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Epitaxial Ba_,SrTiO; (BST) thin fiims have been deposited ontaO0OMgO and LaAlG
substrates using pulsed-laser deposition. Tkiek um) Ag interdigitated capacitors capped with a
thin protective layer of Au have been deposited on top of the BST films using electron-beam
deposition. The capacitan¢€) and dielectric quality factor@= 1/tané) of the structure has been
measured at microwave frequencids-20 GHz as a function of electric fieldE<67 kV/cm) at

room temperature. In epitaxial BST films, either high dielectric tur(dhgd), which is defined as
{[C(0)—C(E)]/C(0)}x 100, or high dielectridQ (~100-250 was observed but not both at the
same time. Film strain was observed by x-ray diffraction and is closely related to the dielectric
properties as limiting the ability to obtain both high tuning and high diele€ria epitaxial BST

thin films. A thin BST buffer layer was used to relieve the strain in the films. In strain-relieved films,
both dielectric tuning and dielectr@ were increased after annealing. A theoretical analysis of the
strain effect of the films is presented based on Devonshire thermodynamic theor200®
American Institute of Physic§S0021-897@0)08206-7

I. INTRODUCTION (PLD). Film stress in heteroepitaxial films can be caused by
the mismatch between the lattice parameters and thermal ex-

Ba, _SKTiO3 (BST) is a solid-solution ferroelectric ma- pansion coefficients of the film and substrate. A systematic

terial that exhibits an electric-field-dependent dielectric consurvey of the dielectric properties of the PLD-grown film and

stant andBa,S) composition-dependent Curie temperattre. a theoretical analysis of the observed data are presented.

These properties are currently being used to develop high-

frequency(1-20 GHz tunable microwave devices for room-

temperature application. One of the most critical propertieé" EXPERIMENT

that needs to be maximized for this application is the dielec- BT (x=0.5) thin films(~0.5 um thick) were grown on

tric Q of ferroelectric materials at high frequencies (100MgO and LaAIQ (LAO) single-crystal substrates at
(>2 GH2). 750°C in an oxygen ambient pressure of 350 mTorr by
Stress is a very significant factor affecting the dielectricyy|sed-laser deposition. The PLD system used to grow the
properties. It has been reported that hydrostatic compressiggsT films has been described previou§i§he output of a
or two-dimensional compression parallel to the electrode of &hort-pulsed(30 ns full width at half maximum excimer
parallel capacitor filled in a bulk ferroelectric leads to a de-|aser operating with KrfA=248 nm) at 5 Hz was focused to
crease in the dielectric constant and the Curie temperaturg spot size of-0.1 cnf and an energy density 6f1.9 J/cnd
(Tc).>* The application of two-dimensional compression gnto a single-phase BS € 0.5) target. The vaporized ma-
normal to the electrode was also reported to induce an interial was deposited onto a heated substrate approximately 4
crease in the dielectric constant afhgl.>® The effects of the ¢m away from the target. The target sva 2 in. diam by
stress on the dielectric constant and Theare due to the fact  0.125 in. thick sintered diskBa, :St, =TiO3, Target Materi-
that ionic positions and vibrations in a ferroelectric are modi-g|s Inc). BST films were also deposited using a two-step
fied by the stress, and these changes are coupled to the pgrocedure. First, a thif~50 A) amorphous BST buffer layer
larization mechanism in the ferroelectric. was deposited at room temperature. The substrate tempera-
In this article, we report an investigation of the effects oftuyre was then increased to 750 °C and a second BST film
film strain on the dielectric properti¢$—20 GH2 of epitax- ~ (~0.5 um thick) was deposited. Films deposited by both
ial BST (x=0.5) films deposited by pulsed-laser depositionprocedures were characterized for structure and morphology
using x-ray diffractionlXRD) and scanning electron micros-

