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Abstract Recently, there has been significant interest

toward the development of tunable dielectric materials for

voltage-controlled, frequency-agile phase shifters and fil-

ters operating in the microwave regime. The fundamental

challenge in designing materials systems for such tunable

devices is the simultaneous requirement of high dielectric

tunability ([40%) over a large temperature interval

(-10 �C to ?90 �C) coupled with low dielectric losses

(between 3.0 dB and 4.0 dB in operational bandwidths

ranging from several hundred MHz up to 30 or more GHz).

We show that a high- and temperature-insensitive tunability

can be realized in compositionally graded ferroelectrics and

provide a brief review of the results of experimental and

theoretical studies on the dielectric properties of Barium

Strontium Titanate (Ba1-xSrxTiO3 or BST) multilayer het-

erostructures. Theoretically, we discuss the role of thermal

stresses on the dielectric properties using a non-linear

thermodynamic model coupled with basic electrostatic

considerations to describe the interlayer interactions

between the ferroelectric layers. We show that the thermal

strains arising from the thermal expansion coefficient mis-

match between the multilayered film and the substrate may

have a significant effect on the dielectric permittivity and

tunability of BST multilayers. Experimentally, composi-

tionally graded BST multilayers (5 mol% MgO doped and

undoped) were grown via metallo-organic solution deposi-

tion (MOSD) on Pt–Si substrates and electrically charac-

terized. Optimum conditions were found to exist in BST

multilayers consisting of three distinct layers of *220 nm

nominal thickness with compositions corresponding to

Ba0.60Sr0.40TiO3 (BST 60/40), BST 75/25, and BST 90/10.

At room temperature, the BST heterostructure has a small-

signal dielectric permittivity of 360 with a dissipation factor

of 0.012 and a dielectric tunability of 65% at 444 kV/cm.

These properties exhibit minimal dispersion as a function of

temperature ranging from 90 �C to -10 �C. Our results also

show that MgO doping improves dielectric loss

(tan d = 0.008), but results in a moderate dielectric tun-

ability of 29% at 444 kV/cm. Electrical measurements at

microwave frequencies display a decrease in the dielectric

permittivity and tunability for both undoped and MgO-

doped BST multilayers. At 10 GHz, the dielectric response,

tunability, and the loss characteristics for graded undoped

BST are 261, 25% (at 1,778 kV/cm), and 0.078, respec-

tively, and 189 and 15% (at 1,778 kV/cm), and 0.039,

respectively, for the MgO-doped graded BST.

Introduction

Non-linear dielectric materials are promising candidates

for use in a variety of tunable devices, such as phase

shifters, tunable filters, delay lines, and oscillators because

the dielectric response of the material can be adjusted or

‘‘tuned’’ with the application of an external electric field

[1, 2]. Ferroelectric (FE) materials are well-known for their

strong non-linear response to an applied electric field, both
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in the paraelectric and ferroelectric states. In the FE state,

in addition to the non-linear response, the polarization also

displays hysteretic behavior due to polarization switching.

Therefore, research for materials to be used in tunable

devices has focused on FE materials in their paraelectric

state. One of the leading material candidates for tunable

ferroelectrics is Barium Strontium Titanate (Ba1-xSrxTiO3

or BST). In BST, the phase transition temperature or the

Curie temperature (TC) which indicates the onset of fer-

roelectric behavior can be adjusted by varying the relative

amounts of barium and strontium content. The TC for pure

barium titanate (BaTiO3, BTO) is *120 �C, but by adding

strontium titanate (SrTiO3, STO) to make the solid solution

BST, TC can be decreased [3]. For example, Ba0.70Sr0.30

TiO3 (BST 70/30) has a TC of *34 �C and for BST 60/40

TC & 5 �C [4–8]. The ability to tailor TC by controlling the

composition is one of the most promising aspects of using

BST in different types of tunable electronic devices [9]

since the dielectric permittivity and tunability can be

maximized in the vicinity of the FE to paraelectric phase

transformation. There are several comprehensive reviews

on tunable materials, loss mechanisms, device configura-

tions, and specifically BST thin films for tunable device

applications [2, 9, 10].

Although BST is a very promising material system to be

employed in tunable devices, many limitations of the

materials still exist. In order to be utilized in tunable

devices, a material must have a high tunability (typically

above 40%), a low loss tangent, temperature stability, and

all of these properties must be maintained in the microwave

range of frequencies (300 MHz to 300 GHz) [11–13].

