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Polarization dependent near and extended x-ray absorption fine-str0¢ANES and EXAFS, in
combination with x-ray diffraction, has been used to study the structure of $ETO) ultra thin

films grown on Sj001). For the in-plane directiof200), the x-ray diffraction data indicate that all
films (from 40 to 200 A are equally expanded. This is in contradiction to previous reports claiming
that the growth is pseudomorphic and epitaxiabherenk, which would predict an inplane
contraction. Even the thinnest filng40 A) grow in a relaxed modéot coherentat the deposition
temperaturg¢700 °Q. As the system is brought to room temperature, the filmesv anchored to the
substratg are not allowed to compress as much as bulk STO. The residual film expansion is
quantitatively explained by the differential thermal expansion of Si and STO. For the out-of-plane
direction(002), the x-ray diffraction data indicate that STO films are expanded for the thinnest films,
and relaxed for a thickness of 200 A. The in-plane and out-of-plane EXAFS and XANES data show
that the perpendicular expansion of the thinner films is accompanied by a displacive phase transition
of SrTiO; where the Ti atom moves toward tk@02) direction. This ferroelectric-type behavior of

the thinner films implies important potential applications in electronics.2@®4 American Vacuum
Society. [DOI: 10.1116/1.1765657

[. INTRODUCTION At 105 K STO exhibits a phase transition where the oxygen

. . i . . . octahedra rotates with a small tetragonal distortion of its unit
Strontium titanate (SrTiQor STO is a multifunctional o(fe" (c/a—1)<0.0001%*At 35 K, Curie law for the electri-

material with a stable structure upon an extensive range ol . . .
P g cal permittivity predicts a ferroelectric phase transitién.

temperatures. STO is commonly used as substrate for ﬂﬁ wever. due t ntum fluctuations. anv ferroelectricity i
growth of various oxides with attractive electrical properties OWEVer, due 1o quantum fluctuations, any TeIroelectricity 1S
suppressed for all temperatures down to @ 8trontium ti-

as for superconductors and ferroelecticSTO (STO) also . .
tanate becomes ferroelectric under strain at very low

works as a buffer layer for the growth Il1-V semiconductors . _ B :
temperature8.Physical properties of thin film are different

on silicon allowing for the optical capabilities of IlI-V's . _
with the robustness of Si technolod¥he interest of STO as from those of bulk materials. Moreover, mechanical proper-
ties of strained films could also differ from those films that

highk gate dielectric to substitute SjOs falling down due
to large amount of problems that remains regarding thé® relaxed. o . .
growth of a commensurate and sharp interface of STO with Recently, the driving force of the semiconductor industry
Si. However, the scientific and technologic importance ofto integrate thin ferroelectric transition-metal oxides with Si
STO still remains. transistor technology has revived the question of whether or
At room temperature, bulk SrTiChas a perovskite struc- Not a ferroelectric ground state can be supported by an ultra-
ture and can be described by placing Satoms at the cor- thin film.1° Recent experimental studies designed to address
ners of a cube, a T#* atom at the cube center, and ® this issue have focused on ferroelectric materials that were
atoms at the centers of the cube faces, in perfect octahedr@fown in a two-dimensional, thin-film geometry™? In this
coordination with the Ti*4 atom[Fig. 1(a)]. The phase trans- work we present x-ray diffractioXRD) evidence that the
formations of bulk STO as a function of temperature haggrowth of STO thin films on silicon is not coherent, rather,
been studied in detail and is, at some extent, well understoodhe films remains under residual tensile strain at room tem-
perature. The films also exhibit an elastic anomaly where the
3Electronic mail: saguirre@fis.cinvestav.mx volume of STO unit cell increases, giving rise to a negative
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Poisson ratio. This anomaly is accompanied by a displacive
phase transition of the Ti atom in th@02 direction, as
demonstrated by the x-ray absorption fine structaFrs) Fic. 2. Out-of-plane(right) and in-plane(left) by x-ray diffraction data of
measurements. The functionality of this ferroelectric instabil-the 40, 60, 80, and 200 A STO films.

ity as gate dielectric in metal-oxide-semiconductor field-

effect transisto(MOSFET’S devices for nonvolatile memo-

ries is still under study. perfect registry with the substrate. An isotropic cubic layer
contracted in the in-plane direction will be Poisson expanded
[l. EXPERIMENTS in the out of plane direction according to the following rela-

