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Abstract

Low loss, ferroelectric, fully-printed varactors for high-power matching applications are pre-
sented. Piezoelectric-induced acoustic resonances reduce the power handling capabilities of
these varactors by lowering the Q-factor at the operational frequency of 13.56 MHz. Here, a
quality factor of maximum 142 is achieved with an interference-based acoustic suppression
approach utilizing double metal–insulator–metal structures. The varactors show a tunability
of maximum 34% at 300 W of input power. At a power level of 1 kW, the acoustic suppression
technique greatly reduces the dissipated power by 62% from 37 W of a previous design to
14.2 W. At this power level, the varactors remain tunable with maximum 18.2% and 200 V
of biasing voltage.

Introduction

Fast, accurate, and reliable impedance matching of high-power manufacturing processes in the
lower industrial, scientific, and medical (ISM) frequency bands such as dry etching, laser weld-
ing, and RF heating has gained increasing interest in the past years due to the higher integra-
tion level in our modern communication, computer, automotive, and consumer electronics
[1–3]. Especially at 13.56 MHz, these manufacturing processes generate a demand for low-loss,
fast, and highly tunable RF varactors [4]. In this work, varactors based on fully-printed, ferro-
electric barium strontium titanate (BST) are presented. BST as a tunable dielectric in varactors
has been under investigation for several years now and shows promising results regarding
Q-factor, tunability, tuning speed, and power handling capabilities. In comparison to
state-of-the-art technologies, such as mechanically tuned vacuum capacitors or switchable
capacitor banks, utilizing high-power pin diodes, BST-based varactors offer a significantly
higher tuning speed and continuous tuning [5,6]. A disadvantage of BST-based varactors is
the bias induced piezoelectricity in the ferroelectric layer, introducing a dipole moment. A
superimposed RF voltage latches onto the induced dipole moment, resulting in mechanical/
acoustical vibrations, which reduce the varactors Q-factor and therefore its power-handling
capabilities [7,8]. In this paper, a fully-printed thick film varactor is demonstrated in a match-
ing circuit and input power levels of up to 1 kW, with an implemented interference-based
acoustic suppression technique, described and verified in [9]. The suppression mechanism uti-
lizes novel fully-printed doublemetal–insulator–metal (MIM) varactor cells. The performance
of the varactor is compared to an acoustically non-optimized varactor design presented in [6].
To the authors best knowledge, this is the first time a fully-printed double MIM varactor based
on BST is demonstrated under high-power conditions. In section “Acoustic design of the var-
actor” the acoustical suppression technique is presented in the newly designed varactor utiliz-
ing a double MIM structure with an acoustical simulation. The approach is implemented in a
new high-power optimized varactor design and characterized under small and large signal
conditions in section “Implementation of a high-power optimized varactor based on double
MIM structures”. The results are discussed and concluded in section “Conclusion”.

Acoustic design of the varactor

The presented acoustic suppression technique is based on the work of [10,11] and presented in
detail in [9]. As a fundamental structure for the theory, a layered double MIM setup is
assumed, see Fig. 1. The model features an infinitesimal thin electrode in between the two
ferroelectric layers and infinitely thick top and bottom electrodes. Based on the model and
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the complete constitutive equation for the piezoelectric effect with
electrostriction [12,13]:

u = ss+ dE + aE2 (1)