aElectronic mail: chang@ccf.nrl.navy.mil copy (SEM). Films were annealed in flowing JOat 900—
YElectronic mail: horwitz@ccsalpha3.nrl.navy.mil 1250 °C for 6—24 h. In-plane and normal lattice parameters
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TABLE I. Average and maximum values of the dielectric constant and oy 3.072 1800 =
dielectricQ for annealed BST film$1-20 GH2 as a function of substrate = 7 | s
type (e=film dielectric constant, % dielectric tuning &= 67 kV/cm, and £ 3968 &
f - 1400 §
dielectricQ). 5 3.964 >}
‘ [*)
g .
Average Maximum data & 3.960 1 1000 g
2 395 ; °
Substrate MgO  LAO MgO LAO £ K ' ) 600 O
— as-dep. . 1050°C  1125°C
€ 1000 1500 2973 763 3328 1003 : annealed  1100°C  1200°C°
% tuning 30 50 62 22 75 9 <1000°C
Q 45 25 5-20 100-250 4-44 50-70
< 3.990 3000 &
3 (b) 1 z
S 3976 15000 8
of the films were measured using XRD as a function of sub- g 000 3
strate type and annealing temperature. Interdigitated capaci- & 39621 §
tors with gaps from 5 to 12m were deposited on top of the 3 \+/+—_+ 1000 5
BST films through a polymethylmetha-acrylaiMMA) F 39481 as-dep. 1100°C  1200°C ©
lift-off mask by e-beam evaporation of 1—4#n-thick Ag annealed  1125°C 1250°C°
and a protective thin layer of Al <1000°C

Microwave input reflection coefficier,, measurements FIG. 1. Lattice parameter and dielectric constant changes with annealing
were made on an HP 8510C network analyzer at room teéMgmperature for BSTX=0.5) films deposited ontta) MgO and(b) LaAlO,
perature. The data are fitted to a parallel resistor—capacit@r=normal lattice parameter,M=in-plane lattice parameter, and
model to determine capacitance and dieled@it Dielectric ~ U =dielectric constant
constants were calculated from the device dimensions.

rameter, resulting in an in-plane tetragonal lattice distortion

11l. RESULTS AND DISCUSSION (a;>a,), although the structure for the corresponding bulk
is a cubic. Third, after annealing=1000 °Q, the in-plane
lattice parameter decreased for films deposited onto MgO

Previously, we reported on the annealing effect on theand the opposite effect was observed for films deposited onto
microwave (1-20 GH2 dielectric properties of epitaxial LAO. Fourth, the measured in-plane lattice parameters were
BST films deposited on MgO and LAO substralds.was  closely correlated with the observed dielectric constant, as
observed that for the films deposited onto MgO, the dielecshown in Fig. 1. These observations are very important to
tric constant decreased and dielect@cincreased after a our understanding of how to control the dielectric properties
postdeposition annedk1000 °Q.° However, for films de- of the film. The observations of the lattice distortion and
posited onto LAO, the postdeposition anneal resulted in dattice expansion are due to lattice mismatch and thermal
significant increase in the dielectric constant and a decreasmefficient mismatch between film and substrate and oxygen
in Q.° Table | shows the general trends and maximum data ofacancies in the film.
dielectric properties for the BSTXE0.5) films at 1-20 GHz To calculate the film strain, we have to know the equi-
as a function of substrate type. In epitaxial BST films, welibrium lattice parameter, of the film, which is different
typically observed either a large dielectric tunif®p%) or a  from the corresponding bulk lattice parameter for several
high dielectricQ (100—250 but not both at the same time. It reasons, such as oxygen vacancies in the film and interac-
was suggested that the differences in the dielectric propertigons between the film and substrate. Therefore, the equilib-
of epitaxial BST films on MgO and LAO are due to differ- rium lattice parametef3.947 A) of bulk BST (x=0.5) can-
ences in film straif. not be used for strain calculations of the film. Generally, it is

