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Piezoelectric properties of epitaxial (001) barium strontium titanate (BST) films are computed as

functions of composition, misfit strain, and temperature using a non-linear thermodynamic model.

Results show that through adjusting in-plane strains, a highly adaptive rhombohedral ferroelectric

phase can be stabilized at room temperature with outstanding piezoelectric response exceeding

those of lead based piezoceramics. Furthermore, by adjusting the composition and the in-plane

misfit, an electrically tunable piezoelectric response can be obtained in the paraelectric state. These

findings indicate that strain engineered BST films can be utilized in the development of electrically

tunable and switchable surface and bulk acoustic wave resonators. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4879281]

Surface and bulk acoustic wave (SAW and BAW, respec-

tively) resonators are important elements in several devices

including remote controls, microprocessor clocks, mobile

phones, and industrial controllers. The largest commercial

application for acoustic resonators is for frequency selection

in radio frequency (RF) telecommunication systems.

Resonant frequency in SAW and BAW resonators depends on

dimensions and properties of the material/materials systems

of choice. Current technology SAW and BAW resonators

employ a passive piezoelectric element such as aluminium

nitride (AlN), and are neither switchable nor tunable. Such

telecommunication systems use a bank of passive filters based

on SAW or BAW resonators. Compound semiconductors

such as GaAs or micro-electromechanical systems (MEMS)

are then used as RF switches to select the appropriate fixed

frequency filter. AlN exhibits strong chemical stability, excel-

lent mechanical properties, and low dielectric losses com-

bined with low leakage currents1,2 and can be manufactured

using recent developments in micromachining techniques.3

On the other hand, it is a linear dielectric with a wurtzite crys-

tal structure (P63mc) and has a weak piezoelectric response

(d33� 5 pm/V)2 compared to ferroelectrics (FE) such as

(Pb,Zr)TiO3 (PZT) and its derivatives (�300 pm/V).4,5

Since the piezoelectric response of AlN is not electrically

tunable, present AlN-based SAW and BAW resonators are

fixed frequency devices.6 Despite efforts to achieve electrical

tuning in AlN-based resonators through implementation of

sound guiding substrates and varying device dimensions, tuna-

bility in these systems is less than 1%.7,8 Furthermore, current

SAW and BAW devices must employ semiconductor or

MEMS switches for frequency selection. As such, there exists

a tremendous potential for the development of tunable and

switchable thin film acoustic resonators. This would reduce

the total parts count for RF products and would thus provide

opportunities to manufacture smaller and cheaper devices.

Piezoelectric tunability would enable frequency agile opera-

tion, eliminate filter banks as a costly and lossy source, and

provide the possibility to get rid of the need for frequency

trimming. For this purpose, FE materials have attracted atten-

tion as potential alternatives for AlN.9 Because the electrome-

chanical coupling depends on the spontaneous polarization,

resonance in the FE state exhibits hysteresis.3,10 However,

since an appropriate electric field can distort central symmetry,

emergence of piezoelectricity is possible in the paraelectric

phase with the application of an external field. There are incip-

ient FE or FE perovskites such as strontium titanate (SrTiO3,

STO)3,11,12 and barium strontium titanate [BaxSr1ÿxTiO3, BST

x/(1ÿx)]7,8,13–20 for which voltage induced electrostrictive res-

onance has been demonstrated in free-standing film or solidly

mounted resonator (SMR)7,13 device geometries.

In bulk, unconstrained BST, the phase transition temper-

ature TC can be varied by adjusting the relative amounts of

Ba and Sr. TC for pure barium titanate (BaTiO3, BTO) is

�120 �C, but by alloying systematically with STO, TC can be

lowered. For example, for BST 70/30 and 60/40, the cubic

paraelectric to tetragonal FE transformations occur at �34 �C

and �5 �C, respectively.20 The ability to adjust TC by control-

ling the composition is one of the most promising aspects of

using BST in different types of resonators since piezoelectric

response and its electric field tunability can be maximized

near TC. Misfit strain–temperature phase diagrams that were

developed for monodomain epitaxial BST films20,21 show

that it is possible to induce FE phases with orthorhombic and

rhombohedral symmetry that are not observed in bulk form.22

In Fig. 1, we depict the prototypical perovskite BST crystal

structure (Pm3m) in the bulk PE state and the FE states that

can be induced through in-plane equi-biaxial misfit strains.

