
SPECIFICATION TITLE OF THE INVENTION PIEZOELECTRIC THIN FILM RESONATOR
Field [0001]A certain aspect of the present invention relates to a
piezoelectric thin filin resonator. Background [0002]Surface acoustic wave
(SAW) filters, which are small and light, have been used for filters used
in mobile communication devices as typified by mobile phones. The SAW
filter includes a piezoelectric substrate and an IDT (InterDigital
Transducer) located on the piezoelectric substrate, and operates at a
frequency depending on a pitch of electrode fingers of the IDT. [0003]In
recent years, the transmission rate of the mobile communication device has
been increased. Thus, filters operating at a higher frequency have been
developed, but the frequency of the SAW filter depends on the electrode
finger pitch of the IDT and therefore, there is a limit on decreasing the
electrode finger pitch. Thus, it is difficult to meet the requirement for
the higher frequency. Thus, piezoelectric thin film resonators have
attracted attention. The piezoelectric thin film resonator has a resonance
portion in which a lower electrode, a piezoelectric film, and an upper
electrode are stacked on a substrate, and the frequency thereof is
determined by the thickness of the resonance portion. Thus, it is easy to
make the piezoelectric thin film resonator operate at a higher frequency.
[0004]An aluminum nitride film is used for the piezoelectric film of the
piezoelectric thin  film resonator, for example, but aluminum nitride has a
piezoelectric constant and an electromechanical coupling coefficient less
than those of other piezoelectric materials. To increase the piezoelectric
constant, there has been known a technique that adds scandium (Sc) to
aluminum nitride and a technique that provides aluminum nitride films
having different content rates of Sc between the substrate and an aluminum
nitride film to which Sc is added (e.g. Japanese Patent Application
Publication No. 2009-10926). [0005]In addition, it has been known that a
piezoelectric -film with good crystallinity is obtained by forming and
thermally treating a first piezoelectric film and then terming a second
piezoelectric film on the first piezoelectric film to form the
piezoelectric film (e.g. Japanese Patent Application Publication No.
2007-277606). Furthermore, it has been known that a stress is released and
good resonance characteristics are obtained in the piezoelectric thin film
resonator by forming the piezoelectric film while changing film forming
conditions (e.g. Japanese Patent Application Publication No. 2003-60478).
It has been known that good temperature characteristics and good resonance
characteristics are obtained by stacking a piezoelectric film with a
positive temperature coefficient of resonance frequency and a piezoelectric
film with a negative temperature coefficient of resonance frequency (e.g.
Japanese Patent Application Publication No. 2001-203558). [0006]When an
aluminum nitride film containing an additive element is used for the
piezoelectric film of the piezoelectric thin film resonator, degradation of
characteristics such as a coupling coefficient, a Q-value, and FOM (Figure
of Merit: product of the Q-value and the coupling coefficient) is caused by
factors such as orientation and film stress of the piezoelectric film and
adhesiveness between the piezoelectric film and the electrode.  SUMMARY OF
THE INVENTION [0007]According to an aspect of the present invention, there
is provided a piezoelectric thin film resonator including: a substrate; a
piezoelectric film that is located on the substrate and includes a first
film made of an aluminum nitride film containing an additive element and
second films located on an upper surface and a lower surface of the first
film and made of an aluminum nitride film containing the additive element
at a concentration lower than that of the first film; and a lower electrode
and an upper electrode that are located to sandwich the piezoelectric film.
BRIEF DESCRIPTION OF THE DRAWINGS [0008]FIG. IA is a top view of an FBAR in
accordance with a first embodiment, FIG. lB is 



a cross-sectional view taken along line A-A in FIG. IA, and FIG. IC is a
cross-sectional view taken along line B-B in FIG. 1A;        FIG. 2A
through FIG. 2H are cross-sectional views illustrating a method of'
fabricating the FBAR of the first embodiment; FIG. 3 is a diagram
illustrating a structure of undoped AIN used in a simulation;        FIG.
4A and FIG. 4B are diagrams illustrating an electromechanical coupling
coefficient of AIN with respect to a total of substitutional concentrations
of a divalent element and a tetravalent element;        FIG. 5 is a
cross-sectional view of an FBAR in accordance with a first comparative
example;         FIG. 6 is a diagram illustrating a film stress of an AN
film with respect to a total of substitutional concentrations of Mg and Zr;
FIG. 7 is a diagram illustrating an increasing rate of a piezoelectric
constant of the AIN  film with respect to a total of substitutional
concentrations of Mg and Zr;        FIG. 8A and FIG. 8B are diagrams
illustrating an increasing rate of a piezoelectric constant of AIN with
respect to a total of substitutional concentrations of a divalent element
and a tetravalent element;        FIG. 9 is a diagram illustrating an
electromechanical coupling coefficient of AIN with respect to a total of
substitutional concentrations of a divalent element and a pentavalent
element; FIG 10 is a cross-sectional view of an FBAR including a
temperature compensation film;        FIG. 11A is a cross-sectional view of
an FBAR in accordance with a first variation of the embodiment, and FIG.
11B is a cross-sectional view of an FBAR in accordance with a second
variation or the embodiment; and FIG. 12 is a cross-sectional view of an
SMR. DETAILED DESCRIPTION [00091Hereinafter, a description will be given of
embodiments of the present invention with reference to the attached
drawings. First Embodiment [0010]A first embodiment describes an FBAR (Film
Bulk Acoustic Resonator), which is an exemplary piezoelectric thin film
resonator, as an example. FIG. IA is a top view of an FBAR in accordance
with the first embodiment, FIG. 1B is a cross-sectional view taken along
line A-A in FIG. IA, and FIG. 1C is a cross-sectional view taken along line
B-B in FIG. 1A. As illustrated in FIG. IA through FIG. 1C, an FBAR 100 of
the first embodiment includes a substrate 10, a lower electrode 12, a
piezoelectric film 14, and an upper electrode 16.  [0011]The substrate 10
may be, for example, a silicon (Si) substrate, a gallium arsenide 



