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DESCRIPTION 

Title of Invention: VIBRATING DEVICE 

Technical Field 

[0001] 

 The present invention relates to a vibrating devic e 

including a plurality of tuning fork arms, and more  

particularly to an MEMS vibrating device. 

Background Art 

[0002] 

 An MEMS (Micro Electro Mechanical Systems) structu re is 

so far known in which an excitation portion includi ng a 

piezoelectric thin film is constituted on a Si semi conductor 

layer.  Various trials have been made to improve th e 

temperature coefficient of resonant frequency (TCF)  in a 

vibrator with the MEMS structure.  Patent Document 1, given 

below, discloses a method of reducing an absolute v alue of 

the TCF by laminating Si and SiO 2.  Patent Documents 2 and 3, 

given below, disclose a method of reducing the prim ary 

temperature coefficient of resonant frequency of Si  itself 

by doping a p-type or n-type dopant into Si. 

[0003] 

 Patent Document 4, given below, discloses a method  of 

using a Si/SiO 2 combined material and doping Si at a high 

concentration.  Patent Document 4 states that the s econdary 

temperature coefficient of resonant frequency can b e 
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reduced. 

Citation List 

Patent Documents 

[0004] 

 Patent Document 1: WO2008/043727 

 Patent Document 2: WO2010/062847 

 Patent Document 3: WO2012/110708 

 Patent Document 4: WO2012/156585 

Summary of Invention 

Technical Problem 

[0005] 

 Various methods for reducing the absolute value of  the 

TCF in the vibrator with the MEMS structure have be en 

proposed as disclosed in Patent Documents 1 to 4.  However, 

those disclosed methods still have a difficulty in 

sufficiently reducing the absolute value of the TCF . 

[0006] 

 An object of the present invention is to provide a  

vibrating device capable of sufficiently reducing a n 

absolute value of the temperature coefficient of re sonant 

frequency (TCF). 

Solution to Problem 

[0007] 

 A vibrating device according to a first invention of 

this application is in the form of a rectangular pl ate 
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having long sides and short sides when looked at in  a plan 

view, and the vibrating device causes expanding and  

contracting vibration in a direction of the short s ides. 

[0008] 

 The vibrating device according to the first invent ion 

includes a Si layer made of a degenerate semiconduc tor, a 

silicon oxide layer, a piezoelectric layer, and fir st and 

second electrodes through which a voltage is applie d to the 

piezoelectric layer.  Given that a total thickness of the Si 

layer is denoted by T1, a total thickness of the si licon 

oxide layer is denoted by T2, and the TCF in the vi brating 

device when the silicon oxide layer is not provided  is 

denoted by x (ppm/K), T2/(T1+T2) is within a range of (-

0.0003x 2 - 0.0256x + 0.0008) ± 0.05. 

[0009] 

 A vibrating device according to a second invention  is 

in the form of a square plate and causing, at each side of 

the square plate, expanding and contracting vibrati on in a 

plane parallel to the square plate. 

[0010] 

 The vibrating device according to the second inven tion 

includes a Si layer made of a degenerate semiconduc tor, a 

silicon oxide layer, a piezoelectric layer, and fir st and 

second electrodes through which a voltage is applie d to the 

piezoelectric layer.  In the second invention, give n that a 
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total thickness of the Si layer is denoted by T1, a  total 

thickness of the silicon oxide layer is denoted by T2, and 

the TCF in the vibrating device when the silicon ox ide layer 

is not provided is denoted by x (ppm/K), T2/(T1+T2)  is 

within a range of (-0.0003x 2 - 0.0228x + 0.0024) ± 0.05. 

[0011] 

 A vibrating device according to a third invention is in 

the form of a rectangular plate having long sides a nd short 

sides when looked at in a plan view, and the vibrat ing 

device causes expanding and contracting vibration i n a 

direction of the long sides. 

[0012] 

 The vibrating device according to the third invent ion 

includes a Si layer made of a degenerate semiconduc tor, a 

silicon oxide layer, a piezoelectric layer, and fir st and 

second electrodes through which a voltage is applie d to the 

piezoelectric layer.  In the third invention, given  that a 

total thickness of the Si layer is denoted by T1, a  total 

thickness of the silicon oxide layer is denoted by T2, and 

the TCF in the vibrating device when the silicon ox ide layer 

is not provided is denoted by x (ppm/K), T2/(T1+T2)  is 

within a range of (-0.0003x 2 - 0.0250x + 0.0215) ± 0.05. 