The phases that appear in Fig. 2 are defined through the spon-

taneous polarization vector Pi (i¼ 1,2,3) such that: PE phase
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(P4mm) with P1¼P2¼P3¼ 0, c–phase (I�43m) with

P1¼P2¼ 0, P3 6¼ 0, aa–phase (Amm2) with P1¼P2 6¼ 0 and

P3¼ 0, and r–phase (R3m) with P1¼P2 6¼ 0 and P3 6¼ 0.

In this study, we provide a theoretical analysis of piezo-

electric response of epitaxial (001) BST films using a nonlin-

ear thermodynamic model taking into account the appropriate

electromechanical boundary conditions. We show that strain

engineering is a powerful tool that could assist in the devel-

opment of a new generation of acoustic resonators with

extremely large piezoelectric coefficients which are also elec-

trically tunable and/or switchable. Our results indicate that

for certain BST compositions and small misfit strains

(ÿ0.07< um< 0.08% and ÿ0.12< um< 0.13% for BST

80/20 and 90/10, respectively), the FE r-phase can be stabi-

lized at room temperature (RT¼ 25 �C). The spontaneous

polarization in this state can adapt itself to external stimuli

through appropriate rotations and thus has very large piezo-

electric response. BST films with lower Ba concentrations

such as BST 60/40 remain paraelectric at RT for small misfit

strains (ÿ0.04< um< 0.04). We demonstrate here that in this

range, piezoelectric coefficients as high as �300 pm/V can be

realized with the application of external electric fields

(400 kV/m). This behavior could be useful in certain telecom-

munication applications for which a paraelectric state may be

preferred in order to avoid hysteresis losses associated with

nucleation and growth of electrical domains.14,23 The piezo-

electric tunabilities of BST 60/40 in the FE c-phase region

are 19% and 29% at 200 and 400 kV/m. These results suggest

that tailoring the strain state in FE oxides could provide out-

standing piezoelectric response compared to current simple

oxide and nitride piezoelectric ceramics.

We employ here a Landau–Devonshire approach to

compute the piezoelectric properties of heteroepitaxial BST

films in different phase fields. A (001) monodomain epitaxial

BST film on a thick (001) cubic substrate is considered.

Taking into account the equi-biaxial in-plane polarization-

free misfit strain um ¼ aS ÿ aFð Þ=aS, where aS and aF are the

lattice parameters of the substrate and the (pseudo-cubic)

film, respectively, and an applied electrical field E3//[001]

perpendicular to the film–substrate interface, the (excess)

free energy density of the film can be expressed as20
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where Pi (i¼ 1,2,3) are the components of the polarization

vector, a1¼ (TÿTC)/2e0C is the dielectric stiffness, TC and C

are the Curie–Weiss temperature and constant of the bulk

ferroelectric, e0 is the permittivity of free space, aij and aijk
are higher order stiffness coefficients, Qij are the electrostric-

tive coefficients, and Sij are the elastic compliances of the

film in Voigt notation.

