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The synthesis and properties of asymmetric KNbO3/KTaO3 superlattices is examined.
Interdigitated electrodes are fabricated for temperature-dependent capacitance measurements.
The nonlinear dielectric response of 1/N superlattice exhibits the anomalous positive tunability
behavior indicative of antiferroelectricity. In contrast, theN/1 KNbO3/KTaO3 structures
sN.1d appear to be either ferroelectric or paraelectric, depending on the temperature. Discussion
of possible mechanisms for this behavior is given.© 2004 American Vacuum

Society. [DOI: 10.1116/1.1778403]

the
ter-
to

rial.
ize

, an
an

in
led
atin
t-
onse

s ha
in

a/S
se in
c
has

tric
al
sed
per

la-
n b

a
v-
tally
n-
iods
an

a

er is

t
tem-
c-

onal
om-
K.
m-

wo
en in
er-

pen-
-
e su-
n for

e-
t-
-

ical

e
attice
12
ingle

sured

ctric
is
lied

.
elec-mai
I. INTRODUCTION

Ferroelectricity is a collective phenomenon in which
alignment of electric dipoles depends on their mutual in
action. It is the interaction of these dipoles that is key
determining the overall ferroelectric response of a mate1

Yet, when considering ferroelectric thin films, extrinsic s
effects, such as surface charges, nonuniform strains
structural defects, can hinder these dipole interactions
modify the films’ dielectric response.2 Recent advances
oxide film growth, particularly for perovskites, have enab
the use of superlattices and heterostructures for investig
intrinsic and extrinsic size effects.3–5 As a result of superla
tice formation, radical changes in the ferroelectric resp
can be realized.6 For epitaxial(001) oriented BaTiO3/SrTiO3

superlattices, an enhancement of the dielectric propertie
been observed.7 The remanent polarization is enhanced
asymmetric superlattice structures, attributed to the B
ratio in the structure as well as a strain-induced increa
the c-axis lattice constant.8 For (111) oriented symmetri
BaTiO3/SrTiO3 superlattices, the dielectric constant
been measured to be twice that of the Ba0.5Sr0.5TiO3 alloy
films, again reflecting the effects of strain on ferroelec
properties.9 Theoretically, first-principles density function
theory within the local density approximation has been u
to investigate spontaneous polarization in ferroelectric su
lattices, namely BaTiO3/SrTiO3 superlattices. These calcu
tions suggest that the polarization of the superlattices ca
larger than alloy structures with comparable BaTiO3 con-
tent., and that the SrTiO3 layers should be distorted to
tetragonal, polar structure.10 The nonlinear dielectric beha
ior of superlattices has also been investigated experimen
For BaTiO3/SrTiO3 structures, the voltage tunability i
creased with decreasing periodicity for superlattice per
less than 24 unit cells.11 Clearly, superlattice structures c
yield properties that differ from the bulk, and provide
unique tool for probing fundamental properties.
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Another interesting ferroelectric superlattice to consid
KTaO3/KNbO3. KTas1−xdNbxO3 (KTN) is in many ways
similar to sBa,SrdTiO3. KTaO3, like SrTiO3, is an incipien
ferroelectric and remains cubic and paraelectric over all
peratures ranges.12 KNbO3 undergoes a first order ferroele
tric phase transition at 701 K from the cubic to the tetrag
state with additional structural transitions to the orthorh
bic state at 498 K and to the rhombahedral state at 26313

As a solid solution, KTN exhibits a continuous Curie te
perature that varies according to the formulaTcsKd=676x
+32 sx.0.047d.14 The lattice mismatch between the t
materials is only 0.6%, considerably less than what is se
sBa,SrdTiO3.

3 Because of this low lattice mismatch, sup
lattice structures of alternating KTaO3 and KNbO3 layers
have been grown by pulsed laser deposition(PLD) in which
the strain in the structure is uniform and thickness inde
dent up to a layer thickness of 17 nm.4,5 A tetragonal-to
tetragonal structural phase transition is observed in th
perlattices using temperature dependent x-ray diffractio
KNbO3 layer thickness less than the critical thickness.5 The
structural phase transition temperatureTc, decreases with d
creasing superlattice periodicitysLd in symmetric superla
tices untilL=12 unit cells.4 Below this, theTc of the super
lattice is 200 °C, the sameTc as for a KTa0.5Nb0.5O3 alloy
film. Using molecular-dynamics simulation, the dynam
and phase transition behavior of KTaO3/KNbO3 superlattice
structures has been examined.15–17 It is predicted that th
Curie temperature should decrease for small superl
modulation lengths.17 For modulation lengths less than
unit cells, the superlattice is predicted to respond as a s
artificial structure.16

When the temperature dependent capacitance is mea
for a L=0.8 nm s1 unit cell31 unitd KNbO3/KTaO3 su-
perlattice, three distinct regions are seen in the diele
response.18 An anomalous nonlinear dielectric behavior
observed with the dielectric constant increasing with app
bias voltage for temperatures between 120 and 220 °C18 In
conventional paraelectrics, ferroelectrics, and tunable dil:

trics, however, the maximum capacitance is seen at zero bias

201022 (5)/2010/4/$19.00 ©2004 American Vacuum Society
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and then decreases as the bias voltage is increased, a
ferred to as negative tunability. Although the measured
sponse in the superlattice is inconsistent with the bulk be
ior of KNbO3, KTaO3, and their alloys, it is similar to th
behavior seen in aniferoelectric perovskites, most not
PbsZr,TidO3.