To determine the film strain, we measured the latticedifficult to know the equilibrium lattice parameter of the film
parameters of epitaxial BSTxE0.5) films deposited at a without detailed information of the oxygen vacancies in the
substrate temperature of 750°C and @ressure of 350 film. Alternatively, the equilibrium lattice parameter of PLD
mTorr. The lattice parameters along the surface normg) ( BST (x=0.5) film deposited at @pressure of 350 mTorr
and in the plane of the filmsa() were determined from was estimated from XRD measurement for the BST (
XRD patterns of (004) and (024) reflections for (001)- =0.5) film deposited with a thin amorphous BST buffer
oriented BST films%!! The structure of the thin film was layer. The amorphous BST buffer layer was used to remove
measured as a function of substrate typyO and LAO,  the strain in the subsequently deposited crystalline BST film
the temperature of a postdeposition anr(®@0D-1250 °C for caused by the mismatch between the lattice constants and
6 h), and film thicknesg~500—2000 A.2%1|n these stud- thermal expansion coefficients of the epitaxial film and the
ies, four important observations were made. First, both norsubstrate. BST films deposited with the BST buffer layer are
mal and in-plane lattice parameters of the films were 0.1%-single phase but not a single-crystallographic orientation as
0.3% and 0.2%-0.8% greater than the lattice parameter (determined by XRD. The intensities of the XRD peaks are
=3.947 A) of the corresponding bulk BS&£0.5) mate- similar to the corresponding powder diffraction pattern. The
rial, respectively. Second, the in-plane lattice parameter oéstimated equilibrium lattice parameter for a BSI=(0.5)
the films was 0.1%—0.7% larger than the normal lattice pafilm was 3.961 A, which was very close to the lattice param-

A. Film strain and microwave dielectric properties
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TABLE Il. Film strain and dielectric constant of epitaxial BSk=0.5)
films deposited ont¢100MgO and(100LAO at a substrate temperature of
750 °C and @ pressure of 350 mTorr.

BST onto(100MgO BST onto(100LAO

As- Annealed  As- Annealed

deposited <1000 °C deposited <1000 °C
a[A] 3.970 3.959 3.953 3.978
a, [A] 3.955 3.954 3.951 3.950
a, (A) using a buffer layer 3.961
ag (A) using Eq.(1)2 3.959 3.958
Estimated in-plane straif%o) 0.23 —0.05 -0.20 0.42
Based XRD measurement
Measured dielectric constant 1540 770 875 2500
Estimated in-plane straif?o)  0.033 —0.031 —0.023 0.064

Based on theory

®References 12 and 13.

eters estimated from the normal lattice paramateand the
in-plane lattice parametex; measured by XRD using the
following equation as presented in Table'tf*®

ag={a, — (Xg/xp)a/{1—(xz/x)}, (1)

wherex; andx, are the strain along the surface normal and

in the plane of the films ankl; /x,; can be related through the
elastic constantg;; of the film; x3/x;=—2(cq,/cqq) for
equiaxial strain from the substrat&;&x,). With the esti-
mated equilibrium lattice parameter for the thin fi[3.961

A), we can show that the as-deposited films on MgO sub

Chang et al.

+1/2C44( X5+ X5+ X3)

+G1y(X PT+XoP5+X3P3) + G X (P54 P%)
+xa(P3+PY)

+X3(P3+ P3)} + Guu(X4P P35+ X3P3P 1 + X6P1P5)

: 3

whereF is a function of temperature alongy=(T,0,0), «,

B, v, andé are the free-energy expansion coefficients, apd
andG;; are the elastic constants and the stress-polarization-
related electrostrictive coefficients, respectively. Assuming
that for epitaxial films(1) the equibiaxial in-plane straing
andx, are controlled by the substrat@) X; is zero on the
free surface of the film(3) in-plane polarization occurs only

in one direction for the interdigitated capacitor as the sim-
plest case, ant¥) the electric fields are parallel to the polar-
ization, the Gibbs free energy becomes

G(T,P,X;)=F(T,P,x;)—EP

4.

=Fo+ 1/2aP?+ 1/48P*+ 1/6yPS
+1/2C11(X3+ X5+ X3) + C1o XoXg+ XgXq
+X1Xp) + 112044 X5+ X5+ X3) + G11x, P?

