DESCRI PTI ON
Pl EZCELECTRI C THI N FI LM AND PI EZCELECTRI C VI BRATOR

TECHNI CAL FI ELD
[ 0001]
The present invention relates to a piezoelectric thin

filmand a piezoelectric vibrator.

BACKGROUND ART
[ 0002]

There are conventional ly known piezoel ectric vibrators
using mcro electro nechanical systens (MEMS). For exanpl e,
Pat ent Docunent 1 discloses that an alumi numnitride (A N)
thin fil mdoped with scandium (Sc) (a scandi um doped
alumnumnitride thin film(ScAINthin film) is used as a
pi ezoelectric thin filmto forma piezoelectric vibrator

with inproved piezoel ectric properties.

PRI OR ART DOCUMENTS
PATENT DOCUMENTS
[ 0003]
Pat ent Docunent 1: Japanese Patent Application Laid-
Open No. 2009-010926
Pat ent Docunent 2: Japanese Patent Application Laid-

Open No. 2013-219743



Pat ent Docunent 3: Japanese Patent Application Laid-

OQpen No. 2006-270506

NON- PATENT DOCUMENT
[ 0004]

Non- Pat ent Docunent 1: Mark- Al exandre Dubois et al.
"Stress and piezoelectric properties of alumnumnitride
thin films deposited onto netal el ectrodes by pul sed direct
current reactive sputtering,”" JOURNAL OF APPLI ED PHYSI CS,
Vol ume 89, No. 11, June 1, 2001, pp. 6389-6395

SUVMARY OF THE | NVENTI ON
Problemto be solved by the invention
[ 0005]

It is generally known that stress, specifically,
conpressive stress occurs in ScAIN filns deposited on a
substrate such as silicon (Si) by sputtering. Such stress
is not good because it can |lead to nechanical destruction,
such as cracking, of piezoelectric thin films. The
occurrence of stress may be attributable to partia
repl acenment of alumnum (Al) atonms in crystalline AN by
scandium (Sc) atons with an ionic radius |larger than that of
Al atons, which can expand and distort the crystal lattice.
[ 0006]

In the process of depositing ScAIN, increasing the



pressure of a m xed gas of argon (Ar) and nitrogen (N;) to a
| evel higher than normal can reduce the sputtered particle
i nplantation effect on the ScAIN filmand thus reduce the
stress in the SCAANfilm It is, however, known that the
increase in the gas pressure can reduce the kinetic energy
of the sputtered particles and thus degrade the
crystallinity and piezoelectric properties of the ScAIN film
Conventionally, it is difficult to achieve both a
reduction in the stress and an inprovenent in the
pi ezoel ectric properties.
[ 0007]
It is an object of the present invention, which has
been acconpli shed under these circunstances, to provide a
pi ezoelectric thin filmand a piezoelectric vibrator that
can each be produced with a satisfactory |evel of

pi ezoel ectric properties and a | ower |evel of stress.

Means for solving the problem
[ 0008]

An aspect of the present invention is directed to a
pi ezoelectric thin filmincluding: crystalline AIN, at | east
one first element by which Al in the crystalline AINis
partially replaced; and a second el ement with which the
crystalline AIN is doped and which has an ionic radius

smal ler than the ionic radius of the first el enment and



| arger than the ionic radius of Al.

Advant ageous effect of the invention
[ 0009]

The present invention allows a piezoelectric thin film
and a piezoelectric vibrator to be produced with a
satisfactory | evel of piezoelectric properties and a | ower

| evel of stress.

BRI EF EXPLANATI ON OF DRAW NGS
[0010]

FIG 1 is a perspective view schematically illustrating
t he appearance of a piezoelectric vibration device according
to an enbodi nment.

FIG 2 is an exploded perspective view schematically
illustrating the structure of the piezoelectric vibration
devi ce according to an enbodi nment.

FIG 3 is a schematic cross-sectional view of a
pi ezoel ectric vibrator along the line 3-3 in FIG 2.

FIG 4 is a table showing the ionic radius of each
el enent .

FIG 5 is a table showing the ionic radius of each
el enent .

FIG 6 is a table showing the results of verification

of the effects of a first enbodi nent of the present



i nventi on.

