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ABSTRACT

We report on the use of patterned ferroelectric films to fabricate proof of concept tunable
one-pole microstrip filters with excellent transmission and mismatch/reflection properties
at frequencies up to 24 GHz. By controlling the electric field distribution within the
coupling region between the resonator and input/output lines, sufficiently high loaded and
unloaded Q values are maintained so as to be useful for microstrip filter design, with low
mismatch loss. In the 23 — 24 GHz region, the filter was tunable over a 100 MHz range,
the loaded and unloaded Q values were 29 and 68, respectively, and the reflection losses
were below -16 dB, which demonstrates the suitability of these films for practical
microwave applications.

INTRODUCTION

Ferroelectric devices have been targeted for use in a variety of tunable microwave
applications, such as phase shifters[1-6], filters[7-10], and impedance matching
networks[11]. Key reasons for pursuing ferroelectric research are the potential for
improved circuit performance with respect to those achieved using more established
tuning technologies such as semiconductor varactor diodes for low-loss, tunable devices
at X-band (8 — 12 GHz) and higher frequencies, negligible dc power needed for tuning, as
well as good RF power handling capabilities[12]. Nevertheless, there are several reasons
why development of these devices has not proceeded more quickly. First, the
commercial market for high frequency tunable devices does not justify a concentrated,
expensive development program. However, as commercial devices expand to higher
frequencies and bandwidths, and as electronic devices adopt increasing functionality and
become more adaptable, the future for ferroelectric tuning appears promising. Most of
the tunable filters realized to date have used the entire ferroelectric thin film layer in
microstrip or CPW configurations [7-10]. The coupled lines of the filters were biased to
obtain tuning performance of the ferroelectric thin films between the coupled lines. The
presence of BST thin film on the entire substrate results in higher insertion loss and poor
reflection loss. In this work, we are introducing patterned ferroelectric thin-films in the
coupling regions between the feed lines and the resonator. The selective etching of the
BST thin film and optimal design of the coupling regions could result in lower insertion
loss and improved reflection loss as demonstrated by our group in our earlier work [13].



DESIGN

A schematic diagram of the filter used in this study is shown in Figure 1. The filter was
designed to operate as a one-half wavelength resonator at approximately 7.7 GHz, with
capacitive coupling from the radio frequency (RF) input and output ports to the resonator.
The gap between the input/output ports and the resonant section is 165 um, chosen for
weak coupling. A photograph of the coupled section of the filter is shown in Figure 2.
The central resonant section of the filter consists of a 0.494 cm long, 140 um wide
microstrip line, patterned onto a 254 pum thick lanthanum aluminate (LaAlO; henceforth
LAO) substrate. The dielectric constant (g;) of LAO is 24 [14], thus the device is
expected to operate as a Ag/2 resonator at 7.73, and as a Ag and 3Ag/2 resonator at
approximately 15.5 and 23.2 GHz, respectively. In the tunable version of the filter, the
ferroelectric film is completely etched from the portion of the resonant section that is not
coupled to the input/output lines, nor does the ferroelectric film cover the entire area
within the coupling regions between the resonator and input/output lines, as is typical in
microstrip design. Instead, the ferroelectric is tapered from the edge of the microstrip
lines towards the center of the coupling gap, and has a middle constriction that
concentrates the electric field in the constricted area, as shown in Figure 3. The width of
the ferroelectric film at the points where it contacts the metal lines is 762 pm, and the
width of the ferroelectric in the center of the coupling gap (i.e. maximum constriction) is
51 um. Such a design allows for tunable and weaker coupling, minimizing the coupling
losses in the filter. The concept being explored is to demonstrate tunability while
minimizing mismatch and dielectric losses, thus improving the overall filter performance.