4

Since the Gibbs free energg must be a minimum for a
Stable state of the ferroelectric at a constant temperature

+ G X+ X3)P2—EP.

strates are in tension parallel to the film surface and the a3G/9P=0), we have the following relationship:

nealed(<1000 °Q films are in compression, and the oppo-
site effect for films deposited onto LAO. The strain in the
in-plane film is closely related to the change of the dielectric (5)
constants for our experimental configuration, as shown in

Table Ill. The experimentally observed relationship betweenNe can neglect the contribution from the fifth-order or

IFlgP—E=aP+ BP3+ yP>
+2G11X1P+ 2G12(X2+X3)P_ E=0.

the film strain and the dielectric constant can be interpretegreater terms if?.1” Also, we can assume= ¢E in the case

using Devonshire’s thermodynamic theory.

B. Theoretical analysis of the dielectric properties of
epitaxial BST films

of small electric fieldsE or in the case of relatively large
electric fields for a paraelectric state of a ferroelectric. Then,
we have the following relationship between the dielectric
constant and the applied electric field by differentiating Eq.
(5) with respect tdP:

Devonshire developed a phenomenological theory to ex-

plain the ferroelectric behavior of bulk BaTiG*!® Ac-
cording to the theory, the Gibbs free enel@) of a stress-
free ferroelectric subject to external electric field@s can be
expressed as

G(T,P;)=F(T,P;)—E;P;, 2

where F and P;, are the Helmholtz free energf) of a

JEIIP=a+3B(€E)?+2G X1+ 2G (X, + X3) = 1le.
(6)

The first-order coefficientr of the expansion of the applied
electric fieldE with polarizationP should be 14 for strain-
free materials. The coefficient for BST (x=0.5) can be
estimated from the Curie constants of bulk STO and BTO
ferroelectrics. The stress—polarization-related electrostriction

strain-free ferroelectric and polarization, respectively. Wherl:oefficientsGll andG,, can be obtained from the following

the ferroelectric is subjected to stres$¥$, the Helmholtz
free energy should also expanded with strdijsas follows:

F(T,P;,x))
=Fo+ 1/2a(P3+ P53+ P3)+ 1/48(P1+ P3+ P3)
+1/6y(PS+ PS+P$)
+1/28(P3P3+ P2P3+ P2p3)

2,02, 2
+1/2C14(X7+ X5+ X5) + C1o( XoX3+ X3X1 + X1 X5)

equationt®
Gij=cikQy; (1,j,k=1,...,6), )

whereQ,; are the strain—polarization-related electrostriction
coefficients andc;, and Q; can be obtained from the
literature®®=2® The expressions are written in a single-index
matrix notation. For example,=11, 2=22, 3=33, 4=23,
5=31, and 612 where 1, 2, and 3 in the double-index no-
tation can be, y, andzin the rectangular coordinate system.
The relevant coefficients used in the theoretical calculations
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TABLE llI. Relevant coefficients used in the theoretical calculations of the 5000 .L
dielectric properties of BSTx=0.5) films deposited at a substrate tempera- | ® BST(x=0.5) bulk
ture of 750 °C and @pressure of 350 mTorr. 8 BST (x=0.5) film j
40007

Description Ref. ] /
Tc (K) Curie temp. for bulk BST x=0.5) 250 19 § 3000+ r
Cs7o(10°K) Curie constant for bulk STO 0.8 20 & /
Cgro (10°K) Curie constant for bulk BTO 1.5 21 S
Qqq (M*C?) Electrostriction coefficient -0.10 22 ‘5’ 2000
Q4o (MYC?) Electrostriction coefficient 0.034 22 3 ] /j
¢11 (10 N/m?) Elastic constant for bulk STO 34817 23 @
¢11 (10 N/m?) Elastic constant for bulk BTO 27512 23 O 10007 g \\_\
€12 (10" N/m?) Elastic constant for bulk STO 1.0064 23 " o 'Lnﬂ -
C12 (10 N/m?) Elastic constant for bulk BTO 1.7897 23 —o— 8" O e ——

or— T 77— 11 T T 1
03 02 -01 00 01 02 03 04 05
compressive —a— —m tensile
paraelectric ~ ~— — ferroelectric phase

of the dielectric properties of BSTxE0.5) films are pre-
sented in Table Ill. The theoretical dielectric constant at zero strain (%]

field of both strain-free and strained bulk BS¥<0.5) can FIG. 2. Theoretical analysis of the strain-dielectric constant dependence for
be calculated from EdS6). In Eq. (6), a change in the strain  BST (x=0.5) at room temperature.

terms leads to a shift of - to lower temperatures or higher

temperatures for compressive or tensile strain, respectively.

