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Sharp ferroelectric phase transition in strained single-crystalline
SrRuO3 ÕBa0.7Sr0.3TiO3 ÕSrRuO3 capacitors
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S. Hoffmann-Eifert, and R. Waser
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Forschungszentrum Ju¨lich, D-52425 Ju¨lich, Germany
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Single-crystalline all-perovskite SrRuO3 /Ba0.7Sr0.3TiO3 /SrRuO3 thin-film capacitors epitaxially
grown on SrTiO3 exhibit a sharp paraelectric-to-ferroelectric phase transition at 350 K with a
maximum permittivity of about 6660. This value is comparable to that of bulk ceramics and exceeds
by several times the highest values reported for Ba0.7Sr0.3TiO3 thin film capacitors. The observed
thickness dependence of the dielectric response is analyzed with the aid of a thermodynamic theory.
It is shown that a weak decrease of the permittivity with the Ba0.7Sr0.3TiO3 thickness decreasing
from 200 to 10 nm can be explained solely by the thickness-dependent strain relaxation in epitaxial
films without assuming the presence of low-permittivity layers at the film/electrode interfaces.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1633027#
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In view of a high permittivity displayed in the bulk
form,1,2 Ba0.7Sr0.3TiO3 ~BST 70/30! represents a promisin
candidate as a dielectric material to be used in new gen
tions of dynamic random access memory~DRAM! cells.3

Most of the work on BST thin films, however, has be
performed on Pt/Si substrates.3–5 In this case, the ferroelec
tric phase transition in BST thin films is suppressed due
their polycrystalline structure and in-plane tensile strains
duced by a thick Si substrate. As a result, the BST dielec
constant is reduced in these films by about at least one o
of magnitude with respect to the bulk value, and no fer
electric phase is observed. In order to eliminate grain-s
effects, several groups have investigated single-crysta
BST films.6–9 The highest measured dielectric response
these films is around 1000.6 Depending on the film quality
BST films may show the paraelectric to ferroelectric pha
transition, but much broader than that in a bulk material.

Another drawback to the incorporation of BST films
DRAM devices is a strong decrease of the observed die
tric response with decreasing film thickness which is usu
attributed to the existence of low-permittivity layers at t
film–electrode interfaces.4 In most of the performed investi
gations, the capacitors involved metallic top electrodes.10,11

All-perovskite SrRuO3 /BST/SrRuO3 capacitors have bee
investigated only with polycrystalline SrRuO3 ~SRO! top
electrodes.8 We are not aware of detailed studies of the thic
ness effect on the dielectric properties of BST films stac
symmetrically between two epitaxial oxide electrodes, wh
will be presented in this letter and are necessary to d
conclusions about the existence of a ‘‘dead layer’’ at t
kind of interface.
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Thin-film capacitors were fabricated on singl
crystalline ~100! SiTiO3 ~STO! substrates. The SRO/BST
SRO heterostructures were grownin-situ by pulsed laser
deposition~PLD!, employing a KrF excimer laser with a
energy density of 5 J/cm2 and a frequency of 10 Hz. First,
100-nm-thick bottom layer of SRO was deposited at 775
with an oxygen pressure of 0.25 mbar. Subsequently,
BST film was grown on SRO at 680 °C and the same oxyg
pressure. The BST film thickness has been varied betwee
and 200 nm. Finally, the BST film was covered with a 3
nm-thick SRO top electrode deposited at the conditions
dicated above for BST.

The high-quality cube-on-cube epitaxial relationship
BST/SRO on STO was proved by x-ray diffraction~XRD!
w-scan measurements and rocking curves with a full width
half-maximum of 0.05°. High-resolution transmission ele
tron microscopy~TEM! investigations of the SRO/BST/SRO
heterostructures showed sharp BST/SRO interfaces. No
ondary phases could be detected. In the heterostructures
a BST thickness of 9 nm, no misfit dislocations were o
served@Fig. 1~a!#. In the 17-nm-thick BST layer, misfit dis
locations were found to appear at a distance of a few nan
eters away from the bottom interface@Fig. 1~b!#. In Fig. 1~b!,
the vertical arrow marks a dislocation.

