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Abstract – In this paper we present the impact of acoustic resonances excited by electrostriction in BST
thin-films on the Q-factor of a varactor in the GHz range. By changing the process-parameter substrate to
target distance while sputtering the thin-films, we observe a change in the acoustic resonance frequencies.
To characterize the material properties which determine the acoustic resonance frequencies a model based
on a 1D acoustic transmission line is used. The extracted material properties results in a proportional
dependency to the changed process parameter. For verification of the acoustic transmission line model 3D
simulations have been performed which show good agreement to the line model for lower resonance
frequencies, where the difference at higher frequencies becomes significant due to additional higher order
modes.
Index Terms – Acoustic effects, modeling, thin-film, ferroelectric, characterization, barium strontium titanate

1. Introduction
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Tunable devices are key components in future microwave
applications like mobile communications. Their utilization
promises an increase in functionality and in parallel a decrease
of the number of components and their size. Typical applications for tunable devices are phase-shifters, tunable filters and
impedance matching networks. They can be realized in the
microwave range by using the ferroelectric (FE) material
barium strontium titanate (BST) [1, 2, 3, 4] which offers in
contrary to the already established semiconductor technology
the opportunity of passive tuning [5]. For building up components based on BST thin-film as well as thick-film techniques are commonly used. Where BST thick-films are in
general structured planar, thin-films are used to realize stakked Metal-Insulator-Metal (MIM) structures. The dielectric
layers in both techniques can be tuned by an external electric
field, which reduces the permittivity passively and affected the
capacitance value directly.
For the efficient use of such tunable capacitances (varactors) in the microwave region, a quite high Q-factor is required which is affected by the dielectric losses, the limited
conductivity of metal electrodes and especially in MIM
structures by acoustic resonances. In contrary to the dielectric
and ohmic losses, the losses induced by acoustic resonances
are exited by electrostriction only when an external electric
field is applied [6]. For typical thin-film structures, where the
film thickness is in the order of 200 – 400 nm and the electrode
thicknesses are below 1 mm, several acoustic resonances are
exciting in different small frequency bands below 10 GHz. For
the design of thin-film based tunable MIM capacitors the
acoustic properties of the whole component has to be known,
therefore the composition of the several stacked layers has to
be analyzed and optimized with the goal of shifting the narrow
frequency bands where acoustic resonances are exited out of
the preferred working frequency bands.
Up to now the modeling of the acoustic resonances in such
FE varactors is quite uncommon, not only due to the limited
number of software tools which enable the computation of the
varactors response from acoustic resonances in the microwave
domain, but also due to the precise knowledge of the acoustic
and piezoelectric properties. For modeling the acoustic response of thin-film varactors [6] and [7] presented an acoustic
transmission line model based on a 1D model of the stacked
layers. Due to considering only material properties, coupling
and responses aligned in the direction of the normal surface
vector this method is limited in mapping the real 3D structure.
For our knowledge only commercial available multi-physic

software tools like ANSYS are currently able to simulate the
ferroelectric varactor impedance in 3D considering acoustic
resonances in the microwave domain. But nevertheless the
extraction of the required material properties from measurement results can effectively only be done with the simple 1D
transmission line model due to its processing speed advantage.
In this paper we characterize the acoustic properties of the
stacked layer of five BST thin-films where the material properties are varied by changing the target to substrate distance
during sputter deposition. Finally the used 1D transmission
line model is compared with 3D multi-physic simulations.

2. Preparation and characterization of ferroelectric
thin-film based microwave components
BST thin-films of 300 nm thickness were deposited via RF
magnetron sputtering on Si (300 mm)(100) / SiO2 (300 nm) /
TiO2 (20 nm) / Pt (150 nm)(111) substrates. The substrate to
target distance d was varied between 5 cm and 10 cm while the
sputtering power density of 2.5 W/cm2, the substrate temperature of 6508C, the working pressure of 5 Pa and the Ar/O2
ratio of 99/1 were kept constant. On top of the sputtered BST
thin-films Pt top electrodes of 400 nm thickness were structured using lift-off lithography to realize the MIM-varactors.

Fig. 1: High resolution scanning electron microscope image of the crosssection of the Si(100)/SiO2/TiO2/Pt(111)/BST layer stack deposited at a
target to substrate distance of d = 8.8 cm.

