) to be 24523, 23713, 272+ 19, and
fact, it is believed that such tilting also exists in SRTim  221+20. To confirm the results, the epitaxial films were
=4, 5, and § films, as indicated by arrows but compared togrown directly on(001)-LAO single crystal substrates by
the atomic shift along thE001] direction in these films, such PLD, respectively, because LAO has low dielectric constant
tilting is not predominant. (~24), which will not interfere with the dielectric measure-
The local cross-sectional HRTEM images of th@xis  ment. The measured, of the epitaxial flms on LAO are

epitaxial BTO, SBTj, SBTis, and SBTj films are presented 221+13, 205+ 15, 261+29, and 24917 for m=3, 4, 5,
in Figs. 1Xa)-11(d), respectively. The Sr and Ti columns and 6, respectively, which are comparable with the results
have relatively low intensities, the Bi columns high intensi- measured on the films on STO substrates.
ties, while O columns are not seen. This is because of their

V. CONCLUSIONS

c-axis epitaxial thin films of homologous Bi-layered

(a) SRR T N BTO, SBTi,, SBTis, and SBT§ were fabricated o001
P STO single crystal substrates by PLD, respectively. Epitaxial
LA r A ey A relations were established to be
TS, A2 AN AN (001) Sty 3BisTiyOaim- 3l (00D SITIOg
Irrrrrrs s, RN and
B (iuirrre ~  Lomnsa _
FIPIIISI) 00 [110]Sry_ 3Bi,TiyOsm- 3ll[010]SITIO,

Frsa iy Iy

(m=3, 4, 5, and 6, respectivelpy selected area diffraction
(SAED) and x-ray ¢ scans. A special kind of atomic shift
along[001] and a slight vibration of Ti@) octahedra are re-
vealed and discussed. The room-temperature dielectric con-
stants of the epitaxial films measured by using an evanescent
microwave probe were 24523, 23713, 27219, and
221+ 20 for BTO, SBTj, SBTis, and SBTj films, respec-

FE FP FY N ll"
’ e LR N Y
RN R AN SAAASA R

vio:v:n'v’_i’d:ff
XA R RER R ¥

FREFE N
f iy a s ey

KA, tively.
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