calculating the mechanical strain u of the material, the suppres-
sion technique is derived. Input parameters are the mechanical
stress σ linked to the strain by the elastic compliance s, the electric
field E linked with the piezoelectric coupling factor d, and the
square of the electric field colligated with the electrostrictive coef-
ficient a. It is important to note, that all of these quantities are
dependent on their spatial orientation. Here, the directivity is sim-
plified to a single direction according to Fig. 1. As BST has several
distinctive lattice grid arrangements, which are temperature
dependent and determine whether or not the material experiences
piezoelectricity, it is important to derive the equation for the cor-
rect lattice grid arrangement and therefore temperature. In this
work, BST with a stoichiometric ratio of barium to strontium of
60–40% is processed, resulting in a Curie temperature of 0°C.
As the material is not supposed to be operated below 20°C in
the intended application, the material is in the paraelectric
phase experiencing no piezoelectricity, due to its centrosymmetric
lattice grid arrangement [14]. To derive the equation for the para-
electric phase, the material is now assumed with no piezoelectri-
city d = 0 and no stress applied to it (σ = 0) as it is not
mechanically loaded in any way. Furthermore, a superimposed
electric field with the static DC component ÊDC and the alternat-
ing RF component ERF = ÊRFsin(vRFt) is applied to the material.
The mechanic strain u can be written with equation 1 [15]:

u = a(ÊDC + ERF)2

= aÊ
2
DC + 2aERFÊDC + aE2

RF

= a(Ê2
DC + 1

2
Ê
2
RF)︸��������︷︷��������︸

static
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− 1
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In equation 2, three major terms can be identified, having impact
on the mechanical strain of the material:

• A static term, which is not exclusively dependent on the DC
component of the external electrical field. In most applica-
tions however, EDC is chosen much larger than ERF (factor
of 10).

• A term, that is linearly dependent on the alternating component
of the external electric field. This term describes a reoccurring
piezoelectric effect in the material, even though it does not
exhibit piezoelectricity in the paraelectric phase. The apparent
piezoelectric coupling factor is called e = 2aÊDC . In contrast
to the piezoelectric coupling factor d, e is not constant but
increasing with the DC component of the external electric
field [15]. Usually, the electrostrictive coupling factor a is
much smaller than the piezoelectric coupling factor d [16].
Due to the amplification of a with EDC however, the apparent
piezoelectric coupling factor e is in the range of d [15].
Descriptively, the amplification of a can be described as a dis-
tortion of the cubic lattice up to the degree it becomes tetrag-
onal and therefore ferroelectric again [17].

• A second-order term, representing the electrostrictive compo-
nent of the induced mechanic strain. The frequency of this
strain component is twice the excitation frequency.

The suppression technique utilizes the tunable apparent
piezoelectric coupling factor e by applying an antipolar electric
DC field in the two BST layers, resulting in an antipolar appar-
ent piezoelectric coupling factor e and − e in the adjacent BST
layers. Thereby, an excited acoustic wave is unable to couple to
adjacent layers, resulting in significantly reduced losses.
However, the technique is only applicable when both BST layers
behave exactly the same. Otherwise an excited acoustic wave does
not interfere destructively with its 180° inverted counterpart. The
design is implemented in a piezoelectric/acoustic simulation in
COMSOL to depict the mechanic displacement pattern in the
structure at 13.56 MHz with and without correctly applied bias-
ing voltage, resulting in operational and disabled acoustic sup-
pression in the structure. For this, the cell with the given
dimensions and layer thicknesses depicted in Fig. 2 is modeled
in COMSOL. As the described electrostrictive effect is not simu-
latable, it is mimicked by anti polarizing the piezoelectric coup-
ling factor of the material in both layers. First, the piezoelectric
coupling of the material is limited to the vertical direction
(z-direction) of the structure, as it represents the direction for
the dominant longitudinal pressure mode. As a result, all trans-
versal modes, which may be excited parasitically, are not consid-
ered in the simulation.

d =
dxxx dxyy dxzz dxyz dxxz dxxy
dyxx dyyy dyzz dyyz dyxz dyxy
dzxx dzyy dzzz dzyz dzxz dzxy

⎡
⎢⎣

⎤
⎥⎦

d33 = e33 =
0 0 0 0 0 0

0 0 0 0 0 0

0 0 dzzz 0 0 0

⎡
⎢⎣

⎤
⎥⎦

(3)

The antipolarized coupling factor, which is introduced during
characterization by a DC biasing voltage applied to the middle
electrode, is mimicked by inversing the piezoelectric coupling fac-
tor in z direction of the simulation in one of the layers. For the
case with disabled acoustic suppression, an identical piezoelectric

Fig. 1. Double MIM fundamental model.
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coupling factor is applied to both layers, mimicking a DC biasing
voltage from bottom to top electrode or vice versa.

