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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: International Publication No. 

WO2008/043727 

 Patent Document 2: International Publication No. 

WO2010/062847 

 Patent Document 3: International Publication No. 

WO2012/110708 

 Patent Document 4: International Publication No. 

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 have a difficulty in suffic iently 

reducing the absolute value of the TCF. 

[0006] 

 An object of the present invention is to provide a  

vibrating device capable of further reducing an abs olute 

value of the temperature coefficient of resonant fr equency 

(TCF). 



- 3 - 

Solution to Problem 

[0007] 

 A first invention of this application provides a 

vibrating device including a base portion, and a pl urality 

of tuning fork arms each being joined at one end to  the base 

portion and extending in a Y-direction.  The plural  tuning 

fork arms are arranged side by side in an X-directi on that 

is perpendicular to the Y-direction. 

[0008] 

 In the first invention, assuming that a direction 

perpendicular to the X-direction and the Y-directio n is a Z-

direction, the tuning fork arm causes flexural vibr ation in 

the Z-direction. 

[0009] 

 The tuning fork arm includes a Si layer made of a 

degenerate semiconductor, a silicon oxide layer, a 

piezoelectric layer, and first and second electrode s through 

which a voltage is applied to the piezoelectric lay er.  

Given that a total thickness of the Si layer is den oted by 

T1, a total thickness of the silicon oxide layer is  denoted 

by T2, and TCF in the vibrating device when the sil icon 

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

T2/(T1+T2) is within a range of (-0.0002x 2 - 0.0136x + 

0.0014) ± 0.05. 

[0010] 
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 According to one specific aspect of the first 

invention, directions of vibrations of the plural t uning 

fork arms are symmetric between one side of a cente rline 

passing a center in the X-direction and extending i n the Y-

direction and the other side of the centerline. 

[0011] 

 A vibrating device according to a second invention  

includes a base portion, and a plurality of tuning fork arms 

each being joined at one end to the base portion an d 

extending in a Y-direction.  The plural tuning fork  arms are 

arranged side by side in an X-direction that is 

perpendicular to the Y-direction.  In the second in vention, 

the tuning fork arm causes flexural vibration in th e X-

direction. 

[0012] 

 In the second invention, the tuning fork arm inclu des a 

Si layer made of a degenerate semiconductor, a sili con oxide 

layer, a piezoelectric layer, and first and second 

electrodes through which a voltage is applied to th e 

piezoelectric layer.  In the second invention, give n 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 

TCF in the vibrating 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 - 0.0236x + 0.0219) ± 0.05. 
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[0013] 

 According to one specific aspect of the second 

invention, directions of vibrations of the plural t uning 

fork arms are symmetric between one side of a cente rline 

passing a center in the X-direction and extending i n the Y-

direction and the other side of the centerline. 

[0014] 

 According to another specific aspect of the presen t 

invention (the first and second inventions are coll ectively 

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. 

[0015] 

 According to still another specific aspect of the 

vibrating device of the present invention, the sili con oxide 

layer is laminated on one principal surface of the Si layer. 

[0016] 

 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. 

[0017] 

 According to still another specific aspect of the 

vibrating device of the present invention, the Si l ayer 
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serves also as the second electrode. 

[0018] 

 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 

[0019] 

 According to the vibrating device of the present 

invention, since the total thickness T2 of the sili con oxide 

layer is set to fall within the above-mentioned spe cific 

range, an absolute value of the temperature coeffic ient of 

resonant frequency (TCF) can be further reduced.  H ence the 

vibrating device having satisfactory temperature 

characteristics can be provided. 

Brief Description of Drawings 

[0020] 

 [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 perspective view of the excit ation 

portion used in the first embodiment. 

 [Fig. 3] Fig. 3 is a graph depicting a relationshi p 
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that the TCF becomes 0 with lamination of a silicon  oxide 

layer on an assumption that the TCF of doped Si wit hout the 

provision of the silicon oxide layer is denoted by x and a 

thickness ratio T2/(T1+T2) is denoted by y. 