FIG 7 is an exploded perspective view schematically
illustrating the outer structure of a piezoelectric
vi bration device according to anot her enbodi nent.

FIG 8 is a schematic cross-sectional view of a
pi ezoel ectric vibrator along the line 8-8 in FIG 7.

FIG 9 is a table showing the results of verification
of the effects of a second enbodi nent of the present
i nvention, which corresponds to FIG 6

FIG 10 is a table showing the results of verification
of the effects of a third enbodi nent of the present

i nvention, which corresponds to FIG 6

MODE FOR CARRYI NG OUT THE | NVENTI ON
[0011]

Herei nafter, an enbodi nent of the present invention
will be described with reference to the attached draw ngs.
FIG 1 is a perspective view schematically illustrating the
appearance of a piezoelectric vibration device 10 according
to an enbodi nent.

The piezoelectric vibration device 10 includes a | ower
substrate 11, an upper substrate 12 that is so disposed that
a vibration space is formed between the | ower and upper
substrates 11 and 12, and a piezoelectric vibrator 13

di sposed between the | ower and upper substrates 11 and 12.



The piezoel ectric vibrator 13 is a MEMS vibrator produced
usi ng MEMS technol ogy. The piezoelectric vibration device
10 can functions as, for exanple, a timng device when

i ncorporated in an electronic device such as a smart phone.
[0012]

FIG 2 is an exploded perspective view schematically
illustrating the structure of the piezoelectric vibration
device 10 according to an enbodinent. As illustrated in FIG
2, the piezoelectric vibrator 13 includes a supporting frane
14 extending in the formof a rectangular frane al ong the XY
pl ane of the rectangul ar coordi nate systemin FIG 2, a base
15 extending in the formof a flat sheet fromone end of the
supporting frame 14 to the inside of the supporting frane 14
along the XY plane, and a plurality of vibration arns 16
each extending fromthe fixed end, which is connected to one
end of the base 15, to the free end along the XY plane. In
this enbodi ment, four vibration arns 16 extend parallel to
the Y axis. It will be understood that the nunber of
vibration arns 16 is not limted to four and may be, for
exanpl e, three or any nunber greater than three.

[0013]

FIG 3 is a schematic cross-sectional view of the
pi ezoel ectric vibrator 13 along the line 3-3 in FIG 2.

Also referring to FIG 3, the | ower substrate 11 in the

pi ezoel ectric vibration device 10 accordi ng to an enbodi nent



has a recess 17 that is formed on the upper surface and
extends in a flat manner along the XY plane. The recess 17,
which is, for exanple, in the formof a flat rectangul ar
paral | el epi ped, fornms part of the vibration space for the
vibration arns 16. On the other hand, the upper substrate
12, which extends in the formof a flat sheet along the XY
pl ane, has a recess 18 formed on the |ower surface. The
recess 18, which is, for exanple, in the formof a flat
rectangul ar parallel epiped, fornms part of the vibration
space for the vibration arns 16.

[ 0014]

In the piezoelectric vibration device 10, the
supporting frame 14 of the piezoelectric vibrator 13 is
nmount ed on the periphery of the upper surface of the | ower
substrate 11, which is defined outside the recess 17, and
t he periphery of the |ower surface of the upper substrate 12,
which is defined outside the recess 18, is nmounted on the
supporting frame 14 of the piezoelectric vibrator 13. 1In
this way, the piezoelectric vibrator 13 is held between the
| ower and upper substrates 11 and 12, so that the vibration
space for the vibration arnms 16 is formed by the | ower and
upper substrates 11 and 12 and the supporting frane 14 of
t he piezoelectric vibrator 13. The vibration space is kept
air-tight and maintained in a vacuum st at e.

[ 0015]



The [ ower and upper substrates 11 and 12 are both nade
of silicon (Si). In the piezoelectric vibrator 13, each
vibration arm 16 includes a SiQ, |layer 21, a Si |ayer 22
di sposed on the SiO, | ayer 21, a piezoelectric thin film23
di sposed on the Si layer 22, and | ower and upper el ectrodes
24 and 25 that are fornmed on the | ower and upper surfaces of
t he piezoelectric thin film23 to sandwi ch the piezoelectric
thin film23. The SiQ, |layer 21 nmay al so be forned on the
upper or lower surface of the piezoelectric thin film 23.

