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Impact of the top-electrode material on the permittivity of single-crystalline
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We observed significant influence of the top-electrode material on the thickness and temperature
dependences of the dielectric response of single-crystalligeSgsTiO5 thin-film capacitors. For
SrRuG;/Ba, /Sry 3TiO3/ STRUOQ; samples, the position of dielectric maximum shifts to lower
temperatures with decreasing film thickness, whereas the samples with Pt top electrodes exhibit an
opposite trend. Moreover, the apparent “interfacial” capacitance, extracted from the film-thickness
dependence of dielectric response, is very different for these two types of samples and strongly
depends on temperature. Experimental results are analyzed theoretically in light of the
depolarizing-field and strain effects on the transition temperature and permittivity of ferroelectric
films. © 2005 American Institute of PhysidDOIl: 10.1063/1.1931063

Collapse of the dielectric response with decreasingsame crystalline quality, enables us to single out and analyze
thickness, which is observed in perovskite ferroelectric filmstheoretically the effect of an electrode material on the dielec-
like BasSr,_,TiO3 (BST), is an obstacle to the successful tric response of BST capacitors.
integration of these materials as high-permittivity layers in  Thin-film capacitors were fabricated on commercial
future dynamic random access memoriéghe collapse is  single-crystal(100-oriented SrTiQ (STO) substrates. The
often attributed to the existence of a low-permittivity layer atSRO/BST bilayers and SRO/BST/SRO trilayers were epi-
the film/electrode interfaceeven though no hint from micro-  taxially grownin situ by pulsed laser depositicisee Ref. 7
structure investigations exi$ts* In this case, the measured fo, detail3. The Pt top electrode wa situdeposited on the

capacitance density. can be represented as bilayer samples by dc sputtering. The high-quality cube-on-
1 1 t 1 cube epitaxial relationship between BST, SRO, and STO was
=t (1) proven by x-ray diffraction(XRD) ¢-scan measurements
([303]SRO/[303|BST/[303]SRO/[303]STO indexed refer-
wherec;; andc;, are the contributions of the supposed inter-ring to the pseudocubic SRO unit gelRocking curves with
facial capacitors at two electrodes, aggldenotes the per- a full width of 0.05° at half maximum of the BS(R00O) peak
mittivity of a bulklike film. Besides the presence of a physi- were measured for both Pt/BST/SRO and SRO/BST/SRO
cally distinct low-permittivity layer, some other effects, such stacks, which indicate that the crystalline quality is indepen-
as a finite screening length of the electrddbge soft-mode dent on the top-electrode material. Furthermore, high-
hardening of surface dipolésand the thickness-dependent resolution transmission electron microscopy investigations of
strain relaxatiohalso result in a linear thickness dependencesro/BST bilayers and SRO/BST/SRO trilayers proved that

_l . .
of cgjr similar to Eq.(1). no change in the BST microstructure occurs during the depo-

Several groups reported on a strong influence of the eMjsion of the SRO top electrodé The strain state of the BST
ployed electrode material on the dielectric properties of BSTs| i, 4t a given thickness was also found to be the same in

: 8-10 8 ;
fllms._ lzuhaet al. _found that the room—tempgrature_dr both capacitors. This conclusion is based on the thickness
electric response of single-crystalline BST capacitors with Pﬁependence of the film's out-of-plane lattice parameter

top electrode is several times lower than that of CapaCitoraetermined by XRD(see closed symbols in Fig),lwhich

W|t_h SRO top electrode. Alphough this _result |nd|ca}tes that]?.ts the same theoretical cuna(t) for both SRO and Pt
oxide electrodes are superior to metallic ones, Pt is one o

the most promising materials for the integration of ferroelec->2MPples. This curve was calculated as described in Ref. 7

trics with complementary metal-oxide—semiconductor technder the assumption of thickness-dependent strain relax-
nology. ation by the formauon of misfit dislocations &t 10 nm..

In this letter, we present the dielectric measurements for _ The dielectric measurements were performed with an
high-quality single-crystalline BST capacitors with the film HP4194 impedance analyzer at 10 kHz and an oscillation
thicknesses ranging from 10 to 200 nm. A comparison of cavoltage level of 100 mV. We measured the capacitance-
pacitors with Pt top electrodéPt samples and SRO top Voltage(C-V) curves of SRO and Pt samples with the BST
electrode(SRO samples which involve BST layers of the thickness varying from 10 to 200 nm. For all Pt samples, the

maximum of theC-V curve was shifted td/,;,~=-0.4 V.
Ppermanent address: A. F. loffe Physico-Technical Institute, Russian AcadghIS_Shlft can be attributed to an I_ntemal electric field caused
emy of Sciences, 194021 St. Petersburg, Russia; electronic maiPy different electrode work functiorigt.6-4.8 eV for SRO
pertsev@domain.ioffe.rssi.ru (Ref. 12 and 5.3 eV(Ref. 13 for Pt]. Therefore, we shall
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analyze the capacitance values ¥t,,=-0.4V for Pt :‘2_’ 4l i 2'0- o
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Variation of the reciprocal capacitance densify with T 2F ppBe® : - 3 42 ..:
the film thickness at room temperature is shown in Fig. 1 by ol - alaialolf . . X
open squares and circles for the SRO and Pt samples, 100 200 300 400 500
respectively® In agreement with Eq(1), the data obtained Temperature (K)