Furthermore, the high dielectric response and tunability of

bulk or single-crystal BST cannot be realized in thin film

form, mainly due to the internal strains that arise in thin

film systems. These strains are caused by many factors,

including the lattice mismatch between the film and sub-

strate if the films are epitaxial, the difference in coefficients

of thermal expansion (CTE) for the film and substrate, the

self-strain of the FE phase transformation if the material is

grown above the phase transformation temperature, and

‘‘microstrains’’ due to defects such as dislocations and

vacancies [14, 15]. For example, the relative dielectric

constant for bulk BST 70/30 can be greater than 10,000

near TC, while a BST film (thickness *200 nm) of the

same composition is predicted to have a dielectric constant

of about 300 near TC [16].

In addition to the internal stresses, the dielectric prop-

erties such as tunability and loss are also highly tempera-

ture dependent in BST thin films. Temperature stability is

crucial for the application of BST in tunable devices for

telecommunication applications because these systems

will be operated in a large range of temperatures (typically

-10 �C to 90 �C). Recently, much research has been

devoted to graded FE films to control the strains in the thin

film structure and consequently improve the dielectric

properties and temperature stability. Our theoretical results

indicate that the tunability of graded multilayer FEs can

then be maximized by optimizing the internal electric fields

that arise between layers due to the polarization mismatch

[17]. Depending on the internal stress state and the mag-

nitude of the in-plane strains, such heterostructures may

also display relatively temperature insensitive dielectric

response and tunability.

Although many FE materials may exhibit high tunabili-

ties, the dielectric loss is still quite high for use in many types

of microwave tunable devices. One method that has been

identified to improve the loss of these materials is through

acceptor doping. Dopants (such as Ni2?, Al2?, Ga3?,

Mn2?,3?, Fe2?,3?, Mg2?, etc.) typically occupy the B-site of

the ABO3 perovskite structure, substituting for Ti4? ions.

The charge difference between the dopant and the Ti4? atom

can effectively compensate for oxygen vacancies and may

decrease dielectric losses [18, 19]. For example, dielectric

constant, loss tangent, and tunability (at 237 kV/cm) of BST

60/40 for 5 mol% MgO-doped BST 60/40 thin films were

reported as 720, 0.1, 28%, and 334, 0.007, 17.2%, respec-

tively [20]. Among all the doping elements used with BST

and other ferroelectric materials, MgO has been identified as

one of the most promising candidate for lowering the loss,

and thus we will focus on the effect of MgO addition to the

dielectric tunability [20, 21].

Since compositionally graded FE films can improve the

dielectric response of the thin film over a large temperature

range and acceptor doping has been shown to lower

dielectric loss, MgO doping combined with composition-

ally graded FE multilayers presents an opportunity to

enhance material properties for tunable devices that require

a high tunability, low loss, and temperature insensitivity. In

this article, we summarize the findings of our recent the-

oretical and experimental work that incorporates the

abovementioned approaches to improve the dielectric

properties of BST thin films. The next section contains a

thermodynamic model that provides quantitative results for

graded BST tri-layers as a function of the CTE difference

between the multilayer heterostructure and the substrate.

We calculate the dielectric properties and tunability of such

multilayers as a function of the CTE of the substrate, the

processing temperature, the applied electric field, and the

operation temperature. The ‘‘Experimental: multilayer

films’’ section concentrates on the deposition of graded

BST multilayer films, microstructural characterization, and

measurement of the dielectric properties. In the ‘‘Experi-

mental: MgO-doped multilayer films’’ section, we discuss

the role of acceptor doping and graded films on the

dielectric response and tunability of multilayer BST films

at microwave frequencies.
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Thermodynamic theory of graded multilayer FE films:

thermal stresses

Understanding the role of internal stresses on the func-

tional properties of FE thin films is crucial to tailor the

material properties for different tunable device require-

ments. It is now well understood that the substrate-

induced in-plane strain has a strong influence on the

ultimate phase stability of a FE film. Particularly in the

case of epitaxial, single-crystalline systems, recent

developments demonstrate that it is possible to create FE

phases that may not be found in the single-crystal or bulk

parent compound under ambient conditions. Examples

include strain-induced ferroelectricity at room temperature

in the ‘‘incipient’’ FE STO [22], strain-induced ferro-

electricity at room temperature of BST 60/40 thin films

with Strontium Ruthenate (SrRuO3 or SRO) electrodes

[23], and rotational phases in ultra-thin PbTiO3 (PTO)

