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A series of heteroepitaxial BaSr, 4TiO; were grown on 0.29(LaAlg):0.35(SsTaAlOg) substrates

using pulsed-laser deposition. X-ray characterization revealed compressive in-plane stresses in the
thinnest films, which were relaxed in a continuous fashion with increasing thickness. A theoretical
treatment of the misfit strain was in good agreement with the measured out-of-plane lattice
parameter. The low-frequency dielectric constant was measured to be significantly less than the bulk
value and found to decrease rapidly for films less than 100 nm. A thermodynamic model was
developed to understand the reduction in dielectric constant. By observing the microstructure using
plan-view and cross-section transmission electron microscopy, we identified local strain associated
with a threading dislocation density on the order of*tn 2 as a possible mechanism for dielectric
degradation in these films. @000 American Institute of Physics.
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Ferroelectric materials offer an enticing prospect for in-dielectric measurements were performed by using the con-
corporation into frequency-agile microwave electronic com-ventional interdigital electrod€lDE), consisting of 50 fin-
ponents, including phase shifters, varactors, tunable filtergjers separated by a 36n gap. Each finger had a width of a
and antennak:® Ultimately, these materials are envisioned 25 um finger and length of roughly 0.70 cm. Standard pho-
to enter into microwave integrated circuits for possible insertolithography techniques were used to define the pattern and
tion in satellite and wireless communication platfor$®®  metallization performed via deposition of a 100 nm Au layer
In this area, (Ba,3TiOs-based ceramic thin films are con- using PLD. The dielectric properties were then measured us-
sidered by many as the forerunners for room-temperaturgyg an HP 4192 impedance/gain analyzer.

(RT) applicationé.’.S_'l'g'lo(Ba,Sl)TiO3 solid solutions ex- Standardé—26 XRD scans revealed onl{00l)-type re-
hibit a large permittivity that can be as large as 10 000 fofections and no evidence of second-phase nucleation in the
bulk samples near the ferroelectric transition temperaturgsTo |ayer for all of our films. The evolution of the out-of-
(Tc). Tuning applications rely on the nonlinear dielectric pjane |attice constarat" is shown as a function of film thick-
response of ferroelectric materials, which can be significanfags in Fig. 1(closed squargsThe thinnest films are under

11 '
close toTc . o o compressive in-plane stre6s0.25%, which is relaxed in a

In this letter, we report on a systematic investigation of ., inous fashion as the thickness increases. The open
the dielectric properties in BgSto.4TiOs (BSTO) thin films circles represent a theoretical calculationdoras a function

grown -on O.29(|._aAIQ) :.0.35(.S§TaAI06) (LSAT). Sub- of thickness. Based on the RT lattice parameters of the target
strates as a function of film thickness. The evolution of the

microstructure was carefully analyzed using a JEOL 400(5a nd the substrateag=0.386 50 nm, we would expect com-

FX transmission electron microscoffEEM) operated at 300

keV as well as a Siemens D5000 four-circle x-ray diffracto-  0.3962 ———————— T . T 1
meter (XRD). The in-plane dielectric constang;; was E [ —o— theoretical ]
mapped as a function of film thickness and by using a basicE 9-3960 = experimental | ]
thermodynamic model we are able to correctly interpret its g 0.3958 : ]
) o . . 8 .
evolution. In addition, we show compelling evidence that ‘® [ ]
local strain fields associated with threading dislocations ing 0.3956 I ]
our films severely impact the dielectric response. S I
The BSTO films were fabricated using 1 t0.5 mm 2 0.3954 | ]
LSAT substrates by pulsed-laser depositiehD). The sub- § ]
strate temperature was held at 800 °C during depositiorﬁ 0.3952 g
while a dynamic pressure of 120 mTorp @as established I 03950 [T 7Tt s m ek e .
in the chamber. A 248 nm laser with a fluence of 1.5-2 A T T T S S S
Jlcnt was used, corresponding to a growth rate of 0.15 nm/s. 0 50 100 150 200 250 300 350
Films were fabricated using BgSr, 4TiO3 high-density ce- Film Thickness (nm)

ramic targets and ranged in thickness from 8 to 350 nm. The
FIG. 1. Evolution ofa* as a function of film thickness. Also shown is the

theoretical curve given by the open circles. The straight dashed line repre-
3Electronic mail: haoli@glue.umd.edu sents the lattice parameter of the ceramic targét=(0.39 505 nm
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pressive in-plane stress within the film for all film thick-

nesses, as observed in our XRD analysis. The out-of-plane
lattice parameter can be related to the in-plane stxgiras 1600
follows: 1400

o :aL —a° _ 2C12XM: ~ 2Cyp[ ag— ao) @ <\oi 1200

a’ Cu Cnl\ ag /' W
1000

where C;; are elements of the elastic moduli at fixed
polarization'? x,, for the thicker films(film thicknessh 800
=100 nm are an order of magnitude less than the lattice
mismatch between the film and the substrate, k= (ag 600 - . . . .
—aY%/ag due to relaxation by misfit dislocation formation. 20 20 0 20 40