[ 0016]

The Si G, layer 21 includes a silicon oxide material with
an appropriate conposition represented by Si,Q |ayer,
wherein a and b are each an integer. The frequency-
tenperature coefficient of the piezoelectric vibrator 13 can
be corrected by controlling the thickness of the Si G |ayer
21. The Si layer 22 is made of an n-type Si seni conduct or
which is a degenerate sem conductor and contains, for
exanpl e, phosphorus (P), arsenic (As), antinony (Sb), or any
other Goup 15 element as an n-type dopant. In this
enbodi ment, phosphorous (P) is used as an n-type dopant for
the Si |ayer 22.

[0017]

The | ower and upper el ectrodes 24 and 25 each i ncl ude,

for exanple, a netal material such as nol ybdenum (M),

ruthenium (Ru), platinum (Pt), titanium (Ti), chromium (Cr),



al um num (Al), copper (Cu), silver (Ag), or any alloy
thereof. The | ower and upper electrodes 24 and 25 are each
connected to an AC power source (not shown) provided outside
t he pi ezoelectric vibration device 10. The connection is
establ i shed using, for exanple, an el ectrode (not shown)
formed on the upper surface of the upper substrate 12 and a
t hrough silicon via (TSV) (not shown) formed in the upper
substrate 12.

[ 0018]

The piezoelectric thin film23 includes crystalline
alum numnitride (AIN) as a main conponent, at |east one
first elenment by which Al in the crystalline AINis
partially replaced, and a second el enment with which the
crystalline AIN is doped and which has an ionic radius
smal ler than that of the first elenment and | arger than that
of alum num (Al). For exanple, the piezoelectric thin film
23 may contain only a Goup 3 elenent as the first el enent
or may contain both a Goup 2 elenent and a G oup 4 el enent,
both a G oup 2 elenent and a Goup 5 elenent, both a Goup
12 element and a G oup 4 elenent, or both a Goup 12 el enent
and a Goup 5 elenent, as the first el enments.

[0019]

Specifically, for exanple, scandium (Sc) or yttrium(Y)

is selected as the Goup 3 elenent. For exanple, magnesi um

(My), calcium(Ca), or strontium(Sr) is selected as the
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Goup 2 elenent. For exanple, titanium (Ti), zirconium (Zr),
or hafnium (Hf) is selected as the Goup 4 elenent. For
exanpl e, vanadium (V) or niobium (Nb) is selected as the

G oup 5 elenment. For exanple, zinc (Zn) is selected as the
Group 12 el enment.

[ 0020]

FIG 4 is a table showing the val ence, coordination
nunber, and ionic radius of each of the main conponent AN
(Al, N and the first elenent (Sc, Y, My, Ca, Sr, Zr, Hf, V,
Nb, Zn). As shown in this table, for exanple, A in the
crystalline AIN as the main conponent has an ionic radius of
0. 39 piconeters (pm, for exanple, when existing as a
trival ent cation and having a coordi nati on nunber of 4.

The ionic radius of each elenent for use as the first
element is as shown in the table of FIG 4.

[ 0021]

The piezoelectric thin film23 has a wrtzite structure
with the ¢ axis oriented substantially perpendicular to the
Si layer 22. Wien a voltage is applied in the c axis
direction across the | ower and upper el ectrodes 24 and 25,

t he piezoelectric thin film23 expands and contracts in a
direction substantially perpendicular to the c axis.

According to the expansion and contraction, the
vibration arm 16 bends and deforms in the z axis direction

to allowits free end to shift toward the i nner surfaces of
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t he [ ower and upper substrates 11 and 12, so that the
vibration arm 16 vi brates in an out-plane bending vibration
node.