[0013] 

 According to a specific aspect of the vibrating de vice 

of the present invention (the first to third invent ions are 
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collectively referred to as the present invention 

hereinafter), the Si layer is doped with an n-type dopant.  

Preferably, phosphorus (P) is used as the dopant. 

[0014] 

 According to another specific aspect of the vibrat ing 

device of the present invention, the silicon oxide layer is 

laminated on one principal surface of the Si layer.  

[0015] 

 According to still another specific aspect of the 

vibrating device of the present invention, the firs t 

electrode is disposed on one principal surface of t he 

piezoelectric layer, and the second electrode is di sposed on 

the other principal surface of the piezoelectric la yer. 

[0016] 

 According to still another specific aspect of the 

vibrating device of the present invention, the Si l ayer 

serves also as the second electrode. 

[0017] 

 According to still another specific aspect of the 

vibrating device of the present invention, the sili con oxide 

layer is formed on each of both surfaces of the Si layer. 

Advantageous Effects of Invention 

[0018] 

 With the vibrating device according to the present  

invention, since the thickness ratio T2/(T1+T2) rep resenting 
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a proportion of the thickness of the silicon oxide layer is 

within the above-mentioned specific range, an absol ute value 

of the temperature coefficient of resonant frequenc y (TCF) 

can be reduced greatly.  Hence the vibrating device  having 

satisfactory temperature characteristics can be pro vided. 

Brief Description of Drawings 

[0019] 

 [Fig. 1] Fig. 1(a) is a perspective view of a vibr ating 

device according to a first embodiment of the prese nt 

invention, Fig. 1(b) is a front sectional view of t he 

vibrating device, and Fig. 1(c) is a front sectiona l view, 

partly cut-away, illustrating a sectional structure  of an 

excitation portion used in the first embodiment. 

 [Fig. 2] Fig. 2 is a graph to explain a thickness ratio 

T2/(T1+T2) at which an absolute value of the TCF be comes 0 

in the first embodiment, assuming that the value of  the TCF 

when a silicon oxide layer is not provided is denot ed by x. 

 [Fig. 3] Fig. 3 is a graph depicting a relationshi p 

between a temperature and a resonant-frequency chan ge rate 

in the vibrating device according to the first embo diment. 

 [Fig. 4] Figs. 4(a) and 4(b) are front sectional v iews 

illustrating respectively, in the present invention , a 

structure in which the silicon oxide layer is lamin ated on a 

Si layer, and a structure in which the silicon oxid e layer 

is laminated on each of both surfaces of the Si lay er. 
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 [Fig. 5] Fig. 5 is a perspective view of a vibrati ng 

device according to a second embodiment of the pres ent 

invention. 

 [Fig. 6] Fig. 6 is a graph to explain the thicknes s 

ratio T2/(T1+T2) at which an absolute value of the TCF 

becomes 0 in the second embodiment, assuming that t he value 

of the TCF when the silicon oxide layer is not prov ided is 

denoted by x. 

 [Fig. 7] Fig. 7 is a perspective view of a vibrati ng 

device according to a third embodiment of the prese nt 

invention. 

 [Fig. 8] Fig. 8 is a graph to explain the thicknes s 

ratio T2/(T1+T2) at which an absolute value of the TCF 

becomes 0 in the third embodiment, assuming that th e value 

of the TCF when the silicon oxide layer is not prov ided is 

denoted by x. 

 [Fig. 9] Fig. 9 is a perspective view of a vibrati ng 

device according to a fourth embodiment of the pres ent 

invention. 

 [Fig. 10] Fig. 10 is a graph depicting a relations hip 

between a doping density of P in the Si layer and s pecific 

resistance of the Si layer. 

 [Fig. 11] Fig. 11(a) is a front sectional view of a 

vibrating device according to a modification of the  first 

embodiment of the present invention, Fig. 11(b) is a front 
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sectional view, partly cut-away, of an excitation p ortion 

used in the vibrating device according to the modif ication, 

Fig. 11(c) is a front sectional view of a structure  in which 

the silicon oxide layer is laminated on the Si laye r in the 

modification of the first embodiment. 

