Dielectric response of asymmetric KNbO 3/KTaO; superlattices
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The synthesis and properties of asymmetric KNHOTaO; superlattices is examined.
Interdigitated electrodes are fabricated for temperature-dependent capacitance measurements.
The nonlinear dielectric response ofN superlattice exhibits the anomalous positive tunability
behavior indicative of antiferroelectricity. In contrast, thé/1 KNbO3;/KTaO; structures

(N>1) appear to be either ferroelectric or paraelectric, depending on the temperature. Discussion
of possible mechanisms for this behavior is givén. 2004 American Vacuum
Society. [DOI: 10.1116/1.17784Q3

[. INTRODUCTION Another interesting ferroelectric superlattice to consider is

Ferroelectricity is a collective phenomenon in which theK_Te_lo3/KNbO3‘ KTa<1‘X>NbXO3 _(KTN) ,'S "_] mar_1y .vv.ays
alignment of electric dipoles depends on their mutual interSimilar to (Ba, S)TiOz. KTaG;, like SrTiO;, is an incipient
action. It is the interaction of these dipoles that is key toferroelectric and remains cubic and pargelectrlc over all tem-
determining the overall ferroelectric response of a matérial. Peratures range:l§_.KNb03 undergoes a first order ferroelec-
Yet, when considering ferroelectric thin films, extrinsic size i€ Phase transition at 701 K from the cubic to the tetragonal
effects, such as surface charges, nonuniform strains, argiate with additional structural transitions to the orthorhom-
structural defects, can hinder these dipole interactions an@ic State at 498 K and to the rhombahedral state at 263 K.
modify the films’ dielectric responeRecent advances in As a solid solution, KTN exhibits a continuous Curie tem-
oxide film growth, particularly for perovskites, have enabledPerature that varies according to the formaigK)=676x
the use of superlattices and heterostructures for investigatin32 (x>0.047.** The lattice mismatch between the two
intrinsic and extrinsic size effects® As a result of superlat- Materials is only 0.6%, considerably less than what is seen in
tice formation, radical changes in the ferroelectric responséBa, SiTiOs.* Because of this low lattice mismatch, super-
can be realized For epitaxia001) oriented BaTiQ/SrTiO;  lattice structures of alternating KTaGand KNbQ, layers
superlattices, an enhancement of the dielectric properties h&g@ve been grown by pulsed laser depositiBhD) in which
been observel.The remanent polarization is enhanced inthe strain in the structure is uniform and thickness indepen-
asymmetric superlattice structures, attributed to the Ba/S#ent up to a layer thickness of 17 Hm.A tetragonal-to-
ratio in the structure as well as a strain-induced increase itetragonal structural phase transition is observed in the su-
the c-axis lattice constarft. For (111) oriented symmetric perlattices using temperature dependent x-ray diffraction for
BaTiO;/SrTiO; superlattices, the dielectric constant hasKNbO; layer thickness less than the critical thickneghe
been measured to be twice that of they B&r, sTiO5 alloy  structural phase transition temperatiige decreases with de-
films, again reflecting the effects of strain on ferroelectriccreasing superlattice periodicity\) in symmetric superlat-
properties. Theoretically, first-principles density functional tices untilA=12 unit cells! Below this, theT, of the super-
theory within the local density approximation has been usedattice is 200 °C, the samé&. as for a KTg sNby O3 alloy
to investigate spontaneous polarization in ferroelectric supeffilm. Using molecular-dynamics simulation, the dynamical
lattices, namely BaTigl SrTiO; superlattices. These calcula- and phase transition behavior of KTg®NbO; superlattice
tions suggest that the polarization of the superlattices can bstructures has been examingd:’ It is predicted that the
larger than alloy structures with comparable BaJi€n-  Curie temperature should decrease for small superlattice
tent., and that the SrTiDlayers should be distorted to a modulation lengths’ For modulation lengths less than 12
tetragonal, polar structur8.The nonlinear dielectric behav- unit cells, the superlattice is predicted to respond as a single
ior of superlattices has also been investigated experimentallgrtificial structure®
For BaTiG;/SITiO; structures, the voltage tunability in- When the temperature dependent capacitance is measured
creased with decreasing periodicity for superlattice period$or a A=0.8 nm (1 unit cellX 1 unif) KNbOz/KTaO; su-
less than 24 unit cellS. Clearly, superlattice structures can perlattice, three distinct regions are seen in the dielectric
yield properties that differ from the bulk, and provide aresponsé® An anomalous nonlinear dielectric behavior is
unique tool for probing fundamental properties. observed with the dielectric constant increasing with applied

bias voltage for temperatures between 120 and 226896
Author to whom correspondence should be addressed:; electronic maifonventional paraelectrics, ferroelectrics, and tunable dielec-
dnort@mse.ufl.edu trics, however, the maximum capacitance is seen at zero bias
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and then decreases as the bias voltage is increased, also re- ' ' '