 [Fig. 4] Fig. 4 is a graph depicting a relationshi p 

between a temperature and a resonant-frequency chan ge rate 

(ppm) in the first embodiment. 

 [Fig. 5] Fig. 5 is a schematic cross-sectional vie w 

illustrating a relationship in thickness between a Si layer 

and the silicon oxide layer, which constitute a mul tilayered 

structure in the first embodiment. 

 [Fig. 6] Fig. 6 is a cross-sectional view illustra ting 

a multilayered structure of the Si layer and the si licon 

oxide layer in a modification of the first embodime nt. 

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

device according to a second embodiment of the pres ent 

invention. 

 [Fig. 8] Fig. 8 is a perspective view of a vibrati ng 

device according to a third embodiment of the prese nt 

invention. 

 [Fig. 9] Fig. 9 is a graph depicting a relationshi p 

that the TCF becomes 0 in the third embodiment with  

lamination of a silicon oxide layer on an assumptio n that 

the TCF of doped Si without the provision of the si licon 

oxide layer is denoted by x and a thickness ratio T 2/(T1+T2) 
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is denoted by y. 

 [Fig. 10] Fig. 10(a) is a front sectional view of a 

vibrating device according to a modification of the  first 

embodiment of the present invention, and Fig. 10(b)  is a 

front sectional view, partly cut-away, of an excita tion 

portion used in the vibrating device according to t he 

modification. 

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

structure in which the silicon oxide layer is lamin ated on 

the Si layer in the modification of the first embod iment. 

Description of Embodiments 

[0021] 

 Practical embodiments of the present invention wil l be 

described below with reference to the drawings for clear 

understanding of the present invention. 

[0022] 

 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, 

illustrating a sectional structure of an excitation  portion 

used in the first embodiment. 

[0023] 

 The vibrating device 1 includes a base portion 2.  A 

plurality of tuning fork arms 3 to 5 is disposed in tegrally 
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with the base portion 2.  The base portion 2 is in the form 

of a rectangular plate.  Respective one ends of the  plural 

tuning fork arms 3 to 5 each extending in a lengthw ise 

direction are joined to one lateral surface of the base 

portion 2. 

[0024] 

 A support portion 6 is fixed to a lower surface of  the 

base portion 2.  The support portion 6 serves as a portion 

used for fixing the vibrating device 1 to the outsi de. 

[0025] 

 As illustrated in Fig. 1(a), the direction in whic h the 

tuning fork arms 3 to 5 extend is defined as a Y-di rection.  

A direction perpendicular to the Y-direction in a p lane, 

which is parallel to both principal surfaces of the  base 

portion 2, is defined as an X-direction.  The later al 

surface of the base portion 2 to which the respecti ve one 

ends of the tuning fork arms 3 to 5 are joined exte nds in 

the X-direction.  Thus, the plural tuning fork arms  3 to 5 

are arranged side by side in the X-direction. 

[0026] 

 A Z-direction is a direction perpendicular to a pl ane 

that is specified by the X-direction and the Y-dire ction. 

[0027] 

 In this embodiment, the three tuning fork arms 3 t o 5 

cause flexural vibrations in the Z-direction as des cribed 
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later. 

[0028] 

 As illustrated in Fig. 1(b), the support portion 6  is 

formed integrally with a Si layer 11 of the base po rtion 2.  

The support portion 6 may be made of a semiconducto r 

material or an insulating material, such as Si or A l 2O3.  The 

base portion 2 may be bonded to the support portion  6 by 

employing an adhesive. 

[0029] 

 The base portion 2 has a structure in which a sili con 

oxide layer 12 is laminated on the Si layer 11.  Th e tuning 

fork arm 4 also has a structure in which a silicon oxide 

layer 12 is laminated on a Si layer 11.  In other w ords, the 

Si layer 11 and the silicon oxide layer 12 in the t uning 

fork arm 4 are formed integrally with the base port ion 2. 