um–T phase diagrams are obtained by evaluating the

equations of state @DG=@Pi ¼ 0 for E3¼ 0. The property

coefficients used in the calculations are compiled from the lit-

erature.20 In Fig. 2, we plot the stability regions of the FE and

paraelectric phases for four compositions of BST (60/40,

70/30, 80/20, and 90/10) in temperature and misfit ranges of

ÿ50< T< 150 �C and ÿ0.5< um< 0.5%. Also shown in

Fig. 2 is the variation of the total spontaneous polarization

(P ¼ PS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2P2
S;1 þ P2

S;3

q

) in each phase region. Regardless

of the BST composition, the phase diagrams indicate that

depending on T, there are two different sequences of phase

transformations with increasing um from in-plane compressive

to in-plane tensile misfits. At relatively higher temperatures,

the c-phase which is more stable for in-plane compressive

misfit strains transforms to the PE phase with increasing um at

a critical misfit strain u�m. At T¼ 100 �C, for BST 60/40,

70/30, 80/20, and 90/10, u�m is ÿ0.22%, ÿ0.16%, ÿ0.09%,

and ÿ0.01%, respectively. With increasing in-plane tensile

strains, the aa-phase becomes more stable (um> 0.20% for

BST 60/40 at T¼ 100 �C). Significant shifts in TC and stabili-

zation of metastable phases have been confirmed

FIG. 1. At the center is the prototypical perovskite BST crystal structure

where Ba/Sr atoms are surrounded by eight TiO6 octahedra. Also shown are

the possible strain induced phases. Polarization components in the tetragonal

PE phase are P1¼P2¼P3¼ 0. The c-phase is tetragonal with P1¼P2¼ 0,

P3 6¼ 0. The aa-phase has an orthorhombic structure where P1¼P2 6¼ 0 and

P3¼ 0 and the r-phase is rhombohedral with P1¼P2 6¼ 0 and P3 6¼ 0.
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experimentally in similar epitaxial systems.24,25 The c–PE

and PE–aa transitions are of second-order due to the positive

sign of the coefficients a�11, a
�
12, a

�
13, and a�33. This can also be

verified by inspecting the variations in the polarization com-

ponents in this field region. In Fig. 3(a), we plot as an

example the change of the out-of-plane and in-plane sponta-

neous polarization of BST 60/40 at RT. Fig. 3(a) indicates

that there are no “jumps” in P3 and P1¼P2 at the critical mis-

fit strains of ÿ0.04% and 0.04% corresponding to the c–PE

and PE–aa phase boundaries. For zero electric field, P3 van-

ishes at the c–PE boundary while for E3> 0 the material is

polarized in the [001] direction. In the case of in-plane polar-

ization, however, application of electric field does not alter

the material behavior since the out-of-plane electric field does

not affect planar polarization. At relatively lower tempera-

tures for the four compositions analyzed in this study, a

c–r–aa phase transition sequence becomes possible. Both the

c–r and r–aa phase transformations are of second order and

this is confirmed in Fig. 4(a) where we plot the polarization

components variation versus misfit strain for BST 80/20 at

RT. We note that the stability region of the r-phase becomes

narrower with decreasing Sr content. For BST 70/30 and

BST 90/10, the phase fields of the r–phase are within

ÿ0.018< um< 0.02% and ÿ0.112< um< 0.129%.

The out–of–plane piezoelectric coefficients (d33) for the

four phases can be determined via

d33 ¼

2e0g33Q11P3 PE

2e0g33Q11P3 cÿ phase

2e0ðg33Q11 þ g23Q12ÞP3 r ÿ phase

2e0ðg11Q11 þ 2g12Q12ÞP3 aaÿ phase;

8

>

>

>

>

<

>

>

>

>

:

(3)

where gij ¼ Aij=D are dielectric susceptibility coefficients,

and Aij and D are the cofactor and determinant of relative

dielectric stiffness tensor.26

FIG. 2. Phase diagrams of various compositions [60/40, 70/30, 80/20, and 90/10 from (a) to (d), respectively] of monodomain epitaxial (001) BST films under

compressive and tensile misfit strains on a thick (001) pseudo-cubic substrate in the temperature range of ÿ50 �C–150 �C and variations of total polarization in

the ferroelectric phase fields.