[24]. These observations are supported by theoretical

studies that predict unconventional phases under large

mechanical strains, in particular, for in-plane tensile

strains. Studies show that compressive strains (in the plane

of the film-substrate interface) may enhance the tetragonal

out-of-plane polarization [25, 26], while in-plane tensile

strains induce in-plane rotational phases of the polariza-

tion. [24] These developments have been reviewed

recently by Schlom et al. [27]. Furthermore, FE films may

also exhibit a complex defect microstructure, which may

include features such as twins (or poly-domains) [28],

in-plane atomic ordering [29], interfacial misfit disloca-

tions (MDs) [30], and threading dislocations (TDs) [31–

34]. The evolution of this complicated microstructure is in

direct response to the internal stresses that develop during

film growth and subsequent cooling from the deposition

and processing temperatures.

Since all the films and heterostructures have to be pro-

cessed at elevated temperatures (typically 500–800 �C), the

CTE mismatch between the film and the substrate becomes

a significant parameter that may by itself have a tremen-

dous impact on the dielectric properties [35]. The strain

state in the case of a multilayered FE heterostructure or a

graded FE film is also inhomogeneous [36]; a position-

dependent internal in-plane strain arises from thermal

stresses resulting from cooling down from the deposition

temperature or the annealing temperature. The reference

temperature that determines the thermal strain depends on

what is chosen as the processing technique. For physical

vapor deposition methods such as pulsed laser deposition

(PLD), the critical temperature is the temperature of the

substrate during deposition (TG). For chemical deposition

techniques such as spin coating, dip-coating, or metallo-

organic chemical vapor deposition (MOCVD), the tem-

perature of interest is the final annealing temperature (TA).

It is therefore crucial to understand the degree by which the

thermal strains alter the dielectric response and its

tunability.

We begin our analysis by assuming a [001]-textured

(along the z-direction, see schematic drawing in Fig. 1)

BST film consisting of n compositionally distinct layers.

This texture is chosen to isolate the effects of the thermal

strains from strain arising from lattice mismatch. The free

energy density of each layer in its bulk form can be

expressed through a Landau expansion of the form:

F P; Tð Þ ¼ F0 þ
1

2
aP2 þ 1

4
bP4 þ 1

6
cP6 ð1Þ

where F0 is the free energy density of the reference

polarization-free paraelectric state above TC, P is the

polarization, and a, b, and c are the dielectric stiffness

coefficients. The temperature dependence of the coefficient

a is given by the Curie-Weiss law such that a ¼
T � TCð Þ=e0C; where e0 is the permittivity of free space,

and TC and C are the Curie temperature and constant,

respectively.

In the case of a thin film of a FE clamped by a thick

substrate, there exists a biaxial in-plane stress due to the

thermal stresses that arise as the material is cooled down

from a processing temperature TA. Considering the

mechanical boundary conditions (equal in-plane stresses

and the film being traction-free in the z-direction), a

straightforward Legendre transformation results in renor-

malized Landau coefficients. Using these boundary con-

ditions and the short-circuit conditions illustrated in Fig. 1,

the free energy functional for a multilayered FE film as a

function of thermal stresses becomes [37]

Fig. 1 Schematic diagram of the graded trilayer BST thin film,

including a view of the top and bottom electrodes
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where ai is the volume fraction of layer i. Qmn;i and smn;i are

the electrostrictive coefficients and elastic compliances of

layer i, respectively. xi is the thermal strain in layer i that

results from cooling from a high processing temperature TA

to the operation temperature Tf, due to the mismatch

between the CTEs (k) of the substrate and layer i. Eext is

the externally applied electric field. The electrostatic

interlayer interaction is established through the

depolarizing fields ED;i in layers i that follows from the

short-circuit conditions:

Xn

i¼1

‘iED;i ¼ 0 i ¼ 1; 2; . . .; n ð7Þ

Pi � Piþ1ð Þ þ e0 ED;i � ED;iþ1

� �
¼ 0 i ¼ 1; 2; . . .; n� 1ð Þ

ð8Þ

where ‘i is the thickness of layer i. The above set of

relations yield the depolarizing field in each layer as:

ED;i ¼ �
1

e0

Pi �
Xn

j¼1

ajPj

 !
ð9Þ

where

ai ¼
‘iPn
k ‘k

: ð10Þ

The equilibrium polarizations in the individual FE layers

(Pi) follow from the simultaneous solution of the equations

of state, oFR=oPi ¼ 0: This results in a system of equations

for the layers i = 1, 2,…, n given by:

ai aiPi þ biP
3
i þ ciP

5
i �

4Q12;i

s11;i þ s12;i
Pixi�Q12;iP

2
i

�

þ 1

e0

Pi �
Xn

j¼1

ajPj

 !
� Eext

#
¼ 0 ð11Þ

Following the calculation of Pi, the relative small-signal

average dielectric response of a perfectly insulating

multilayer can be determined from

hei ffi 1

e0

dhPi
dE

ð12Þ

where

hPi ¼
Xn

i

aiPi ð13Þ

is the average polarization. The dielectric tunability of the

multilayer heterostructure at a particular temperature, T, can

then be calculated as the change in the average dielectric

constant at an applied electric field, Eext, with respect to the

average dielectric constant at zero applied field;

%g ¼ ðhei@ E ¼ 0 V=m; TÞ � ðhei@ E; TÞ
ðhei@ E ¼ 0 V=m; TÞ � 100 ð14Þ

For the numerical analysis, we consider a trilayer-

graded BST heterostructure as shown in Fig 1. It consists

of three layers of equal thickness with compositions

corresponding to Ba0.90Sr0.10TiO3 (BST 90/10), BST

75/25, and BST 60/40. We assume that in each layer the

thermodynamic parameters (the Curie temperature, Curie

constant, dielectric stiffness coefficients, electrostrictive

coefficients, elastic compliances, and CTEs) are a linear

function of the composition and may be determined by

averaging the corresponding values for BTO and STO [4,

5, 22]. CTEs of each layer were assumed to be independent

of temperature.

First, we examine the average polarization at room

temperature of the trilayer BST structure as a function of

the CTE of the substrate and the annealing temperature.

Our results show that there is the same trend for all the

annealing temperatures in the range of 550–750 �C; below

a certain CTE value (*10.2 9 10-6 K-1), the BST mul-

tilayer is not spontaneously polarized [37]. In other words,

the large in-plane stresses that develop in cooling from a

high annealing temperature suppress ferroelectric behavior

on substrates with a CTE less than this critical value. These

substrates include STO, lanthanum aluminate (LaAlO3,

LAO), and sapphire (a-Al2O3). It is also important to note

that if the CTE of the trilayer BST is less than that of the

substrate, there are in-plane compressive strains that bal-

ance the additional contributions to the free energy from
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the electrostatic field due to the (initial) polarization mis-

match between the compositional layers [37]. In this case,

therefore, the multilayer is expected to exhibit spontaneous

polarization, and thus ferroelectricity.

Figure 2a and b plot the calculated average dielectric

permittivity at room temperature (RT = 25 �C) of the BST

multilayer at an applied electric field of 0 kV/cm and

400 kV/cm, respectively. The corresponding dielectric

tunability is plotted in Fig. 2c. The average dielectric

permittivity decreases monotonically above and below the

critical CTE value of the substrate. For a particular CTE at

Eext = 0, the (small-signal) dielectric response increases as

the annealing temperature is lowered. On the other hand,

when an external electric field of 400 kV/cm is applied, the

permittivity increases with increasing annealing tempera-

ture for films under biaxial tensile stresses and decreases

with increasing annealing temperature for films under

biaxial compressive stresses. In Fig. 2c, the tunability of

the BST multilayer film is shown; it exhibits a maximum

that is close to 100% at the critical CTE value of the

substrate. The tunability increases as the annealing tem-

perature is lowered for both stress states below and above

the critical CTE.

In Fig. 3, we show a three-dimensional (3D) plot to

demonstrate the effect of varying the temperature and the

applied electric field on the tunability of the trilayer BST

film deposited on Si with TA = 750 �C. As the electric

field is increased at a given temperature, the tunability

increases reaching a value of *65% at an applied electric

field of 400 kV/cm, measured at room temperature (20 �C).

The tunability can be further increased by lowering the

temperature, with a maximum tunability of *75% at

-50 �C and a field of 400 kV/cm. Overall, we note that by

decreasing the temperature and increasing the applied field,

the tunability can be increased significantly. However, this

also indicates that the tunability of such trilayer BST

devices will be lower at smaller applied fields (which are

desired to minimize power usage) and higher temperatures

(including those temperatures where tunable devices

operate). Future work in this field will undoubtedly focus

on maintaining a high tunability (and simultaneous low

loss) at lower applied fields, high temperatures, and at

microwave frequencies, which will be discussed in the final

section.