STO films with thicknesses of 40, 60, 80, and 200 A werelion:
grown on S{001) substrates using molecular beam epitaxy. €, = —2(cplciye 1)
Details of the sample preparation are provided elsewhiere. ™+ 1271V
Near and extended X-ray absorption fine'strUC(IXANES Wherecll and Cq, are the elastic constants,= 1_aH/abu|k
and EXAFS data were collected for the K edge (hV and e, =1-a, /abulk are the in_p|ane and 0ut-of-p|ane
=4966 e\b at room temperature. The data were recorded b)étrainsy I‘espectivehaH ,a, and ap are the in_p|ane, out-
monitoring the TK,, fluorescence emission using a single- of-plane and bulk lattice constants, respectively. Batand
element SiLi detector fixed in the horizontal plane, ata r|ghtaL , for STO ﬁ|ms(f0r thicknesses of 40, 601 80, and ZOQA
angle to the incident photon beam. The absorption data wefgere obtained from the XRD curves showed in Fig. 2. These
collected in two orientations, with the polarization veceor yalyes are plotted in Fig. 3, where the squares are the values
of the synchrotron radiation aligned either parallelin-  for the in-plane lattice constants and the circles are those of
plang or perpendiculare out-of-plang to the S{001) sur-  the out-of-plane direction. Using the macroscopic elastic
face. Consequently, due to the two-dimensional nature of thgonstants of ST@Ref. 14 and the translation of the out-of-
surface/film/substrate geometry, it was possible to distinpjane strain to the in-plane strain as stated by @, the
guish in-plane from out-of-plane Ti—O bonding. In addition, hehavior ofa, is in accordance to an epitaxial growth, where
the x-ray absorption spectrum from finely ground STO pow-the in-plane lattice constant is very similar to that of the
der was measured in transmission; it was used as the EXAF§pstrate. However, when we look at the in-plane XRD to
phase and amplitude standard emperimentallydetermine  determinea,, we found that all the films are expanded, this
the Ti—O bond lengths within the films. result is totally opposite of what is expected for a pseudo-

In order to characterize the strain state of the STO filmsmorphic growth. Regardless of the thickneséasthe range
high-resolution specular x-ray diffraction measurements us-

ing a crystal analyzer were performed around the ®DQ
and S{200 Bragg reflections. Figure 2 shows the results of

the diffraction experiment for the perpendicular lattice con- 4.00 T
stants of the STO films. Clearly, the effect of strain is evident — SrTiO3/Si(001)
for samples thinner than a critical thickness-680 A (the < s6) s e ) ]
horizontal line denotes the bulk lattice constant of $TO 8

w0

8 392 :
lll. RESULTS AND DISCUSSIONS © =

o Bulk SrTiO, =

Due to the extremely large lattice mismatch between the £ 288 | ]

cubic unit cells of STO and Siagro=3.905A andag; - 7 1
=5.431A), epitaxial growth of a thin STO layer on a ‘ : ‘ s
Si(001) substrate results in a STO layer that is rotated around 0 50 100 150 200 250
the S[001] surface-normal by 45°; i.e., STOOO0}/Si[110]. Thickness (A)

The resulting lattice mismatch between the STO layer an(lile. 3. Out-of-plang(circles and in-plang(squareslattice constants of the

. . _ 13
Si(001) is then equal tods;/ V2~ astq)/asto= ~1.7%:°In 40 60, 80, and 200 A STO fims as determined by x-ray diffraction. The
a coherent growth, a thin enough film is expected to be irdotted line shows the bulk cubic lattice constant of STO.

JVST A - Vacuum, Surfaces, and Films
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of 40—-200 A and within the experimental error bars, all the L A L B B AL R
STO films grown on $D01) are under tensile strain with a
value of residual strain of-2%.

As showed in Fig. 3 for the 80 A and below, the STO
films are expanded in both direction. This volume increase in
the unit cell is a severe elastic anomaly revealed by a nega._.
tive Poisson ratio. The residual tensile strain in the in-planes
direction is due to the differential thermal expansion between;
the STO film and the silicon substrate, while the expansion &
in the out-of-plane direction is the effect of a polarized in-
terfacial layer of STO as evidenced by the x-ray absorption
fine structure measurements.

The coefficients of thermal linear expansion atgro
=10.8<10 ° K™ ! for SrTiO; (Ref. 15 and ag=2.49
%1078 K1 for Si*® This significant difference causes the
lattice mismatch to be larger at the growth temperature,
where the expanded substrate and film lattice constant are
3.847 and 3.930 A. If we suppose that the film relaxes at the
growth temperature, even for the thinnest film, then whenthe |
whole structure(substrate-film) cools down to room tem- 40A In-plane
perature, the film will contract only the amount that the sub-
strate contract. That means that the substrate will contract ¢
0.18% f(ag;:3.847 A-3.840A). If the film lattice constant R
contracts a 0.18% then the final lattice constant will be 3.923 4940 4960 4980
A. This is the thermal mechanism through the substréiten
system behaves giving rise to the formation of a residual
tensile strain. Fic. 4. TiK near-edge x-ray absorption spectra from thin STO films re-