FIG. 3. (a) Variation of the in-plane and out-of-plane spontaneous polariza-

tion components as a function of misfit strain and (b) RT out-of-plane piezo-

electric response (d33) of (001) BST (60/40) for different electric fields. d33
in the PE region is zero for E3¼ 0. For E3> 0, there is a piezoelectric

response in the PE region for misfit strains close to the c-PE transition.
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Fig. 3(b) shows the variation in d33 of (001) BST 60/40

as a function of um at RT for E3¼ 0, 200, and 400 kV/m. This

particular composition is chosen as an illustration of piezo-

electric properties in the c-PE-aa phase fields at RT. In both

PE and aa-regions, there is no piezoelectric response for

E3¼ 0. However, for E3> 0, excellent piezoelectric proper-

ties can be obtained. For instance, for um¼ÿ0.02%,

E3¼ 200 and 400 kV/m produce piezoelectric coefficients as

high as �250 and �300 pm/V, respectively. Here, piezoelec-

tricity emanates only due to the fact that the central symmetry

of the crystal is broken with the application of an out-of-plane

electric field. This is significant since it means that high val-

ues of d33 can be induced in the material system without hys-

teretic behavior—a fundamental characteristic of a FE

material. To describe the piezoelectric behavior in c-r-aa

phase fields, we chose (001) BST 80/20 at RT. Fig. 4(b)

presents d33 for different electric field values. In the r-region,

for misfit strains near the c–r phase transition, very high mag-

nitudes of d33 values are predicted (e.g., d33¼ 1500 pm/V for

um¼ÿ0.05%). The large piezoelectric properties in this

region can be attributed to the ease by which the spontaneous

polarization vector in the r-phase can adapt itself to external

stimuli. The transition from the c-phase to the r-phase and

then to the aa-phase occurs via a rotation of the spontaneous

polarization from the [001] axis towards [110] direction.

Because it is plotted in a log scale, in Fig. 4(b) the tunability

of the piezoelectric coefficient in the r-region is not clearly

displayed. For BST 80/20 and um¼ 0.06%, the piezoelectric

coefficient varies from 179 pm/V to 223 pm/V with a change

in the applied field from 0 kV/m to 400 kV/m. In the aa-phase

region, however, out-of-plane piezoelectric response can only

be obtained with the application of E3. While with zero elec-

tric field, piezoelectricity diminishes right before the r-aa

transition. For E3¼ 200 and 400 kV/m, respectively, piezo-

electric coefficients of 23 and 45 pm/V are achievable for

um¼ 0.12%.

It should also be noted that high lattice mismatches

between BST and the substrate potentially could facilitate

the process of strain relaxation that would hinder the accessi-

bility of ferroelectric phases predicted by our calculations. In

practice, there are several key factors that have impact on the

interaction between the film and the substrate. It is shown

that the stresses are almost completely relaxed with increas-

ing film thickness through the formation of misfit strain dis-

locations at the film/substrate interface.27 The higher the

lattice mismatch between the film and the substrate, the

smaller the critical thickness for relaxation through the gen-

eration of interfacial dislocations [Matthews–Blakeslee

(MB) criteria].28 The straightforward application of the MB

criteria indicates that the critical thickness of misfit disloca-

tion formation is relatively larger for lower processing tem-

peratures due to the smaller thermal strain. Based on

mechanisms by which interfacial dislocations are generated

and the kinetics of the processes, experimental studies sug-

gest that even for theoretical lattice mismatches larger than

7% for which the MB critical film thickness is typically of

the range of 1–2 nm, complete relaxation does not occur until

the film thickness reaches several hundred nanometers.29

Therefore, depending on the deposition/processing/annealing

temperatures and by the selection of substrate material, and

film thickness, the level and sign of the misfit strain can be

adjusted as to obtain optimum piezoelectric response.20

In this Letter, we have shown that how epitaxial strains

can be used to obtain very high piezoelectric properties in a

lead-free soft FE material. This study demonstrates that strain

engineering of BST thin films provides an excellent opportu-

nity to develop RF resonators that can be switched by using a

low voltage control signal or can be frequency-tuned. Choice

of substrate and application of appropriate electric fields

could result in desired piezoelectric response both in para-

electric and FE phases. We also predict that electrically bi-

ased paraelectric BST exhibits outstanding piezoelectric

behavior that provides the opportunity to deliver hysteresis

free behavior. This would be beneficial in telecommunication

technology to be established in tunable device configurations.

The resulting components could reduce cost and improve per-

formance for RF systems in a wide range of communications,

radar, and wireless data applications.
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