(GaAs) substrate, or an insulating material substrate such as a glass
substrate 100121The lower electrode 12 is located on the substrate 10. The
lower electrode 12 may be, for example, a metal film including at least one
of aluminum (Al), copper (Cu), chrome (Cr), molybdenum (Mo), tungsten (W),
tantalum (Ta), platinum (Pt), ruthenium (Ru), rhodium (Rh), and iridium
(Ir). The lower electrode 12 may be a single-layer film or a multilayered
film. [0013]The piezoelectric film 14 is located on the substrate 10 and
the lower electrode 12. The piezoelectric film 14 is located in contact
with, for example, the upper surface of the lower electrode 12. The
piezoelectric film 14 has a crystal structure having c-axis orientation in
which the c-axis is a main axis. The piezoelectric film 14 includes a first
film 14a and second films 14b located in contact with the upper surface and
the lower surface of the first film 14a. The first film 14a is an aluminum
nitride (AIN) film containing an additive element. The first embodiment
describes a case in which the first film 14a is an AIN film containing a
divalent element and a tetravalent element as an example. The second film
14b is an AIN film containing an additive element at a concentration lower
than that of the first film 14a. The first embodiment describes a case in
which the second film 14b is an AIN film not containing an additive
element, i.e. an undoped AIN film as an example. 10014]The upper electrode
16 is located on the piezoelectric film 14 to have a region facing the
lower electrode 12. That is to say, the lower electrode 12 and the upper
electrode 16 are located so as to sandwich at least a part of the
piezoelectric film 14. The upper electrode 16 is located in contact with,
for example, the upper surface of the piezoelectric film 14. The region in
which the lower electrode 12 and the upper electrode 16 face each other
across the piezoelectric film 14 is a resonance portion 18. The upper
electrode 16 may be also a metal  film including at least one of Al, Cu,
Cr, Mo, W, Ta, Pt, Ru, Rh, and Ir listed for the lower electrode 12, and
may be a single-layer film or a multilayered film. [0015]An air-space 20
having a dome-shaped bulge is located between the substrate 10 and the
lower electrode 12 in the resonance portion 18. The dome-shaped bulge is a
bulge having a shape in which the height of the air-space 20 increases at
closer distance to the center portion from the peripheral portion of the
air-space 20. An introduction path 22 that is formed by introducing an
etchant to form the air-space 20 is located under the lower electrode 12.
The vicinity of the tip of the introduction path 22 is not covered with the
piezoelectric film 14, and the tip of the introduction path 22 is a hole
24. The hole 24 is an introduction port to introduce an etchant used in
forming the air-space 20. An aperture 26 that enables electrical connection
with the lower electrode 12 is located in the piezoelectric film 14.
[0016]When a high-frequency electrical signal is applied between the lower
electrode 12 and the upper electrode 16, an acoustic wave excited by
inverse piezoelectric effect or an acoustic wave caused by strain due to
piezoelectric effect is generated inside the piezoelectric film 14
sandwiched by the lower electrode 12 and the upper electrode 16. Such
acoustic waves are totally reflected at surfaces at which the lower
electrode 12 and the upper electrode 16 make contact with air, and thus
become a thickness vibration wave having a primary displacement in the
thickness direction. [0017]A description will next be given of a method of
fabricating the FBAR of the first embodiment with reference to FIG. 2A
through FIG. 2H. FIG. 2A through FIG. 2D are cross-sections corresponding
to the section taken along line A-A in FIG. IA, and FIG. 2E through FIG. 2H
are cross-sections corresponding to the section taken along line B-B in
FIG. 1A. [0018]As illustrated in FIG. 2A and FIG. 2E, a sacrifice layer 28
is formed on the substrate  10 by, for example, sputtering or evaporation.
The sacrifice layer 28 may be formed of, for example, a magnesium oxide
(MgO) film, and is formed so as to form a region in which the air-space 20
is to be formed. The sacrifice layer 28 may have a film thickness of, for
example, 20 nm. Then, a metal film is formed on the substrate 10 and the
sacrifice layer 28 by, for example, sputtering under an argon (Ar) gas
atmosphere. The metal film is selected from at least one of Al, Cu, Cr, Mo,
W, Ta, Pt, Ru, Rh, and Jr as described previously. Then, the lower
electrode 12 is formed by, for example, photolithographing and etching the
metal film into a desired shape. At this point, a part of the lower
electrode 12 is made to have a shape covering the sacrifice layer 28.
[0019]As illustrated in FIG. 2B and FIG. 2F, the second film 14b that is an
undoped AIN film is formed on the substrate 10 and the lower electrode 12,
of which surfaces are cleaned, by, for example, sputtering an Al target
under a mixed gas atmosphere of Ar and nitrogen (N2). Then, the first film
14a that is an AIN film containing a divalent element and a tetravalent
element is formed on the second film 14b by simultaneously sputtering an Al
target, a divalent element target, and a tetravalent element target under a
mixed gas atmosphere of Ar and N2 without removing the substrate 10 from a
chamber. Then, the second film 14b that is an undoped AIN film is formed on
the first film 14a by sputtering an Al target under a mixed gas atmosphere
of Ar and N2 without removing the substrate 10 from the chamber. This
process forms the piezoelectric film 14 including the first film 14a and
the second films 14b located on the upper surface and the lower surface of
the first film 14a. There may be a concentration gradient of concentrations
of the divalent element and the tetravalent element near the boundary face
between the first film 14a and the second film 14b. [0020]As described
above, the first film 14a and the second films 14b are preferably
continuously formed in the same chamber. This is because an unnecessary
film such as an oxide film can be prevented from being formed on the
boundary face between the first film 14a and the second film 14b. When
films are continuously formed in the same chamber, the first film 14a and
the second film 1411 may be continuously formed by adjusting an electrical
power applied to the divalent element target and the tetravalent element
target or opening and closing shutters to the divalent element target and
the tetravalent element target while always discharging the Al target. In
addition, the first film 14a and the second films 14b may be formed by
separate apparatuses due to any reasons on the apparatuses. In this case,
an oxide film is formed on a surface exposed to air, and thus the oxide
film is preferably removed by inverse sputtering before the film formation.
In addition, an Al target, a divalent element target, and a tetravalent
element target are used to form the first film 14a, but an Al alloy target
formed by including a divalent element and a tetravalent element into Al
may be used. [0021]As illustrated in FIG. 2C and FIG. 20, a metal film is
formed on the piezoelectric film 