[ 0022]

As nentioned above, the second el enent has an ionic
radius smaller than the ionic radius of the first el enment
and larger than the ionic radius of alumnum (A). In
addi ti on, as nentioned bel ow, the second el enent preferably
exists as a trivalent cation. In this enbodi nent, the
second el ement nmay be, for exanple, at |east one el enent
sel ected fromtungsten (W, zirconium (Zr), iron (Fe),
tantalum (Ta), chromum (Cr), titanium (Ti), and nickel (N).
FIG 5 is a table showing the val ence, coordination numnber
and ionic radius of each of the second el ements. Note that
those of Zr are shown in FIG 4.

[0023]

In this enbodinment, Sc, a Goup 3 elenent, is selected
as the first element. 1In this case, the ratio of the nunber
of Sc atons to the total nunber of Al and Sc atons
(hereinafter also referred to as the "Sc conposition ratio")
in the piezoelectric thin film23 is preferably set to 0.03
to 0.50. In addition, the percentage ratio of the nunber of
atoms of the second elenent to the total nunber of Al and Sc
atons (hereinafter also referred to as the "content of the

second element”) in the piezoelectric thin film23is
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preferably set to 0.01 at%to 1.00 at% A detailed
description will be given later for these val ue ranges.
[ 0024]

The inventor verified the effects of the present
i nvention descri bed above. For the verification, exanples
and conparative exanples were carried out, in which
pi ezoel ectric thin films were forned, respectively, and then
the stress in the piezoelectric thin filnms and the
pi ezoel ectric properties of the piezoelectric thin filns
were measured. The piezoelectric thin filns were each
formed on a 3-inch dianeter Si substrate by RF magnetron
sputtering of a 3-inch dianmeter alloy target with the
specified conmposition. In this way, the piezoelectric thin
films with the specified conmpositions were each formed with
a thickness of 1.0 pmon the Si substrate. For the
verification, for exanple, Sc was used as the first el enent,
and W Zr, Ta, Ti, O, N, or Fe was used as the second
el enent .
[ 0025]

Specifically, the conposition of the target was
adj ust ed dependi ng on the conposition of the piezoelectric
thin filmto be formed in each of the exanpl es and the
conmparative exanples. In the RF nagnetron sputtering, the
RF power was set to 300 W and argon (Ar) and nitrogen (N2)

gas flow rates in the chanber were set to 30 sccm and 15
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sccm respectively. In addition, the tenperature of the Si
substrate was set to 200°C, and the back pressure and the
deposition pressure were set to 1.0 x 10-4 Pa and 1.0 x 10-1
Pa, respectively.

[ 0026]

Measurenents were taken of the stress (MPa) in each
pi ezoel ectric thin filmfornmed under the above conditions
and of the piezoelectric property (piezoelectric constant
d33) (pC N of each piezoelectric thin film The
pi ezoel ectric constant was neasured by the Berlincourt
met hod using a neasurenment system PMLOO manufactured by
Piezotest Pte Ltd. The conposition of each piezoelectric
thin filmwas anal yzed on the basis of |aser ablation
i nductively coupl ed pl asma nass spectronetry (LA-1CP-M5).
The val ence and coordi nati on nunber of the elenments in each
pi ezoel ectric thin filmwere anal yzed on the basis of X-ray
absorption fine structure (XAFS) spectroscopy.

[0027]

FIG 6 is a table showing the results of the
verification of the effects of the present invention. In
the table, the Sc conposition rati o neans, as nentioned
above, the ratio of the nunber of Sc atonms to the total
nunber of Al atonms and atons of the first elenent in the
pi ezoel ectric thin film23. The content neans the ratio of

t he nunber of atons of the second elenent to the total
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nunber of Al and Sc atons in the piezoelectric thin film 23,
which is expressed in atom c conposition percentage (at?%.
As shown in the table, ScAIN films were forned as

pi ezoel ectric thin filnms in Conparative Exanples 1 to 8.
The piezoelectric thin filns of Conparative Exanples 1 to 8
have different Sc conposition ratios. These piezoelectric
thin films were not doped with the second elenment. This
nmeans that in Conparative Exanples 1 to 8, the Sc
conposition ratio is changed in the range of 0.03 to 0.55.
The results in the table of FIG 6 have denonstrated that
the stress tends to increase with increasing Sc conposition
rati o, and the piezoelectric constant tends to increase as
t he stress increases.