for both types of samples demonstrate a linear thickness de-
pendence with a nonzero intercep;%(t—>0) #0. The slope FI'G. 2. Temperature dependence of the dielectric respaps®r samples
. . . .. .with Pt(a) and SRQO(b) top electrodes. Curvegd)—(3) correspond to differ-
of this depe”de”‘?e 'S. very smyl_ar_ for both sample series; Iﬁlnt BST layer thicknesse&) 120 nm(1), 60 nm(2), and 26 nm(3) and(b)
corresponds to thick-film permittivitiésn the same order of 200 nm (1), 100 nm(2), and 50 nm(3). Curve 4 and the insets show the
magnitude(eSR°~ 6700 versug’'~5700. However, the in-  temperature dependences of the thick-film permittivity and the inverse of the
tercept value was found to be much Iarger for the Pt Samp|e§ﬁ_terfa<_:ial capacitance densi(yletermined_from the slop_e and intercept‘of
Accordingly, the apparent “interfacial” capacitance densityt(?.e thickness dependence of the reciprocal capacitance, respectively
. SRO_ o ircles mark the position of the dielectric maximum for different curves.
in the case of SRO top electrode?™-=1030 fF/um?) is
about five times higher than the value derived for samples
with Pt top electrodéc'=200 fF/um?). tric responses; Of the latter increases with decreasing thick-
Since the thickness dependence of the BST strain state igess at temperatures below 26( ¢€e Fig. 2b)].
insensitive to the top-electrode material, the difference be- Curves 4 and the insets in FigdaRand 2b) show the
tweencR9 and ¢ cannot be attributed to the strain contri- variations of the thick-film permittivity and the inverse of the
bution described in Ref. 7. Another contribution results frominterfacial capacitance density, which were extracted from
the reduction of applied electric field inside the film due to athe experimental data using E@.). It should be noted that
finite screening length of the electrod8Black and Welser the maximum thick-film permittivitysSRqT,,) of the SRO
suggested that the interface capacitance density of the SRéamples appears to be more than two times higher than
electrode is about four times larger than that of the Pt eleczP{(T,,) of the Pt sample¥ Moreover, the capacitancesR©
trode (because the lattice dielectric constas of SRO is  and ¢ exhibit opposite temperature dependences. Remark-
expected to be one order of magnitude higheThis effect  aply, the apparent interfacial capacitang&® of the SRO
of the electrode material could explain our results ¢5f°  samples becomesmegativeat low temperatures.
and Cipt at room temperature. To check whether the above results can be explained by
We measured capacitances of the Pt and SRO samplesfifiite screening lengths of the electrodes, we analyzed the
a wide range of temperaturd@s Figures 2a) and 2b) show  properties of ferroelectric capacitors using a simple phenom-
the temperature dependences of the apparent dielectric renological model. In contrast to the previous calculatidns,
SpONSee.=Ceii t/ g Obtained for samples with Pt and SRO we took into account that the electrode screening ability also
top electrodes, respectively. Curves 1-3 here correspond #fects the temperatur€, of ferroelectric transition, which
capacitors with three different BST thicknesses. It can benodifies the thickness dependence of dielectric response ad-
seen that, for all samples, a peak of the dielectric responsgitionally. For SRO/BaTiQ/SRO capacitors, &, shift due
e(T) appears at some temperatdrg(t). With decreasing to incomplete screening of the depolarizing field has been
film thicknesst, the dielectric peak broadens and its heightconfirmed by first-principles calculations.
decreases for both types of capacitors. However, the position We modeled the film/electrode interfaces by thin low-
Tn(t) of the peak shifts with decreasing film thickness topermittivity layers with characteristics independent of the
highertemperatures for the Pt samples, whereas for the SR@m thicknesst. Electric fields in the film and the interfacial

ones it shifts tdower temperatures. Furthermore, the dielec-layers can be evaluated using the continuity condition for the
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electric displacement. In the case of a short-circuited capaciailing over the misfit-strain effect as well. Accordingly, Eq.
tor, a depolarizing fieldEy.,=—P3/(cit) exists inside the (2) predicts the dielectric-peak shift to lower temperatures
film, whereP5 is the film out-of-plane polarization, arglis  with decreasing film thickness, which is inconsistent with the
the total interfacial capacitance per unit area. The influenceata shown in Fig. @). On the other hand, the presence of
of Egepon the transition temperatuflg can be described with  two different electrodes in the Pt samples could lead to an
the aid of the nonlinear thermodynamic theory of epitaxialincrease ofT,, in thinner films?? This explanation may be
ferroelectric filmst® The calculation shows that the depolar- valid, however, only if the internal electric field is not com-
izing field affects only the second-order polarization termpletely compensated by the applied field in our experiments.
§3P§ in the expression for the film thermodynamic potential  Since the influence of electrode material on the film per-
G derived in Ref. 18. The renormalized coefficieayf is  mittivity is likely to result from a superposition of several
given by a; =ay+1/(2cit). Since the phase transition in different effects, the dielectric behavior of SRO/BST/SRO
BST films must be of the second ord@r‘,l’C can be found and Pt/BST/SRO capacitors cannot be consistently described

from the conditiona;* =0, which yields by our model in a wide temperature range. Nevertheless, one
eC £,CQ of the most remarkable experimental results, namely, the in-

To(t) = - == + 412G (1), (2) crease of dielectric response with decreasing thickness ob-

Gt Sutsp served for SRO/BST/SRO samples at low temperatures, can

whered andC are the Curie—Weiss temperature and constan€ explained by the decrease of ferroelectric transition tem-
of the bulk materials,, are the film elastic compliance®;,  Perature due to the depolarizing-field effect.

is the electrostrictive constant, arg}, is the misfit strain.
Equation(2) shows that the depolarizing-field effect leads to
a decrease of in thinner films, which is inversely propor-
tional to the film thickness$ and to the capacitanag. Simi-
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