ferred to as negative tunability. Although the measured re- 1001 a
sponse in the superlattice is inconsistent with the bulk behav- — o
ior of KNbO3, KTaO;, and their alloys, it is similar to the "'é 80 / ]
behavior seen in aniferoelectric perovskites, most notably 8 i
Ph(Zr, Ti)05.2%?° Since neither KTagQ KNbOs, nor their c 607 5V bias O/ y
alloys exhibit antiferroelecticity, the response appears to be a S >0/

result of the artificial B-site ordering created in the superlat- § 401 0/0/ /:/Ij ]
tice structure. Recent reports of second harmonic generation O /oﬁ:n/“/u |

in BaTaQy/ ?rTiO3 superlattices seem to support these 20 froormupumeomome=t? nobias 4
ponclu§|on§. F_or temperatures b.elo_w 120 °C, the bghawor 50 100 150 200 250
is consistent with that of a material in the ferroelectric state.

For T>220 °C, a conventional negative tunability as high as Temperature (°C)

50% is observed in a field of only 2 kV/cm. Similar positive _

tunability has also been observed in SrJiBazZrO; super- ;'frécli' aﬁggiﬁ;”re dependent capacitance of a 1/3 KiKDaO, mea-
lattice structures with superlattice periods less than 30 unit '

cells? Superlattices with periods greater than 30 unit cells

exhibit ferroelectric behavior. Interestingly, neither of thesepositive tunability as seen in the 1/1 structure. For the

materials is either ferroelectric or antiferroelectric in bulk. 1/6 KNbO,/KTaO; superlattice, the positive tunability is
less pronounced, but nevertheless present for
Il. EXPERIMENTAL PROCEDURE 100 °C<T< 160 °C. These changes in the slope of the ca-
Previous work has focused on the properties and respong&citance at about 200 ° C correspond to the previously men-
of symmetric KNbQ/KTaO; superlattices. In this article we tioned structural phase transition seen in superlattices with
focus on the nonlinear dielectric response of asymmetrigeriodicities less than 12 unit cefls=or temperatures above
KNbO5;/KTaO; superlattices. The superlattice films were this, a conventional, yet large, voltage tunability is observed
grown by PLD on KTaQ@ (001) substrates. To prevent the in both structures. Above 220 °C, the response shows a
loss of potassium during growth and to maintain stoichiom-negative  tunability as high as 30% in the
etry in the films, the targets consisted of two semicircularl/3 KNbO;/KTaO; superlattice and 55% in the
pieces: one KN@and one either KNbQor KTaO0;22AKrE  1/6 KNbO,/KTaO; structure.
laser(A\=248 nm with an energy of 1-1.5 J/chand pulse For a second set of superlattices, the thickness of the
rate of 1 Hz was used for deposition. At this pulse rate, &TaO; ayer was held at 1 unit cell while the thickness of the
laser pulse strikes the segments twice per target rotation. THENbO; ayer was varied. Figure 3 shows the temperature-
average deposition rate was 0.5 A/pulse and substrate to tastependent capacitance at 100 kHz for a 2/1 KNGOaO,
get distance was 6 cm. All films were grown at a substratesuperlattice. Figure 4 shows the response for a
temperature of 750 °C in an oxygen atmosphere of3/1 KNbO;/KTaO; superlattice. The nonlinear dielectric re-
100 mTorr. Films were cooled in an atmosphere of 200 Torisponse for thesl/1 structures differs significantly from that
of oxygen. All films were 160 nm thick. RF sputter depositedfor the IN structures. For the 2/1 KNb@KTaO; structure,
Al/Cr interdigitated electrodes were patterned by wet photothere is no significant dependence of the capacitance on bias
lithography and liftoff. Each electrode had 26 5@fth long  voltage forT<125 °C. At T=125 °C, the capacitance in-
fingers with a finger separation and width of aéh. creases with increasing with temperature, peaking at
Capacitance—voltage measurements were performed at
100 kHz and 1 MHz for temperatures of 20—300 °C in air.

IIl. RESULTS AND DISCUSSION 200+ /

Several superlattice structures were grown in which the 1501 4
thickness of the KNb@ layer was held at 1 unit cell per / i
period and the KTa@ layer thickness was varied. The no biasc/:
temperature-dependent capacitance at 100 kHz for 1/3 and 100+ Yy ;
1/6 KNbO;/KTaO5 superlattice structures is shown in Figs. g

1 and 2, respectively. Although only the 5 V applied bias is 50+ Eggaee-cre'oooo/o
represented in these figures, the same trends have been seen OoowoDOD_D_QQQ%QBgﬂﬁ 5V bias
for dc bias voltages of 1-20V. As with the 1/1 0 | , ,
KNbO;/KTaO; superlatticel,8 there are three distinct tem- 50 100 150 200 250
perature regions in the response. At low temperatures, there
is little temperature or bias voltage dependence of the capaci-

tance for both structures. For the temperature range afe. 2. Temperature dependent capacitance of a 1/6 KMkDaO, mea-
125-220 °C, the 1/3 KNbgKTaO; superlattice exhibits a sured at 100 kHz.