Layer1 = d33
Layer2 = −d33 (active suppression)
Layer2 = d33 (inactive suppression)

The obtained mechanical displacement pattern in z-direction at
13.56 MHz in the double MIM structure, the electrodes as well
as the substrate for the inactive and active suppression case are
depicted in Fig. 3.

For the inactive suppression case, a strong mechanical displace-
ment pattern is obtained, especially in the double MIM structure
itself and below the substrate. The acoustic wave is prone to couple
to adjacent layers beneath the substrate and surrounding air at the
top electrode. For the case with enable acoustic suppression and the
same scaling in the center picture of Fig. 3, barely any acoustic
activity is visible, indicating a strong suppression. Therefore, a dif-
ferent scaling is applied in the bottom picture. A distorted displace-
ment pattern from the inactive suppression case is obtained, with
strong acoustic activity on the middle electrode in z-direction.
The pattern indicates, that the middle electrode is vibrating in
z-direction, absorbing the acoustic wave. From intuition, this is
what one would expect when the mechanic strain u is introduced
antipolarized in the layers. One expands, one contracts with just lit-
tle displacement at the boundaries to adjacent layers. Overall the
simulation verifies the implemented acoustic suppression technique
in the designed high-power varactor cell.

Implementation of a high-power optimized varactor based
on double MIMstructures

For the first time, a fully-printed, doubleMIM-based varactor capable
of operating at power levels up to 1 kW is developed. The varactor is

based on an interconnectable capacitive matrix consisting of double
MIM varactor cells. The connection between cells is made after
small signal characterization to form amacroscopic varactor. A highly
conductive silverpaste fromChemtronics is used for this, appliedwith
a stencil. Thereby, a widely homogeneous depositioning pattern is
achieved. In regard to the design process, main focus is laid upon
increased creepage distances, higher electrical strength and durability
of the varactor by increasing tolerances and layer thicknesses in com-
parison to the design process presented in [9].

Varactor design

The high-power varactor consists of several double MIM varactor
cells interconnectable in a capacitive matrix. The main reason for
this distributed design is the possible exclusion of damaged cells
from the matrix. Each cell features an electrode overlap area of
1.1 mm × 5.5 mm, resulting in a theoretical cell capacity of
300 pF with εr = 230 and a layer thickness of 20 µm. The differ-
ence of the high-power optimized design compared to the cells
presented in [9] are the increased size of each cell to obtain a rea-
sonable overall capacitance value of the structure and increased
tolerances from 50 to 250 µm. of each layer to increase creepage.
The varactor in a perspective view is depicted in Fig. 4.

Varactor processing

Cu-F co-doped Ba0.6Sr0.4TiO3 is prepared in a modified sol–gel
process [14,18]. The single MIM varactor is processed in three

Fig. 3. Comparison between a double MIM varactor cell with and without correctly
applied DC biasing potential at the middle electrode to provide for acoustic interfer-
ence suppression. The displacement pattern in the active suppression case is given
with a different scaling to show how it changes within the double MIM structure com-
pared to the inactive case. (a) Acoustic suppression disabled (top) and enabled (bot-
tom). (b) Acoustic suppression enabled with different scaling.