Fig. 2 Dielectric constant of the BST trilayer at a E = 0 kV/cm and

b E = 400 kV/cm; c tunability of the BST trilayer at E = 400 kV/cm

Fig. 3 A 3D plot showing the tunability of the trilayer BST thin film

as a function of the temperature, T and the applied electric field, E on

a Si substrate (TA = 750 �C)
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Experimental: multilayer films

BST is currently fabricated through a variety of techniques,

including sputtering [38], PLD [39], sol–gel [40], poly-

meric precursor methods [41], and others. Metallo-organic

solution deposition (MOSD) can produce extremely uni-

form films since the mixing occurs at the molecular level.

The MOSD is also an affordable technique for depositing

on large-area substrates with precise control of the stoi-

chiometry and viscosity of the BST precursor solution.

Multilayered BST thin films were fabricated via MOSD

using barium acetate, strontium acetate, and titanium iso-

propoxide as the precursor materials and glacial acetic acid

and 2-methoxyethanol as the solvents. First, barium acetate

and strontium acetate were dissolved in glacial acetic acid,

and the solution was stirred for 1 h until it was clear. Then,

the titanium isopropoxide was dissolved in 2-methoxyeth-

anol, and this was added to the barium/strontium solution.

The solution was stirred for an additional hour. The pre-

cursor solution was spin-coated onto Pt–Si substrates, and

particulates were removed from the solution using 0.2-lm

syringe filters. 2-methoxyethanol was added to the solution

as needed to adjust the viscosity (and hence the thickness

of each spun-on layer) [21, 42]. After the deposition of

each layer, the films were pyrolyzed on a hot plate at

350 �C for 10 min in air to remove any organic addenda.

This process was repeated until films of approximately

*225-nm thickness were produced. After the deposition of

each compositional layer, the films were annealed at

750 �C for 1 h in flowing oxygen. This ‘‘multi-anneal’’

protocol was used because it has been shown that this

annealing procedure helps to minimize the interdiffusion

that would take place between the layers if only one

annealing step was used [43]. Although a low annealing

temperature is beneficial in terms of reducing the thermal

stresses, BST thin films processed at 750 �C have been

shown to have high-quality crystalline microstructure [43].

The films consist of three compositional layers of BST:

BST60/40, BST75/25, and BST90/10, as shown in Fig. 1

and described in the theoretical framework. A uniform

composition film of the same thickness, corresponding to

BST60/40 was also fabricated to compare the effect of the

multilayers on the microstructure and dielectric properties.

The thin films were characterized by X-ray diffraction

(XRD), field emission scanning electron microscopy

(FESEM), atomic force microscopy (AFM), and dielectric/

electrical measurements.

Since the theoretical results indicate that a higher pro-

cessing temperature often degrades the dielectric properties

due to the large thermal strains, we choose the lowest

annealing temperature that fully crystallizes the BST and

produces a well-formed, defect-free microstructure

(750 �C). In ‘‘Thermodynamic theory of graded multilayer

fe films: thermal stresses’’ section, the importance of the

CTE mismatch of the substrate and the BST film was

demonstrated, and it was found to play a significant role in

determining the dielectric properties. In the experimental

synthesis, we used Si substrates. Although the CTE mis-

match between Si and BST layers is relatively large

(*7 9 10-6 K-1 for BST60/40 and Si at room tempera-

ture) [37], metallized Si is required as a substrate so that

the tunable device is compatible with the existing inte-

grated circuit (IC) technology. While other substrates may

produce better dielectric properties, Si was chosen partly

because of its affordability and compatibility with current

microelectronic systems. Much of this research in the field

of FE thin films focuses on optimizing and integrating

other substrates into the IC architecture, and it will likely

be focus of future research as well.

A cross-sectional FESEM image is given in Fig. 4. This

image demonstrates that the films possess a dense, ran-

domly oriented, polycrystalline microstructure with a

thickness of *225 nm. We also note that there is a clear

delineation between the bottom Pt electrode and the BST

film, promoting good contact properties. Furthermore, the

FESEM image shows that there are no visible ‘‘interface

regions’’ between the BST layers of different composition.

The AFM micrographs are given in Fig. 5. The AFM

micrographs verify that the films have a dense polycrys-

talline structure with no observable pinholes or other sur-

face defects. In addition to obtaining AFM images, we also

measured the roughness of the BST films. Low surface

roughness is crucial if the films are to be integrated in

devices, because an overly rough surface can cause bad

contact between the film and top electrode and this pro-

motes high conductor loss. A smooth film (roughness

\*5 nm) promotes better contact properties between the

film and electrode, thereby lowering the leakage current

and overall insertion loss and providing long-term reli-

ability in the device structure. The roughness of the

Fig. 4 Cross-sectional FESEM image showing the undoped trilayer

BST thin film on the Pt–Si substrate (Reprinted with permission from

American Institute of Physics, Copyright 2007)
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multilayer films was found to be *3.5 nm, which is well

within the acceptable range for tunable devices. This sur-

face roughness value is comparable to roughness values

found in uniform film BST thin films fabricated by the

same method.