The basis for this technology is built upon well established electrostatic principles[15].
Starting with the expression for dielectric displacement (D) as a function of electric field
(E), dielectric permittivity of free space (&), and dielectric constant of the medium(g),

D=¢g,eE
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For two dielectric regions electrically connected in series,
Do=D. (2)
Thus,
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Since the ferroelectric film is constricted in the center of the coupling gap, between the
input/output and resonator microstrip lines, the effective capacitive coupling is lower in
the constricted region than in the regions adjacent to the microstrip lines. Consequently,
the DC electric field is concentrated in the constricted region near the center of the
coupling gap, as illustrated in Figure 3. Hence, the goal of this work is to utilize selective
etching to substantially reduce the effective coupling and loss of the ferroelectric film,



while maintaining high tunability. Accomplishment of these goals would substantially
boost the attractiveness of ferroelectric tuning in high frequency (X-band and above)
microstrip circuit elements. This technology could increase the frequency range over
which passive microstrip devices (such as filters) useful, since tuning technology would
enable precise placement of poles and zeros and thus allow greatly enhanced control over
the bandpass or bandstop characteristics[16, 17]. At a more advanced level, tuning
technology could enable device reconfiguration—a highly desirable feature for emerging
applications such as software defined radio (SDR)[18].

EXPERIMENTAL

The selectively etched ferroelectric films used to tune the filters consisted of 0.4 pm
thick Bag s0S10.50Ti0; (BSTO) ferroelectric thin films, grown on LAO substrates using
pulsed laser deposition (PLD). Standard positive photolithography and wet etching
techniques were used to selectively etch the BSTO films. The BSTO was selectively
etched in a 1:20 Hydrofluoric acid:deionized (DI) H;O solution, and the etch rate was
approximately 30 nm/min. The etched ferroelectric layer is shown in figure 2. A lift-off
photolithographic process was used for the fabrication of the gold filters. A gold layer ~2
um was deposited for the ground plane to complete the circuit fabrication.

For RF characterization the filters were tested inside a vacuum chamber to allow for
high voltage biasing of the resonator. Voltages up to * 400 volts dc could be applied for
testing these filters. Since the width of the coupled gaps was 114 pm, the maximum
electric field was 3.5 volts/um. The transmission and reflection scattering parameters
(S21 and S;;, respectively) were measured at room temperature using an HP 8510C
network analyzer. So as to identify and quantify the loss mechanisms, the types of losses
were characterized as insertion loss (L;) reflection loss (Lg), mismatch loss (Ly), and
dissipation loss (Lp), where the dissipation losses include conductor, dielectric, and
radiation losses. The following formulas were used for evaluation of filter performance
[19]:

insertion loss (dB) = L, = 20log S, (4)
reflection loss (dB) = L, =20log S|, (5)
mismatch loss (dB)= L,, = 1010g(1 - Snz) (6)
dissipation loss (dB) = L, = IOIOg[l = P“"”};’*"'"’”"J =L; (dB) — Ly (dB) (7)

where P;;, is the power that is coupled to the resonator (= Payailabie — Pmismatch)



RESULTS

Experimentally, a nontunable filter containing no ferroelectric materials displayed
resonances at 7.9, 15.6, and 23.7 GHz, showing fairly good agreement with the model.
The nontunable filter is used as a reference for computation of various losses. The
tunable filter showed three distinct bandpass regions, corresponding to frequencies at
which the filter was A4/2, A4, and 3A¢/2 wavelengths long. The presence of the
ferroelectric strongly impacted the resonator coupling as well as the tunability. A plot of
insertion loss (S;;) for the bandpass region at ~ 7.7 GHz is shown in figure 4. The filter
is tunable over the frequency range 7.64 — 7.84 GHz, and the insertion loss varies from -
5.5 to -4.8 dB over the same frequency range. The corresponding reflection loss (S;; and
S,) data are shown in Figures 5 and 6, respectively. The minimum reflection losses vary
from -7 to -8 dB. Based on these values, the insertion losses corresponding to impedance
mismatch ranged from 0.70 — 0.50 dB, with the remainder attributable to dissipation
(conductor, dielectric and radiation) loss. Since the insertion loss of the non-tunable filter
is -4.0 dB, we estimate that the insertion losses directly attributable to dielectric losses in
the ferroelectric ranges from approximately -1.5 to -0.8 dB. The loaded quality factor
(Qu) of the resonator varies only a small amount with bias voltage, with small
enhancements observed with higher tuning voltages. For tuning voltages of 0, 100, and
400 volts (= 0, 0.88, and 3.55 volts/um), Q. values are 21, 22, and 26, respectively. The
unloaded Q (Qy) was calculated using the insertion loss and unloaded Q values, using the
expression