Table 1: Overview of the BST thin-film properties as the lateral grain size D,
the root-mean-square roughness Rrms measured by AFM, the Ba/Sr ratio,
the Ti excess y = Ti/(Ba+Sr)-1 deduced from RBS measurements and
deposition rate R in function of the substrate to target distance d during
sputter deposition.
d [cm]

D [nm]

Rrms [nm]

Ba / Sr

y

5

190

1.7

0.57 / 0.43

0.26

7

6.3

190

1.8

0.56 / 0.44

0.27

4.5

7.5

213

2.5

0.57 / 0.43

0.09

2.4

8.8

135

3.8

0.56 / 0.44

0.07

1.4

108

4.5

0.56 / 0.44

0.04

0.85

10
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R [nm/min]

Table 2: Acoustic resonance frequencies and associated Q-factors of
substrate with a target to substrate distance of d = 10 cm.
d
[cm]

f1 [GHz] /
Q1

f2 [GHz] /
Q2

f3 [GHz] /
Q3

f4 [GHz] /
Q4

f5 [GHz] /
Q5

5

2.48 / 8.4

5.32 / 3.0

9.23 / 20.0 11.5 / 13.1 14.68 / 6.5

6.3

2.42 / 8.5

5.37 / 2.7

9.07 / 17.8 11.3 / 11.8 14.60 / 8.3

7.5

2.40 / 4.1

5.31 / 1.4

8.93 / 14.4 11.30 / 7.9 14.53 / 5.3

8.8

2.38 / 6.2

5.35 / 2.4

8.79 / 15.5 11.24 / 9.2 14.40 / 7.1

10

2.37 / 5.2

5.15 / 1.9

8.70 / 13.1 10.96 / 9.9 14.20 / 5.8

A cross section of the Si/SiO2/TiO2/Pt/BST layer stack without the processed top electrodes made by high resolution
scanning electron microscopy (HRSEM) is shown in Figure 1.
The morphology of the BST film surface was studied using a
ThermoMicroscopes Autoprobe CP research atomic force
microscope (AFM) in contact mode. An AFM image is shown
in Figure 2.
As shown in Table 1 the deposition rate R decreases with
increasing target to substrate distance during the sputter deposition from 7 nm/min for d = 5 cm to 0.85 nm/min for
d = 10 cm, leading to decrease of lateral grain size from

Fig. 2: Atomic force microscope image of the BST thin-film surface of the
sample shown in Figure 1.

a)

b)

Fig. 3: a) Schematic cross-section of the BST thin-film capacitor with the
GSG-Probe for the RF measurement on top. b) Top view on the realized
varactor with d = 26 mm and gap = 41 mm.

Fig. 4: The rising acoustic resonances of the BST thin-film can be seen
when applying a tuning voltage from U = 0 V to U = 20 V to the varactor
prepared at a target to substrate distance of d = 10 cm.

D ~ 200 nm to D ~ 110 nm and an increase of the root-meansquare roughness from Rrms = 1.7 nm to Rrms = 4.5 nm.
This behavior can be explained by larger nucleation sites as
a result of the reduced deposition rate at larger d [8]. The BST
thin-film composition was analyzed by Rutherford Backscattering Spectrometry (RBS). The Ba/Sr ratio and Ti excess
y = Ti/(Ba+Sr)-1 are presented in Table 1. While the Ba/Sr
ratio remains rather constant a strong increase of the Ti excess
from y = 0.04 (d = 10 cm) to y = 0.26 (d = 5 cm) can be observed with decreased substrate to target distance.