[0030] 

 The Si layer 11 is made of a degenerate semiconduc tor.  

In this embodiment, the Si layer is made of an n-ty pe Si 

semiconductor.  Because the Si layer is a degenerat e 

semiconductor, the doping concentration of an n-typ e dopant 

therein is 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 degenerate semiconductor can be manufactured e asily. 

[0031] 
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 The silicon oxide layer 12 is made of SiO 2 in this 

embodiment.  Thus, in this embodiment, the silicon oxide 

layer 12 made of SiO 2 is laminated on an upper surface of 

the Si layer 11. 

[0032] 

 In the base portion 2, the silicon oxide layer 12 may 

be dispensed with.  It is, however, desired that th e silicon 

oxide layer 12 is provided as in this embodiment.  With the 

provision of the silicon oxide layer, a manufacturi ng 

process can be simplified. 

[0033] 

 The silicon oxide layer 12 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). 

[0034] 

 In this embodiment, an excitation portion 13 inclu des a 

piezoelectric thin film 14, a first electrode 15, a nd a 

second electrode 16.  The first electrode 15 and th e second 

electrode 16 are disposed in a state sandwiching a part of 

the piezoelectric thin film 14, i.e., a piezoelectr ic thin 

film layer 14a, between them.  The first and second  

electrodes 15 and 16 are not always required to be buried in 

the piezoelectric thin film 14.  In another example , the 

first and second electrodes 15 and 16 may be formed  on an 

upper surface and a lower surface of the piezoelect ric thin 
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film 14, respectively. 

[0035] 

 Moisture resistance, etc. can be increased by arra nging 

the first and second electrodes 15 and 16 within th e 

piezoelectric thin film 14 as in this embodiment. 

[0036] 

 A piezoelectric material constituting the piezoele ctric 

thin film 14 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. 

[0037] 

 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%. 

[0038] 

 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 
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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 

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. 

[0039] 

 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. 

[0040] 

 The first and second electrodes 15 and 16 can be e ach 

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

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

[0041] 

 The piezoelectric thin film 14 is polarized in the  

thickness direction.  By applying an alternating el ectric 

field between the first and second electrodes 15 an d 16, 
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therefore, the excitation portion 13 is excited due  to the 

piezoelectric effect.  As a result, the tuning fork  arm 4 

causes flexural vibration in the Z-direction. 

[0042] 

 In this embodiment, the tuning fork arms 3 and 5 a nd 

the tuning fork arm 4 cause flexural vibrations in the Z-

direction in opposite phases.  Such a state can be achieved 

by making the phase of an alternating electric fiel d, which 

is applied to the tuning fork arm 4, opposite to th e phase 

of an alternating electric field that is applied to  each of 

the tuning fork arms 3 and 5.  As an alternative, t he 

direction of polarization of the piezoelectric thin  film 14 

in the tuning fork arm 4 may be set opposite to tha t of the 

piezoelectric thin film 14 in each of the tuning fo rk arms 3 

and 5.  In such a case, the tuning fork arms 3 to 5  may be 

driven by applying alternating electric fields in t he same 

phase. 

[0043] 

 Thus, the directions of vibrations are symmetric 

between one side of a centerline passing the center  in the 

X-direction and extending in the Y-direction and th e other 

side of the centerline. 

[0044] 

 In this embodiment, the three tuning fork arms 3 t o 5 

cause flexural vibrations in the Z-direction as des cribed 
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above.  The vibrating device 1 is fixed to the outs ide 

through the support portion 6 in a way not impeding  those 

flexural vibrations.  The support portion 6 can be made of 

an appropriate rigid material, such as Si or Al 2O3.  In other 

words, the support portion 6 can be made of an appr opriate 

semiconductor material or an insulating material.  

