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Sharp ferroelectric phase transition in strained single-crystalline
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Single-crystalline all-perovskite SrRy@Ba, ;S 5TiO5;/SrRuG; thin-film capacitors epitaxially
grown on SrTiQ 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 fog Bg sTiO5 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 theg f3& sTiO5 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 Physic§DOI: 10.1063/1.1633037

In view of a high permittivity displayed in the bulk Thin-film capacitors were fabricated on single-
form,}? Bay ;SrsTiO3 (BST 70/30 represents a promising crystalline (100 SiTiO; (STO) substrates. The SRO/BST/
candidate as a dielectric material to be used in new gener&RO heterostructures were grovim-situ by pulsed laser
tions of dynamic random access memdBRAM) cells®>  deposition(PLD), employing a KrF excimer laser with an
Most of the work on BST thin films, however, has beenenergy density of 5 J/cfrand a frequency of 10 Hz. First, a
performed on Pt/Si substrat&s. In this case, the ferroelec- 100-nm-thick bottom layer of SRO was deposited at 775 °C
tric phase transition in BST thin films is suppressed due tavith an oxygen pressure of 0.25 mbar. Subsequently, the
their polycrystalline structure and in-plane tensile strains inBST film was grown on SRO at 680 °C and the same oxygen
duced by a thick Si substrate. As a result, the BST dielectripressure. The BST film thickness has been varied between 10
constant is reduced in these films by about at least one ordand 200 nm. Finally, the BST film was covered with a 30-
of magnitude with respect to the bulk value, and no ferro-nm-thick SRO top electrode deposited at the conditions in-
electric phase is observed. In order to eliminate grain-sizelicated above for BST.
effects, several groups have investigated single-crystalline The high-quality cube-on-cube epitaxial relationship of
BST films®~° The highest measured dielectric response oBST/SRO on STO was proved by x-ray diffractiORD)
these films is around 1060Depending on the film quality, ¢-scan measurements and rocking curves with a full width at
BST films may show the paraelectric to ferroelectric phaséialf-maximum of 0.05°. High-resolution transmission elec-
transition, but much broader than that in a bulk material. tron microscopyTEM) investigations of the SRO/BST/SRO

Another drawback to the incorporation of BST films in heterostructures showed sharp BST/SRO interfaces. No sec-
DRAM devices is a strong decrease of the observed dielemndary phases could be detected. In the heterostructures with
tric response with decreasing film thickness which is usuallya BST thickness of 9 nm, no misfit dislocations were ob-
attributed to the existence of low-permittivity layers at the served[Fig. 1(a)]. In the 17-nm-thick BST layer, misfit dis-
film—electrode interfacebin most of the performed investi- locations were found to appear at a distance of a few nanom-
gations, the capacitors involved metallic top electrddésS.  eters away from the bottom interfaéig. 1(b)]. In Fig. 1(b),
All-perovskite SrRu@/BST/SrRu@ capacitors have been the vertical arrow marks a dislocation.
investigated only with polycrystalline SIR4JQSRO top Thin-film capacitors were fabricated by patterning the
electrode$.We are not aware of detailed studies of the thick-SRO top electrodes by optical lithography and Ar-ion-beam
ness effect on the dielectric properties of BST films stackeatching.
symmetrically between two epitaxial oxide electrodes, which  Figure 2 shows the temperature dependence of the di-
will be presented in this letter and are necessary to dravelectric response of the SRO/200-nm-BST/SRO capaci-
conclusions about the existence of a “dead layer” at thators performed at 10 kHz. The presence of a strong dielectric
kind of interface. peak with the maximum permittivity,,,~6660 indicates a

sharp paraelectric-to-ferroelectric phase transition at the tran-
dAuthor to whom correspondence should be addressed; electronic maiﬁition temperatur& =350 K. This transition is confirmed by

r.dittmann@fz-juelich.de the results of polarization hysteresis measurements, which
YPermanent address: InstitutrfiVerkstoffe der Elektrotechnik, RWTH demonstrate that, at temperatures below 350 K, a nonzero
Aachen University of Technology, 52056 Aachen, Germany. At ; S ; _
9Permanent address: A. F: loffe Physico-Technical Institute, Russian Acad[emnant -polarlzat|orPr appntizars m_BST films, reacr_nng V.al
emy of Sciences, 194021 St. Petersburg, Russia; electronic maitl€S @S high aB,~14 uClc at_T—ZOO K (see th_e Inset in
pertsev@domain.ioffe.rssi.ru Fig. 2). It should be noted thak, is around 40 K higher than
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FIG. 2. Dielectric response of the 200-nm-thick epitaxial BST film as a

. ) ) function of temperature. The inset shows the polarization versus voltage
FIG. 1. Lattice fringe images of two SRO/BST/SRO heterostructures deposysteresis loop measured at 200 K on the same sample recorded at 100 Hz.
ited on STO and involving 9-nm-thicla) and 17-nm-thickb) BST layers.