X-ray diffraction results are given in Fig. 6. In general,

the XRD data confirm that the films have a polycrystalline

perovskite structure (of the form ABO3). No secondary

phases are present in the film. In comparing the XRD data

for the uniform BST60/40 film and the graded (or ‘‘up-

graded,’’ designated by ‘‘UG’’) BST film, we see a slight

downshift in peak positions for the graded film. The

downshift may be attributed to the larger lattice parameter

in the multilayer films, which is caused by the increase in

lattice parameter as the Ba/Sr ratio increases. Since the

lattice parameter of the multilayer film is an average of the

lattice parameters of each of the layers, the increasing

Ba/Sr ratio in the film causes a larger average lattice

parameter, and hence the XRD peak shifts downward [43].

The increase in lattice parameter may also arise from the

cooling of the films from a high annealing temperature,

since interface defects and thermal strains may develop in

the film as it is cooled, as described earlier. In fact, the

strain field in these BST films is highly non-uniform (as

mentioned previously), and may be due to a number of

factors, including the variation in the lattice parameter with

thickness, localized strains due to defects, and interface

regions [42, 44, 45].

Dielectric measurements were carried out using an

HP4194A impedance/gain analyzer as well as an in-house

temperature measurement station, including a thermoelec-

tric heating stage, inert N2 ambience, and automated con-

trol via a computer system. As discussed in the theoretical

model, multilayer films should be temperature insensitive

due to the polarization mismatch between the composi-

tionally distinct BST layers. The dielectric permittivity and

loss tangent as a function of temperature are given in

Fig. 7, confirming the theoretical prediction that permit-

tivity and loss tangent values are stable over the

Fig. 5 Plan-view and cross-

sectional AFM images of the

undoped trilayer BST thin film,

demonstrating the dense grain

structure and low surface

roughness (Reprinted with

permission from American

Institute of Physics, Copyright

2007)

Fig. 6 X-ray diffraction patterns of the uniform BST60/40 film (top),

the multilayer ‘‘up-graded’’ BST film (middle), and the MgO-doped

multilayer film (bottom) (Reprinted with permission from American

Institute of Physics, Copyright 2008)

Fig. 7 The dielectric constant and loss tangent of uniform compo-

sition BST, undoped multilayer upgraded (UG) BST films, and MgO-

doped multilayer UG BST films as a function of temperature

(Reprinted with permission from American Institute of Physics,

Copyright 2008)
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temperature range of -10 �C to 90 �C in the multilayer

construct. There is no evidence of anomalous peaks, which

often indicate the phase transition temperature of one of the

multilayer compositions [39]. The multilayer BST film

possessed both a higher permittivity (e = 364) and lower

loss (tan d = 0.012) then the uniform BST60/40 films

(e = 280 and tan d = 0.023) at room temperature.

Although the composition BST60/40 has a Curie temper-

ature just below room temperature (5 �C), making it

paraelectric at room temperature, the compositions of

BST75/25 and BST90/10 have different TC values as dis-

cussed earlier, and they have higher permittivity values

which increase the average dielectric response for the

multilayer film construct. Also, higher permittivity in the

multilayer films may be influenced by the electrostatic

reaction between different compositional layers. Figure 7

also verifies the theoretical results given in Fig. 3, mainly

that in the graded multilayer films, the dielectric response

increased as the temperature decreased. Overall though, the

multilayer structure produced mostly temperature insensi-

tive behavior in the range -10 �C to 90 �C, as predicted by

the thermodynamic model.

The loss tangent for the multilayer film is lower then the

uniform composition film, and it is also quite low com-

pared to many results in the literature, including graded

films made by sol–gel, PLD, and other methods [39, 46].

However, dielectric loss values for graded BST thin films

span a large range in the experimental literature, most

likely due to the differences in crystalline quality, defect

concentration, and thermal and mechanical strains that

arise during thin film deposition and processing [47, 48].