Preferably, the support portion 6 is formed integra lly by 

employing the same material as that of the Si layer  11.  By 

employing the same material, the manufacturing proc ess can 

be simplified.  As an alternative, the support port ion 6 

made of a different material may be bonded to the S i layer 

11 with an adhesive interposed therebetween. 

[0045] 

 This embodiment is featured in that an absolute va lue 

of the temperature coefficient of resonant frequenc y (TCF) 

can be held very small by setting, in each of the t uning 

fork arms 3 to 5, a thickness T2 of the silicon oxi de layer 

12 made of SiO 2 to fall within a particular range.  More 

specifically, it is here assumed that the thickness  of the 

silicon oxide layer 12 is denoted by T2, and the th ickness 

of the Si layer 11 is denoted by T1.  Assuming furt her that 

the TCF in the vibrating device 1 when the silicon oxide 

layer 12 is not provided is denoted by x (ppm/K), T 2/(T1+T2) 

is within a range of (-0.0002x 2 - 0.0136x + 0.0014) ± 0.05. 

[0046] 
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 The above point will be described below with refer ence 

to Figs. 3 and 4. 

[0047] 

 Hitherto, various trials for reducing the temperat ure 

coefficient of resonant frequency (TCF) have been m ade by 

laminating a SiO 2 film on a Si layer.  However, the TCF 

cannot be greatly reduced just by laminating, on Si , SiO 

having the TCF of which sign is opposite in phase t o that of 

Si. 

[0048] 

 According to the present invention, the TCF can be  

greatly reduced by setting a thickness ratio of the  silicon 

oxide layer 12, expressed by T2/(T1+T2), to fall wi thin the 

above-mentioned particular range. 

[0049] 

 A curve A in Fig. 3 represents a relationship that  the 

absolute value of the TCF becomes 0 in the vibratin g device 

1.  In Fig. 3, the horizontal axis represents the T CF of the 

Si layer 11 when the silicon oxide layer 12 is not disposed 

on the Si layer 11.  The TCF of the Si layer has a 

particular value depending on the doping concentrat ion.  The 

vertical axis represents the thickness ratio T2/(T1 +T2). 

[0050] 

 At points plotted in Fig. 3, the TCF becomes 0 in each 

of structures where the silicon oxide layers are la minated 
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in various film thicknesses on the doped Si layer 1 1. 

[0051] 

 Given here that the TCF of the Si is denoted by x and 

the thickness ratio T2/(T1+T2) is denoted by y, the  curve A 

is obtained with approximation on the basis of the many 

plotted points.  The curve A is expressed by y = (- 0.0002x 2 - 

0.0136x + 0.0014).  Accordingly, the temperature co efficient 

of resonant frequency (TCF) in the vibrating device  1 can be 

made 0 by setting the thickness ratio T2/(T1+T2) to  be 

positioned on the curve A.  Furthermore, the invent or of 

this application has confirmed that, when T2/(T1+T2 ) is 

within a range of (-0.0002x 2 - 0.0136x + 0.0014) ± 0.05 … 

Formula (1), the temperature coefficient of resonan t 

frequency (TCF) can be kept within 0 ± 5 ppm/ °C.  In the 

vibrating device 1, therefore, the temperature coef ficient 

of resonant frequency (TCF) can be kept within a ra nge of ± 

5 ppm/ °C by setting the thickness ratio T2/(T1+T2) to fall  

within the above-mentioned range.  As a result, the  

temperature coefficient of resonant frequency (TCF)  can be 

greatly and reliably reduced. 

[0052] 

 Fig. 4 depicts temperature characteristics of the 

resonant frequency in the vibrating device 1 of the  above-

described embodiment.  The horizontal axis represen ts a 

temperature, and the vertical axis represents a res onant-
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frequency change rate dFr/dF (ppm).  The thicknesse s T1 and 

T2 in each of the tuning fork arms 3 and 5 are set as 

follows. 