Description of Embodiments 

[0020] 

 Practical embodiments of the present invention wil l be 

described below with reference to the drawings for clear 

understanding of the present invention. 

[0021] 

 Fig. 1(a) is a perspective view of a vibrating dev ice 

according to a first embodiment of the present inve ntion, 

Fig. 1(b) is a front sectional view of the vibratin g device, 

and Fig. 1(c) is a front sectional view, partly cut -away, of 

an excitation portion used in the first embodiment.  

[0022] 

 The vibrating device 1 is in the form of a rectang ular 

plate having a pair of long sides and a pair of sho rt sides 

when looked at in a plan view.  A silicon oxide lay er 3 and 

an excitation portion 4 are laminated on a Si layer  2 in the 

form of a rectangular plate. 

[0023] 

 The Si layer 2 is made of a degenerate semiconduct or.  

Because the Si layer is a degenerate semiconductor,  the 
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doping concentration of an n-type dopant therein ne eds to be 

1 ×  10 19/cm 3 or more.  An example of the n-type dopant is a 

group 15 element, such as P, As or Sb.  Preferably,  P is 

used as the dopant.  In that case, an n-type degene rate 

semiconductor can be manufactured easily. 

[0024] 

 In this embodiment, the Si layer is made of an n-t ype 

Si semiconductor in which phosphorous is doped at t he 

concentration of 5 ×  10 19/cm 3.  Since the doping density of 

phosphorous (P) is 5 ×  10 19/cm 3, the n-type Si semiconductor 

has specific resistance of 1.5 m Ω·cm or less as illustrated 

in Fig. 10, and hence it is a degenerate semiconduc tor. 

[0025] 

 The silicon oxide layer 3 is made of SiO 2 in this 

embodiment.  Thus, in this embodiment, the silicon oxide 

layer 3 made of SiO 2 is laminated on an upper surface of the 

Si layer 2. 

[0026] 

 The silicon oxide layer 3 can be made of, without being 

limited to SiO 2, a silicon oxide-based material having a 

proper composition expressed by Si aOb (a, b: integer). 

[0027] 

 In this embodiment, the excitation portion 4 inclu des a 

piezoelectric thin film 5 forming a piezoelectric l ayer, a 

first electrode 6, and a second electrode 7.  The f irst 
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electrode 6 and the second electrode 7 are disposed  in a 

state sandwiching the piezoelectric thin film 5. 

[0028] 

 A piezoelectric material constituting the piezoele ctric 

thin film 5 is not limited to particular one.  In a  

vibrating device utilizing a bulk wave, however, a Q-value 

is preferably as high as possible.  For that reason , AlN 

having a small electromechanical coupling coefficie nt k 2, 

but having a high Q-value is suitably used. 

[0029] 

 ZnO, Sc-substituted AlN, PZT, KNN, etc. may be use d 

instead of AlN.  In the case using a Sc-substituted  AlN film 

(ScAlN), a Sc concentration is desirably about 0.5 at% to 50 

at% on condition that an atomic concentration of Sc  and Al 

is 100 at%. 

[0030] 

 ScAlN has a larger electromechanical coupling 

coefficient k 2 than AlN, and has larger mechanical Qm than 

PZT and KNN.  Accordingly, when ScAlN is applied to  a 

resonant vibrator as in the present invention, the following 

advantages can be obtained.  An exemplary applicati on of the 

resonant vibrator is an oscillator.  In a TCXO (tem perature 

compensated (crystal) oscillator), for example, a s ignal 

from a built-in temperature sensor is fed back to a  variable 

capacitance element, which is connected in series t o the 
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vibrator, thereby changing a capacitance value of t he 

variable capacitance element.  As a result, an osci llation 

frequency can be adjusted.  On that occasion, when ScAlN is 

used as the piezoelectric thin film instead of AlN,  a 

specific band of the resonant vibrator is widened.  Hence an 

adjustment range of the oscillation frequency can b e 

widened. 

[0031] 

 Similarly, when ScAlN is used in a VCXO (voltage 

controlled oscillator), an adjustment range of the 

oscillation frequency is widened.  Accordingly, ini tial 

frequency variations of the resonant vibrator can b e 

adjusted by the variable capacitance element.  Henc e the 

cost of a frequency adjusting step can be reduced g reatly. 