0,Y
L, =10log 1-=L | | 8
og[ 0 J (8)
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and Qy for the resonator at 0, 0.88 and 3.55 V/um are 41, 48, and 61.

Plots showing insertion loss as a function of frequency, taken at temperatures ranging
from 200 — 300 K, are shown in Figures 7 and 8. The data in Figure 7 were taken with no
bias voltage applied to the ferroelectric, and the data in Figure 8 were taken at the
maximum bias voltage of 400 volts (=3.5 volts/um).

Insertion loss data for the second passband with center frequency at ~15.5 GHz,
corresponding to the frequency range where the resonator is Ag long, are shown in Figure
9. The filter is tunable from 15.40 — 15.55 GHz, and the insertion loss varies from -3.8 to
-2.8 dB. The reflection loss data are shown in Figures 10 and 11, and varies from -12 to -
14 dB. Using these two sets of data, the loss due to impedance mismatch is calculated to
range from -0.50 to -0.37 dB, with the remainder attributable to dissipation loss. Ata
bias field of 0.88 volts/um, where fis=15.5 GHz, Q. and Qy are 22 and 65, respectively.
Since the insertion loss of the non-tunable filter is higher than that of the tunable filter, it
is impossible to separate the ferroelectric losses from the other dissipation losses.
Insertion loss versus frequency, over the temperature range 200 — 300 K, is shown in
Figure 12 (no bias), and Figure 13 (400 volts bias).



The third bandpass response is centered at ~23.4 GHz, corresponding to a resonator
length = 3A4/2. As shown in Figure 14, the filter tunability ranges from 23.35 — 23.48
GHz, with minimum insertion losses ranging from -4.8 to -4.4 dB. The S, rejection,
shown in Figures 15, is excellent. The S;; rejection is shown in Figure 16. Clearly, the
S2» rejection is not as low, nor are the transmission poles as well defined as is the case for
S11. At the center frequency, the rejection is at least -20 dB, and sharp, well-formed poles
with S;; values that extend below -30 dB are clearly visible. The losses attributed to
impedance mismatch are negligible—less than -0.01 dB. At a bias field of 0.88 volts/um,
where frs=23.35 GHz, Q. and Qy are 29 and 68, respectively. The insertion loss of the
non-tunable filter at 23.6 GHz is -3.5 dB, hence the insertion loss directly attributable to
the ferroelectric film is in the -1.3 to -0.9 dB range. Insertion loss versus frequency, over
the temperature range 200 — 300 K, is shown in Figure 17 (no bias), and Figure 18 (400
volts bias).

DISCUSSION

A key feature that emerged from this set of experiments is that Q. and Qu showed only
modest variation as a function of tuning voltage within each of the three frequency ranges
indicating that the conceptual model outlined in Figure 3 is accurate. Because the RF
dielectric loss of tunable ferroelectric films is lower at higher DC bias voltages, the loss
in highly constricted region is lower than in the non-constricted regions. Furthermore,
the electric field is also concentrated in the central, constricted region, hence the total
dielectric loss of the device is dominated by this low-loss region. Even at low tuning
voltages, the electric field across the constricted region is considerably higher than in the
non-constricted areas of the film, thus creating the low &, low loss region that dominates
the electrical performance of the film. Since the constriction is tapered, the width of the
low &, low loss central region also varies, thus offering an additional tuning mechanism
that complements the traditional tuning mechanism, i.e., to alter the dielectric constant of
a uniform ferroelectric film via application of a DC voltage.