19,20 Since neither KTaO3, KNbO3, nor their
alloys exhibit antiferroelecticity, the response appears to
result of the artificial B-site ordering created in the supe
tice structure. Recent reports of second harmonic gener
in BaTaO3/SrTiO3 superlattices seem to support th
conclusions.21 For temperatures below 120 °C, the beha
is consistent with that of a material in the ferroelectric st
For T.220 °C, a conventional negative tunability as high
50% is observed in a field of only 2 kV/cm. Similar posit
tunability has also been observed in SrTiO3/BaZrO3 super-
lattice structures with superlattice periods less than 30
cells.22 Superlattices with periods greater than 30 unit c
exhibit ferroelectric behavior. Interestingly, neither of th
materials is either ferroelectric or antiferroelectric in bul

II. EXPERIMENTAL PROCEDURE

Previous work has focused on the properties and resp
of symmetric KNbO3/KTaO3 superlattices. In this article w
focus on the nonlinear dielectric response of asymm
KNbO3/KTaO3 superlattices. The superlattice films w
grown by PLD on KTaO3 (001) substrates. To prevent t
loss of potassium during growth and to maintain stoichi
etry in the films, the targets consisted of two semicirc
pieces: one KNO3 and one either KNbO3 or KTaO3.

23 A KrF
lasersl=248 nmd with an energy of 1–1.5 J/cm2 and pulse
rate of 1 Hz was used for deposition. At this pulse rat
laser pulse strikes the segments twice per target rotation
average deposition rate was 0.5 Å/pulse and substrate
get distance was 6 cm. All films were grown at a subs
temperature of 750 °C in an oxygen atmosphere
100 mTorr. Films were cooled in an atmosphere of 200
of oxygen. All films were 160 nm thick. RF sputter depos
Al/Cr interdigitated electrodes were patterned by wet ph
lithography and liftoff. Each electrode had 26 500mm long
fingers with a finger separation and width of 10mm.
Capacitance–voltage measurements were performe
100 kHz and 1 MHz for temperatures of 20–300 °C in

III. RESULTS AND DISCUSSION

Several superlattice structures were grown in which
thickness of the KNbO3 layer was held at 1 unit cell p
period and the KTaO3 layer thickness was varied. T
temperature-dependent capacitance at 100 kHz for 1/3
1/6 KNbO3/KTaO3 superlattice structures is shown in Fi
1 and 2, respectively. Although only the 5 V applied bia
represented in these figures, the same trends have bee
for dc bias voltages of 1–20 V. As with the 1
KNbO3/KTaO3 superlattice,18 there are three distinct tem
perature regions in the response. At low temperatures,
is little temperature or bias voltage dependence of the ca
tance for both structures. For the temperature rang

125–220 °C, the 1/3 KNbO3/KTaO3 superlattice exhibits a
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positive tunability as seen in the 1/1 structure. For
1/6 KNbO3/KTaO3 superlattice, the positive tunability
less pronounced, but nevertheless present
100 °C,T,160 °C. These changes in the slope of the
pacitance at about 200 °C correspond to the previously
tioned structural phase transition seen in superlattices
periodicities less than 12 unit cells.4 For temperatures abo
this, a conventional, yet large, voltage tunability is obse
in both structures. Above 220 °C, the response sho
negative tunability as high as 30% in
1/3 KNbO3/KTaO3 superlattice and 55% in th
1/6 KNbO3/KTaO3 structure.

For a second set of superlattices, the thickness o
KTaO3 ayer was held at 1 unit cell while the thickness of
KNbO3 ayer was varied. Figure 3 shows the tempera
dependent capacitance at 100 kHz for a 2/1 KNbO3/KTaO3

superlattice. Figure 4 shows the response fo
3/1 KNbO3/KTaO3 superlattice. The nonlinear dielectric
sponse for theseN/1 structures differs significantly from th
for the 1N structures. For the 2/1 KNbO3/KTaO3 structure
there is no significant dependence of the capacitance on
voltage for T,125 °C. At T=125 °C, the capacitance i
creases with increasing with temperature, peaking

FIG. 1. Temperature dependent capacitance of a 1/3 KNbO3/KTaO3 mea-
sured at 100 kHz.