[0032] 

 The first and second electrodes 6 and 7 can be eac h 

formed by employing a proper metal, such as Mo, Ru,  Pt, Ti, 

Cr, Al, Cu, Ag, or an alloy of those elements. 

[0033] 

 In the vibrating device 1 of this embodiment, the 

excitation portion 4 is excited by applying an alte rnating 

electric field between the first electrode 6 and th e second 

electrode 7.  As a result, the vibrating device 1 e ntirely 

causes vibration expanding and contracting in the d irection 

of the short sides.  Stated in another way, expandi ng and 
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contracting vibration is caused in a way of repeati ng a 

state where the vibrating device 1 is expanding in the 

direction of the short sides, and a state where the  

vibrating device 1 is contracting in the direction of the 

short sides. 

[0034] 

 This embodiment is featured in that a thickness ra tio 

of the silicon oxide layer 3 is set to fall within a 

specific range relative to a reference that is give n as the 

TCF when the silicon oxide layer 3 is not provided.   More 

specifically, it is here assumed the TCF resulting when the 

silicon oxide layer 3 is not provided is denoted by  x 

(ppm/K).  A value of the TCF when the silicon oxide  layer 3 

is not provided is determined depending on the dopi ng amount 

in the Si layer 2 in which phosphorus (P) is doped.   It is 

further assumed that the thickness of the Si layer 2 is 

denoted by T1, and the thickness of the silicon oxi de layer 

3 is denoted by T2.  In this embodiment, a thicknes s ratio 

T2/(T1+T2) is set to fall within a range expressed by the 

following formula (1): 

 (-0.0003x 2 - 0.0256x + 0.0008) ± 0.05   … Formula (1) 

Under such a condition, an absolute value of the te mperature 

coefficient of resonant frequency is greatly reduce d to be 

kept within 0 ± 5 ppm/ °C.  That point will be described below 

with reference to Fig. 2. 
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[0035] 

 In Fig. 2, the horizontal axis represents the TCF when 

the silicon oxide layer is not provided as mentione d above, 

and the vertical axis represents the thickness rati o 

T2/(T1+T2).  At points plotted in Fig. 2, the absol ute value 

of the TCF is 0 in this embodiment in which the sil icon 

oxide layer 3 is provided.  A curve A is obtained w ith 

approximation on the basis of those points, and is expressed 

by y = -0.0003x 2 - 0.0256x + 0.0008. 

[0036] 

 Accordingly, the TCF can be made 0 when the thickn ess 

ratio T2/(T1+T2) takes a value given by -0.0003x 2 - 0.0256x 

+ 0.0008.  Furthermore, the inventors of this appli cation 

have confirmed that, when the above-mentioned thick ness 

ratio is within a range of (-0.0003x 2 - 0.0256x + 0.0008) ± 

0.05, the TCF can be kept within a range of 0 ± 5 ppm/ °C. 

[0037] 

 It is hence understood that, in the first embodime nt, 

it is possible to greatly reduce the absolute value  of the 

temperature coefficient of resonant frequency (TCF) , and to 

constitute the vibrating device 1 having satisfacto ry 

temperature characteristics by setting the thicknes s ratio 

T2/(T1+T2) so as to fall within the range expressed  by the 

above-mentioned formula (1) corresponding to the TC F value 

that depends on the doping amount in the Si layer 2 . 
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[0038] 

 With the experiments conducted by the inventors of  this 

application, the TCF of the above-described vibrati on 

characteristics was about -3 ppm/K on conditions of  using 

the Si layer 2 to which phosphorus (P) was added at  the 

concentration of 5 ×  10 19/cm 3 or more, and orienting the 

direction of the long sides of the above-mentioned 

rectangular shape to be aligned with the (100) dire ction of 

Si.  In such a case, T2/(T1+T2) = 0.08 is obtained from Fig. 

2.  Hence an optimum value of the thickness of the silicon 

oxide layer 3 is 0.8 µm. 

