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up-conversion tuner.
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Narrow band bulk acoustic wave filter

The present invention relates to the field of filtering electronic signals. In
particular, the present invention relates to a filter comprising a plurality of low
coupling-coefficient bulk acoustic wave resonators, to the use of a respective narrow-
band filter in a TV up-conversion tuner and to a method of fabricating such a filter.

Thin-film bulk acoustic wave (BAW) filters which are based on
piezoelectric resonators operating in the thickness extensional mode are used today for
filtering signals both in the receive path and in the transmit path of mobile radio front
ends. Frequencies are typically in the 1-2 GHz range and, for the most commonly used
thin-film piezoelectric material aluminium nitrate (AIN), the relative band-width is in
the order 6f 3 — 4 % (band-width at 2 GHz approx. 60 MHz). BAW filters have been
demonstrated with low pass-band insertion loss, steep roll-off and very good rejecﬁon
outside the pass-band. They are small in size and can be flip-chip mounted or integrated
on silicon. These filters are therefore well suited for mobile applications.

There are, however, also filter applications where significantly narrower
band-width is required. In TV up-conversion tuner architectures, intermediate

frequency (IF) filters are required which select only a single TV channel.

It is an object of the present invention to provide for an improved filter
performance.

According to an exemplary embodiment of the present invention as set
forth in claim 1, the above object may be solved by a filter, comprising a plurality of
low coupling-coefficient bulk acoustic wave resonators, a first group of resonators of a
plurality of low coupling-coefficient bulk acoustic wave resonators and a second group

of resonators of the plurality of low coupling-coefficient bulk acoustic wave resonators,
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wherein the first group forms a lattice section and wherein the second group forms a
ladder section.

In other words, a filter is provided which comprises a mixture of lattice-
and ladder-sections of low coupling-coefficient thin-film BAW resonators.
Advantageously, this may result in a narrow band-width, a high out-of-band rejection
and an efficient rejection at the “image” or “mirror” frequency and therefore in an
improved filter performance.

According to another exemplary embodiment of the present invention as
set forth in claim 2, the filter is an electrically balanced filter, wherein the filter is
adapted for use in a TV up-conversion tuner.

Advantageously, this may allow for an effective suppression of mirror
frequencies and for a good rejection of adjacent channel frequencies.

According to another exemplary embodiment of the present invention as
set forth in claim 3, each first group resonator of the first group which forms the lattice
section has a first surface area and each second group resonator of the second group
which forms the ladder section has a second surface area, wherein the second surface
area is a predetermined fraction of the first surface area.

For example, according to an aspect of the present invention, the second

surface area is the first surface area times (1/ V2 ). This factor may provide for optimum
electrical impedance-matching between ladder and lattice sections, and therefore
maximum power transfer at the filter centre frequency. The filter response may be
adjusted by changing this factor, e.g. to modify the stop-band.

According to another exemplary embodiment of the present invention as
set forth in claim 4, the filter is an electrically unbalanced filter, wherein the filter
comprises a third group of resonators which are shunt resonators and wherein the filter
comprises a fourth group of resonators which are series resonators.

Such an unbalanced arrangement may be advantageous at RF (Radio
Frequency) where the filter may be directly connected to other unbalanced devices such
as antennas or power amplifiers.

According to another exemplary embodiment of the present invention as
set forth in claim 5, the filter is at least one of a narrow band filter, a narrow band RF

filter, and a narrow band IF filter.
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According to another exemplary embodiment of the present invention as
set forth in claim 6, each resonator of the plurality of resonators comprises a first layer
occupying a first volume, a second layer and a resonant cavity, which occupies a
second volume, wherein the first layer and the second layer are inside the resonant
cavity, which may also include a top electrode layer above the first and second layers
and a bottom electrode layer below the first and second layers. The first volume is
significantly smaller than the second volume, such that an effective coupling coefficient
of the resonator is significantly reduced. The first layer is a piezoelectric layer.

Advantageously, this may provide for a narrow band bulk acoustic wave
filter with a simple layer sequence and an improved filter performance. Production
costs may thus be reduced relative to alternative methods of reducing band-width, such
as the addition of a capacitor in parallel with each resonator.

According to another exemplary embodiment of the present invention as
set forth in claim 7, the second layer is one of a non-piezoelectric layer, a non-
piezoelectric dielectric layer, part of a bottom electrode and part of a top electrode.

For example, the second layer may be formed of the same material as the
bottom electrode thus increasing the thickness of the bottom electrode. At the same
time the thickness of the piezoelectric layer is reduced correspondingly, resulting in a
reduction of the effective coupling coefficient of the resonator by reducing the
percentage of the resonant cavity occupied by the piezoelectric layer to much less than
100 %.

