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Long-range ferroelectric interactions in KTaO  3/KNbO ; superlattice
structures
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Symmetric superlattice structures consisting of alternating atomic-scale layers of;kKaraD
KNbO5 with variable periodicity were grown on KTaQubstrates by pulsed laser deposition. The
in-plane structure of KNb@ closely matches that of the KTaOsubstrate, resulting in
KTaO;/KNbO; heterostructures that are uniformly strained in-plane without misfit dislocations.
This strain imposes an in-plane KNbh@ttice spacing identical to that of the KTg®ubstrate for

the temperature range 30&0 <700 °C, and a tetragonal-to-tetragonal transition is observed
whose phase transition temperatiiredepends on the KNb{ayer thickness. The in-plane strain
results in a significant increase in this ferroelectric-paraele@trifor superlattices with relatively
thick KNbO; layers(T,=535 °C for a 17 nm thick layer, as compared to 435 °C for bulk KibO
and for K(Nby 5sTa, 5505 random-alloy thin films. As the superlattice period decreases, a reduction of
T. is observed. For superlattices with periodicities of 50 A or less, the Curie temperature is identical
to that of the KTaygNbysO; random-alloy film, indicating significant long-range ferroelectric
coupling across the KTa{ayers. © 1998 American Institute of Physics.
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A number of attempts have been made to detect anduperlattices were growim situ to a total thickness of 170
quantify size effects in ferroelectric materials, but unequivo-nm. For comparison purposes, a 170 nm thick film of the
cal observations of these phenomena have proven to be relselid solution KTa sNby €05 was also grown as described in
tively elusive due primarily to a variety of experimental dif- Ref. 13. Atomically flat substratgss examined in Ref. 34
ficulties. Most recent experimental investigations havewere used in all cases.
focused on the decrease of the ferroelectric phase transition The KTaG,/KNbOj; superlattice structures were initially
temperatureT .., as observed in fine-grained ceramiéshe  analyzed byZ-contrast scanning transmission electron mi-
decrease of the ferroelectric domain size with decreasingroscopy (STEM)*® using [100] zone-axis-oriented cross-
thickness as observed in free-standing wedge-shaped trarggctional samples. Figurgal shows that the interfaces be-
mission electron microscop§TEM) samples:* and on the tween 4 unit-cell-thick KTa@ layers and 3 unit-cell-thick
increase ofT,. in epitaxial thin films>® Unfortunately, in all KNbOj; layers are atomically sharp. No misfit dislocations
of these studies, either defects, surface charges, nonuniforwere observed in any portion of the TEM specimen. The
strains, or other extrinsic effects have complicated the interimage shown in Fig. (b) demonstrates the continuity of the
pretation of the experimental results—thereby precluding superlattice. The TEM images were used to calibrate the
clear and unambiguous identification of intrinsic size effectsgrowth rates for the KTaQand KNbG, layers. All of the

In the present work, the difficulties noted above are cir-samples that were subsequently analyzed were grown with
cumvented by exploiting the special properties of epitaxialequal thicknesses of both constituents.
superlattices consisting of alternating layers of paraelectric The crystallographic structure of the KTa®NbO;
KTaO,; and ferroelectric KNb@ grown on (001)-oriented  superlattices was investigated by x-ray diffractioiRD)
KTaO; substrates. Although a number of similar perovskiteusing a four-circle diffractometer and a ®,; source. Ra-
superlattices have been studied previodsly, the dial -26 scans show superlattice satellite peaks as illustrated
KTaO;/KNbO; system is distinguished from these prior in Fig. 2, from which the thickness of each superlattice
studies since the lattice mismatch between KNb&hd period could be determined accurately. In the five samples
KTaO; at the growth temperature is less than 1.5%. If superinvestigated, the thickness of each layer measures: 169 A
lattices can be grown without the formation of misfit dislo- (=42 unit cells), 51 A 13unit cells), 24 A
cations, the strain in the films will be uniform and indepen-(=~6 unit cells), 15.8 A &4unit cells), and 4 A
dent of the layer thickness, providing an excellent system irf{~1 unit cell), respectively.
which an unambiguous study of size effects in ferroelectrics None of the samples investigated here exhibited split
can be made. peaks in the x-rayp scans. Thus, no sign of an orthorhombic

Superlattice layers of KTagand KNbQ were grown by  structure was found—contrary to the results of observations
pulsed laser deposition as reported previot$lpll of the reported previously for 1660 A thick film'€. The observed

peaks are consistent with a tetragonal structure in which the

dpresent address: Neocera, Inc., 1000 Virginia Manor Rd., Suite 300, Belti—loo] and [010] axes of the film are paraIIeI to those of the

ville, MD 20705-4125. substrate, and thg01] direction is normal to the film sur-
PElectronic mail: Ib4@ornl.gov face. The in-plane lattice parametepf all of these films is
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FIG. 1. (Left) Atomic-resolutionZ-contrast scanning transmission electron 3.99¢ r-« = = bulk KTa, Nb, O} 100
micrograph of a superlattice consisting of KT.aldyers(each 4 unit-cells- bl )

thick) and KNbG, layers(each 3 unit-cells-thick The distance between the 0 200 400 600 10 100

centers of the Ta rows or columns corresponds to the 3.989 A unit-cell Temperature [°C] KNbO_ layer thickness [A]
. . i 3

dimension of KTaQ. This image demonstrates the sharpness of the super-

lattice interfaces(Right) Lower-magnificatiorZ-contrast image of the same FIG. 3. (a) Lattice parameter of the KTa@<NbO, superlattices as a func-

sample' illustrating the continuity of the superlattice as observed throughoutq, of temperature. Only data obtained on cooling is shown for clarity. The

the entire sample. out-of-plane lattice constant is shown for superlattices with KiNkEger
thicknesses of 169 A¢), 51 A (x), 24 A (O), 15.8 A(#), and 4 A(A),