[0039] 

 Fig. 3 depicts temperature change of a resonant- 

frequency change rate dFr/dF (ppm) in the vibrating  device 1 

of this embodiment.  Here, dimensions of the vibrat ing 

device 1 are set to lengths of the long sides = 210  µm and 

lengths of the short sides = 140 µm.  The doping amount of 

phosphorous (P) in the Si layer 2 is set to 5 ×  10 19/cm 3, and 

the thickness of the Si layer is set to 10 µm. 

[0040] 

 The silicon oxide layer 3 is made of SiO 2 and has a 

thickness of 0.8 µm.  The piezoelectric thin film 5 in the 

excitation portion 4 is made of AlN and has a thick ness of 

0.8 µm.  Each of the first and second electrodes 6 and 7  is 

made of Mo and has a thickness of 0.1 µm. 
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[0041] 

 The vibrating device 1 having the resonant frequen cy of 

26 MHz was fabricated under conditions described ab ove. 

[0042] 

 A relationship between a resonant-frequency change  rate 

dFr/dF (ppm) and a temperature in the above-describ ed 

vibrating device 1 was determined with a resonant f requency 

Fr 20 at 20 °C being a reference.  dFr/dF is expressed by (Fr - 

Fr 20)/Fr 20. 

[0043] 

 According to this embodiment, as seen from Fig. 3,  the 

resonant-frequency change rate is very small, i.e.,  within 

80 ppm, between 0 and 100 °C. 

[0044] 

 In the above-described embodiment, as schematicall y 

illustrated in Fig. 4(a), the silicon oxide layer 3  is 

laminated on one surface of the Si layer 2.  In the  present 

invention, however, as illustrated in Fig. 4(b), on e silicon 

oxide layer 3a may be laminated on one surface of t he Si 

layer 2, and the other silicon oxide layer 3b may b e 

laminated on the other surface of the Si layer 2.  In such a 

case, T2 in the above-described thickness ratio T2/ (T1+T2) 

can be given by a total of respective thicknesses T 2a and 

T2b of the plural silicon oxide layers 3a and 3b.  

Similarly, the Si layer may also be formed by lamin ating a 
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plurality of layers.  In such a case, the thickness  T1 can 

be given as a total of respective thicknesses of th e plural 

Si layers. 

[0045] 

 In the structure in which the silicon oxide layers  3a 

and 3b are provided on both the surfaces of the Si layer 2, 

warping of the Si layer can be suppressed. 

[0046] 

 Fig. 11(a) is a front sectional view of a vibratin g 

device according to a modification of the first emb odiment 

of the present invention.  Fig. 11(b) is a front se ctional 

view, partly cut-away, of an excitation portion use d in the 

vibrating device according to the modification. 

[0047] 

 In the vibrating device according to the modificat ion 

of the first embodiment, as illustrated in Fig. 11( a), the 

silicon oxide layer 3 is laminated on one principal  surface 

of the Si layer 2.  An excitation portion 8 is lami nated on 

the other principal surface of the Si layer 2.  The  

excitation portion 8 includes the piezoelectric thi n film 5 

and the first electrode 6.  In this modification, t he second 

electrode 7 is not separately provided, and the Si layer 2 

serves also as the second electrode. 

[0048] 

 The piezoelectric thin film 5 and the first electr ode 6 
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are laminated on the Si layer 2 in the mentioned or der.  

Because of the Si layer 2 being made of a degenerat ive 

semiconductor, when the Si layer 2, the piezoelectr ic thin 

film 5, and the first electrode 6 are laminated in the 

mentioned order, the Si layer 2 acts as the second 

electrode.  Thus, in this modification, a voltage i s applied 

to the piezoelectric thin film 5 through the first electrode 

6 and the Si layer 2.  Since there is no necessity of 

separately providing the second electrode 7, the st ructure 

can be simplified in this modification.  Hence the vibrating 

device having good reliability and high mass-produc tivity 

can be provided. 

[0049] 

 Also in this modification of the first embodiment,  

assuming that the thickness of the Si layer 2 is de noted by 

T1 and the thickness of the silicon oxide layer 3 i s denoted 

by T2 as illustrated in Fig. 11(c), and that the TC F in the 

vibrating device when the silicon oxide layer is no t 

provided is denoted by x (ppm/K), the thickness rat io 

T2/(T1+T2) is set to fall within the range expresse d by the 

following formula (1): 

 (-0.0003x 2 - 0.0256x + 0.0008) ± 0.05  … Formula (1) 

Under such a condition, the absolute value of the 

temperature coefficient of resonant frequency can b e greatly 

reduced and kept within 0 ± 5 ppm/ °C.  Hence the vibrating 
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device having satisfactory temperature characterist ics can 

be provided. 