[ 0028]

On the other hand, the piezoelectric thin filns of
Exanples 1 to 7 were doped with Was the second el enent
having an ionic radius smaller than that of Sc and | arger
than that of Al, while the Sc conposition ratio was
increased as in Conparative Exanples 1 to 7. The content of
Wwas set to 0.50 at% The content has the sane meani ng as
defi ned above. This neans that, for exanple, in Exanple 1,
the Sc conposition ratio is 0.03 and the content of Wis
0.50 at% The results in the table of FIG 6 show that the
stress in the piezoelectric thin film of Exanples 1 to 7 is

l ower than that in those of Conparative Exanples 1 to 7
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whil e the piezoelectric constant of the piezoelectric thin
films of Exanples 1 to 7 is higher than that of those of
Conparative Exanples 1 to 7. The results of Exanples 1 to 7
show that the doping with the second el enent W

simul taneously allowed a reduction in the stress and an
increase in the piezoelectric constant.

[ 0029]

In Conparative Exanple 9, a piezoelectric thin filmwas
formed by doping the thin filmof Conparative Exanple 8 with
Was the second elenment. The results show that the
pi ezoel ectric constant of the piezoelectric thin film of
Conpar ati ve Exanple 9 was 0 though the stress in the
pi ezoelectric thin filmof Conparative Exanple 9 is | ower
than that in the piezoelectric thin film of Conparative
Exanple 8. It has been found fromthe results that the Sc
conmposition ratio should preferably be set to at |east 0.03
(Exanple 1) and at nost 0.50 (Exanple 7).

[ 0030]

In Exanmples 8 to 13, piezoelectric thin films were
formed containing Zr, Ta, Ti, C, N, and Fe, respectively,
as the second elenent. |In Exanples 8 to 13, the Sc
conmposition ratio was set to 0.40, and the content of the
second el enent was set to 0.50 at% The results show that
the stress is lower and the piezoelectric constant is higher

in all of Exanples 8 to 13 than in Conparative Exanple 6
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where the Sc conposition ratio is 0.40. It has been found
fromthe results of Exanples 8 to 13 that the doping with Zr,
Ta, Ti, C, N, or Fe as the second el ement sinultaneously
allows a reduction in the stress and an increase in the

pi ezoel ectric constant.

[ 0031]

In Exanples 14 to 21, piezoelectric thin films were
formed containing Fe as the second el enent. |In Exanples 14
to 21, the Sc conposition ratio was set to 0.40, and the
content of atons of the second el ement was set to at |east
0. 005 at % (Exanple 14) and at nost 1.10 at % (Exanple 21).
The results show that the stress is |lower and the
pi ezoel ectric constant is higher in all of Exanples 14 to 21
than in Conparative Exanple 6 where the Sc conposition ratio
is 0.40. It has also been found that as the content of the
second el enent is increased, the stress can be reduced while
t he pi ezoelectric constant is kept high.

[ 0032]

In this regard, however, the table of FIG 6 shows that
t he piezoelectric constant is relatively significantly |ower
in Exanpl e 21 where the content of the second el enent is set
to 1.10 at% than in Exanple 20 where the content of the
second elenent is set to 1.00 at% In addition, the stress
is only slightly lower in Exanple 14 where the content of

t he second elenent is set to 0.005 at% than in Conparative
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Exanpl e 6 where the Sc conposition ratio is 0.40. It has
been concluded fromthese results that the content of the
second el enment in the piezoelectric thin filmis preferably
fromO0.005 at%to 1.10 at% nore preferably fromO0.01 at%to
1.00 at%

[ 0033]

It has al so been found that when the second el enent
exists as a trivalent cation as in Exanples 9 to 21, the
stress tends to decrease significantly and the piezoelectric
constant tends to increase significantly. These results
show that the second elenent is particularly effective when
existing as a trivalent cation. It has also been found that
t he second elenent is particularly effective when having a
coordi nati on nunber of 4 or 6 as in Exanples 1 to 21. It
has been concluded fromthe above that the second elenent is
particularly effective when the conposition ratio of the
first elenent and the content, val ence, and coordi nati on
nunber of the second el ement are set within the val ue ranges
shown above.