14 by, for example, sputtering under an Ar gas atmosphere. The metal film
is also selected from at least one of Al, Cu, Cr, Mo, W, Ta, Pt, Ru, Rh,
and Jr as described previously. Then, the upper electrode 16 is formed by,
for example, photolithographing and etching the metal film into a desired
shape. Then, the piezoelectric film 14 is formed into a desired shape by,
for example, photorisography and etching. Further, the hole 24 is formed by
selectively etching the lower electrode 12 and the sacrifice layer 28.
[0022]As illustrated in FIG. 2D and FIG. 2F, an etchant is introduced from
the hole 24 to etch the sacrifice layer 28. Here, the stress on a
multilayered film including the lower electrode 12, the piezoelectric film
14, and the upper electrode 16 is preliminarily set to a compression
stress. This allows the multilayered film to bulge out when the etching of
the sacrifice layer 28  is completed, and thereby the air-space 20 having a
dome-shaped bulge is formed between the substrate 10 and the lower
electrode 12. In addition, the introduction path 22 connecting the
air-space 20 to the hole 24 is also formed. The FBAR of the first
embodiment is formed through the above-described fabrication process.
[0023]A description will be given of a reason why it is preferable to use
an AIN film containing a divalent element and a tetravalent element for the
piezoelectric film of the FBAR. FIG. 3 is a diagram illustrating the
structure of undoped AIN used in the simulation. The simulation was
conducted with a method called as a first principle calculation. Methods of
calculating an electronic state without using fining parameters or the like
are collectively referred to as the first principle calculation, which can
calculate the electronic state by using only atomic numbers and coordinates
of atoms constituting a unit lattice or a molecule. As illustrated in FIG.
3, undoped AIN used in the simulation has sixteen aluminum atoms 30 and
sixteen nitrogen atoms 32. That is to say, it has a wurtzite-type crystal
structure that is a supercell containing sixteen aluminum atoms 30 and
sixteen nitrogen atoms 32 obtained by doubling a unit lattice containing
two aluminum atoms 30 and two nitrogen atoms 32 in a-axis, b-axis, and
c-axis directions. The first principle calculation is peribrmed to AIN with
the ),vurtzite-type crystal structure by moving an atomic coordinate, a
cell volume, and a cell shape simultaneously, and the electronic state of
undoped AIN in a stable structure is calculated. Then, a small strain is
forcibly applied to the crystal lattices of undoped MN in a stable
structure to calculate the piezoelectric constant, the elastic constant,
and the permittivity of undoped AIN from the minor change of the total
energy at that time by the first principle calculation. [0024]The first
principle calculation is also performed to doped AIN with a crystal
structure in which one of the aluminum atoms 30 in FIG. 3 is substituted by
a divalent element and another  one of the aluminum atoms 30 is substituted
by a tetravalent element as well as to undoped MN. That is to say,
calculated are material constants including the piezoelectric constant, the
elastic constant, and the permittivity of doped MN with a wurtzite-type
crystal structure containing fourteen aluminum atoms, one divalent element,
one tetravalent element, and sixteen nitrogen atoms by the first principle
calculation. Here, referred to as a substitutional concentration is an
atomic concentration of an additive element when a total of the number of
aluminum atoms and the number of atoms of the additive element defines 100
atomic%. Thus, the substitutional concentrations of the divalent element
and the tetravalent element of doped AIN used in the simulation are 6.25
atomic%. In the simulation, calcium (Ca), magnesium (Mg), strontium (Sr),
or zinc (Zn) is used as the divalent element, and titanium (Ti), zirconium
(Zr), or hafnium (HI) is used as the tetravalent element. The divalent
element and the tetravalent element are added at the same ratio in order to
secure the insulation property because both the divalent element and the
tetravalent element substitute a trivalent aluminum site. [0025]Here, the
relationship among a piezoelectric constant e33, an elastic constant C33,
and a permittivity 633 in the c-axis direction and an electromechanical
coupling coefficient k2 is expressed by the following equation 1. [Equation
1] 2 K2-e33 x C 33'33     Thus, the electromechanical coupling coefficients
of undoped AIN and doped AIN can be calculated by calculating their
piezoelectric constants, elastic constants, and permittivities by the first
principle calculation. [0026]Table 1 lists the calculated values of the
piezoelectric constants e33 and the values of 



the electromechanical coupling coefficients k2 calculated from the equation
1 of undoped AIN and doped AIN. As presented in Table 1, AIN containing a
divalent clement and a tetravalent element (Case 1 to Case 10) has a
piezoelectric constant e33 and an electromechanical coupling coefficient
1(2 greater than those of undoped AIN (Undoped AIN in Table 1). The
divalent element and the tetravalent element are not limited to those
presented in Table 1, and may be other elements. [Table 1] Combination
Divalent element Tetravalent element Piezoelectric constant e33 [C/m2]
Electromechanical coupling coefficient k2 [W] Case 1 Ca Ti 1.77 9.68 Case 2
Ca Zr 1.85 



10.3 Case 3 Ca Hf 2.17 14.2 Case 4 Mg Ti 2.09 12.9 Case 5 Mg Zr 2.13 13.5
Case 6 Mg fif 2.46 17.6 Case 7 Sr 



Hf 1.96 11.3 Case 8 Zn Ti 2.08 12.5 Case 9 Zn Zr 2.01 12.4 Case 10 Zn Hf
2.32 11.1 Undoped AIN  _ 1.55 7.12 