[0053] 

 T1 = 9.5 µm, and T2 = 0.5 µm.  The length and the width 

of each of the tuning fork arms 3 to 5 are set to 6 50 µm 

long ×  20 µm wide. 

[0054] 

 In the excitation portion 13, the first and second  

electrodes 15 and 16 are each made of Mo having a t hickness 

of 0.1 µm.  The length over which the first and second 

electrodes 15 and 16 are opposed to each other is s et to 325 

µm.  The thickness of the piezoelectric thin film la yer 14a 

is set to 0.8 µm. 

[0055] 

 In the vibrating device 1 constituted as described  

above, assuming the resonant frequency at 20 °C to be a 

reference, a resonant-frequency change rate dFr fro m the 

resonant frequency at the reference depending on 

temperature, namely (Fr - resonant frequency at 20 °C) / 

(resonant frequency at 20 °C), was measured.  Fr denotes the 

resonant frequency. 

[0056] 

 In the vibrating device 1 of this embodiment, as s een 

from Fig. 4, the resonant-frequency change rate is within 
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250 ppm over a range of about -40 °C to 85 °C, and change of 

resonance characteristics depending on temperature is very 

small. 

[0057] 

 In the above-described embodiment, the silicon oxi de 

layer 12 is laminated on the Si layer 11.  In such a case, 

the thickness ratio T2/(T1+T2) is given as a ratio of T2 to 

a total of T1 and T2 as illustrated in Fig. 5. 

[0058] 

 It is to be noted that, in the present invention, at 

least one of the Si layer 11 and the silicon oxide layer 12 

may be formed by laminating a plurality of layers.  In such 

a case, T1 and T2 are each given as a total thickne ss of the 

plural layers.  For example, as illustrated in Fig.  6, a 

silicon oxide layer 12a may be laminated on the upp er 

surface of the Si layer 11, and a silicon oxide lay er 12b 

may be laminated on the lower surface of the Si lay er 11.  

In such a case, T2 is given by T2 = T2a + T2b.  Sta ted in 

another way, a total thickness of the plural silico n oxide 

layers may be given as T2.  Similarly, when a plura lity of 

Si layers is laminated, a total thickness of the pl ural Si 

layers may be given as T1. 

[0059] 

 Fig. 10(a) is a front sectional view of a vibratin g 

device according to a modification of the first emb odiment 
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of the present invention.  Fig. 10(b) is a front se ctional 

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

vibrating device according to the modification. 

[0060] 

 In the vibrating device according to the modificat ion 

of the first embodiment, as illustrated in Fig. 10( a), the 

silicon oxide layer 12 is laminated on one principa l surface 

of the Si layer 11.  An excitation portion 17 is la minated 

on the other principal surface of the Si layer 11.  The 

excitation portion 17 includes the piezoelectric th in film 

14 and the first electrode 15.  In this modificatio n, the 

second electrode 16 is not separately provided, and  the Si 

layer 11 serves also as the second electrode.  Addi tionally, 

the first electrode 15 is not buried in the piezoel ectric 

thin film 14. 

[0061] 

 The piezoelectric thin film 14 and the first elect rode 

15 are laminated on the Si layer 11 in the mentione d order.  

Because of the Si layer 11 being made of a degenera tive 

semiconductor, when the Si layer 11, the piezoelect ric thin 

film 14, and the first electrode 15 are laminated i n the 

mentioned order, the Si layer 11 acts as the second  

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

to the piezoelectric thin film 14 through the first  

electrode 15 and the Si layer 11.  Since there is n o 
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necessity of separately providing the second electr ode 16, 

the structure can be simplified in this modificatio n.  Hence 

the vibrating device having good reliability and hi gh mass-

productivity can be provided. 