3. Microwave response of BST thin-film
components
The realized BST varactors are measured at a controlled
temperature of 228C. To contact the varactor, Ground-SignalGround (GSG) probes are used as shown in the cross-section
in Figure 3a within an on-wafer measurement setup.
The tunable capacitor C is formed by an octagon shaped pad
(see Fig 3b) connected by the signal contact of the GSGprobes and the Pt-layer below the BST film. The lower electrode is connected for the RF signal trough the large capacitance from the top gnd-layer to the bottom layer which acts on
the microwave signal as a short circuit. For being able to apply
a bias voltage U to the capacitance, the bottom layer and the
top gnd-layer are hot-wired at an edge of the substrate. The
dielectric properties of the five deposited thin-films were first
of all presented in [9]. They show a distinct influence of the
sputter target to substrate distance to the BST thin-films
properties. Their permittivity, their tunability and their lossfactor all measured at 1 MHz vary between er = 200 … 500,
t(50 V/mm) = 26 % … .65 % and tandmax = 0.02 … 0.0032
respectively when the distance changes between d = 10 cm
and d = 5 cm. These effects can be described by the increased
Ti excess in the films shown by y in Table 1.
In Figure 4 the 1/Q plot illustrates the acoustic resonances
rising up by tuning voltage. The Q-factor is measured in the
frequency range of 40 MHz up to 16 GHz to be able to monitor five acoustic resonances at f1 to f5 in the substrate processed with d = 10 cm.
For further material characterization the acoustic resonance frequencies and the minimum Q-factor at these resonances have been extracted from the measurements. These
characteristics are summarized in Table 2. The tuning voltage
is limited to U = 20 V which results in an electric tuning field
strength of 66.7 V/mm within the ferroelectric thin-film.
The variation of the resonance frequencies as well as the
dependency on the minimum Q-factor at the resonance shows
a dependency to the varied process parameter. It can be as-
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sumed that the changing morphology of the film results in a
change of the films stiffness. The change of the minimum Qfactor is related to the changing surface roughness of the films.
It should be mentioned that the observed resonance frequencies fn are not matched with the simple theory (eq. 1) of
unloaded acoustic resonators [10] of a length lp which corresponds to the BST film thickness and its acoustic velocity cp.
fn ¼

n  cp
lp

n2N

(1)

Therefore in the following section a transmission line model
for the acoustic resonator is presented, taking the influence of
the used metal and dielectric layers adjacent to the BST layer
into account.

4. Modeling the acoustic impedance using the
transmission line model
The method used for modeling the impact of acoustic resonances excited by electrostriction in a stacked layer capacitor is based on the acoustic transmission line model presented
in [6] and [7]. The stacked layer structure of the realized BST
thin-film varactors is shown in Fig. 5a. This representation
neglects different material properties at the interface between
two layers and assumes constant homogeneous material
properties in each layer.
The acoustic properties including the layer thickness of these
layers are summarized in Table 3.
The calculation of the impedance Z of the varactors based on
the normalized acoustic load impedance zt and zb on the top
and bottom of the piezoelectric layer respectively is shown in
eq. 2 and illustrated in Fig. 5b by a simplified impedance
model.
Z¼



1
tan 
ðzt þ zb Þ cos2  þ j sin 2
(2)
1  K2

jwC
 ðzt þ zb Þ cos 2 þ jðzt zb þ 1Þ sin 2





zt ¼ Zt Zp ; zb ¼ Zb Zp ;  ¼ wlp
2cp
The tuning voltage dependent coupling between the applied
electric field and the piezoelectric response of the thin-film is
considered with the field dependent coupling coefficient K2. It
can be calculated from eq. 3 based on the effective piezoelectric coefficient d2
33 ðEÞ, the elastic compliance s33 and the
tunable permittivity e33 ðEÞof the film.
K2 ðEÞ ¼

d2
33 ðEÞ
s33 e33 ðEÞe0 þ d2
33 ðEÞ

(3)

Whereby the coupling coefficient and further the impedance
of the capacitor only consider the material properties, coup-
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Fig. 5: a) Stacked layer structure of the BST thin-film varactor used for
modeling by the acoustic transmission line model. b) Simplified model for
the acoustic impedances of the BST thin-film and at its interfaces.

Table 3: Acoustic properties of the used dielectric and metal layers used for
the realization of BST thin-film varactor.
Layer

lLayer [nm]

cLayer [m/s]

ZLayer [kg/m2s]

QLayer

Reference
[6]

Air

1

360

400

Pt-Top

400

4230

57.6x106

150

BST

lp

cp

Zp

Qp

Pt-Bottom

150

4230

57.6x106

150

[6]

TiO2

20

5200

22x106

500

[11]

SiO2

300

5100

12.55x106

500

[6]

Si

300x103

8433

19.7x106

100

[6]

Air

1

360

400

ling and responses in the direction of the applied electric tuning field and the microwave field denoted by the index 33.
The acoustic impedance at each boundary can be calculated
from one of the adjacent layers. It is calculated by a transmission line model, given in eq. 4.
ZT ¼

Zb þ Zl tanðwl=cl Þ
Zl þ jZb tanðwl=cl Þ

(4)

The iterative calculation of the impedance on the lower
boundary of the BST film starts at the air interface by setting
the acoustic impedance Zb to the acoustic impedance of airt.
This impedance is transformed by the acoustic line formed by
the Si substrate having the impedance Zl, a length l and the
velocity cl into the transformed impedance ZT at the interface
between Si and SiO2. This impedance is transformed in a
further step by the next layer to the impedance at the next
interface since this interface attached the BST film. The same
procedure is used to calculate the impedance of the layers on
top of the BST film.