[0027]A description will next be given of a substitutional concentration
dependency of the electromechanical coupling coefficient of AIN containing
a divalent element and a tetravalent element. The substitutional
concentration dependency of the electromechanical coupling coefficient was
evaluated by performing the first principle calculation to multiple doped
AIN having different sizes of the supercell and different numbers of
aluminum atoms substituted by a 11  divalent element and a tetravalent
element in the wurtzite-type crystal structure in FIG. 3. Mg is used as the
divalent element, and Hf or Ti is used as the tetravalent element, and a
ratio of the substitutional concentration of the divalent element is made
to be equal to that of the tetravalent element. [0028]FIG. 4A and FIG. 4B
are diagrams illustrating the electromechanical coupling coefficient k2 of
AIN with respect to a total of substitutional concentrations of the
divalent element and the tetravalent element. FIG. 4A illustrates a
simulation result when Mg is used for the divalent element, and Hf is used
for the tetravalent element while FIG. 4B illustrates a simulation result
when Mg is used for the divalent clement and Ti is used for the tetravalent
element. FIG. 4A and FIG. 4B demonstrate that the electromechanical
coupling coefficient k2 increases as the substitutional concentration
increases in both cases in which Mg and Hf or Mg and Ti are added to AIN.
In FIG. 4A and FIG. 4B, the case in which Mg is used for the divalent
element and IIf or Ti is used for the tetravalent element is described, but
the same tendency is observed when other divalent element and tetravalent
element are used. [0029]A description will next be given of a simulation
that examined the effective electromechanical coupling coefficient of an
FBAR of a first comparative example that uses an AIN film containing a
divalent element and a tetravalent element for the piezoelectric film. FIG.
5 is a cross-sectional view of an FBAR in accordance with the first
comparative example. As illustrated in FIG. 5, the FF3AR of the first
comparative example is formed by stacking a lower electrode 52, a
piezoelectric film 54, and an upper electrode 56 on a substrate 50 in this
order from the substrate 50 side. The lower electrode 52 is a multilayered
metal film formed by stacking Cr with a film thickness of 100 nm and Ru
with a film thickness of 225 nm in this order from the substrate 50 side.
The piezoelectric film 54 is a single layer of an AIN film containing  a
divalent element and a tetravalent element and having a film thickness of
1000 nm. Ca, Mg, Sr, or Zn is used for the divalent element, and Ti, Zr, or
Hf is used for the tetravalent element, and both the substitutional
concentrations of the divalent element and the tetravalent element are set
to 6.25 atomic%. Values calculated by the first principle calculation are
used for the values of the material constants of the piezoelectric film 54
such as a piezoelectric constant, an elastic constant, and a permittivity.
The upper electrode 56 is a multilayered metal film formed by stacking Ru
with a film thickness of 225 nm and Cr with a film thickness of 30 nm in
this order from the substrate 50 side. A silicon dioxide (Si02) film 62
with a film thickness of 50 nm is located on the upper electrode 56. An
air-space 60 having a dome-shaped bulge is located between the substrate 50
and the lower electrode 52 in a resonance portion 58 that is a region in
which the lower electrode 52 and the upper electrode 56 face each other
across the piezoelectric film 54. [00301Also examined was an effective
electromechanical coupling coefficient of an FBAR of a second comparative
example that has the same structure as that of the FBAR of the first
comparative example except that an undoped AIN film with a film thickness
of 1150 nm is used for the piezoelectric film 54. [0031]Table 2 lists
simulation results ofthe effective electromechanical coupling coefficients
Iceff2 of the FBARs of the first comparative example and the second
comparative example. As presented in Table 2, the FBARs of the first
comparative example using an AIN film containing a divalent element and a
tetravalent element for the piezoelectric film 54 (Case 1 to Case 10) have
effective electromechanical coupling coefficients keff2 greater than that
of the FBAR of the second comparative example using an undoped AIN film for
the piezoelectric film 54 (Undoped AIN film in Table 2). The divalent
element and the tetravalent element are not  limited to those presented in
Table 2, and may be other elements. [Table 2] Combination nivalent element
Ifetnvglent element 



Resonance frequency [MHz] Anti-resonance frequency [MHz] kerr2 [Vol Case 1
Ca Ti 1928.9 2011.9 9.77 Case 2 Ca Zr 1895.8 1983.2 10.4 Case 3 Ca Hf
1875.7 



1998.3 14.2 Case 4 Mg Ti 1930.3 2043.8 12.9 Cases Mg Zr 1911.9 2030.3 13.5
Case 6 Mg Hf 1886.9 2043.9 17.5 Case 7 Sr I If 



1901.5 1998.3 11.4 Case 8 Zn Ti 1940.1 2050.4 12.6 Case 9 Zn Zr 1888.3
1995.0 12.5 Case 10 Zn Hf 1887.5 2027.7 15.9 Undoped AIN film 



- 1963.0 2024.0 7.22  [0032]The above-described simulation results reveal
that it is preferable to use an AIN film containing a divalent element and
a tetravalent element for the piezoelectric film of an FBAR to obtain an
FBAR having a large electromechanical coupling coefficient. In addition,
FIG 4A and FIG 4B reveal that it is preferable to increase the
concentrations of the divalent element and the tetravalent element to
obtain a large electromechanical coupling coefficient. [0033]However,
although having an advantage in obtaining a large electromechanical
coupling coefficient, the FBAR of the first comparative example also has a
disadvantage. The following describes the disadvantage. In the FBAR of the
first comparative example, the piezoelectric film 54 is a single layer of
an AIN film containing a divalent element and a  tetravalent element, and
thus the additive concentration of the whole of the piezoelectric film 54
increases when the concentrations of the divalent element and the
tetravalent element are increased to obtain a large electromechanical
coupling coefficient. In the process of forming the piezoelectric film 54
on the upper surface of the lower electrode 52, it becomes more difficult
to obtain the piezoelectric film 54 having good c-axis orientation as the
concentration of the additive element increases. Thus, the degradation of
the coupling coefficient of the FBAR Occurs. 10034]Moreover, when an
element is added to an AIN film, the film stress changes. A description
will be given of a change of film stress by using a case in which Mg and Zr
are added to an AIN film as an example. To examine the change of the film
stress, fabricated was an AIN film containing Mg and Zr by sputtering. More
specifically, AIN films that have different concentrations of Mg and Zr
were fabricated on a substrate by separately simultaneously discharging an
Al target, an Al-Mg alloy target, and a Zr target under a mixed gas
atmosphere of Ar and N2 to change an electrical power applied to each
target. The film stresses of the fabricated AIN films were then measured.
The film stress was measured with a thin film stress evaluation apparatus,
and the film stress was evaluated from the quantity of warp of the
substrate before and after the film formation. [0035]HG. 6 is a diagram
illustrating the film stress of the AIN film with respect to a total of
substitutional concentrations of Mg and Zr. The vertical axis of FIG. 6
represents a film stress by negative values, and the negative value means
compression stress. As illustrated in FIG. 6, the magnitude (absolute
value) of the compression stress of the AIN film to which Mg and Zr are
added increases approximately linearly as the total of substitutional
concentrations of Mg and Zr increases within a range in which the total of
substitutional concentrations of Mg and  Zr is greater than or equal to at
least 3 atomic% and less than or equal to 30 atomic%. This reveals that the
compression stress of the AIN film to which Mg and Zr are added becomes
greater than that of an undoped AIN film, and the compression stress
increases as the total of substitutional concentrations of Mg and Zr
increases. [0036]The reason why the compression stress is increased by
adding Mg and Zr to an AIN film is considered as described in the
following. That is to say, Mg and Zr substitute aluminum sites of AN.
Considering Shannon ionic radius used in a discussion about a geometric
structure of a crystal, the coordination number of an aluminum site in AIN
with a wurtzite-type crystal structure is four, the ionic radii of Mg2+,
Zr4+, and Al3+ when the coordination number is four are 0.57nm, 0.59nm, and
0.39nm respectively. The aluminum site is substituted by Mg or Zr having an
ionic radius greater than that of Al, and thereby the crystal lattice
expands, and the compression stress increases. Not limited to the case in
which Mg and Zr are added to an AIN film, the film stress changes depending
on the concentration of the additive element in the case in which other
elements are added to the AN film. [0037]Table 3 lists measurement values
of the substitutional concentrations and the film stresses of Mg and Zr at
each plot in FIG. 6. Table 3 reveals that the compression stress of an AIN
film to which Mg and Zr are added increases as a total of substitutional
concentrations of Mg and Zr increases not only in a case in which a ratio
of substitutional concentrations of Mg to Zr is around 1:1 but also in a
case in which it is slightly displaced from 1:1. 