Fig. 2. 3D and cut plane view of the varactor design as well as the SEM cross-
sectional image of the processed double MIM structure. The intended layer thickness
is achieved by the applied screen-printing process accurately. (a) Cut through a dou-
ble MIM varactor cell with dimensions. (b) SEM cross-sectional image of the double
MIM cell.
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steps. In a first step, the bottom RF electrode is screen printed on
an alumina substrate. For the electrodes the conductor paste C
1076 SD (LPA 609-022) from Heraeus is chosen. It is a solderable
Ag/Pt conductor paste suitable for temperatures up to 850°C. In a
second step, two layers of BST thick film are screen printed on the
bottom electrode and dried at 80°C. A total BST layer thickness of
20 µm. is obtained. Subsequently, the middle electrode and two
more layers of BST are printed and dried at 80°C. Eventually,
the top electrode is printed and the whole structure is sintered
at 850°C for 10 min. Considering the manufacturing process pre-
sented in [9] and its effects on the suppression of acoustic reso-
nances based on interference, the homogeneously processed
case is applied to all four BST layers, resulting in equal material
properties in the top and bottom BST layers. A SEM cross-
sectional image of the homogeneously co-sintered double MIM
structure is depicted in Fig. 2.

Small signal characterization

The varactors are characterized with a 1-Port measurement from
10 to 25 MHz with a Keysight E4991B impedance analyzer con-
nected to a Cascade Summit 12K wafer prober with a 1250 µm
ground-signal (GS) probe. A biasing voltage range from 0 to
200 V is used for characterizing the varactors. A protective
Bias-Tee PSPL5531 is connected to the impedance analyzer
port in case of an electrical breakdown of a cell during character-
ization. With a 100 kΩ resistive needle the middle electrode of
each cell is connected and the biasing voltage is applied. The
equivalent circuit diagram of the biasing concept is depicted in
Fig. 5.

The varactor cell small signal characterization results in regard to
capacitance and Q-factor defined as Q = ℑ{Z}/<{Z} = 1/vRC in
unbiased and biased state are depicted in Fig. 6. The tunability is
defined as:

t = C(0V) − C(Vbias)
C(0V) (4)

The varactor cells show a tunability of 34% reducing the cap-
acitance from 350 pF in unbiased state to 232 pF in biased state at
13.56 MHz. A resonance-free Q-factor spectrum is measured with
an increased Q-factor of 151 in biased state from 107 in agree-
ment with the results of [9].

Large signal characterization

The power measurements are carried out in a 50 Ω setup with two
L-match circuits in back-to-back configuration and a 50 Ω high-
power load provided by COMET. The equivalent circuit model of
the setup is depicted in Fig. 7.

To characterize the varactor, first a load condition Z∗M for the
measurement has to be set up. The load impedance is composed
of the 50 Ω high-power load and a preceding L-match circuit, in
Fig. 7 termed as “Tunable Load”, tuning the load to an inductive
plasma like impedance. Inductive plasma impedances are deter-
mined by their low real part and positive imaginary part. For
the matching circuit including the DUT, low absolute values of
the load impedance introduce more stressful electrical conditions.

Fig. 4. Perspective view on the capacitive matrix of the high-power varactor.

Fig. 5. Varactor cell small signal characterization scheme and equivalent circuit
model. (a) Cut through a double MIM varactor cell and connected biasing scheme.
(b) Equivalent circuit.

Fig. 6. Capacitance and quality factor of one double MIM cell of the high-power
varactor.
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The load condition is left unchanged during the measurement.
The characterization itself is performed in the “L-Match” denoted
part of the system, see Fig. 7. The DUT varactor is installed in ser-
ies connection to a tunable vacuum capacitor CVac1 with a tuning
range of 0.15 to 1.5 nF. The tuning position of CVac1 is accessible
by the system and controlled by a steepest decent algorithm to
automatically match the load impedance to the 50 Ω of the gen-
erator. A phase/mag detector is installed for this purpose at the
input of the “L-Match” denoted circuit. As the load condition
connected to the system is kept constant, a capacitance change
of the DUT by applying biasing voltage to it, results in a mis-
match between load and generator, which is automatically com-
pensated by CVac1. By knowing the required overall capacitance
Creq = (1/CVac1 + 1/CDUT)