Assuming that no ladd_itional dislocations form dL_lring Voltage (volts)
cooling down fromTg, 2 this relaxation can be taken into
account using an “effective” substrate lattice parameter
ag.}*15 The critical thickness for dislocation formation is
around 2 nm for BSTO and LSAT, calculated from the 1600 b
Matthews—Blakeslee criterid. The degree of relief provided 1400 ( ) E ..................... 'E -------
by misfit dislocations increases with thickness, which lowers 12001 E b
the out-of-plane parameter towards its equilibrium value of o %
0.395 05 nm. The theoretical values of the out-of-plane lat- ™ 1000 4
tice parameters were calculated replacirgn Eg. (1) with © soo--:
as. They are in excellent agreement with the experimentally :
observed values. The thermal expansion coefficients of 600 -
BSTO and LSAT were taken to be %10 ® and 11 00l T=300K

X108 .°C*1, respectively. Rocking-curve scans revealed a0 350400
peak widths of the BST@002) reflection of less than 0.15°, Thickness (nm)
the resolution of the diffractometer. A similar investigation
of [011] reveals a larger value of 0.05° indicating larger in- FIG. 2. (a) €,,/¢, as a function of voltage for five films within the thickness
plane mosaic spread. series.(b) Evolution of €1,/€, as a function of film thickness. The dashed
€1, data as a function of voltage at 1 MHz for severalne is a guide for the eyes.
samples within the thickness series is shown in Fig). For
thicker films the permittivity of the BSTO was extracted this regime. The dependence of the dielectric constant on
from the capacitance datz7using a model outlined by Gevorinternal stresses can be determined from
gian, Linner, and Kollberg: For the very thin films(<50 1
nm), where the effect of the film on the overall capacitance is F(P)=3aP?~PE+Fe(P), 2
small, a perturbation approach was adopted. The contributiowhere a=(T—T¢)/2¢,C is the dielectric stiffnessT and
from the LSAT substrate to the capacitance was measured iy are the Curie temperature and constant, respectieglig
depositing IDEs on several bare LSAT pieces. The valughe permittivity of free spaceR is the polarization induced
obtained was modified to account for the addition of theby the electric fielcE along the[100] direction, and-, is the
BSTO layer by using corrections obtained from the modeklastic energy. The elastic energy is given in terms of the
mentioned previously. components of the stress and strain tensgrandx; (in the
As can be seen in Fig.(®), all BSTO films in this series  Voigt notation), respectively, as
display hysteresis in thelt—V characteristics. From the lit- N
erature for bulk BST@0:40, T is reported to occur at Fe=2(01X1+ 02%y), &)
~2 °C. Epitaxial strains or defects can cause shift¥gnin  since the mechanical boundary conditions require that
the case of thin ﬁlmg‘,lo’18 as observed for our films. We =0 and o4=05=0=0 (no shear stressedf there is no
have extracted from the;,/ €, versus applied voltage curves applied field, Fg=o0Xy since o;=0, and X;=X,=Xy
the zero-field value and plotted it as a function of film thick- where x,,= (ag—a°)/ag is the misfit strain. However, if
ness[Fig. 2b)]. The dotted line suggests that the dielectricthere is an applied fieldE|[100], x;(P)=xy+ Q,;P? and
constant decreases rapidly with decreasing thicknesses below(P) = x,, + Q,,P?, whereQ;; are the electrostrictive coef-

100 nm. Also,e;; saturates for the thicker films at a value ficients. The relative dielectric constant is thus given by

(~1400 which is significantly lower than that measured on .

bulk BSTO(=5000 at RT. The tardis relatively insensitive ~__€n_ |, 9°F N 1

. . . r—— 0" _4 - - 1
to film thickness, fluctuating around a value of 0.035. In €o P2 oo 2o @— Cxy(Q+Q10)]
addition, the tuning characteristics follow a similar trend as @)
the dielectric constant, saturating at a value slightly higher _ .
than 50% at 40 V. where C=C,;+C,,—2C,"*" The dependence of the re-

It is reasonable to explain the decrease in the thin-filnciprocal dielectric constant on the misfit strain is illustrated
limit as a consequence of the compressive in-plane strain im Fig. 3. For the electrostrictive coefficients of BSTO, we
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P have shown a broadening of the phase transition along with
1 theory 1 an overall decrease in dielectric constant as the density of
] o ! these dislocations increases. The density we measure repre-
1.0 N experiment ]

] sents a five order increase over the values used in that work.
% % These arguments strongly support local strain associated

© s - ] with threading dislocations as another mechanism for dielec-
: §§ ] tric degradation in these heteroepitaxial BSTO thin films.
- § ; In summary, a series of heteroepitaxial BSTO thin films
©7 061 Amnealingl ]  were prepared on LSAT substrates. The measatedalues
) indicated the existence of compressive in-plane strain in

] these films which relaxed with increasing thickness, and rep-
1 resented only about 0.25% even for the thinnest sample. A
N — theoretical model used to calculate the heteroepitaxial
-0.30 -0.25 -0.20 -0.15 -0.10 stresses in our films showed good agreement with the experi-

Misfit Strain, x, (%) mental measurements. A significant reduction of the dielec-
tric constant was observed compared to bulk samples. TEM

FIG. 3. Theoretical dependence of the reciprocal dielectric constant on tth hat | | strain i with a h n-
film thickness and the experimental data. The dashed line is the theoretical. ages suggest that local strain associated with a huge de

curve shifted upwards such that it fits the experimental data. The dielectriS'ty of threading dislocations was responsible for this shift.

constant of the annealed samples are in good agreement with the theoretical . .
predication. This work was partially supported by the NSF under

Grant No. DMR-9903279, NSF-MRSEC under Grant No.
DMR-96-32521, and an ARL-MRCP Agreement.
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