—
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Fic. 3. Temperature dependent capacitance of a 2/1 K)NKDaO; mea-

sured at 100 kHz.
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or greater essentially eliminates the positive tunability seen
in the structures. The observation that superlattices with
single unit cell KNbQ layers and variable KTaQlayer
thicknesses behave similarly is difficult to resolve within the
context of long-range ferroelectric interactions. Interfacial
effects might play a role in the tunability response of these
superlattices. Since a 1/1 superlattice structure possesses the
highest number of periods and thereby interfaces, it would be
reasonable to consider this as a possible source of the anti-
ferroelectric behavior. However, it is unclear how antiferro-
electric coupling could be interface related. Contradiction
occurs when the 3/1 KNb)KTaO; and the

1/3 KNbO;/KTaO; superlattices are compared. Here the
number of interfaces is equal, yet the responses are dramati-
cally different. The structural difference lies in what nearest
neighbors the KNb@dipole will see in each superlattice. In
the 1/3 KNbQ/KTaO; structure, the nearest neighbor for

~160 °C. However, the positive tunability is barely observ-every KNbG;, dipole is an induced dipole of the KTgO
able over a narrow temperature range. Only through a 10 ° Gayer. For a 3/1 KNbG/KTaO; superlattice, one third of the
range around the previous transition temperatures of 125 ariNbO; dipoles have KNb@ nearest neighbor’g.

200 °C does the 2/1 KNb{KTaO; structure show a posi-

Besides a dipole moment each Nb atom in the KibO

tive tunability. Because the trends at these two temperaturdayer possesses an elastic quadropole moffeBecause of
appear to be equal, this behavior provides evidence for athe piezoelectric nature of ferroelectric materials, a reorien-
additional structural transition at 125 °C that has not previtation of one always results in a reorientation of the other.
ously been measured. Once the superlattice passes througkevious x-ray diffraction measurements of KNi&TaO
these transition temperatures, it reverts back to negative tusuperlattices indicate that the nature of the structural phase
ability behavior. Above 210 °C, the response shows a negaransition is dependent upon the thickness of the KNHO

tive tunability that is smaller than that seen in the 1/3 orChanges in structure create changes in lattice parameters and
1/6 KNbO;/KTaO; superlattices. The capacitance also ex-thereby changes in strain in the layers. However, changes in

hibits negative tunability between 140 and 190 °C.

strain create change in polarization and thereby changes in

For the 3/1 KNbQ/KTaO; superlattice structures, the the dipole interactions. Such structure, strain and polarization
temperature-dependent dielectric response of Fig. 4 ShOV\féIationships have been observed in BaJiSrTiO;
very little dependence on applied bias voltage. There is somgyperlattice§. Therefore, the structural change that occurs as
evidence for a maximum in the capacitance at 210 °C, bufhe KNbO; layer thickness is decreased from 3 to 1 unit cell
no distinctive voltage tunability is observed.

Two trends are immediately apparent from the capaciyction to favor antiferroelectric coupling. Further under-

tance data. Decreasing the KNp@vyer thickness to 1 unit

creates enough changes in the polarization and dipole inter-

standing of this antiferroelectric coupling will require addi-

cell has a dramatic effect on the dielectric characteristics ofjp g x-ray diffraction measurements as well theoretical

the superlattice structure for a variety of KTalyer thick-
nesses. Increasing the KNb@vyer thickness to 2 unit cells
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simulations of the dipole moment configurations.

It is interesting to note that the 180° stripe domains have
recently been observed from x-ray diffraction of ultrathin
PbTiO; films.? Upon cooling below the Curie temperature,
satellites around the Bragg peaks are reported, indicating
stripe domains whose period decreases with decreasing film
thickness. For the smallest film thickness considered
(1.6 nm, the 180° stripe domains period is only 3.7 nm.
Extrapolating the measurements to a single unit cell thick
film, the stripe domain period should be less than 2 nm. As
the period of the 180° stripe domain structure approaches 2
units cells, it becomes equivalent to antiferroelectric ordering
of the dipole moments. Here it is suggested that the stripe
domain occurs because of depolarization fields that have not
been otherwise neutralized by other means such as surface
charges. As the temperature is raised in these samples, dis-
tinct structural changes do occur in these films where the
stripe domain become more diffuse. With further increases in
temperature, a monodomain ferroelectric phase is formed,
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