−1 in the shunt branch of the character-
ization L-match for the matched condition, the DUT capacitance
can be extracted from the position of CVac1. The Q-factor is
extracted from a power loss measurement with the DUT installed
and its reference without the DUT. CVac2 is a tunable vacuum cap-
acitor as well, with a tuning range of 50–500 pF and L an air cored
inductor. CVac2 and L are required to enlarge the matchable load
impedance range but have no direct influence on the capacitance
acquisition of the DUT capacitor during large signal characteriza-
tion. A drawback of the measurement principle is the limited
DUT capacitance range, that can be compensated by CVac1, as a
series stack of capacitances is dominated by the smallest partial
capacitance value. For a DUT capacitance smaller than Creq,
CVac1 is unable to compensate for and reinstate matching. Then,
a different load condition has to be set up, resulting in altered
electrical conditions of all components including the DUT. As
aforementioned, a changed load impedance may result in a less
stressful electrical state of the DUT varactor, meaning lower volt-
age, current, and dissipated power occur. As a result, for large sig-
nal characterization not only the input power is of interest but the
exact voltage and current stresses applied to the DUT varactor, as
well as its temperature. To obtain these data, the measurement
setup monitors the input power from the generator and the out-
put power of the back-to-back matching system to the 50 Ω load.
The monitoring system consists of two Bird Model 4027A10M
power sensors connected to Bird Model 4421 RF power meters
4421 provided by COMET. Due to the high RF power, a voltage
or current monitoring system can not be installed. However, the
voltages and currents are extracted from an exact model of the
L-match circuit, which is valid as only highly linear vacuum-
based capacitors and air cored inductors are installed in the circuit
apart from the DUT. The printed varactor is soldered to an FR4
PCB holding the RF and DC biasing connectors as well as resistive
biasing network. The mounted varactor module is depicted in
Fig. 8. The RF/DC decoupling network consists of 100 kΩ resis-
tors. Due to the expected high voltages and currents, the resistors
are designed for a dissipated power of up to 2 W. For the macro-
scopic varactor, 16 by 4 cells are connected in parallel and series

connection, respectively. A theoretical overall capacitance of
1.2 nF can be achieved with this setup. In general, a design aiming
at a larger overall capacitance value is favorable as it can be
adjusted to lower values later on by interconnecting less cells
with each other. The mounted varactor module with a heat sink
applied to the back of the varactor substrate is depicted in
Fig. 8. The DC bias is applied via a coaxial plug.

The large signal measurement results are depicted in Fig. 9 in
regard to capacitance, Q-factor, dissipated power, and tempera-
ture for zero-bias and biased state. For characterization two differ-
ent load conditions are taken. The first load condition of
Z∗M = 2.68+ 1.26iV is taken in accordance to [19] for power
levels from 300 up to 500 W and creates a stressful loading state
of the DUT varactor visible in the dissipated power trace of
Fig. 9. At 500 W of input power, the dissipated power of the var-
actor as well as the temperature increases from 13.5 W and 35°C
to 19.5 W and 42°C respectively. The tunability of the varactor
decreases from 34.4% at 300 W of input power to 19.3% as the
Q-factor increases from 34.8 at 300 W to 55.8. The varactor cap-
acitance is thermally reduced by 28% from 2.5 to 1.8 nF. At this
power level, an RMS voltage and current of 85 V and 13 A are
applied to the DUT varactor. A conditioning effect is observed
as the biasing voltage of 200 V is applied to the varactor. The
effect is explained in more detail in section “Introduction”.
During conditioning, the tunability of the varactor erratically
increases to 30%, as the isolation of the BST layer increases, result-
ing in a DUT capacitance value outside of the measurement range
of the circuit and an increase in Q-factor from 55.8 to 67. To
readjust the measurement range, a load impedance of
Z∗M = 3.35+ 13.55iV is set, creating a less stressful loading of
the varactor. At 500 W of input power and the new loading
state, an RMS voltage and current of 67 V and 10 A are applied
to the DUT varactor, resulting in significantly reduced dissipated
power and temperature, see Fig. 9. With this load at an input
power level of 1 kW, the varactor achieves a tunability of 18.2%
with a maximum dissipated power of 14.2 W and a maximum
Q-factor of 142 for the whole varactor module with biasing net-
work. The capacitance of the varactor is thermally decreased by
47% from 2.5 to 1.3 nF. The varactor withstands an RMS voltage
and current of 140 V and 14 A with a maximum temperature of
50.2°C. Compared to the varactor presented in [6], the results