[0050] 

 Fig. 5 is a perspective view of a vibrating device  

according to a second embodiment of the present inv ention.  

The vibrating device 11 of the second embodiment is  entirely 

in the form of a square plate.  Also in the second 

embodiment, the silicon oxide layer 3 and the excit ation 

portion 4 are laminated on the Si layer 2. 

[0051] 

 The vibrating device 11 of the second embodiment i s the 

same as that of the first embodiment except for the  plan 

shapes of the Si layer 2, the silicon oxide layer 3 , and the 

excitation portion 4.  Therefore, the same parts ar e denoted 

by the same reference numerals, and detailed descri ption of 

those parts is omitted on an assumption that the ab ove 

description of the first embodiment is involved her e by 

reference. 

[0052] 

 In this embodiment, the vibrating device 11 is in the 

form of a square shape.  When an alternating electr ic field 

is applied between the first electrode 6 and the se cond 

electrode 7 in the excitation portion 4, the square  plate 

causes expanding and contracting vibration in a pla ne 

parallel to both principal surfaces of the square p late.  In 
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other words, vibration characteristics in the expan ding and 

contracting vibration mode can be utilized. 

[0053] 

 Also in this embodiment, since the thickness ratio  

T2/(T1+T2) of the thickness T2 of the silicon oxide  layer 3 

is set to fall within a specific range, the absolut e value 

of the temperature coefficient of resonant frequenc y (TCF) 

can be reduced greatly.  More specifically, the thi ckness 

ratio T2/(T1+T2) is set to fall within a range of ( -0.0003x 2 

- 0.0228x + 0.0024) ± 0.05.  Under such a condition, the 

absolute value of the temperature coefficient of re sonant 

frequency (TCF) can be held within a range of 0 ± 5 ppm/ °C.  

That point will be described below with reference t o Fig. 6. 

[0054] 

 In Fig. 6, the horizontal axis represents the TCF when 

the silicon oxide layer is not provided, and the ve rtical 

axis represents the thickness ratio T2/(T1+T2).  Ma ny points 

plotted in Fig. 6 correspond to positions at which the 

temperature coefficient of resonant frequency (TCF)  becomes 

0 when the silicon oxide layer is provided.  A curv e B is 

obtained with approximation on the basis of respect ive 

coordinates of those points, and is expressed by y = -

0.0003x 2 - 0.0228x + 0.0024 where y denotes the thickness 

ratio and x denotes the TCF represented by the hori zontal 

axis.  Accordingly, the temperature coefficient of resonant 
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frequency (TCF) can be made 0 by selecting the thic kness 

ratio T2/(T1+T2) so as to satisfy the above formula  

depending on the value x of the TCF when the silico n oxide 

layer 3 is not provided.  Furthermore, the experime nts 

conducted by the inventors of this application have  proved 

that, when the above-mentioned thickness ratio is w ithin the 

range of (-0.0003x 2 - 0.0228x + 0.0024) ± 0.05, the 

temperature coefficient of resonant frequency (TCF)  can be 

kept within a range of 0 ± 5 ppm/ °C. 

[0055] 

 Thus, in the second embodiment, it is also possibl e to 

greatly reduce the temperature coefficient of reson ant 

frequency (TCF) by selecting the thickness ratio T2 /(T1+T2) 

depending on the value X of the TCF, which value is  

determined depending on the doping amount in the Si  layer. 

[0056] 

 Fig. 7 is a perspective view of a vibrating device  

according to a third embodiment of the present inve ntion.  

The vibrating device 21 of the third embodiment has  a 

structure in which the Si layer 2, the silicon oxid e layer 

3, and the excitation portion 4 are laminated, as i n the 

first and second embodiments.  The third embodiment  is 

different in that the vibrating device is entirely in the 

form of an elongate plate, i.e., in the form of a s trip, and 

that a vibration mode expanding and contracting in the 
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lengthwise direction of the elongate plate is utili zed.  The 

vibrating device 21 of the third embodiment is the same as 

that of the first embodiment except for the plan sh apes of 

the Si layer 2, the silicon oxide layer 3, and the 

excitation portion 4.  Therefore, detailed descript ion of 

individual parts is omitted on an assumption that t he above 

description of the first embodiment is involved her e by 

reference. 