However, in the case of tensile strain which causes a shift of as-deposited and annealée&t1000°0Q BST (x=0.5)

Tc to higher temperatures so that the film is in a ferroelectricjing presented in Table Il. Even though both estimations
phase aff, Eq. (6) cannot be used. Instead, a relationshipagree qualitatively in terms of the type of strain, i.e., com-

between film strain and dielectric constant in a ferroeIectricpressive or tensile, they show one order of magnitude differ-
phase can be obtained from E§). In a ferroelectric phase, gnce.

the film must have only spontaneous polarizatigg)(with a

i Strain in an epitaxial ferroelectric thin film can be
zero field E=0):

caused by lattice parameter and thermal expansion mismatch

E=aPg+ BP3+ yP2+2G X, Pst2G o X,+ X3) Ps between film and substrate, the volume changes associated
with the ferroelectric phase transition, and compositional de-
=0. (8)  ficiencies such as Ba, Sr, and O vacancies. Among these

By differentiating Eq.(5) with respect toP and then substi- strain-causing factors, the strain due to the phase transforma-
tuting the spontaneous polarizatioRd) from Eg. (8), we  tion for BST (x=0.5) may not be applicable in a room-
obtain a relationship between the film strain and dielectrid®mperature application because BXF(.5) has no phase

constant for a ferroelectric phase: transition between the film processing temperatures gnd
room temperature. Therefore, only strain due to the lattice
(0B/9P)p = —2a—4G11x; —4G1{1—2(C1o/C11)}Xg mismatchx, = (as— a;)/a; and thermal expansion mismatch
1 ) X;=(as— a;) AT are considered in how the strain is formed
= 1/€.

for as-deposited and annealed BSX=(0.5) films. In the
Figure 2 shows theoretical variations of the dielectric con-strain expressions of andx;, ag anda; are the equilibrium
stant with strain for BSTX=0.5) at room temperature. The lattice parameters, ands and «; the thermal expansion co-
dielectric constant increases rapidly with tension and deefficients of the substrate and film. Relevant coefficients
creases gradually with compression in a paraelectric phaseere reported previousf/Both the estimated strain for as-
Assuming that the change in the dielectric constant withdeposited and annealed BSX={0.5) film, based on XRD
strain for both bulk and BST films shows a similar trend measurements and theory, shown in Table Ill, are not con-
according to the literature reports on the strain effect on theistent with the strain calculated directly from the lattice mis-
dielectric constart¥?® the strain-dielectric constant depen- match and thermal expansion mismatch. This difference may
dence of the BSTX=0.5) film was reproduced from that of be due to oxygen vacancies and film relaxation effects such
bulk BST (x=0.5) by setting the strain-free dielectric con- as the formation of misfit dislocatiod®?’ If we include the
stant from 2300 for the bulk BSTxE& 0.5) to 1020 for BST  film relaxation into the strain term caused by the lattice mis-
(x=0.5) film. The strain-free dielectric constant for the BST match, we can estimate the strain relief due to film relax-
(x=0.5) film was obtained from the measurements withation. For example, by comparing the theoretically estimated
three BST films which were deposited with an amorphousstrain(0.00033 and-0.00031 in Table llj to the calculated
BST buffer layer(e=1020+30). Table Il shows both ex- strain due to the lattice mismatch and thermal expansion mis-
perimentally estimated in-plane strain and theoretically estimatch &, +x,), the relieved strain is estimated a€.059
mated in-plane strain of epitaxial BSk£0.5) films depos- and —0.062 for the as-deposited BSX=0.5) film and for