[ 0034]

FIG 7 is an expl oded perspective view schematically
illustrating the outer structure of a piezoelectric
vi bration device 30 according to anot her enbodi ment. The
pi ezoel ectric vibration device 30 has a piezoelectric

vi brator 33 configured to vibrate in an in-plane vibration
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node, instead of the piezoelectric vibrator 13 configured to
vibrate in the bending vibration node as described above.
Simlarly to the piezoelectric vibrator 13 descri bed above,

t he piezoelectric vibrator 33 is disposed between | ower and
upper substrates 11 and 12. The |ower and upper substrates
11 and 12 have the sane features as those described above,
and therefore a duplicated description thereof will be
omtted.

[ 0035]

The piezoelectric vibrator 33 includes a supporting
frame 34 extending in the formof a rectangular frame al ong
t he XY plane of the rectangul ar coordi nate systemin FIG 7,
a vibration portion 35 disposed inside the supporting franme
34 and extending in a rectangul ar shape al ong the XY pl ane
i ke the supporting frane 34, and a pair of connecting
portions 36 and 36 that connect the supporting frame 34 and
the vibration portion 35 to each other. As described bel ow,
the vibration portion 35 vibrates by repeatedly expandi ng
and contracting in the Y axis direction along the XY pl ane.
[ 0036]

The supporting frane 34 includes a pair of long frame
sides 34a and 34a extending parallel to the X axis and a
pair of short frane sides 34b and 34b extending parallel to
the Y axis and each having both ends connected to both ends

of each of the long frane sides 34a and 34a. In this
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enbodi ment, the connecting portions 36 and 36 extend on a
straight line parallel to the X axis to connect the frame
sides 34b and 34b and the vibration portion 35 to one

anot her. The connecting portions 36 and 36 are |ocated at
the midpoint in the Y axis direction of the vibration
portion 35, in other words, |ocated at the central ends
(nodes) in the vibration direction of the vibration portion
35.

[0037]

FIG 8 is a schematic cross-sectional view along the
line 88 in FIG 7. As illustrated in FIG 8, the
supporting franme 34, the vibration portion 35, and the
connecting portions 36 of the piezoelectric vibrator 33
include a silicon dioxide (SiQ) layer 41, a Si |ayer 42
di sposed on the SiO, | ayer 41, a piezoelectric thin film43
di sposed on the Si layer 42, and | ower and upper el ectrodes
44 and 45 that are forned on the | ower and upper surfaces of
t he piezoelectric thin film43 to sandwi ch the piezoelectric
thin film43. The piezoelectric thin film43 and the | ower
and upper el ectrodes 44 and 45 have the sane features as
t hose of the piezoelectric thin film23 and the | ower and
upper el ectrodes 24 and 25 descri bed above.

[ 0038]
In the piezoelectric vibration device 30, the

pi ezoel ectric thin film43 has the ¢ axis oriented
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substantially perpendicular to the Si |ayer 42. The
vibration portion 35 is driven to vibrate when an
alternating electric field is applied substantially in the c
axis direction between the | ower and upper el ectrodes 44 and
45. Accordingly, the vibration portion 35 vibrates by
expandi ng and contracting in the short-side direction,
nanely, in the Y axis direction. 1In other words, stretching
vi bration occurs, in which the vibration portion 35
repeatedly expands and contracts in the Y axis direction.
The piezoelectric vibration apparatus 30 with these features
can al so bring about the sane advantageous effects when the
pi ezoel ectric thin film43 has the same features as those of
t he piezoelectric thin film23 described above.
[ 0039]

[ Second Enbodi nent ]

In this enbodinent, both a Goup 2 elenent My (val ence
2, coordination nunber 4, ionic radius 0.5 nm and a Goup 5
el ement Nb (val ence 4, coordination nunber 8, ionic radius
0.79 nm are selected as the first elenents, and Fe (val ence
3, coordination nunber 4, ionic radius 0.49 nm is selected
as the second el enent.
[ 0040]

In this enbodinent, the ratio of the nunber of M atons
to the total nunmber of A, My, and Nb atons (hereinafter

also referred to as the "My conposition ratio") in the
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pi ezoel ectric thin film23 is set to 0.2, and the ratio of

t he nunber of Nb atons to the total nunber of A, My, and Nb
atons (hereinafter also referred to as the "Nb conposition
ratio") in the piezoelectric thin film23 is also set to 0. 2.
[ 0041]

In addition, the percentage ratio of the nunber of
atons of the second elenment Fe to the total nunber of A, M,
and Nb atonms (hereinafter also referred to as the "content
of the second elenent Fe") is preferably set to 0.005 at%to
1.10 at% nore preferably 0.005 at%to 1.00 at% A detailed
description will be given later for these val ue ranges.