[0062] 

 Also in this modification of the first embodiment,  

assuming that the thickness of the Si layer 11 is d enoted by 

T1 and the thickness of the silicon oxide layer 12 is 

denoted by T2 as illustrated in Fig. 11, and that t he TCF in 

the vibrating device 1 when the silicon oxide layer  12 is 

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

the range of (-0.0002x 2 - 0.0136x + 0.0014) ± 0.05.  Under 

such a condition, the temperature coefficient of re sonant 

frequency (TCF) can be greatly and reliably reduced  and kept 

within the range of ± 5 ppm/ °C.  Hence the vibrating device 

having satisfactory temperature characteristics can  be 

provided. 

[0063] 

 Fig. 7 is a perspective view of a vibrating device  

according to a second embodiment of the present inv ention.  

The vibrating device 21 of the second embodiment is  similar 

to the vibrating device of the first embodiment exc ept that 

a silicon oxide layer 12a is laminated on the upper  surface 

of the Si layer 11 and a silicon oxide layer 12b is  

laminated on the lower surface of the Si layer 11, and that 
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four tuning fork arms 23 to 26 are joined to the ba se 

portion 2.  Accordingly, the same parts are denoted  by the 

same reference signs, and description of those part s is 

omitted. 

[0064] 

 As mentioned above, the silicon oxide layer 12a ma y be 

laminated on the upper surface of the Si layer 11, and the 

silicon oxide layer 12b may be laminated on the low er 

surface of the Si layer 11. 

[0065] 

 Furthermore, the four tuning fork arms 23 to 26 ma y be 

joined to the base portion 2 as in this embodiment.   Also in 

this embodiment, the tuning fork arms 23 to 26 exte nd in the 

Y-direction.  The tuning fork arms 23 to 26 are arr anged 

side by side in the X-direction.  The tuning fork a rms 23 to 

26 cause flexural vibrations in the Z-direction.  H ere, the 

tuning fork arms 24 and 25 in a central side region  and the 

tuning fork arms 23 and 26 in outer side regions ar e driven 

to vibrate in opposite phases.  In other words, the  opposite 

sides of a centerline passing the center in the X-d irection 

and extending in the Y-direction are displaced in a  

symmetric relation.  Thus, the tuning fork arm 24 p ositioned 

at one side of the centerline and the tuning fork a rm 25 

positioned at the other side are vibrated in the sa me phase.  

The tuning fork arm 23 and the tuning fork arm 26 a re 
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vibrated in the same phase. 

[0066] 

 The above-mentioned flexural vibrations can be ach ieved 

by making the phase of the alternating electric fie ld, which 

is applied to drive the respective excitation porti ons 13 

and 13 of the tuning fork arms 24 and 25, opposite to the 

phase of the alternating electric field that is app lied to 

drive those of the tuning fork arms 23 and 26.  As an 

alternative, the direction of polarization of the r espective 

piezoelectric thin films in the tuning fork arms 24  and 25 

may be set opposite to that of the respective piezo electric 

thin films in the tuning fork arms 23 and 26, and 

alternating electric fields in the same phase may b e applied 

to all the tuning fork arms 23 to 26. 

[0067] 

 Also in the second embodiment, it is just required  

that, assuming the thickness of the Si layer 11 in each of 

the tuning fork arms 23 to 26 is denoted by T1 and the total 

thickness of the silicon oxide layers 12a and the s ilicon 

oxide layer 12b is denoted by T2, the thickness rat io 

T2/(T1+T2) is within the range expressed by the abo ve-

described formula (1).  Under such a condition, the  absolute 

value of the temperature coefficient of resonant fr equency 

(TCF) can be kept within ± 5 ppm/ °C. 

[0068] 
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 Furthermore, according to the second embodiment, s ince 

the silicon oxide layers 12a and 12b are provided a t both 

the sides of the Si layer 11, warping of the Si lay er 11 can 

be suppressed. 