This has several implications that are beneficial for high frequency microstrip devices.
First, for applications such as coupled microstrip filters, the ability to precisely
manipulate the low capacitance levels between coupled microstrip lines offers a powerful
technique to control filter frequency, bandwidth, and response. Second, since this
approach minimizes dielectric loss, it can be implemented into high frequency designs,
thereby extending the frequency range over which small-sized microstrip filters can be
used. A third benefit is that that the width of the ferroelectric thin-film adjacent to the
microstrip lines can be adjusted so as to produce a uniform charge distribution over the
desired microstrip line length. To illustrate this point, if the ferroelectric film is patterned
such that the width of the ferroelectric is uniform within the coupled section, but does not
extend throughout the coupled section, impedance mismatches arise and the reflection
becomes unacceptably high, especially at Ku-band frequencies and higher.



Comparing data over the frequency ranges where the filters are Ag/2, Ag, and 31,/2
long, we see that the Q; values are similar, and the Qu values are higher for the higher
frequency (Ag and 2Ag) tunable filters. Moreover, the tuning range in the lowest
frequency (Ag/2) region is higher than for the Ag and 3A,/2 regions. This is contrary to
the expected behavior for tunable devices that employ traditional tuning mechanisms,
wherein the insertion loss and tuning range are expected to increase with increasing
frequency, while Qu and Q, decrease. We attribute the observed behavior to the fact
tunability is strongly impacted the position of the ferroelectric film along the resonator,
with higher tunability (and loss) occurring at positions where the RF voltage is highest.
As illustrated in Figure 19, for the frequency range where the resonator is Ag/2 long, the
ferroelectric is located near the RF voltage maximum, and there is little variation of the
RF voltage over the length of the ferroelectric region. Where the resonator is Ag long, the
RF voltage varies considerably more over the length of the ferroelectric region, and the
average RF voltage over the length of the ferroelectric is considerably smaller. This
explains the higher Qu and decreased tuning range, relative to the Ag/2 range. For the
frequency range where the resonator is 3Ag/2 long, the ferroelectric extends over a length
of the resonator almost Ay/4 long. In addition to tuning the coupling and resonant
frequency of the rcsonator the ferroelectric is serving as a ¥4 wave transformer, thereby
minimizing impedance mismatch losses. Although the tuning is modest, Q. is excellent,

and the mismatch losses are negligible. The sharp poles in the S, data with minima
below -30 dB at frequencies in the 23 — 24 GHz range, and S;; minima that drop below -
17 dB, are appealing for high frequency filter design.

CONCLUSIONS

Tunable microstrip filters, using selectively etched BSTO ferroelectric layers as the
tuning mechanisms, have been shown. The ferroelectric layers were etched so as to
concentrate the DC electric fields near the center of the coupling gaps. The approach
reduces the coupling between adjacent microstrip lines while still maintaining a high
level of tunability. The degree of tunability was correlated with the placement of the
ferroelectric, relative to the RF voltage that the ferroelectric experienced. Higher levels
of tunability are observed in the frequency range where the microstrip resonator is Ay/2
long, and this is attributed to the ferroelectric behaving essentially as a lumped element
varactor, situated near the ends of the open-circuited microstrip line. At higher
frequencies, where the microstrip resonator is 2Ag long, the ferroelectric layer behaves as
a V4 wave transformer. As a result, mismatch losses are substantially decreased, but only
modest tuning is observed. These results show that selectively etched ferroelectric layers
can introduce a means to control the precise placement of transmission poles needed to
tailor the response of high frequency microstrip filters.
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Figure 3. Sketch illustrating enhancement of the electric field in the constricted portion
of the ferroelectric film. Darker red color corresponds to higher DC electric fields, and
subsequently lower €, and tand values for the ferroelectric film. The electric field lines,