Another exemplary embodiment of the present invention as set forth in
claim 8.

According to another exemplary embodiment of the present invention as
set forth in claim 9, at least one of the first layer and the second layer comprises a
material with a positive temperature dependence of elastic constants and at least one of
the second layer and the first layer comprises a material with a negative temperature
dependence of elastic constants.

Advantageously, this may result in a minimization of the temperature
dependence of the resonant frequency of the BAW resonators.

Other exemplary embodiments, advantages and aspects of the present

invention are set forth in the further independent claims or sub-claims.
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According to another exemplary embodiment of the present invention as
set forth in claim 11, a method of fabricating a filter is provided, the method comprising
the steps of providing a substrate, providing an acoustic decoupling between a resonator
and the substrate, providing a bottom electrode, providing a second layer which is one
of a non-piezoelectric and a non-piezoelectric dielectric layer, providing a first layer
which is a piezoelectric layer and providing a top electrode wherein the first layer is
one of on top of the second layer and beneath of the second layer.

| Advantageously, this method may provide for the production of an
imprO\;ed narrow- band bulk acoustic wave filter.

Another exemplary embodiment of the present invention is set forth in
claim 12, where the acoustic decoupling is provided by at least one of an acoustic
Bragg reflector on top of the substrate, by locally etching away the substrate, and by
providing an air gap between the resonator and the substrate. The bottom electrode
comprises a material selected from the group of materials consisting of Al, Pt, W, Mo,
Au, and Cu; the first layer comprises a material selected from the group of materials
consisting of AIN, ZnO, PZT, La doped PZT, KnOs3, and Li Niobate. The second layer
comprises a material selected from the group of materials consisting of SizNg4, SiO,, Pt,
and Ta;0s and the top electrode comprises a material selected from the group of
materials consisting of Al, Pt, W, Mo, Au, and Cu. It is particularly advantageous to
employ a very dense metal such as Pt, W or Au for the top electrode as discussed below
in relation to mass-ldading.

Another exemplary embodiment of the present invention is set forth in
claim 13.

It may be seen as the gist of an exemplary embodiment of the present
invention that an IF- or RF-filter for example for use in a TV up-conversion tuner is
provided which comprises a plurality of thin-film low coupling-coefficient bulk
acoustic wave resonators. According to an exemplary embodiment of the present
invention, the filter comprises a mixture of lattice- and ladder-sections, resulting in a
low filter band-width of 6 MHz for a center frequency of 1.2 GHz and a high out-of-
band rejection of more than 40 dB.

These and other aspects of the present invention will become apparent

from and will be elucidated with reference to the embodiments described hereinafter.
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Exemplary embodiments of the present invention will be described in the

following, with reference to the following drawings:

Fig. 1 shows an architecture of an un-balanced thin-film BAW filter.

Fig. 2 shows a measured performance of an un-balanced narrow-band
thin-film BAW channel filter.

Fig. 3 shows three alternative cross-sections of a resonator of a narrow-
band thin-film BAW channel filter according to the present invention.

Fig. 4 shows an architecture for a balanced narrow-band thin-film BAW
implementation of a TV up-conversion tuner IF filter according to an exemplary
embodiment of the present invention.

Fig. 5 shows a specification for a TV up-conversion tuner IF filter.

Fig. 6 shows a simulation of a response of a BAW TV up-conversion
tuner IF filter.

Fig. 7 shows a layout design of the filter of Fig. 4 according to an

exemplary embodiment of the present invention.

For the description of Figs. 1 — 7, the same reference numerals are used
to designate the same or corresponding elements.

Fig. 1 shows an architecture of a thin-film narrow-band acoustic wave
channel filter. Low coupling-coefficient bulk acoustic wave resonators 10, 11, 12, 13
are series resonators and low coupling-coefficient BAW resonators 14, 15, 16 are shunt
resonators. Series resonator 10 is electrically connected to an input signal 30 on its first
side and to the neighbouring series resonator 11 and shunt resonator 14 on its second
side. The respective sides of the shunt resonators 14, 15, 16 which are not connected to
the respective series resonators 10, 11, 12, 13 are on ground potential 32, 33, 34. The
last series resonator 13 is connected to a filter output 31.