Fig. 7. Equivalent circuit diagram of the large signal characterization setup.

Fig. 8. Front and backside of the assembled high-power varactor module with
applied heat sink on the back of the varactor substrate. (a) Back side. (b) Front side.
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show a decrease in losses of 62%, a decrease in temperature of
33% while the product of RMS voltage and current for the here
presented varactor is just slightly decreased by 5% from 2057 W
of the varactor in [6] to 1960 W.

RF conditioning
A major issue identified within the scope of this work is the
vaporization of organic solvents in the printed BST layer during
the sintering process. As a result, holes and craters arise on the
BST layer surface. After printing the top electrode on the dielec-
tric layer, channels between the electrodes arise, which signifi-
cantly increase the conductivity of the BST layer, sometimes up
to a complete short circuit. During large signal characterization
with high RF power levels however, a conditioning effect is
observed. A varactor with low tunability, due to a conductive
channel in the dielectric layer creating a voltage divider with the
resistive biasing network, gains tunability while being stressed
with RF. The varactor is fully functional afterwards with increased
tunability. In general, high voltage conditioning is a well-known
technique to ensure proper discharge free high-voltage vacuum
devices [20,21]. Known techniques include DC, AC, and
high-frequency-based conditioning [20,22,23]. A key aspect dur-
ing the conditioning process is the power brought into the dis-
charge and how long it is applied [22]. High-power levels
vaporize the metal irregularities more violent and tend to produce
new ones [22]. Short high-power bursts melt the sharpest parts of
an irregularity, creating a more homogeneous surface [22,24]. RF
conditioning at 13.56 MHz introduces periodic high-power levels

in the ns region. Partial discharges take place in the same time
realm, meaning no continuous arc is created [25] and the
power intake into the irregularity is limited. It is assumed, that
a gentle conditioning occurs in the thick film varactors, resulting
in a gradual regression of the conductive channel until an isolat-
ing state is reached. Then, the voltage divider created by the MIM
structure and the resistive biasing network is heavily in favor of
the MIM structure, resulting in a significant increase in biasing
voltage at the MIM structure and therefore tunability.

Conclusion

In this work, a fully-printed double MIM varactor structure is
presented under high-power conditions, utilizing an acoustic res-
onance suppression technique presented in [9] to reduce its
losses. The theoretical background of the approach is described
in detail and verified with an acoustic/piezoelectric simulation
on an implemented high-power optimized double MIM varactor
cell. It is shown, that the suppression principle works by entrap-
ping the acoustic wave in the BST layers and the middle electrode,
preventing it from coupling to adjacent material layers. Thereby,
the acoustically radiated energy is minimized. A varactor opti-
mized for high-power operation is implemented utilizing the
studied acoustic suppression approach. The varactor, based on
an interconnectable capacitive matrix with individually character-
ized varactor cells, shows a resonance-free spectrum from 10 to
25 MHz. After conditioning of the varactor, a tunability of max-
imum 32% at 600 W of input power is measured. At high-power
operation up to 1 kW, the varactor shows significantly reduced
losses of 64% compared to a prior presented design. The varactor
remains tunable with 18.2% and a Q-factor of maximum 142.
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