ited onto (100MgO and (100LAO at a substrate annealed<1000 °Q film onto (100MgO, respectively. This
temperature of 750 °C and,(Qoressure of 350 mTorr. The estimation indicates that mo$94%) of the strain due to
latter was calculated using the measured dielectric constantattice mismatch+0.063 for the as-deposited film and 98%
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Yy Y y= 3ﬁE22£2
(a) y=1/e (e)
y = 3PESE
T —
1.
o ' o \&1/{;
0 £(0,0) £ ba(E2) baEr) bix)  Olg(E, x) €
x=0 gEx)
E=0 x #0; x = compressive strain
E#0,E/ <E;
and
electrostriction effect
® Y|\y=1k
y= 3ﬁEzZ€2
® y y = 3PE’E
y = 3PEE
> >/ paraelectric phase
Yy y = 3BE/ €
_ 0| &(E,0) 3
¥=0 &E0) e | =1/
E#0, E;<E; 5(00) — Y.
and ’ by(E2) bAE) DY) O gEyx) 8(Erx) €
no electrostriction effect l
Xy #0; xq = tensional
ferroelectric phase strain
Ez0,E <E;
y and
©) 2 electrostriction effect
y = 3PESE
y = 3BE/E
b %
l [ y=1/k
x #0; x = compressive ~ Of(E2%) €
strain &E;x)
E#0;E;<E; £0,%)
and
no electrostriction effect
(@)
Y 2 FIG. 3. Theoretical analysis of electric-field and strain dependencies of the
¥ =3BE> dielectric constant.
paraelectric phase
y = 3PESE
T bix) ¥ | 7 '\&]/g
l 0| &(Ezx) (Enx) &0,x) €
ferroelectric phase x #0; x = tensional strain
E#0; E; <E;
and

no electrostriction effect

of the strain due to the lattice mismatch for the annealed (i j=1,..6: k,1=1,2,3), (10)
(<1000 °Q film are relieved by the film relaxation mecha-

n'srT'_ o i g d the diclectri wherexe, X,, andxesare strains due to elasticity, piezoelec-
tis also Important to understand the dielectric CorlStar"iricity, and electrostriction, respectively, is the piezoelec-

as a function of applied field in a strained ferroelectric. Thetric coefficient, andR is the strain—electric-field-related elec-

electric-field dependence of the dielectric constant of the ﬁlm[rostriction coefficients. Then, E@6) becomes, without the
can be_analyz_ed theoretically fr_om H). When the electric piezoelectric effect for BSTX=0.5) at room temperature,
field E is applied, the total strain can be expressed as

Xi = Xert Xp+ Xes= Sij X + dyiEx+ Rix EkEy JEI P =1le= a+ 3BE?€®+ by (Xe) + by(E), (12)
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where bi(Xg) IS 2G1Xe+2G1{1—2(Cqp/Ce) }Xq and V. SUMMARY

H 2 2
bo(E) is 2G11RyE"+2G15{1—2(cyp/C19)}RyE. Then, The dielectric properties of pulsed-laser deposited
we can plot the 2Ie1;t side of Eq11), y=1/e, and the right g5  sr Ti0, (x=0.5) ferroelectric films were measured at
side, y=a+3BE"€"+by(xe) +b2(E), to have a dielectric  icrowave frequencie€l—20 GH2 and analyzed theoreti-
constante(E,x) satisfied by both equations as a function of .1y as a function of electric field and strain based on De-
electric field and strain. To visualize the effect of strain and,gnshire’s thermodynamic theory. This model can be used to
qc electric f|e|q on the d|¢|ecFr|c constant, prowdmg InSIghtpredict qualitatively the changes in the dielectric constant of
into how the dielectric tuning is performed depending on theine fiims as a function of temperature, electric field, and
strain, Eq.(11) is plotted in Fig. 3. The strain-free and zero girain[ ¢= (T, E,x)]. Film strain has a significant effect on
electric-field dielectric constani(0,0) is presented in Fig. poth microstructure and dielectric properties of the film. A
3(&). When we apply dc electric fields, andEx(E2>E1),  thin amorphous buffer layer was observed to reduce the film
the strain-free and nonzero electric-field dielectric constangy,in effectively. A further study on the buffer layer as a

€(E,0) can be seen in Fig.(3, where the expansion coef- fnction of temperature and thickness is needed to optimize
ficient 8 was observed to be a positive number for our BSTiig effect.

films experimentally. We can see an important characteristic
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