Thin-film capacitors were fabricated by patterning t
SRO top electrodes by optical lithography and Ar-ion-be
etching.

Figure 2 shows the temperature dependence of the
electric response«eff of the SRO/200-nm-BST/SRO capac
tors performed at 10 kHz. The presence of a strong dielec
peak with the maximum permittivityemax'6660 indicates a
sharp paraelectric-to-ferroelectric phase transition at the t
sition temperatureTc>350 K. This transition is confirmed by
the results of polarization hysteresis measurements, w
demonstrate that, at temperatures below 350 K, a non
remnant polarizationPr appears in BST films, reaching va
ues as high asPr'14 mC/cm2 at T5200 K ~see the inset in
Fig. 2!. It should be noted thatTc is around 40 K higher than
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that of the bulk BST 70/30 ceramic.1 The maximum permit-
tivity emax'6660 is in the same order of magnitude as valu
reported for bulk ceramics.1,2

Figure 3 shows the variation of the inverse capacita
densityceff

21 for thicknessesH ranging from 10 to 200 nm
The observed linear dependence with a nonzero inter
A/C(H→0) is similar to the one reported for Pt/BST/P
capacitors.4 However, the apparent ‘‘interfacial’’ capacitanc
ci5ceff (H→0)>1 F/m2 is much larger than the capacitanc
determined in Ref. 4 (ci50.117 F/m2) and Ref. 11 (ci

50.022 F/m2) for Pt/BST/Pt and SRO/BST/Au structure
respectively. The estimated permittivitye`'6600 of an infi-
nitely thick BST film, which can be extracted from the slo
in Fig. 3, is also very large in comparison withe`'1000 for
SRO/BST/Au capacitors.11 The main distinction of our BST
capacitors from those studied earlier is that they are fu
epitaxial trilayers.

The out-of-plane lattice constantc of BST films was
determined from the 002 XRD peak. It was found that t
lattice parameter increases markedly in the thinnest fi
~Fig. 3!. This fact indicates the presence of thickne
dependent lattice strains in our BST films. Therefore,
strain effect on the dielectric properties of epitaxial BS
films was analyzed theoretically. The in-plane lattice stra
S1 and S2 in a ferroelectric film are equal to the nomin
misfit strainSm

0 5(b2a0)/a0 in an epitaxial couple, only in
the absence of plastic relaxations (a0 is the lattice constan
of a freestanding film andb is the in-plane lattice paramete
of the bottom electrode strained by a thick substrate!. If the
film thicknessH exceeds a critical valueHc , above which
the introduction of misfit dislocations is energetica
favorable,12 the lattice strainsS15S25Sm become thickness
dependent. When the dislocation densityr!1, the actual
misfit strain can be evaluated asSm5(b* 2a0)/a0 , where
b* 5b(12r) is the effective lattice parameter of the botto
electrode.13,14 It is widely accepted that the generation
misfit dislocations in perovskites occurs only at the grow
temperature because the dislocation glide is suppresse

FIG. 1. Lattice fringe images of two SRO/BST/SRO heterostructures de
ited on STO and involving 9-nm-thick~a! and 17-nm-thick~b! BST layers.
The dashed lines denote the interfaces, and the vertical arrow marks a
dislocation in the 17-nm-thick BST layer.
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lower temperatures due to the relatively high Peierls barri
Using the results of Ref. 12, for the densityr(H) of misfit
dislocations at the film/electrode interface, we obtainr(H)
>hSm

0 (Tg)(12Hc /H), where the factorh<1 allows for
partial suppression of the dislocation generation due to
netic reasons. Hence, the thickness dependence of the m
strain atH.Hc can be written as

Sm~T,H !5Sm
`~T!1hSm

0 ~Tg!
Hc

H
. ~1!