The nethod used to verify the effects is the sane as
that in the first enbodi nent.

[ 0042]

FIG 9 is a table showing the results of the
verification of the effects of this enbodinent. As shown in
the table of FIG 9, when the piezoelectric thin film of
Conpar ati ve Exanple 2-1 was forned, the My and Nb
conposition ratios were both set to 0.2, and doping with the
second el ement was not perfornmed. On the other hand, when
the piezoelectric thin filns of Experinental Exanples 2-1 to
2-8 were forned, the My and Nb conposition ratios were both
set to 0.2, and the content of the second el enent Fe was set
to at |least 0.005 at% ( Experinmental Exanple 2-1) and at nost
1.10 at % (Experinental Exanple 2-8).



[ 0043]

As a result, the stress was successfully reduced while
t he pi ezoel ectric constant was mai ntained i n Experi nental
Exanples 2-1 to 2-8 as conpared with that in Conparative
Exanpl e 2-1 where doping with Fe was not perforned. In this
regard, however, FIG 9 shows that the piezoelectric
constant is relatively significantly |ower in Experinental
Exanpl e 2-8 where the content of Fe is set to 1.10 at%than
in Conparative Exanple 2-1 where doping with Fe is not
performed, though the stress is successfully reduced in
Experi mental Exanple 2-8. Additionally, in Experinental
Exanpl e 2-8, the stress is reduced by only a snmall anount
fromthe stress in Conparative Exanple 2-7 where the content
of Fe is set to 1.0 at%

[ 0044]

It has been concluded fromthese results that the
content of Fe is preferably fromO0.005 at%to 1.10 at% nore
preferably fromO0.005 at%to 1.00 at% in the piezoelectric
thin filmwhere the Mg and No conposition ratios are both
0. 2.

[ 0045]

O her effects and features are simlar to those of the

first enmbodi nment.
[ 0046]
[ Third Enbodi nment ]
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In this enbodi ment, both a Goup 2 elenment My (val ence
2, coordination nunber 4, ionic radius 0.5 nn) and a Group 5
el enent Hf (val ence 4, coordination nunber 8, ionic radius
0.83 nm are selected as the first elenents, and Fe (val ence
3, coordination nunber 4, ionic radius 0.49 nm is selected
as the second el enent.

[ 0047]

In this enbodinent, the ratio of the nunber of M atons
to the total nunmber of A, My, and Hf atoms (hereinafter
also referred to as the "My conposition ratio") in the
pi ezoelectric thin film23 is set to 0.25, and the ratio of
the nunber of Hf atons to the total nunber of A, My, and Hf
atons (hereinafter also referred to as the "Hf conposition
ratio") in the piezoelectric thin film23 is also set to
0. 25.

[ 0048]

In addition, the percentage ratio of the nunber of
atons of the second elenment Fe to the total nunber of A, M,
and Hf atonms (hereinafter also referred to as the "content
of the second elenent Fe") is preferably set to 0.005 at%to
1.10 at% nore preferably 0.005 at%to 1.00 at% A detailed
description will be given later for these val ue ranges.

The nmethod used to verify the effects is the sane as
that in the first enbodi nent.

[ 0049]
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FIG 10 is a table showing the results of the
verification of the effects of this enbodinent. As shown in
the table of FIG 10, when the piezoelectric thin film of
Conpar ati ve Exanple 3-1 was formed, the My and Hf
conmposition ratios were both set to 0.25, and doping with
t he second el enent was not perforned. On the other hand,
when the piezoelectric thin films of Experinmental Exanples
3-1to 3-8 were forned, the My and Hf conposition ratios
were both set to 0.25, and the content of the second el enent
Fe was set to at |east 0.005 at % (Experinental Exanple 3-1)
and at nost 1.10 at % (Experinental Exanple 3-8).