Although the increase in permittivity values in multilay-

ered films can be attributed to the presence of ferroelectric

layers and interlayer electrostatic coupling, the lower loss

values in multilayered films is not as well understood. The

lower loss tangent in multilayered films may be due to the

fact that defects are ‘‘trapped’’ at the compositional inter-

faces and are no longer mobile enough to reach the elec-

trodes and contribute to the loss mechanism.

The tunability of the multilayered BST compared to the

uniform BST thin film is given in Fig. 8. Here, we see an

increase of *56% in the tunability for the trilayer film as

compared to the uniform composition BST thin film, due to

the increase in the permittivity in the multilayer film as

discussed above.

Experimental: MgO-doped multilayer films

Doping BST films with MgO has been determined as one

of the ways to lower the loss tangent. Therefore, combining

acceptor doping with a multilayered film design can help

lower loss, while simultaneously maintaining a high

permittivity and tunability over a wide temperature range.

The same experimental procedure and device design

described above were used to make the BST films, except

that in this case, each compositional layer is MgO-doped

BST. We will compare the doped multilayered films to that

of an undoped multilayer BST film, and a uniform com-

position BST60/40 film.

As in the case for the undoped multilayer films, XRD,

AFM, and FESEM results indicate that the film has a

dense, well-crystallized microstructure with randomly ori-

ented grains and no defects or secondary phases. Compared

to some other experimental results involving MgO-doping

of BST, our XRD results indicates an enhanced degree of

solubility of the MgO. This enhanced solubility is most

likely due to the mixing at the molecular level that occurs

in the MOSD process, as well as the induced thermal

strains discussed previously [49]. Here, we chose 5 mol%

MgO doping because it has been shown that a concentra-

tion in excess of 10 mol% creates a film that is no longer

single phase [21]. In addition to the increase in lattice

parameter that was observed in the multilayer structure, we

also get an additional increase in the lattice parameter due

to the MgO doping. Since Mg has a larger ionic radius that

Ti (0.072 nm compared to 0.061 nm), the addition of MgO

into the lattice actually causes the lattice to expand slightly,

which we can observe in the XRD data in Fig. 6. The AFM

micrographs indicate that the doping of BST with MgO

produced a smaller grain size (60 nm vs. 72 nm for the

undoped multilayer film). This smaller grain size caused a

decrease in the overall surface roughness as well (3.1 nm

vs. 3.5 nm for the undoped multilayer film). Overall, MgO

doping of multilayer films causes enhanced material

properties, such as lower surface roughness, and maintains

the desirable microstructure for BST in tunable devices.

Fig. 8 Tunability at room temperature of the uniform BST60/40 film

(filled squares) and the trilayer BST thin film (open circles) as a

function of the applied electric field (Reprinted with permission from

American Institute of Physics, Copyright 2007)
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Figure 7 shows the permittivity and loss for the MgO-

doped multilayered films as a function of temperature. We

see that the permittivity and loss are both very stable as a

function of temperature from -10 �C to 90 �C, as expected

from the graded multilayer film design. The doped, mul-

tilayer film has a lower loss than the undoped multilayer

film (0.010 at 90 �C compared to 0.014 for the undoped

multilayer film at 90 �C), but the MgO-doped film also has

a lower dielectric constant (330 at -10 �C compared to

370 for the undoped multilayer film at -10 �C). Even

though the MgO-doped graded film has a lower permit-

tivity, the low loss and temperature stability are promising

results for the use of MgO doping and compositional

grading in temperature-stable tunable devices.

Since the doped multilayer films have been shown to

possess very low loss (due to the MgO doping) and

exceptional temperature stability (due to the compositional

grading), we now will examine the dielectric properties

(permittivity, loss, and tunability) as a function of fre-

quency. Many tunable devices will be operated in the

microwave range of frequencies, but we expect that the

dielectric properties will degrade at very large frequencies

due to relaxation effects caused by the presence of defects

[50]. Therefore, we compare the permittivity, loss, and

tunability of the undoped and doped multilayer films at

three frequencies: 0.5 GHz, 5 GHz, and 10 GHz. We

expect the MgO doping to have a strong influence on the

loss characteristics of the multilayer film at high frequen-

cies; however, it is important to note that the permittivity

(and hence the tunability, given by Eq. 13), is closely

related to the loss tangent. For example, even though

acceptor doping has been shown to decrease loss in BST

thin films, it has also been shown to decrease the permit-

tivity and tunability. In determining the best film charac-

teristics (such as the ‘‘strength’’ of the compositional

gradient, the number of compositional layers, the dopant

material, and the doping concentration), we must keep in

mind that the simultaneous requirement of low loss and

high tunability will ultimately represent a compromise

between these two parameters [12].