and thus the overall tunability and tand of the ferroelectric film, are dominated by the
constricted portion of the film.
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Figure 1. One-pole microstrip filter with etched ferroelectric layer. The ferroelectric
layer is 732 um wide where it contacts the metallization, and constricts to 51 pm wide in
the center of the gap. The coupling gap between the resonator and the RF input/output

coupling lines is 114 um. The wedge gap (= distance within the coupling gap over which
the ferroelectric is constricted) is 64 pm.
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Figure 2. Coupled section of filter, showing etched ferroelectric layer
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Figure 4. Insertion loss (S;;) as a function of frequency, over the frequency range where
the resonators are Ag/2 long. The tuning range is 180 MHz. Also shown is the response
of a non-tunable filter that is identical to the tunable version, but fabricated without the
ferroelectric layer.
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Figure 5. Return loss (S1;) as a function of frequency, over the frequency range where
the resonators are A4/2 long.
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Figure 6. Return loss (S,) as a function of frequency, over the frequency range where
the resonators are Ag/2 long.
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Figure 7. Insertion loss (S»;) as a function of frequency, over the frequency range where

the resonators are A,/2 long. Data taken with no voltage bias, over temperatures ranging
from 200 to 300 K.
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Figure 8. Insertion loss (S3;) as a function of frequency, over the frequency range where
the resonators are A,/2 long. Data taken at a bias voltage of 400 volts, over temperatures
ranging from 200 to 300 K.
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Figure 9. Insertion loss (S,;) as a function of frequency, over the frequency range where
the resonators are A, long. The tuning range is 120 MHz.
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Figure 10. Return loss (S;) as a function of frequency, over the frequency range where

the resonators are A, long.
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Figure 11. . Return loss (Sy;) as a function of frequency, over the frequency range where
the resonators are A, long.
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Figure 12. . Insertion loss (S2;) as a function of frequency, over the frequency range
where the resonators are A, long. Data taken with no voltage bias, over temperatures
ranging from 200 to 300 K.

19



21

S_,dB

PO | S P I W e O L S L O O (B vy s =

151 152 153 154 155 156 167 1568

frequency, GHz

Figure 13. . Insertion loss (S21) as a function of frequency, over the frequency range
where the resonators are A, long. Data taken at a bias voltage of 400 volts, over
temperatures ranging from 200 to 300 K.
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Figure 14. Insertion loss (Sy;) as a function of frequency, over the frequency range where
the resonators are 2, long. The tuning range is approximately 100 MHz.
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Figure 15. Return loss (S;)) as a function of frequency, over the frequency range where
the resonators are 2\, long.
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Figure 16. Return loss (S;2) as a function of frequency, over the frequency range where
the resonators are 2\, long.
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Figure 17. . Insertion loss (Sz;) as a function of frequency, over the frequency range
where the resonators are 2\ long. Data taken with no voltage bias, over temperatures
ranging from 200 to 300 K.
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Figure 18. . Insertion loss (S;,) as a function of frequency, over the frequency range where the

resonators are 2A, long. Data taken at a bias voltage of 400 volts, over temperatures ranging from
200 to 300 K.

29



1 i -3 T & \‘ v T
\ ;
% cos(x) \ '
| N \ .“ :
y e COS(20) /o
05 % » ‘B
| ! = = c0s(3x) fi
\ .'-_‘
\
g Vb .
4 Vo ‘ 1
> x \ \
\ \
\
\

Resonator length (mm)

Figure 19. Schematic diagram showing the distribution of the RF voltage over the length
of the resonator. The graphs for cos(x), cos(2x), and cos(3x) are intended to approximate
the voltage profile over the length of the resonator, where the resonator is Ag/2, Ag, and
3Ag/2 wavelengths long, respectively. The grey area denotes the area over which the
ferroelectric region is coupled to the resonator. Note that for the 3Ag/2 resonant length,
the ferroelectric layer is approximately Ag/4 long.
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