The filter architecture shown in Fig. 1 is an example of an unbalanced
ladder filter employing four series resonators 10, 11, 12, 13 and three shunt resonators

14, 15, 16. The measured response of the filter is shown in Fig. 2.
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Fig. 2 shows the measured performance of a narrow-band thin-film
BAW filter depicted in Fig. 1. S11 is the reflection coefficient to a power source and
S21 is the through coefficient as measured at an output port. All three diagrams
represent the same measured data. The top diagram shows S11 and S21 from 10 MHz
to 10 GHz. The middle diagram shows S11 and S21 from 1.17 to 1.2 GHz and the
bottom diagram depicts a close up view of the pass-band S21.

As can be seen from Fig. 2, the filter has an insertion loss of approx. 5
dB, a 3 dB band-width of 8 MHz, and a close-in rejection of better than 50 dB. The
temperature variation of the center frequency of the filter is smaller than <4 ppm/K
which is much better than conventional wide-band AIN BAW filters which achieve
typically —20 ppm/K. |

Fig. 3 shows three alternative cross-sections of a resonator of a narrow-
band thin-film BAW filter according to exemplary embodiments of the present
invention. The resonators comprise a substrate 1, for example silicon, on top of which is
an acoustic decoupler 2 which, for example, may be an acoustic Bragg reflector. After
the acoustic decoupler 2 follows a bottom-electrode 3 followed by a layer sequence
comprising a non-piezoelectric layer 4 and a piezoelectric layer 5. On top of this layer
sequence 4, 5 is a top-electrode 6.

The three alternative layer sequences between the bottom electrode layer
3 and the top electrode layer 6 are as follows. The upper resonator 300 comprises a non-
piezoelectric layer 4 underneath the piezoelectric layer 5. The middle resonator 301
comprises the non-piezoelectric layer 4 on top of the piezoelectric layer 5 and the
bottom resonator 302 comprises the non-piezoelectric layer 4 sandwiched by two
separated piezoelectric layers 5.

The acoustic Bragg reflector 2 of SiO; and Ta,Os 1s deposited on the
silicon substrate 1. A bottom electrode 3 of 140 nm Pt is patterned on top of the
reflector 2. Then a piezoelectric layer 5 of AIN is deposited. On top of layer 5 the
dielectric layer 4 is deposited. The top electrode 6 consists of 100 nm Al and 30 nm Pt.
Mass loading of the shunt resonators P (see Fig. 1) may be done by adding a thin SiO,
layer on top of the structure. For low coupling-coefficient resonators it may be
advantageous to use a very dense metal such as Pt, W or Au in the top electrode. This

may make the resonant frequency of the resonator less sensitive to the thickness of the
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mass-loading layer, thus reducing the tolerance on the thickness of this layer, and so
increasing manufacturability. Typically of the order of 30 nm of SiO; may be required
for mass-loading where the top electrode is Pt, compared to of the order of 10 nm where
the top electrode is Al. In the filter architecture shown in Fig.1 resonators 14-16 are
mass-loaded. In the filter architecture shown in Fig.4 resonators 14-17, 22-25 are mass-
loaded.

The acoustic Bragg reflector 2 may consist of A/4 layers of materials
with high and low acoustic impedance. The substrate 1 may, for example, be silicon,
glass, ceramic, or gallium arsenide. The materials with low acoustic impedance may be
silicon dioxide, porous silicon dioxide, low K dielectrics, low density polymers,
aerogels, or xerogels. The materials with high acoustic impedance may be Ta,Os, B,
AIN, or HF-oxide.

Alternatively, the acoustic decoupling of the resonators from the
substrate may be realized by etching away the substrate locally (micromachining), or by .
creating an air gap underneath the resonators. '

The bottom electrode 3 may be Al, Pt, B, Mo, Au, Cu with an adhesion
layer of Cr or Ti. The non-piezoelectric dielectric material 4 may be SizMa, Si0,,
Ta;0s. The dielectric material 4 may be underneath the piezoelectric material 5, or on
top of the piezoelectric material 5. Also other sequences of materials 4, 5 may be
possible. For narrow-band filters piezoelectric materials with fairly low piezoelectric
coupling coefficient, such as AIN of ZnO are preferred. However, the proposed
methods of fabricating a filter may also be used to reduce effective resonator coupling
coefficient kg for BAW devices based on strongly piezoelectric materials such as lead
zirconate titanate (PZT) with or without La doping, KnbOs, Li Tantalite, Li Niobate.

A further benefit of introducing a non-piezoelectric layer 4 adjacent to
the piezoelectric layer 5 may be that the choice of non-piezoelectric dielectric 4 may be
made such that the temperature dependence of the resonant frequency of the BAW
resonator is minimized.

For example, if SiO, is chosen as the non-piezoelectric material 4 its
temperature dependence compensates the negative slope of the frequency-temperature
curve associated with the temperature dependence of the elastic constants of AIN. For

the non-piezoelectric dielectric layer 4 the preferred choice may be SiO,, or any other
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material which has a positive temperature dependence of its elastic constants.