[0069] 

 In addition, according to the second embodiment, s ince 

the number of the tuning fork arms vibrating in one  phase is 

equal to the number of the tuning fork arms vibrati ng in the 

opposite phase, vibration characteristics can be im proved 

from those in the first embodiment. 

[0070] 

 Stated in another way, since the two tuning fork a rms 

24 and 25 and the two tuning fork arms 23 and 26 ar e 

vibrated in opposite phases, symmetry in vibration mode can 

be improved.  As a result, vibration characteristic s can be 

improved. 

[0071] 

 Fig. 8 is a perspective view of a vibrating device  

according to a third embodiment of the present inve ntion.  

The vibrating device 31 of the third embodiment inc ludes the 

base portion 2 and the support portion 6 as in the first 

embodiment.  In the base portion 2, the silicon oxi de layer 

12 is laminated on the Si layer 11.  In this embodi ment, two 

tuning fork arms 33 and 34 are joined to the base p ortion 2.  

The tuning fork arms 33 and 34 extend in the Y-dire ction, 
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and they are arranged side by side in the X-directi on.  Also 

in each of the tuning fork arms 33 and 34, the sili con oxide 

layer 12 is laminated on the Si layer 11. 

[0072] 

 The second embodiment is similar to the first 

embodiment except that the two tuning fork arms 33 and 34 

are provided, and that excitation portions 13a and 13b are 

provided in each of the tuning fork arms.  Accordin gly, the 

same parts are denoted by the same reference signs,  and 

description of those parts is omitted. 

[0073] 

 In this embodiment, one pair of excitation portion s 13a 

and 13b is provided on the upper surface of the sil icon 

oxide layer 12.  More specifically, taking the tuni ng fork 

arm 33 as an example, the excitation portion 13a is  provided 

on the upper surface of the silicon oxide layer 12 along one 

lateral edge extending in the Y-direction, and the 

excitation portion 13b is provided thereon along th e other 

lateral edge extending in the Y-direction.  The exc itation 

portions 13a and 13b are each provided in a strip-l ike 

region extending in the Y-direction, and they are s paced 

from each other in the X-direction.  Each of the ex citation 

portions 13a and 13b includes the piezoelectric thi n film 14 

and the first and second electrodes 15 and 16 as in  the 

first excitation portion 13. 
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[0074] 

 In this embodiment, the excitation portions 13a an d 13b 

are driven in opposite phases.  As a result, the tu ning fork 

arm 33 causes flexural vibration in a plane contain ing the 

X-direction and the Y-direction. 

[0075] 

 The above description is similarly applied to the 

tuning fork arm 34.  However, the tuning fork arm 3 3 and the 

tuning fork arm 34 are driven in opposite phases.  In the 

vibration mode, therefore, the tuning fork arms 33 and 34 

cause flexural vibrations in the XY-plane in a way of 

repeating a state where respective tips of the tuni ng fork 

arms 33 and 34 are positioned close to each other, and a 

state where the respective tips of the tuning fork arms 33 

and 34 are positioned away from each other. 

[0076] 

 As described above, the tuning fork arms 33 and 34  are 

required to be driven in opposite phases.  Thus, wh en the 

directions of polarizations of the respective piezo electric 

thin films 14 in the excitation portions 13a and 13 b in each 

of the tuning fork arms 33 and 34 are all the same,  the 

phase of the alternating electric field applied to the 

excitation portion 13a of the tuning fork arm 33 is  set to 

be opposite to the phase of the alternating electri c field 

applied to the excitation portion 13a of the tuning  fork arm 
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34.  Similarly, the phase of the alternating electr ic field 

applied to the excitation portion 13b of the tuning  fork arm 

33 is set to be opposite to the phase of the altern ating 

electric field applied to the excitation portion 13 b of the 

tuning fork arm 34. 