Figure 4 shows the K x-ray absorption near-edge spec- corded with the polarization.vector in-plane anq out-of-plésee the te>}_t'
tra from the thin fims studied. The spectra have been scalef{® % 52 o0 Lo e o e e ofsetfor carty.
to equal edge jump. The pre-edge features occur in the re-
gion of 4965—4980 eV. As is well known, in pure octahedral
(Oy) symmetry the transition-metald3states are split by the
ligand-crystal field into a triply degeneratg, set and a dou- from its centrosymmet.ric position is obtained from the quan-
bly degenerate, set, with a splitting of~2 eV, as indicated titative EXAFS analysis. o
in Fig. 4. In molecular point groups that lack inversion sym- We turn now to our extended x-ray absorption fine-
metry, for example the tetrahedral {) point group, the structure dat_a. Little dlfferencg between the ZQO A film _and
metal 4p orbitals mix with the metal 8 orbitals, but this e powder is observed for either of the two film polariza-
mixing occurs only with the higher of the two crystal-field t!ons; however, the S't“?‘“o_r? Is much d_|ffer_ent for the_thlnner

films that show both significant polarization and thickness
effects. Figure 5 shows the Fourier transforms of the ex-
tended fine structure. The peak in the Fourier transform near
t]h.4 A corresponds to the Ti—O bond lengttMost startling

Ti K edge

1s—3d

200A In-plane l

200A Out-of-plane

60A In-plane

Normalized Absorption

60A Out-of-plane

40A Out-of-plane

N
5020 5040

L1 [

|
5000
Photon Energy (eV)

split 3d states'’ This p-d mixing makes % transitions to the
higher energy group of @ states dipole allowed @& 3d
transitions are dipole forbiddef® For this reason, the inten-

sity of the second pre-edge feature has been correlated with apparent splitting of the Ti—O bond length for the thin-

ferroellec.tncné/. mlthe perovsfk|tﬁ structu?{%,TILe.,.wnr} the . ner films when the polarization vector is aligned perpendicu-
quantitative displacement of the central Ti cation from its| . 'ihe STO/Si interface.

centrosymmetric position within the perovskite unit cell. Our To obtain quantitative results, the Ti—O radial shell was

data show a large increase in |_ntenS|ty of thikTpre-edge  gdeled with the EXAES phase and amplitude functions ob-
feature with decreasing film thickness. These data suggeglined from the bulk STO powder. As anticipated, data re-
the existence of an interfacial ferroelectric layer that be-corded from the 200 A film in either polarization were indis-
comes less significant as the film grows. The difference irlinguishable from the STO powder. The results of the
the pre-edge height among the in- and out-of-plane polarizanodeling for the 60 A film are shown in Fig. 6Results for
tions (see Fig. 4 reveals the existence of a preferential axisthe 40 A film are similar, but with larger erroysThe top
along which the Ti atoms are displaced. Most of the growthpanel shows the fit to the data from the 60 A film recorded
of the pre-edge height in the in-plane direction is due to awith the polarization vector in-plane, and the middle panel
disordered layer close to the interface with th€081) sub-  shows the fit to the data from the 60 A film recorded with the
strate were the formation of Sj(plays an important role. polarization vector out-of-plane, both assuming a single
However, major evidence of the displacement of the Ti atonTi—O bond length. Clearly, a beat occurs in the out-of-plane

J. Vac. Sci. Technol. A, Vol. 22, No. 4, Jul /Aug 2004
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Fic. 5. Fourier transforms of the EXAFS data from the thin STO films
recorded with the polarization vector in-plane and out-of-plésee the
text). The data have been offset for clarity.

data neak=7 A1 that is not modeled by a single Ti—-O
distance. Our two-shell analysibottom panel finds the
Ti—O bond length to be split by 0.220.06 A along the

3 thin films 1359
result confirms the formation of an interfacial polarized layer
of STO. This work is an experimental evidence of the corre-
lation existing between ferroelectricity in STO and the in-
crease in the unit cell volume predicted by Ref. 22.

IV. CONCLUSIONS

The differential thermal expansion coefficients of SrJiO
and Si combined with the elastic constants of SgTi@di-
cate that the films disorder at growth temperature. The
SrTiO; films are then under tensil@ot compressivestrain
at room temperature. In contradiction to previous reports
claiming that the growth of SrTiQon Si001) is coherent®
X-ray diffraction data therefore witnesses a severe elastic
anomaly; i.e., a negative Poisson ratio, in the thinnest films.
X-ray absorption fine-structure (K edge finds a local
Ti—O bond-length distortion that is interpreted as a ferroelec-
tric polarization[see Fig. 1b)]. The observed ferroelectric
phase transition in STO is accompanied by an increment in
the unit cell volume which is uncommon in ferroelectric
phases of other perovskites where the unit cell volume is
nearly conserved. This polarization is apparent for the thin-
nest films, but decreases with film thickness. Sgli@in
film growth on Si is not coherent, rather, the films are under
residual tensile strain due to differential thermal expansion.
These films exhibit an elastic anomaly; that is explained by
the presence of an interfacial polarization as revealed by
x-ray absorption fine structure.
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