According to an aspect of the present invention, the filter band-width
may be reduced by one of three different methods. In the first method a non-
piezoelectric layer 4 is introduced adjacent to the f)iezoelectric layer 5. In the second
method the combination of layers which make up the top electrode is substantially
increased in thickness. In the third method the combination of layers which make up a
bottom electrode is substantially increased in thickness. Therefore, in the second
method the non-piezoelectric layer 4 is omitted and the top electrode 6 is thickened. In
third method, the non-piezoelectric layer 4 is omitted and the bottom electrode 3 is
thickened. '

The use of a dense metal for the top electrode may allow for the use of a
thicker mass-loading layer. This may improve manufacturability with the thickness
tolerance required.

For a given frequency the thickness of the piezoelectric layer must be
correspondingly reduced. The principle involved is the same in all three cases, namely
that of reducing effective coupling coefficient ks of the resonator by reducing the
percentage of the resonant cavity occupied by the piezoelectric layer to much less than
100 %. These techniques allow for a filter band-width of, for example, as small as 6
MHz for a center frequency of 1 GHz. At the same time the insertion loss is moderate
(typically of the order of 5 dB) and out-of-band rejection may be high (typically bigger
than 40 dB).

Intermediate relative band-widths may also be achieved using non-
adjacent piezoelectric and non-piezoelectric layers. Both electrically balanced and
unbalanced filters may be realized based on lattice and ladder architectures
respectively.

More general architectures based on combinations of lattice and ladder
sections may also be possible. Balanced filters may be in particular advantageous at IF.

Fig. 4 shows an exemplary filter architecture for a thin-film BAW
implementation of a TV up-conversion tuner IF filter. The filter depicted in Fig. 4
comprises a first group of resonators 18 to 25 of a plurality of low coupling-coefficient
bulk acoustic wave resonators 10 to 25. Furthermore, the filter comprises a second

group of resonators 10 to 17 of the plurality of low coupling-coefficient bulk acoustic
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wave resonators 10 to 25, a filter input 30 for an input signal and a ﬁlter output 31 for
an output signal. The first group of resonators 18 to 25 forms two lattice sections and
the second group of resonators 10 to 17 forms two ladder sections. The depicted mix of
lattice and ladder geometry may improve the filter performance. In particular, by
combining lattice- and ladder-sections as depicted in Fig. 4, a mirror frequency of a TV
signal may be effectively suppressed and adjacent channel frequencies may effectively
be rejected.

The filter which is depicted in Fig. 4 is a balanced IF filter designed for a
TV up-conversion tuner which meets the specification shown in Fig. 5.

Fig. 5 shows the specification for a TV up-conversion tuner IF filter. The
horizontal axis 50 depicts the frequency in MHz and the vertical axis 51 depicts the
relative attenuation of the filter in dB.

The required filter has a 3 dB channel band-width of 6 MHz centered on
1.2 GHz (IF1) with an out-of-band réjection of 40 dB (indicated by horizontal line 52)
at the adjacent channel N+1 (8.5 MHz from the wanted channel IF1) and 60 dB at the
“image” or “mirror” frequency (20 MHz from the wanted channel IF1 and indicated by
reference numeral 53).

This speciﬁcation may be met by the architecture in Fig. 4, where the

lattice-section resonators 18 to 25 are of equal area A and the balanced ladder-section

resonators 10 to 17 are of equal area (1/ V2 )A. The response for such a filter
comprising an additional SiO; layer in the first case, a thick Pt bottom electrode in the
second case and a thick Pt top electrode in the third case are shown in Fig. 6.

Fig. 6 shows a predicted response of a BAW TV up-conversion tuner IF
filter implemented using each of the three proposed layer structures for reducing
effective piezoelectric coupling. As may be seen from Fig. 6, the predictions for all
three layer structures are very similar, showing that in principle any of the three
methods may be used. Where thickened electrodes are used it may be important that the
area of the thinner electrode is smaller, so that there are no very severe mechanical
discontinuities at resonator edges (edges of areas of overlap of top and bottom
electrodes).

Fig. 7 shows a layout design of the filter of Fig. 4 according to an

exemplary embodiment of the present invention.
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In practice an architecture may be employed which is electrically
equivalent to the architecture shown in Fig.4. The four resonators 14-17 are each
implemented as two resonators in series, each of double the original area. This allows
an implementation without vias between top and bottom layers, thus simplifying the
manufacture. The factor of V2 may be optimal for electrical impedance-matching
between lattice and ladder sections. The mask layout of top and bottom electrode layers
in such an implementation is shown in Fig. 7. The areas of overlap of the two electrode
layers form the resonators. The two connection pads at the bottom corners form one
port, and the two connections at the top corners form the other port. Input and output
ports are interchangeable.