[ 0050]

As a result, the stress was successfully reduced while
t he piezoelectric constant was mai ntained in Experi nental
Exanples 3-1 to 3-8 as conpared with that in Conparative
Exanpl e 3-1 where doping with Fe was not perforned. In this
regard, however, FIG 10 shows that the piezoelectric
constant is relatively significantly | ower in Experinental
Exanpl e 3-8 where the content of Fe is set to 1.10 at%than
in Conparative Exanple 3-1 where doping with Fe is not
performed, though the stress is successfully reduced in
Experi mental Exanple 3-8.

[ 0051]
It has been concluded fromthese results that the

content of Fe is preferably fromO0.005 at%to 1.10 at% nore
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preferably fromO0.005 at%to 1.00 at% in the piezoelectric
thin filmwhere the My and Hf conposition ratios are both
0. 25.
[ 0052]

O her effects and features are simlar to those of the
first enbodi nment.
[ 0053]

It will be understood that each enbodi ment descri bed
above is only for easy understanding of the present
i nvention and shoul d not be construed as linmting the
present invention. The present invention can be changed or
nodi fied without departing fromthe gist thereof and al so
enconpasses equi val ents thereof. |In other words, one
skilled in the art can appropriately nake design changes to
each enbodi ment, and the resulting nodifications will also
fall within the scope of the present invention as |ong as
t hey have the features according to the present invention.
For exanple, the location, material, conditions, shape, size,
and ot her features of each el enent of each enbodi nent are
not limted to those illustrated above and nay be changed as
appropriate. In addition, the respective elenents of the
respecti ve enbodi nents can be conbined in any technically
feasi bl e manner, and the resulting conbinations will also
fall within the scope of the present invention as |ong as

they include the features according to the present invention.



DESCRI PTI ON OF REFERENCE SYMBOLS

[ 0054]

13:
23:
24:
25:
33:
43:
44:
45:

Pi ezoel ectric vibrator

Pi ezoel ectric thin film

El ectrode (| ower el ectrode)
El ectrode (upper el ectrode)
Pi ezoel ectric vibrator

Pi ezoel ectric thin film

El ectrode (I ower el ectrode)

El ectrode (upper el ectrode)



CLAI VE:

1. A piezoelectric thin film conprising:
crystalline AN
at | east one first element by which Al in the
crystalline AINis partially replaced; and
a second elenment with which the crystalline AINis
doped and which has an ionic radius snaller than an ionic
radius of the first elenent and larger than an ionic radius

of Al.

2. The piezoelectric thin filmaccording to claima1,
wherein the at | east one first elenent conprises a Goup 3
el enment, Goup 2 and 4 elenents, Goup 2 and 5 el enents,

G oup 12 and 4 elements, or Goup 12 and 5 el enents.

3. The piezoelectric thin filmaccording to claim 2,
wherein the first element is Sc, the piezoelectric thin film
having a ratio of the nunber of Sc atons to the total nunber

of Al and Sc atons of 0.03 to 0.50.

4. The piezoelectric thin filmaccording to any one of
claims 1 to 3, wherein the second el enent exists as a

trival ent cation
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5. The piezoelectric thin filmaccording to any one of
claims 1 to 4, wherein the second elenent is at |east one

el ement selected fromW Zr, Fe, Ta, C, Ti, and N .

6. The piezoelectric thin filmaccording to any one of
clains 1 to 5, which has a percentage ratio of the nunber of
atoms of the second elenent to the total nunber of Al atons

and atons of the first elenment of 0.01 at%to 1.00 at%

7. A piezoelectric vibrator conprising:

a piezoelectric thin film and

a pair of electrodes between which the piezoelectric
thin filmis disposed,

t he piezoelectric thin film conprising:

crystalline AN

at |l east one first element by which Al in the
crystalline AINis partially replaced; and

a second elenment with which the crystalline AINis
doped and which has an ionic radius smaller than an ionic
radius of the first elenent and larger than an ionic radius

of Al.