[Table 3] Additive material composition [atomic%] Film stress [MPa] Mg Zr
Mg+Zr  13.2 13.7 26.9 -2889.5  13.2 13.1 26.3 -2898.4 13.5 12.0 25.5
-2750.2 13.6 11.2 



24.8 -2849.3 111 I., ..J 12.6 25.9 -2769.3 13.2 14.9 28.1 -2879.5 13.0 15.0
28.0 -2822.2 4.2 6.5 10.7 -2478.1 4.5 5.6 10.1 -2269.3 



4.3 8.2 12.5 -2605.1 4.8 4.0 8.8 -2155.6 13.4 13.8 27.2 -2885.0 4.8 3.1 7.9
-2055.4 12.5 16.6 29.1 -2771.2 0.0 1.6 1.6 



-1481.9 2.0 2.0 4.0 -1739.3 1.9 2.6 4.5 -1743.3 1.9 2.3 4.2 -1330.3 2.1 1.1
3.2 -1723.3 3.4 3.4 6.8 -1945.7 3.5 3.1 



6.6 -1877.6 3.4 4.3 7.7 -1960.1 2.1 2.0 4.1 -1448.1 1.9 2.3 4.2 -1724.4 3.3
5.0 8.3 -2080.8 3.3 5.8 9.1 -2035.6 3.2 



7.4 10.6 -2346.9 3.2 8.4 11.6 -2349.8  [0038]As described above, when an
AIN film containing an additive element is used for the  piezoelectric film
54, the film stress changes depending on the concentration of the additive
element. When the film stress of the piezoelectric film 54 is too high, the
resonance portion 58 is broken. On the other hand, when the film stress of
the piezoelectric film 54 is too low, the air-space 60 having a dome-shaped
bulge is difficult to be formed, and characteristics of the FBAR are not
obtained. [0039]Furthermore, as the concentration of the additive element
of the piezoelectric film 54 increases, the adhesiveness between the
piezoelectric film 54 and the lower electrode 52 and the upper electrode 56
decreases. This causes loss of the acoustic wave energy, and causes the
degradation of characteristics such as a Q-value and a coupling
coefficient. [0040]Therefore, when the piezoelectric film 54 is a single
layer of an AIN film containing a divalent element and a tetravalent
element as described in the first comparative example, the degradation of
characteristics such as a Q-value and a coupling coefficient is caused by
the orientation and the film stress of the piezoelectric film 54 and the
adhesiveness between the piezoelectric film 54 and the lower electrode 52
and the upper electrode 56. [0041]On the other hand, in the first
embodiment, as illustrated in FIG. IA through FIG. IC, the piezoelectric
film 14 sandwiched by the lower electrode 12 and the upper electrode 16
includes the first film I4a made of an AIN film containing an additive
element and the second films 14b located on the upper surface and the lower
surface of the first film 14a and containing the additive element at a
concentration lower than that of the first film 14a. Even when the
concentration of the additive element of the first film 14a is increased to
obtain a large electromechanical coupling coefficient, the second film 14b
having a concentration of the additive element lower than that of the first
film 14a is formed on the upper surface of the lower electrode 12. Thus,
the c-axis orientation of the piezoelectric film 14 can be improved
compared to a case in which the first film 14a is formed directly on the
upper surface of the lower electrode 12. In addition, it is difficult to
adjust the film stress of an AIN film containing an additive element by
film forming conditions such as gas pressure. However, in the first
embodiment, the piezoelectric film 14 includes the first film 14a and the
second film 14b having different concentrations of the additive element,
and thus adjusting the concentrations of the additive element enables to
obtain a large electromechanical coupling coefficient and to make the film
stress have an appropriate magnitude. Furthermore, the second film 14b
containing the additive element at a concentration lower than that of the
first filin I4a is formed on the upper surface of the lower electrode 12
and the lower surface of the upper electrode 16, and thus the adhesiveness
between the piezoelectric film 14 and the lower electrode 12 and the upper
electrode 16 can be improved. Therefore, the first embodiment can prevent
the degradation of characteristics of the FBAR such as a Q-value and a
coupling coefficient. [0042]In addition, both the first film 14a and the
second film 14b are films composed primarily of AIN. When the multilayered
film is formed of different piezoelectric materials, a mismatch boundary
face is formed in terms of a crystal structure, the scattering of the
acoustic wave occurs, and the characteristics degrades. However, as
described in the first embodiment, when both the first film 14a and the
second film 14b are configured to be films composed primarily of AIN, this
makes the scattering of the acoustic wave at the boundary face difficult to
occur, and can prevent the degradation of characteristics such as a Q-value
and a coupling coefficient. [0043]To obtain a large electromechanical
coupling coefficient, the first film 14a having a higher concentration of
the additive element preferably has a thickness greater than that of the
second film 14b. For example, to obtain an FBAR with 2 GHz band, the
thickness of the 