: ; s . as well as for a solid-solution filnf+). For clarity, the in-plane lattice
identical to that of the KTa@subsirate within the experi parameter is only shown for the 169(% ) and 15.8 A(#) superlattices as

mental resolution of 0.05%. _ _ well as the solid-solutiori+), and compared to that of the substréelid
The results of the present work, combined with those&ine). (b) Transition temperature as a function of KNp@yer thickness.

reported in our previous studﬁ,show that KNbQ films The broken line indicates the trz_:\nsition temperature of the solid-solution
grown on KTaQ substrates exhibit three distinct room- film. Also shown are the transition temperatures of bulk KNb&hd
. . KTag sNby 05 for comparison.

temperature crystalline structures depending on the layer
thicknessd. For the thickest filmsd=1.5um), the ortho-
rhombic (ambient temperatuyghase of bulk KNb@is re-  transition. TheT, for this tetragonal-to-tetragonal transition
covered, whereas at intermediate thicknesses 1660 A), s plotted as a function of layer thickness in FigbBand
a different type of orthorhombic structure is observed. At thecompared to that of the solid-solution filisubject to the
thicknesses investigated heré<(169 A), the KNbQ thin  same in-plane clamping as the superlatticasd the transi-
films are tetragonal. tion temperatures of bulk KNb{and KTa Nb, £05.16 Only

Both the in-plane and out-of-plane lattice parameters obne phase transition is observed above room temperature in
the KTaG/KNbO; superlattices were measured as a functhese films, whereas bulk KNhQindergoes two transitions
tion of temperature, and the results are shown in Fig).3 (from orthorhombic to tetragonal and from tetragonal to cu-
No thermal hysteresis is observed in any of the films, angjc). As Fig. 3b) shows, for the thickest KNbQlayers d
only the data obtained on cooling is shown for clarity. Also =169 A), the transition temperatureT{=535°C) lies
depicted is the in-plane lattice parameter of the substratgypove that of bulk KNb@(T.=435 °C). It appears that this
Clearly, the films remain fully “clamped” to the substrate at jncrease inT, is strain-induced. The same strain-induced
all temperatures and are thus homogeneously strained. Thigcrease in T. is observed in the KTaNbyO; film
strain is independent of the layer thickness for the films CON(T_=190 °C, wheread =93 °C for the bull)k.le This strain-
sidered. o _ induced increase iff. is not surprising. At the transition

A change-of-sign is observed in the out-of-plane therma‘cemperature of bulk KNbQ (435 °Q), the substrate lattice
expansion of the film at a temperaturg, indicating a phase parameter ig.=4.000 A [Fig. 3@)]. Using published values

for the lattice constant of cubic and tetragonal KNp®and

100000 p——————1— —r— assuming a similar thermal expansion for KNp@s for

i § § I ] KTaO; [taken from Fig. 8], one finds for KNbQ at
< 10000} . 435 °C,agypic=4.005 A antBeqagonae 4.-002 A. Because the
g i g 3 \ tetragonal structure is a better match to the KJa@bstrate,
S 1000[ ; g i the “clamping” effect to the substrate will tend to stabilize
@ g § ,‘ A } : the low-temperature phase above the bulk phase transition.
2 ool : llg-\ { t \p\ Our experimental observations are consistent with those
§ g N J x : XYJ g for BaTiO; films* and are supported by calculations based on
8 o —R;,‘?'i Y W : % the Landau theory of ferroelectricit§. The present work

ey - § 3 P demonstrates that, in fact, the increaseTinresults from

1 P } ; ] strain rather than from interface defects. It is anticipated that
L | T R I R S | L

FIG. 2. X-ray #-26 scan through th€002 Bragg peak for a KTag/KNbO,
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this “clamping” technique could be applied to other ferro-
electric films in order to obtain the higher transition tempera-
tures desired for many sensor applications.

As the periodicity of the KTa@/KNbO; superlattice de-

superlattice showing satellite peaks from which the periodicity of the super-CreaseS' a reduction ch is observed. It is worthwhile to

lattice can be determined to be 33.8 rBindicates the substrat@02) peak.

note that a similar behavior occurs in the case of a free-
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standing ferroelectric slab in order to minimize simulta-crease ofT., and(3) a critical length scale of~50 A is
neously the depolarization energy and the domain walbbserved, below which superlattices behave as a random al-
energy?®?! The boundary conditions for the KNk@ilms in  loy film of the same average composition, illustrating the
the present superlattices are, however, different from thoskeng-range nature of ferroelectric interactions in the
encountered in the case of a single ferroelectric film inKTaO;/KNbO; system.
vacuum. Nevertheless, considering the experimental difficul-
ties encountered in distinguishing between extririsiaface
charges, defects, efand intrinsic size effects in other types -Uck, P. Menchhofer, J. O. Ramey, and M. Urbaf@om-
of experiments;® the present superlattices provide an im-Mmercial Crystal Laboratories, Inc.This research was spon-
portant alternative approach to study the underlying mechas0red by the Division of Materials Sciences, U.S. Depart-
nisms, as is further explored elsewh&eé model proposed Ment of Energy under Contract No. DE-AC05-960R22464
by Schwenket al2® considers a multilayer system consisting With Lockheed Martin Energy Research Corp., and in part by
of two soft-mode-driven ferroelectrics with different transi- " @Ppointment to the Oak Ridge National Laboratory Post-
tion temperatures(Note that KTaQ can be regarded as a doctoral Research Associates Program.
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