[0057] 

 In this embodiment, when an alternating electric f ield 

is applied between the first electrode 6 and the se cond 

electrode 7, the vibrating device 21 is caused to e xpand and 

contract in the lengthwise direction.  The third em bodiment 

is featured, as in the first and second embodiments , in that 

the thickness ratio T2/(T1+T2) of the silicon oxide  layer 3 

is set to fall within a range of (-0.0003x 2 - 0.0250x + 

0.0215) ± 0.05 on the basis of a value x of the TCF when the  

silicon oxide layer 3 is not provided.  Under such a 

condition, the absolute value of the temperature co efficient 

of resonant frequency (TCF) can be reduced.  That p oint will 

be described below with reference to Fig. 8. 

[0058] 

 In Fig. 8, the horizontal axis represents the TCF when 

the silicon oxide layer 3 is not provided, and the vertical 

axis represents the thickness ratio T2/(T1+T2).  At  many 
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points plotted in Fig. 8, the temperature coefficie nt of 

resonant frequency (TCF) becomes 0 in this embodime nt in 

which the silicon oxide layer is provided.  A curve  C is 

obtained with approximation on the basis of respect ive 

coordinates of those points, and is expressed by y = -

0.0003x 2 - 0.0250x + 0.0215. 

[0059] 

 Accordingly, the temperature coefficient of resona nt 

frequency TCF can be made 0 by setting the thicknes s ratio 

T2/(T1+T2) so as to satisfy the above-described for mula.  

Furthermore, the experiments conducted by the inven tors of 

this application have proved that, when the thickne ss ratio 

T2/(T1+T2) is within the range of (-0.0003x 2 - 0.0250x + 

0.0215) ± 0.05, the temperature coefficient of resonant 

frequency (TCF) can be kept within a range of 0 ± 5 ppm/ °C. 

[0060] 

 Thus, the thickness ratio T2/(T1+T2) may be set to  fall 

within the range of (-0.0003x 2 - 0.0250x + 0.0215) ± 0.005 

depending on the value x that is determined dependi ng on the 

doping amount in the Si layer.  As a result, the ab solute 

value of the temperature coefficient of resonant fr equency 

(TCF) can be reduced greatly. 

[0061] 

 Fig. 9 is a perspective view of a vibrating device  

according to a fourth embodiment of the present inv ention.  
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The vibrating device 31 of the fourth embodiment in cludes a 

vibrating portion 1A that is constituted similarly to the 

first embodiment.  Individual parts of the vibratin g portion 

1A are the same as those in the vibrating device 1 of the 

first embodiment.  Therefore, the individual parts are 

denoted by the same reference numerals, and descrip tion of 

those parts is omitted.  In the vibrating device 31  of this 

embodiment, respective one ends of coupling portion s 32 and 

33 are coupled to respective centers of short sides  of the 

vibrating portion 1A.  The respective other ends of  the 

coupling portions 32 and 33 are coupled to a suppor t 34 in 

the form of a rectangular frame.  Each of the coupl ing 

portions 32 and 33 and the support 34 has a structu re in 

which the Si layer 2 and the silicon oxide layer 3 are 

laminated, as in the vibrating portion 1A.  The cou pling 

portions 32 and 33 are coupled to respective center s of 

short-side lateral surfaces of the vibrating portio n 1A.  

The centers of the short-side lateral surfaces of t he 

vibrating portion 1A serve as vibration nodes of ex panding 

and contracting vibration of the vibrating portion 1A.  

Accordingly, the vibrating portion 1A can be suppor ted by 

the support 34 and the coupling portions 32 and 33 in a 

manner not interfering with the vibration of the vi brating 

portion 1A. 

[0062] 
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 Also in this embodiment, since the vibrating porti on 1A 

is constituted similarly to that in the vibrating d evice 1, 

the absolute value of the temperature coefficient o f 

resonant frequency (TCF) can be reduced greatly as in the 

first embodiment. 