piezoelectric film 14 is configured to be approximately 1000 nm, and thus
the first film 14a may be configured to have a thickness of 400 nm, and the
second film 14b is configured to have a thickness of 300 nm. That is to
say, the piezoelectric film 14 is configured to be a multilayered film of
the second film 14b with a thickness of 300 nm, the first film 14a of a
thickness of 400 nm, and the second film 14b of a thickness of 300 nm. In
addition, the electromechanical coupling coefficient can be adjusted by
changing the film thickness ratio of the first film 14a and the second film
14b. [0044]As described in the first embodiment, it is preferable to use an
AIN film containing a divalent element and a tetravalent element for the
piezoelectric film 14 to obtain a large electromechanical coupling
coefficient. In this case, the divalent element and the tetravalent element
are not limited to those presented in Table 1 and Table 2, and may be other
elements. In addition, even when the elements presented in Table 1 and
Table 2 are used, the piezoelectric film 14 may include two or more of Ca,
Mg, Sr, and Zn as a divalent element, and two or more of Ti, Zr, and Hf as
a tetravalent element. That is to say, the piezoelectric film 14 may
include at least one of Ca, Mg, Sr, and Zn as a divalent element and at
least one of Ti, Zr, and Hf as a tetravalent element. [0045]Here, a
description will be given of an experiment that fabricated an AIN film
containing a divalent element and a tetravalent element, and then measured
the piezoelectric constant of the AIN film. The AIN film containing a
divalent element and a tetravalent element was fabricated on a low
resistance silicon substrate with a resistivity of less than or equal to
0.002 Q by the method same as that described in the measurement of the film
stress in FIG 6. Therefore, AIN films having different concentrations of Mg
and Zr were fabricated on the low resistance silicon substrate. Then, a
platinum electrode having a diameter of 3 mm and a film  thickness of 100
nm was formed on each of the AIN films by sputtering. After the platinum
electrode was formed, the piezoelectric constants of the AIN films were
measured. The piezoelectric constant was measured with a piezometer under
the conditions with a load of 0.25 N and a frequency of 110 IIz. [0046]FIG.
7 is a diagram illustrating an increasing rate of the piezoelectric
constant of the AIN film with respect to a total of substitutional
concentrations of Mg and Zr. The vertical axis of FIG. 7 represents an
increasing rate of the piezoelectric constant in percentage, and defines
the piezoelectric constant of an undoped AIN film as 100 %. As illustrated
in FIG. 7, the piezoelectric constant of the AIN film containing Mg and Zr
is greater than that of the undoped AN film within a range in which the
total of substitutional concentrations of Mg and Zr is at least greater
than or equal to 3 atomic% and less than or equal to 30 atomic%. In
addition, the piezoelectric constant of the AIN film increases
approximately linearly with respect to the total of substitutional
concentrations of Mg and Zr within a range in which the total of
substitutional concentrations of Mg and Zr is at least greater than or
equal to 3 atomic% and less than or equal to 30 atomic%. [0047]Table 4
lists the substitutional concentrations of Mg and Zr and the measurement
value of the piezoelectric constant at each plot in FIG 7. Table 4 reveals
that the AIN films to which Mg and Zr are added have piezoelectric
constants greater than that of the undoped AN film not only in a case in
which the ratio of substitutional concentrations of Mg to Zr is around 1:1
but also in a case in which it is displaced from 1:1. [Table 4]  Additive
material composition atomic%] Piezoelectric constant d33 [pC/N] Increasing
rate of piezoelectric constant (Undoped AIN defines 1) _, 



Mg Zr Mg+Zr   13.2 13.7 26.9 9.3 2.17 13.2 13.1 26.3 10.6 2.47 13.2 14.9
28.1 9.4 2.18 13.5 12.3 25.8 



8.8 2.04 4.2 6.5 10.7 8.4 1.95 4.5 5.6 10.1 7.3 1.70 4.3 8.2 12.5 8.2 1.91
4.8 4.0 8.8 7.2 1.66 13.4 



13.8 27.2 9.2 2.15 4.8 3.1 7.9 6.9 1.60 12.5 16.6 29.1 7.7 1.78 2.0 2.0 4.0
6.5 1.52 1.9 2.6 4.5 6.4 



1.48 1.9 2.3 4.2 5.9 1.36 2.1 1.1 3.2 6.3 1.47 3.4 3.4 6.8 7.4 1.71 3.5 3.1
6.6 5.7 1.33 3.4 4.3 



7.7 7.2 1.67 2.1 2.0 4.1 5.8 1.35 1.9 2.3 4.2 6.7 1.55 3.3 5.8 9.1 6.6 1.53
3.2 7.4 10.6 7.3 1.71 



3.2 8.4 11.6 7.4 1.72 0 0 0 4.3 1  [0048]A description will next be given
of a substitutional concentration dependency of a piezoelectric constant of
AIN containing Mg or Zn as a divalent element and one of Hf, Ti, and Zr as
a tetravalent element. The substitutional concentration dependency of the
piezoelectric constant was evaluated by the first principle calculation.
[0049]FIG 8A and FIG. 8B are diagrams illustrating an increasing rate of
the piezoelectric constant of AIN with respect to a total of substitutional
concentrations of the divalent element and the tetravalent element. The
vertical axis in FIG. 8A and FIG. 8B represents an increasing rate of the
piezoelectric constant in percentage, and defines the piezoelectric
constant of undoped AIN as 100%. FIG. 8A illustrates a case in which Mg is
added as the divalent element and one of Hf, Ti, and Zr is added as the
tetravalent element while FIG. 88 illustrates a case in which Zn is added
as the divalent element and one of Hf, Ti, and Zr is added as the
tetravalent element. As illustrated in FIG. 8A and HG. 88, the
piezoelectric constant monotonously increases with respect to the
substitutional concentration in entire cases in which Mg or Zn is added as
the divalent element and one of Hf, Ti, and Zr is added as the tetravalent
element. This result suggests that the same tendency appears even when
other divalent element and tetravalent element are used although FIG. 7
illustrates only measurement results when Mg is used for the divalent
element and Zr is used for the tetravalent element. [0050]The results
presented in FIG. 7 through FIG. 8B demonstrate that the total of
substitutional concentrations of the divalent element and the tetravalent
element of the piezoelectric film 14 is preferably set to greater than or
equal to 3 atomic% and less than or equal to 30 atomic%. This enables to
increase the piezoelectric constant of the piezoelectric film 14, and
thereby increase the electromechanical coupling coefficient of the FBAR. To
further increase the electromechanical coupling coefficient of the FBAR,
the total of substitutional  concentrations of the divalent element and the
tetravalent element is more preferably greater than or equal to 5 atomic%
and less than or equal to 30 atomic%, and further preferably greater than
or equal to 10 atomic% and less than or equal to 30 atomic%. Here, it is
desired that the second film 14b of the piezoelectric film 14 has a low
concentration of the additive element to prevent the degradation of the
coupling coefficient due to the degradation of the orientation and the
like. Thus, to increase the electromechanical coupling coefficient of the
FBAR, the total of substitutional concentrations of the divalent element
and the tetravalent element of the first film 14a in the piezoelectric film
14 is preferably greater than or equal to 3 atomic% and less than or equal
to 30 atomic%, more preferably greater than or equal to 5 atomic% and less
than or equal to 30 atomic%, and further preferably greater than or equal
to 10 atomic% and less than or equal to 30 atomic%. [005 I ]To prevent the
degradation of characteristics of the FBAR due to the degradation of the
orientation of the piezoelectric film 14, the second film 14b preferably
has a substitutional concentration of the additive element less than 3
atomic%, and more preferably is an undoped AIN film. When the second film
14b is an undoped AIN film, it is easy to form an undoped MN film with good
c-axis orientation on the lower electrode 12, and thus the piezoelectric
film 14 with good c-axis orientation can be obtained. In addition, the film
stress of the undoped AIN film can be made to be a tensile stress, and thus
the film stress of the whole of the piezoelectric film 14 can be easily
reduced and made to have an appropriate magnitude even when the
concentration of the additive element of the first film 14a is high and the
compression stress is thereby high. Furthermore, the adhesiveness between
the electrode and the undoped AIN film is favorable, and thus good
adhesiveness can be obtained between the piezoelectric film 14 and the
lower electrode 12 and the upper electrode 16. 