The dashed lines denote the interfaces, and the vertical arrow marks a misfit
dislocation in the 17-nm-thick BST layer. lower temperatures due to the relatively high Peierls barriers.
Using the results of Ref. 12, for the densjyH) of misfit

that of the bulk BST 70/30 ceramicThe maximum permit- dislocoations at the film/electrode interface, we obta{ii)
tivity €,,,=6660 is in the same order of magnitude as values ”_Sm(Tg)(l_ HP/H)’ whert_a the _factornsl &.IHOWS for .
reported for bulk ceramics? par_tlal suppression of the dl_slocatlon generation due to k|
Figure 3 shows the variation of the inverse capacitancé]et'f: reasons. Hence, thg thickness dependence of the misfit
densityce’ffl for thicknessedd ranging from 10 to 200 nm. strain atH>H, can be written as
The observed linear dependence with a nonzero intercept . o H.
A/C(H—0) is similar to the one reported for Pt/BST/Pt Sm(T’H)ZSm(TH’/Sm(Tg)W- @
capacitors. However, the apparent “interfacial” capacitance . o ,
Ci=Cert (H—0)=1 F/n?is much larger than the capacitances 1ere S{m(T):s?n(T)_ﬂsm(Tg) represents the in-plane
determined in Ref. 4¢=0.117 F/mM) and Ref. 11 ¢ strains in a very thick full){ relaxed f|ImI-(>HC).. "
—0.022 F/n) for PUBST/Pt and SRO/BST/Au structures,  ccording to the nonlinear thermodynamic thedty;
respectively. The estimated permittiviey ~6600 of an infi- the lattice _strglrsg in the thickness dlrect_lon of a tetragonal
nitely thick BST film, which can be extracted from the slope ferToelectric film(stable under compressive stressSat0)
in Fig. 3, is also very large in comparison wigh~1000 for ~ ©&" be calculatedz as Sy=28155m/ (s + Sl?)+[Q11,
SRO/BST/Au capacitors The main distinction of our BST ~ 2512Q12/(S11+512) P53, wheres, are the elastic compli-
capacitors from those studied earlier is that they are fully
epitaxial trilayers. 5
The out-of-plane lattice constamwt of BST films was 4.08
determined from the 002 XRD peak. It was found that this <
lattice parameter increases markedly in the thinnest films ¢y
(Fig. 3. This fact indicates the presence of thickness- +«
dependent lattice strains in our BST films. Therefore, the
strain effect on the dielectric properties of epitaxial BST
films was analyzed theoretically. The in-plane lattice strains
S, and S, in a ferroelectric film are equal to the nominal
misfit strainSrOnz(b—ao)/ao in an epitaxial couple, only in
the absence of plastic relaxatiors(is the lattice constant
of a freestanding film ant is the in-plane lattice parameter
of the bottom electrode strained by a thick subsjrdfethe 308 N 0
film thicknessH exceeds a critical valukl,, above which o 50 100 150 200
the introduction of misfit dislocations is energetically .
favorable!? the lattice strain$,=S,=S,, become thickness Film Thickness (nm)

de_p(.anden_t. When the dislocation densﬁisél, the actual FIG. 3. Thickness dependence of the out-of-plane lattice congeinter-
misfit strain can be evaluated &,=(b* —ag)/ay, where tical axiy and the inverse of the capacitance densitght vertical axis.
b* =b(1—p) is the effective lattice parameter of the bottom Squares represent the out-of-plane lattice const(H§ of epitaxial BST

electrodel.3'14 It is Widely accepted that the generation of films determined by x-ray diffraction. The solid curve shows Fhe theoreti-
. . . . cally calculated dependenaé¢H). The triangles represent the inverse ca-
misfit dislocations in perovskites occurs only at the grov"thpacitance density of single-crystalline SRO/BST/SRO capacitors. The solid
temperature because the dislocation glide is suppressed lat is a linear fit to the experimental data points.
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ances at constant polarizatio,, are the electrostrictive Curie—Weiss temperature and constant of the bulk material,

constants in polarization notation, am, the out-of-plane

respectively. Takingd=290 K, C=1.18<10° (Ref. 1) and

polarization'® Using the above relations together with Eq. S,,(T.)~—2x10 2 (sinceS,, weakly depends on tempera-

(1), the dependence(H)=ay(1+S;3) for BST 70/30 films

ture in our casg we obtainT.~360 K, in good agreement

at room temperature was calculaf@dhe results are shown with the measurements.

in Fig. 3 together with the measured values of the lattice

parameterc(H). Good agreement between theoretical and'a. p. Hilton and B. W. Ricketts, J. Phys. B9, 1321(1996.

experimental results support the validity of Ed) in our
films.

Now we can calculate the thickness dependence of the

film permittivity that originates in the strain effect. As shown
by Pertseet al,?! the misfit-strain dependence of the rela-
tive out-of-plane permittivitye;; obeys the Curie—\Weiss-
type law: e 33(Sy) =Ks/(Sh—Sm)- In this equation, which is
written for a tetragonal film grown on a compressive sub-
strate §,<0) and valid atS,<S}, only, Ks=—(s11
+519)/(8g¢Q1y) is the material parameter governing the
strain sensitivityof dielectric response, ang(T)=a(T)

X (s111+S12)/(2Q1,) is thecritical misfit strain which makes
the prototypic phase unstable with respect to appearance
the out-of-plane polarizatioR;. The substitution of Eq(1)
into the above relation gives &t>H,,

77821(1-9) E
K. R

1
g33(T)

wheree35(T) =Ks/[Sh(T) — Sy(T)] is the permittivity of a
very thick strained film H>H,;). Equation(2) shows that
the inverse of film permittivity is a linear function &f 1.

The intrinsic dielectric response of a ferroelectric film
given by Eq.(2) cannot be measured directly. Indeed, the
dielectric measurements may include intrinsic or extrinsic
low-permittivity layers at the film/electrode interfaces. If the
thickness of these layers is much smaller than the film thick-
ness, we obtain from Eq2)
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Two important results follow from Eq3): (i) the slope of
the dependenaee‘ffl(H) reflects the permittivity 35 of a thick
strained film, but not of the bulk material; arfid) a consid-
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