FIG. 2. Temperature dependent capacitance of a 1/6 KNbO3/KTaO3 mea-

sured at 100 kHz.
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,160 °C. However, the positive tunability is barely obse
able over a narrow temperature range. Only through a 1
range around the previous transition temperatures of 12
200 °C does the 2/1 KNbO3/KTaO3 structure show a pos
tive tunability. Because the trends at these two tempera
appear to be equal, this behavior provides evidence fo
additional structural transition at 125 °C that has not pr
ously been measured. Once the superlattice passes th
these transition temperatures, it reverts back to negative
ability behavior. Above 210 °C, the response shows a n
tive tunability that is smaller than that seen in the 1/3
1/6 KNbO3/KTaO3 superlattices. The capacitance also
hibits negative tunability between 140 and 190 °C.

For the 3/1 KNbO3/KTaO3 superlattice structures, t
temperature-dependent dielectric response of Fig. 4 s
very little dependence on applied bias voltage. There is s
evidence for a maximum in the capacitance at 210 °C
no distinctive voltage tunability is observed.

Two trends are immediately apparent from the cap
tance data. Decreasing the KNbO3 layer thickness to 1 un
cell has a dramatic effect on the dielectric characteristic
the superlattice structure for a variety of KTaO3 layer thick-
nesses. Increasing the KNbO3 layer thickness to 2 unit cel

FIG. 3. Temperature dependent capacitance of a 2/1 KNbO3/KTaO3 mea-
sured at 100 kHz.

FIG. 4. Temperature dependent capacitance of a 3/1 KNbO3/KTaO3 mea-

sured at 100 kHz.
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or greater essentially eliminates the positive tunability
in the structures. The observation that superlattices
single unit cell KNbO3 layers and variable KTaO3 layer
thicknesses behave similarly is difficult to resolve within
context of long-range ferroelectric interactions. Interfa
effects might play a role in the tunability response of th
superlattices. Since a 1/1 superlattice structure possess
highest number of periods and thereby interfaces, it wou
reasonable to consider this as a possible source of the
ferroelectric behavior. However, it is unclear how antife
electric coupling could be interface related. Contradic
occurs when the 3/1 KNbO3/KTaO3 and the
1/3 KNbO3/KTaO3 superlattices are compared. Here
number of interfaces is equal, yet the responses are dra
cally different. The structural difference lies in what nea
neighbors the KNbO3 dipole will see in each superlattice.
the 1/3 KNbO3/KTaO3 structure, the nearest neighbor
every KNbO3 dipole is an induced dipole of the KTa3
layer. For a 3/1 KNbO3/KTaO3 superlattice, one third of th
KNbO3 dipoles have KNbO3 nearest neighbors.17

Besides a dipole moment each Nb atom in the KN3
layer possesses an elastic quadropole moment.24 Because o
the piezoelectric nature of ferroelectric materials, a reo
tation of one always results in a reorientation of the o
Previous x-ray diffraction measurements of KNbO3/KTaO3

superlattices indicate that the nature of the structural p
transition is dependent upon the thickness of the KNbO3.

4,5

Changes in structure create changes in lattice paramete
thereby changes in strain in the layers. However, chang
strain create change in polarization and thereby chang
the dipole interactions. Such structure, strain and polariz
relationships have been observed in BaTiO3/SrTiO3

superlattices.8 Therefore, the structural change that occur
the KNbO3 layer thickness is decreased from 3 to 1 unit
creates enough changes in the polarization and dipole
action to favor antiferroelectric coupling. Further und
standing of this antiferroelectric coupling will require ad
tional x-ray diffraction measurements as well theore
simulations of the dipole moment configurations.

It is interesting to note that the 180° stripe domains h
recently been observed from x-ray diffraction of ultrat
PbTiO3 films.25 Upon cooling below the Curie temperatu
satellites around the Bragg peaks are reported, indic
stripe domains whose period decreases with decreasin
thickness. For the smallest film thickness consid
s1.6 nmd, the 180° stripe domains period is only 3.7 n
Extrapolating the measurements to a single unit cell t
film, the stripe domain period should be less than 2 nm
the period of the 180° stripe domain structure approach
units cells, it becomes equivalent to antiferroelectric orde
of the dipole moments. Here it is suggested that the s
domain occurs because of depolarization fields that hav
been otherwise neutralized by other means such as s
charges. As the temperature is raised in these sample
tinct structural changes do occur in these films where
stripe domain become more diffuse. With further increas

temperature, a monodomain ferroelectric phase is formed,
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indicating that increases in thermal energy can relax or
tralize the depolarization field. It is interesting that transi
temperatures, which change both the structure and ferro
tric ordering of the system, appear to exist in both
KT/KN superlattices and these very thin lead–zircon
titanate films This may, in fact, provide a possible expla
tion for the dielectric tunability of the single unit cell thi
KNbO3 layers, assuming that a stripe domain structure s
lar to that for PbTiO3 appears in this material as well.
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