5. Extraction of the acoustic material properties
using the acoustic transmission line model.
Due to the simple analytic equations the acoustic transmission
line model is suited for an extraction of the unknown material
properties of the BST film (acoustic impedance and acoustic
velocity) from the measurements.
For reduction of the unknown parameters a constant
coupling coefficient K2 of 0.12 is used for modeling. This
simplification is confirmed by the observed independency of
the coupling coefficient on the observed acoustic resonance
frequencies as shown in Fig. 4. This behavior is analytical
proofed by eq. 2 where a change of K2 has no effect to the
response of the equation which denotes the acoustic resonances.
For the extraction a parameter sweeping technique is used
which varies all unknown parameters independently of each
other in a predicted range. For each parameter combination
the frequency dependent impedance of the varactor is calculated and the frequencies of the arising acoustic resonances
are monitored. By minimizing the error between the calculated resonance frequencies and the measured ones we are
extract the material properties.
The extracted result of the BST thin-film properties shows a
mismatch between the measured resonance and modelled
frequencies even for the extraction results with the lowest
error. This behavior is determined by different process technologies in literature for the materials. So the material properties (see Table 3) are varying in an unknown range. In
addition the determination of the layer thickness of the Pt
electrodes and of the BST film is only possible within a tolerance of ~2 %. To consider all these variations the number of
unknowns for the parameter sweep has to be increased from

Table 4: Acoustic properties of five BST thin-films extracted with the
transmission line model.
d [cm]

lp [nm]

cp [m/s]

Zp [106 kg/m2s]

5

298

10345

48.4

6.3

341

11046

35.8

7.5

323

11088

36.7

8.8

299

11631

34.1

10

312

11984

36.2

Table 5: Comparison of acoustic resonance frequencies between measurement fIM and FEM method fFEM
d
[cm]

f1M / f1FEM

f2M / f2FEM

f3M / f3FEM

f4M / f4FEM

f5M / f5FEM

5

2.48 /
2.44

5.32 /
5.64

9.23 /
9.11

11.5 / 11.1

14.68 /
15.39

6.3

2.42 /
2.24

5.37 /
5.49

9.07 /
9.26

11.3 / 10.9

14.6 / 15.1

7.5

2.4 / 2.41

5.31 / 5.9

8.93 /
9.95

11.3 / 11.7

14.53 / 13.5

8.8

2.38 /
2.48

5.35 /
6.17

8.79 / n.a.

11.24 / 12

14.4 / 13.6

10

2.37 /
2.51

5.15 /
6.17

8.7 / n.a.

10.96 /
11.9

14.2 / 13.5

two to 15 with additional sweeping the values by 2 % compared to the literature values.
The extraction results for the BST thin-film acoustic properties are summarized in Table 4.
They show a dependency of the acoustic velocity on the
varied process parameter and the associated change in the
thin-film morphology. The much higher variation in BST film
thickness can be explained by an imprecise film thickness
determination using UV-Ellipsometry.

curacy in the extraction of piezoelectric coupling coefficients,
which desires further investigation.
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7. Conclusion and Outlook
In this paper we presented the impact of acoustic resonances
excited by electrostriction in BST thin-films on the Q-factor of
a varactor in the GHz range. A parameter study of different
thin-films with varied sputter target to substrate distance has
been carried out. The material properties have been determined with a 1D acoustic transmission line model. The extracted acoustic impedance and velocity show a proportional
dependency on the Ti excess as well as on the changed morphology which are related to the variation of the target to
substrate distance during sputtering. The 1D transmission line
model has been verified with a full 3D finite-element-method
solver for multi-physics simulations. For low orders of acoustic
resonances the 1D and 3D calculations show a quite good
agreement. For higher order resonance frequencies the 1D
transmission line model shows a larger deviation from the 3D
calculations, due to a coupling from longitudinal strain into
the transverse direction which can not be considered in the 1D
model.
At microwave frequencies, the parasitic losses from metal
electrodes and acoustic resonances are dominant. For the
further optimization of the microwave properties the capacitor layout and electrode thickness have to be improved to
reduce these parasitics. Using the presented results a further
device optimization for BST based microwave components
can be performed in the future.
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