 [0063] 

 As seen from the fourth embodiment, in the vibrati ng 

device according to the present invention, the thic kness 

ratio T2/(T1+T2) of the silicon oxide layer is just  required 

to be set to fall within the above-described formul a.  In 

other words, a support structure is not limited to 

particular one.  Also in each of the second and thi rd 

embodiments, coupling portions may be coupled to an d 

supported at nodes of the vibration in the correspo nding 

vibrating device. 

Reference Signs List 

[0064] 

 1…vibrating device 

 1A…vibrating portion 

 2…Si layer 

 3, 3a, 3b…silicon oxide layers 

 4, 8…excitation portions 

 5…piezoelectric thin film 

 6, 7…first and second electrodes 

 11, 21, 31…vibrating devices 
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 32, 33…coupling portions 

 34…support 
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CLAIMS 

[Claim 1] 

 A vibrating device that is in form of a rectangula r 

plate having long sides and short sides when looked  at in a 

plan view, and that causes expanding and contractin g 

vibration in a direction of the short sides, 

 wherein the vibrating device includes a Si layer m ade 

of a degenerate semiconductor, a silicon oxide laye r, a 

piezoelectric layer, and first and second electrode s through 

which a voltage is applied to the piezoelectric lay er, and 

wherein given that a total thickness of the Si laye r is 

denoted by T1, a total thickness of the silicon oxi de layer 

is denoted by T2, and TCF in the vibrating device w hen the 

silicon oxide layer is not provided is denoted by x  (ppm/K), 

T2/(T1+T2) is within a range of (-0.0003x 2 - 0.0256x + 

0.0008) ± 0.05. 

[Claim 2] 

 A vibrating device being in form of a square plate  and 

causing, at each side of the square plate, expandin g and 

contracting vibration in a plane parallel to the sq uare 

plate, 

 wherein the vibrating device includes a Si layer m ade 

of a degenerate semiconductor, a silicon oxide laye r, a 

piezoelectric layer, and first and second electrode s through 

which a voltage is applied to the piezoelectric lay er, and 
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wherein given that a total thickness of the Si laye r is 

denoted by T1, a total thickness of the silicon oxi de layer 

is denoted by T2, and TCF in the vibrating device w hen the 

silicon oxide layer is not provided is denoted by x  (ppm/K), 

T2/(T1+T2) is within a range of (-0.0003x 2 - 0.0228x + 

0.0024) ± 0.05. 

[Claim 3] 

 A vibrating device that is in form of a rectangula r 

plate having long sides and short sides when looked  at in a 

plan view, and that causes expanding and contractin g 

vibration in a direction of the long sides, 

 wherein the vibrating device includes a Si layer m ade 

of a degenerate semiconductor, a silicon oxide laye r, a 

piezoelectric layer, and first and second electrode s through 

which a voltage is applied to the piezoelectric lay er, and 

wherein given that a total thickness of the Si laye r is 

denoted by T1, a total thickness of the silicon oxi de layer 

is denoted by T2, and TCF in the vibrating device w hen the 

silicon oxide layer is not provided is denoted by x  (ppm/K), 

T2/(T1+T2) is within a range of (-0.0003x 2 - 0.0250x + 

0.0215) ± 0.05. 

[Claim 4] 

 The vibrating device according to any one of Claim s 1 

to 3, wherein the Si layer is doped with an n-type dopant. 

[Claim 5] 
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 The vibrating device according to Claim 4, wherein  the 

dopant is phosphorus (P). 

[Claim 6] 

 The vibrating device according to any one of Claim s 1 

to 5, wherein the silicon oxide layer is laminated on one 

principal surface of the Si layer. 

[Claim 7] 

 The vibrating device according to any one of Claim s 1 

to 6, wherein the first electrode is disposed on on e 

principal surface of the piezoelectric layer, and t he second 

electrode is disposed on the other principal surfac e of the 

piezoelectric layer. 

[Claim 8] 

 The vibrating device according to any one of Claim s 1 

to 7, wherein the Si layer serves also as the secon d 

electrode. 

[Claim 9] 

 The vibrating device according to any one of Claim s 1 

to 7, wherein the silicon oxide layer is formed on each of 

both surfaces of the Si layer. 