[0052]The element added to the AIN film of the piezoelectric film 14 is not
limited to a divalent element or a tetravalent element, and may be other
elements. For example, a trivalent element such as scandium (Sc) or yttrium
(Y), an alkali metal, an alkali earth metal, or a divalent element and a
pentavalent element may be the additive element. Even using those elements,
the effect in increasing the electromechanical coupling coefficient of the
FBAR is obtained. [0053]Here, a description will be given of a simulation
that obtained the piezoelectric constant and the electromechanical coupling
coefficient of AIN containing a divalent element and a pentavalent element.
The simulation was performed to doped AIN with a crystal structure in which
two of the aluminum atoms 30 in FIG. 3 are substituted by a divalent
element, another one of the aluminum atoms 30 is substituted by a
pentavalent element with the first principle calculation. That is to say,
the simulation was performed to doped AIN with a wurtzite-type crystal
structure containing thirteen aluminum atoms, two divalent elements, one
pentavalent element, and sixteen nitrogen atoms with the first principle
calculation. Thus, the substitutional concentration of the divalent element
of doped AIN used in the simulation is 12.5 atomic% and the substitutional
concentration of the pentavalent element is 6.25 atomic%. Mg or Zn is used
as the divalent element, and tantalum (Ta), niobium (Nb), or vanadium (V)
is used as the pentavalent element. The divalent element and the
pentavalent element are added at a ratio of 2:1 to secure the insulation
property because both the divalent element and the pentavalent element
substitute a trivalent aluminum site. [0054]Table 5 lists values of the
piezoelectric constants e33 calculated by the first principle calculation
and values of the electromechanical coupling coefficients k2 calculated
from the equation 1 of undoped AIN and doped AIN. As presented in Table 5,
AIN containing a divalent element and a pentavalent element (Case I to Case
6) has a piezoelectric constant e33 and an  electromechanical coupling
coefficient kz greater than those of undoped AIN (Undoped AIN in Table 5).
The divalent element and the pentavalent element are not limited to those
presented in Table 3, and may be other elements. [Table 5] Combination
Divalent element Pentavalent element Piezoelectric constant ei3 [C/m2]
Electromechanical coupling coefficient k2 [%1 Case 1 



Mg Ta 2.52 19.3 Case 2 Mg Nb 2.22 14.4 Case 3 Mg V 2.33 18.1 Case 4 Zn Ta
2.22 14.3 Case 5 Zn Nb 2.12 



13.6 Case 6 Zn V 2.12 10.8 Undoped AIN   1.55 7.12  [0055]A description
will next be given of a substitutional concentration dependency of an
electromechanical coupling coefficient of AIN containing a divalent element
and a pentavalent element. The substitutional concentration dependency of
the electromechanical coupling coefficient was evaluated by the same method
as that described in FIG. 4A and FIG. 4B. Mg is used as the divalent
element, Ta is used as the pentavalent element, and a ratio of the
substitutional concentrations of the divalent element to the pentavalent
element is set to 2:1. [0056]FIG. 9 is a diagram illustrating the
electromechanical coupling coefficient k2 of AIN with respect to a total of
substitutional concentrations of the divalent element and the pentavalent
element. FIG. 9 reveals that the electromechanical coupling coefficient k2
increases as the substitutional concentration increases even when AIN
contains Mg as a divalent element and Ta as a pentavalent clement as well
as when AIN contains a divalent element and a tetravalent  element in FIG.
4A and FIG. 4B. In FIG. 9, described is the case in which Mg is used for
the divalent element and Ta is used for the pentavalent element, but the
same tendency is observed when other divalent element and pentavalent
element are used. [0057]A description will be given of a simulation that
examined an effective electromechanical coupling coefficient of an FBAR in
accordance with a third comparative example that uses an AIN film
containing a divalent element and a pentavalent element for the
piezoelectric film. The FBAR of the third comparative example has the same
structure as that of the first comparative example except that an AIN film
containing a divalent element and a pentavalent element and having a film
thickness of 850 inn is used for the piezoelectric film 54 in FIG. 5. The
values calculated by the first principle calculation are used for the
values of the material constants of the piezoelectric film 54 such as a
piezoelectric constant, an elastic constant, and a permittivity as well as
those of the first comparative example. In addition, the substitutional
concentration of the divalent element is set to 12.5 atomic%, and the
substitutional concentration of the pentavalent element is set to 6.25
atomic%. [0058]Table 6 lists simulation results of the effective
electromechanical coupling coefficient kerc2 of the FBAR of the third
comparative example. In addition, it also lists the simulation result of
the effective electromechanical coupling coefficient keff2 of the FBAR of
the aforementioned second comparative example for comparison. As presented
in Table 6, the FBARs of the third comparative example using an AIN film
containing a divalent element and a pentavalent element for the
piezoelectric film 54 (Case 1 to Case 6) have effective electromechanical
coupling coefficients keff2 greater than that of the FBAR of the second
comparative example using an undoped AIN film for the piezoelectric film 54
(Undoped AIN film in Table 6). The divalent element and the pentavalent
element are not limited to those 



presented in Table 4, and may be other elements. [Table 6] Combination
Divalent element Pentavalent element Resonance frequency [MHz]
Anti-resonance frequency [MHz] Ica? [%] Case 1 Mg Ta 1910.3 2086.1 17.6
Case 2 Mg Nb 