It should be noted that Fig. 4 shows a circuit diagram. It describes which
resonators are connected to which other resonators, and does not describe
implementation. Angles and lengths of lines do not signify anything.

It should be noted, that the term “comprising” does not exclude other
elements or steps and the “a” or “an” does not exclude a plurality. Also elements
described in association with different embodiments may be combined.

It should also be noted that any reference signs in the claims shall not be

construed as limiting the scope of the claims.
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CLAIMS:

1. A filter, comprising:

a plurality of low coupling-coefficient bulk acoustic wave resonators (10

-25);

wherein the filter comprises a first group of resonators (18 — 25) of the
plurality of low coupling-coefficient bulk acoustic wave resonators;

wherein the filter comprises a second group of resonators (10 — 17) of
the plurality of low coupling-coefficient bulk acoustic wave resonators;

wherein the first group forms a lattice section; and

wherein the second group forms a ladder section.

2. The filter of claim 1,
wherein the filter is an electrically balanced filter; and

wherein the filter is adapted for use in a TV up-conversion tuner.

3. The filter of claim 1,

wherein each first group resonator of the first group which forms the
lattice section has a first surface area;

wherein each second group resonator of the second group which forms
the ladder section has a second surface area; and

wherein the second surface area is a predetermined fraction of the first

surface area.

4, The filter of claim 1,
wherein the filter is an electrically unbalanced filter;

wherein the filter comprises a third group of resonators which are shunt
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resonators; and
wherein the filter comprises a fourth group of resonators which are series

resonators.

5. The filter of claim 1,
wherein the filter is at least one of a narrow band filter, a narrow band

RF filter, and a narrow band IF filter.

6. The filter of claim 1,

wherein each resonator of the plurality of resonators comprises:

a first layer (5) occupying a first volume;

a second layer (4);

a resonant cavity occupying a second volume;

wherein the first layer (5) and the second layer (4) are inside the resonant
cavity;

wherein the first volume is significantly smaller than the second volume,
such that an effective coupling coefficient of the resonator is significantly reduced; and

wherein the first layer (5) is a piezoelectric layer.

7. The filter of claim 6,
wherein the second layer (4) is one of a non-piezoelectric layer, a non-

piezoelectric dielectric layer, part of a bottom electrode, and part of a top electrode.

8. The filter of claim 6,
wherein the first layer (5) comprises a material selected from the group
of materials consisting of AIN, ZnO, PZT, La doped PZT, KnO;, and Li Niobate; and
wherein the second layer (4) comprises a material selected from the

group of materials consisting of Si3N, SiO,, Pt, and Ta,Os.

9. The filter of claim 6,
wherein at least one of the first layer (5) and the second layer (4)

comprises a material with a positive temperature dependence of elastic constants; and
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wherein at least one of the first layer (5) and the second layer (4)

comprises a material with a negative temperature dependence of elastic constants.
10. Use of a filter of claim 1 in a TV up-conversion tuner.

11. A method of fabricating a filter, the method comprising the steps of:

providing a substrate (1);

providing an acoustic decoupling (2) between a resonator (3, 4, 5) and
the substrate (1);

providing a bottdm electrode (3);

providing a second layer (4) which is one of a non-piezoelectric and a
non-piezoelectric dielectric layer;

providing a first layer (5) which is a piezoelectric layer;

providing a top electrode (6);

wherein the first layer (5) is one of on top of the second layer (4) and

beneath of the second layer (4).

12. The method of claim 11,

wherein the acoustic decoupling is provided by at least one of an
acoustic Bragg reflector (2) on top of the substrate (1), by locally etching away the
substrate (1), and by providing an air gap between the resonator and the substrate (1);

wherein the bottom electrode (3) comprises a material selected from the
group of materials consisting of Al, Pt, W, Mo, Au, and Cu;

wherein the first layer (5) comprises a material selected from the group
of materials consisting of AIN, ZnO, PZT, La doped PZT, KnOs, and Li Niobate;

wherein the second layer (4) comprises a material selected from the
group of materials consisting of Si3Ns, SiO,, Pt, and Ta,Os; and

wherein the top electrode (6) comprises a material selected from the

group of materials consisting of Al, Pt, W, Mo, Au, and Cu.

13. The method of claim 11,

wherein the top electrode (6) comprises a dense metal selected from the
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group consisting of Pt, W, and Au.
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