Figure 9 shows the variation in the permittivity with the

applied field for (a) the trilayer BST film and for (b) the

MgO-doped trilayer BST film at microwave frequencies.

As expected, doping with MgO lowers the permittivity of

the trilayer structure at all the applied frequencies. This

phenomena can be partly explained by the fact that adding

MgO lowers TC [51]. Also, adding MgO into the BST

lattice causes a slight volumetric expansion, as discussed

previously [52]. However, we note that as the frequency is

increased, the permittivity values are fairly constant for the

doped film, whereas in the undoped film, the frequency has

a large effect on the permittivity. Therefore, we expect that

acceptor doping might prove to be a useful method to

maintain a nearly constant dielectric response over a large

range of frequencies, including microwave frequencies.

In Fig. 10, we have plotted the loss as a function of the

applied field for the undoped (a) and doped (b) graded

multilayer films. For both films, we see that increasing the

frequency causes an increase in the loss tangent. This

increase in the dielectric loss is most likely due to a number

of effects, including quasi-Debye type losses, and losses

associated with oxygen vacancies and other defects [12].

However, this increase in the loss is much more pro-

nounced in the undoped film, confirming our prediction

that doping the trilayer structure with MgO would lower

losses at microwave frequencies. Although the loss at

microwave frequencies is significantly higher than at lower

frequencies (0.008 at 100 kHz for the undoped trilayer

film, compared to 0.039 at 10 GHz for the doped, trilayer

film [52]), these loss values are still within the acceptable

range for many types of tunable devices.

Figure 11 shows tunability as a function of the applied

electric field for (a) an undoped trilayer BST film and (b)
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Fig. 9 The permittivity of a the undoped multilayer BST film and

b the MgO-doped multilayer BST film at 0.5, 5, and 10 GHz

frequencies (Reprinted with permission from American Institute of

Physics, Copyright 2008)
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and MgO-doped trilayer BST film. Doping with MgO

lowered the tunability, which is related to the decrease in

the permittivity discussed above. The MgO doping also

caused a larger dispersion in tunability with applied fre-

quency, as compared to the undoped film. For example, the

tunability of the MgO-doped graded multilayer film at

1,778 kV/cm and 10 GHz is 15%, while at the same

applied field and 0.5 GHz, the tunability is 20%. For the

undoped trilayer film, the tunability did not show a sig-

nificant change with the frequency.

Although compositional grading and acceptor doping

have demonstrated excellent dielectric properties into the

microwave range of frequencies, many other methods to

improve the dielectric properties of ferroelectric thin films

over a large frequency and temperature range are currently

being investigated. Some of the methods currently being

investigated include choosing the appropriate substrate

[53] and carefully adjusting the thin film thickness [54].

The theoretical results also indicate that dielectric proper-

ties can be improved over a wide temperature and

frequency range by finding a substrate with the appropriate

CTE, tailoring the multilayer structure, and adjusting the

processing temperature. All the three of these approaches

were found to affect the strain state in the thin film, which

in turn has a profound effect on the dielectric properties of

permittivity, loss, and tunability.

Conclusions

The main obstacles to integrating BST thin films into

tunable devices are the temperature dependence of their

dielectric properties and their relatively large dielectric loss

values (especially at microwave frequencies). In order to

improve the dielectric response of BST thin films over a

wide range of temperatures and frequencies, we examined

here the effect of using compositionally graded BST mul-

tilayers. Theoretical results based on a non-linear thermo-

dynamic model indicate that the thermal strains arising

from the CTE mismatch between the film and substrate
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significantly influence the dielectric permittivity and tun-

ability of BST multilayers. Experimentally, BST compo-

sitionally multilayered (5 mol% MgO-doped and undoped)

films were fabricated via MOSD on Pt–Si. The best

dielectric properties (dielectric permittivity of 360, loss of

0.012, and a tunability of 65% at 444 kV/cm) were found

to exist in BST heterostructures consisting of three distinct

layers of *220 nm nominal thickness with compositions

corresponding to BST 60/40, BST 75/25, and BST 90/10.

These properties exhibited minimal dispersion as a func-

tion of temperature ranging from 90 �C to -10 �C.

Although MgO doping improves dielectric loss, it also

results in a moderate tunability (29% at 444 kV/cm).

Electrical measurements at 10 GHz display a decrease in

the dielectric permittivity and tunability for both undoped

and MgO-doped BST multilayers.
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