1977.0 2107.6 14.3 Case 3 Mg V 1835.5 1993.4 16.8 Case 4 Zn Ta 1968.3
2096.9 14.2 Case 5 Zn Nb 1926.9 2047.1 13.6 Case 6 Zn 



V 2080.] 2179.4 10.7 Undoped AIN film -  1963.0 2024.0 7.22  [0059]The
above results demonstrate that the FBAR having a large electromechanical
coupling coefficient can be obtained even when a divalent element and a
pentavalent element are added to the AIN film of the piezoelectric film 14.
The electromechanical coupling coefficient can be further increased by
increasing the concentrations of the divalent element and the pentavalent
element. The divalent element and the pentavalent element are not limited
to those presented in Table 5 and Table 6, and may be other elements. In
addition, even when the elements presented in Table 5 and Table 6 are used,
the piezoelectric film 14 may include both Mg and Zn as a divalent element
and two or more of Ta, Nb, and V as a pentavalent element. That is to say,
the piezoelectric film 14 may include at least one of Mg and Zn as a
divalent element and at least one of Ta, Nb, and V as a pentavalent
clement. [0060]The FBAR 100 of the first embodiment may include a
temperature compensation film. FIG. 10 illustrates a cross-section of an
FBAR including a temperature compensation film.  As illustrated in FIG. 10,
a temperature compensation film 40 is inserted into the piezoelectric film
14. The temperature compensation film 40 is located in contact with the
piezoelectric film 14. The temperature compensation film 40 is formed of a
material having a temperature coefficient of an elastic constant opposite
in sign to that of the piezoelectric film 14. For example, the
piezoelectric film 14 has a negative temperature coefficient of an elastic
constant, the temperature compensation film 40 with a positive temperature
coefficient of an elastic constant is used. The provision of the
above-described temperature compensation film 40 enables to improve
temperature characteristics of the FBAR. A silicon dioxide (Si02) film is
an example of the temperature compensation film 40. Instead of an Sith
film, a film composed primarily of silicon oxide may be used, and for
example a silicon oxide film to which an element such as fluorine (F) is
added may be used. Here, a "film composed primarily of an element" means
that the film includes the element to the extent that the temperature
coefficient of an elastic constant of the temperature compensation film 40
is opposite in sign to that of the piezoelectric film 14. [0061]In FIG. 10,
the temperature compensation film 40 is inserted into the piezoelectric
film 14, but may be located at other places as long as it makes contact
with the piezoelectric film 14. For example, it may be located between the
lower electrode 12 and the piezoelectric film 14 or between the
piezoelectric film 14 and the upper electrode 16. [0062]The first
embodiment describes an example in which the air-space 20 is formed by a
dome-shaped bulge between the substrate 10 and the lower electrode 12 as
illustrated in FIG. IB, but structures illustrated in FIG. 11A and FIG. 11B
may be employed. FIG. 11A illustrates a cross-section of an FBAR in
accordance with a first variation of the embodiment, and FIG. 11B
illustrates a cross-section of an FBAR in accordance with a second
variation of the embodiment.  



As illustrated in FIG. 11A, in the MAR of the first variation of the
embodiment, an air-space 20a is provided by removing a part of the
substrate 10 under the lower electrode 12 in the resonance portion 18. As
illustrated in FIG. 11B, in the FBAR of the second variation of the
embodiment, an air-space 20b is located so as to pierce through the
substrate 10 under the lower electrode 12 in the resonance portion 18.
[0063]In addition, the piezoelectric thin film resonator is not limited to
an FBAR, and may be an SMR (Solidly Mounted Resonator). FIG. 12 illustrates
a cross-section of the SMR. As illustrated in FIG. 12, in the SMR, instead
of the air-space, an acoustic reflection film 42 formed by alternately
stacking a film with a high acoustic impedance and a film with a low
acoustic impedance to a film thickness of 2/4 (?.. is the wavelength of the
acoustic wave) is located under the lower electrode 12. [0064]Although the
embodiments of the present invention have been described in detail, it is
to be understood that the various change, substitutions, and alterations
could be made hereto without departing from the spirit and scope of the
invention.  CLAIMS What is claimed is: I.A piezoelectric thin film
resonator comprising: a substrate;        a piezoelectric film that is
located on the substrate and includes a first film made of an aluminum
nitride film containing an additive element and second films located on an
upper surface and a lower surface of the first film and made of an aluminum
nitride film containing the additive element at a concentration lower than
that of the first film; and a lower electrode and an upper electrode that
are located to sandwich the piezoelectric film.     2. "lhe piezoelectric
thin film resonator according to claim 1, wherein the additive element is a
divalent clement and a tetravalent element, or a divalent element and a
pentavalent element.     3. The piezoelectric thin film resonator according
to claim 2, wherein        the additive element is a divalent element and a
tetravalent element, the divalent element includes at least one of calcium,
magnesium, strontium, and zinc, and the tetravalent element includes at
least one of titanium, zirconium, and hafnium.     4. The piezoelectric
thin film resonator according to claim 2 or 3,          the additive
element is a divalent element and a tetravalent element, a concentration of
the additive clement in the first film is greater than or equal to 3
atomic% and less than or equal to 30 atomic% when a total of a number of
aluminum atoms of the additive element in the first film and a number of
aluminum atoms of the aluminum nitride film defines 100 atomic%.         5.
The piezoelectric thin film resonator according to claim 2, wherein
the additive element is a divalent element and a pentavalent clement, the
divalent element includes at least one of magnesium and zinc, and the
pentavalent element includes at least one of tantalum, niobium, and
vanadium.         6. The piezoelectric thin film resonator according to any
one of claims 1 to 5, wherein the second film is made of an aluminum
nitride film not containing an additive element. 