Here Sm
`(T)5Sm

0 (T)2hSm
0 (Tg) represents the in-plan

strains in a very thick fully relaxed film (H@Hc).
According to the nonlinear thermodynamic theory,16–18

the lattice strainS3 in the thickness direction of a tetragon
ferroelectric film~stable under compressive stress atSm,0!
can be calculated as S352s12Sm /(s111s12)1@Q11

22s12Q12/(s111s12)#P3
2, wheresln are the elastic compli-

s-

sfit

FIG. 2. Dielectric response of the 200-nm-thick epitaxial BST film as
function of temperature. The inset shows the polarization versus vol
hysteresis loop measured at 200 K on the same sample recorded at 10

FIG. 3. Thickness dependence of the out-of-plane lattice constant~left ver-
tical axis! and the inverse of the capacitance density~right vertical axis!.
Squares represent the out-of-plane lattice constantsc(H) of epitaxial BST
films determined by x-ray diffraction. The solid curve shows the theor
cally calculated dependencec(H). The triangles represent the inverse c
pacitance density of single-crystalline SRO/BST/SRO capacitors. The s
line is a linear fit to the experimental data points.
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ances at constant polarization,Qln are the electrostrictive
constants in polarization notation, andP3 the out-of-plane
polarization.19 Using the above relations together with E
~1!, the dependencec(H)5a0(11S3) for BST 70/30 films
at room temperature was calculated.20 The results are shown
in Fig. 3 together with the measured values of the latt
parameterc(H). Good agreement between theoretical a
experimental results support the validity of Eq.~1! in our
films.

Now we can calculate the thickness dependence of
film permittivity that originates in the strain effect. As show
by Pertsevet al.,21 the misfit-strain dependence of the rel
tive out-of-plane permittivity«33 obeys the Curie–Weiss
type law:«33(Sm)5Ks /(Sm* 2Sm). In this equation, which is
written for a tetragonal film grown on a compressive su
strate (Sm,0) and valid at Sm,Sm* only, Ks52(s11

1s12)/(8«0Q12) is the material parameter governing th
strain sensitivityof dielectric response, andSm* (T)5a1(T)
3(s111s12)/(2Q12) is thecritical misfit strain, which makes
the prototypic phase unstable with respect to appearanc
the out-of-plane polarizationP3 . The substitution of Eq.~1!
into the above relation gives atH.Hc ,

1

«33~T,H !
5

1

«33
` ~T!

2
hSm

0 ~Tg!

Ks

Hc

H
, ~2!

where«33
` (T)5Ks /@Sm* (T)2Sm

`(T)# is the permittivity of a
very thick strained film (H@Hc). Equation~2! shows that
the inverse of film permittivity is a linear function ofH21.

The intrinsic dielectric response of a ferroelectric fil
given by Eq.~2! cannot be measured directly. Indeed, t
dielectric measurements may include intrinsic or extrin
low-permittivity layers at the film/electrode interfaces. If th
thickness of these layers is much smaller than the film th
ness, we obtain from Eq.~2!

1

ceff
5

1

ci
2

hSm
0 ~Tg!Hc

«0Ks
1

H

«0«33
`

. ~3!

Two important results follow from Eq.~3!: ~i! the slope of
the dependenceceff

21(H) reflects the permittivity«33
` of a thick

strained film, but not of the bulk material; and~ii ! a consid-
erable nonzero intercept is obtained even when the inter
effect is negligible. Numerical estimates show that the s
ond term in Eq.~3! can be as large as several m2/F. There-
fore, the nonzero intercept in Fig. 3 may be explained so
by the strain-related thickness dependence of the intri
permittivity of BST films.

Finally, it must be stressed that the increase ofTc in our
200-nm-thick BST film can be explained by the strain effe
as well. Indeed, the thermodynamic theory15 predictsTc5u
1Sm(Tc)4«0CQ12/(s111s12), where u and C are the
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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Curie–Weiss temperature and constant of the bulk mate
respectively. Takingu5290 K, C51.183105 ~Ref. 1! and
Sm(Tc)'2231023 ~sinceSm weakly depends on tempera
ture in our case!, we obtainTc'360 K, in good agreemen
with the measurements.
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