[0077] 

 Instead of the above, the directions of polarizati ons 

of the respective piezoelectric thin films in the e xcitation 

portions 13a and 13b may be set opposite to each ot her.  In 

such a case, the phases of the alternating electric  fields 

applied to the excitation portions 13a and 13b in o ne tuning 

fork arm 33 may be set to be the same.  This is equ ally 

applied to the tuning fork arm 34. 

[0078] 

 In the present invention, as in this embodiment, t he 

plural tuning fork arms 33 and 34 may be constitute d to 

cause the flexural vibrations in the X-direction.  Also in 

this embodiment, the directions of vibrations are s ymmetric 

between one side of the centerline passing the cent er in the 

X-direction and extending in the Y-direction and th e other 

side of the centerline. 

[0079] 

 In the vibrating device 31 in which the plural tun ing 

fork arms 33 and 34 are displaced with in-plane vib rations 

as described above, the thickness ratio T2/(T1+T2) may fall 
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within a range of (-0.0003x 2 - 0.0236x + 0.0219) ± 0.05.  

Under such a condition, the absolute value of the T CF can be 

kept within the range of ± 5 ppm/ °C.  That point will be 

described below with reference to Fig. 9. 

[0080] 

 The horizontal axis of Fig. 9 represents the TCF o f a 

Si layer in which a certain amount of an n-type dop ant is 

doped, and a value of the TCF is denoted by x.  The  vertical 

axis of Fig. 9 represents T2/(T1+T2) of which value  is 

denoted by y.  Points plotted in Fig. 9 represent p ositions 

at which the TCF becomes 0.  A curve B is obtained with 

approximation on the basis of respective coordinate s of the 

plotted points.  The curve B is expressed by y = -0 .0003x 2 - 

0.0236x + 0.0219.  Thus, the thickness ratio T2/(T1 +T2) is 

just selected to be positioned on the curve B depen ding on 

the value x of the TCF of the Si layer.  As a resul t, the 

TCF in the vibrating device 31 can be made 0.  Furt hermore, 

the inventor of this application has confirmed that , when 

T2/(T1+T2) is within the range of (-0.0003x 2 - 0.0236x + 

0.0219) ± 0.05 … Formula (2), the TCF can be kept within a 

range of ± 5 ppm/ °C. 

[0081] 

 As described above, when the in-plane vibration is  

utilized, T2/(T1+T2) is required to fall within the  range 

expressed by the above-mentioned formula (2). 
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[0082] 

 The three or four tuning fork arms are arranged in  the 

first and second embodiments, whereas the two tunin g fork 

arms are joined to the base portion 2 in the third 

embodiment.  In the present invention, the number o f the 

tuning fork arms to be arranged plural is not limit ed to 

particular one. 

[0083] 

 Also in the third embodiment, the silicon oxide la yers 

may be provided at both the surfaces of the Si laye r.  

Moreover, a plurality of Si layers may be laminated  in the 

third embodiment as well. 

Reference Signs List 

[0084] 

 1…vibrating device 

 2…base portion 

 3 to 5…tuning fork arms 

 6…support portion 

 11…Si layer 

 12, 12a, 12b…silicon oxide layers 

 13, 13a, 13b, 17…excitation portions 

 14…piezoelectric thin film 

 14a…piezoelectric thin film layer 

 15, 16…first and second electrodes 

 21…vibrating device 
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 23 to 26…tuning fork arms 

 31…vibrating device 

 33, 34…tuning fork arms 
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CLAIMS 

[Claim 1] 

 A vibrating device comprising a base portion, and a 

plurality of tuning fork arms each being joined at one end 

to the base portion and extending in a Y-direction,  the 

plural tuning fork arms being arranged side by side  in an X-

direction that is perpendicular to the Y-direction,  

 the tuning fork arm causing flexural vibration in a Z-

direction that is perpendicular to the X-direction and the 

Y-direction, 

 wherein the tuning fork arm includes a Si layer ma de of 

a degenerate semiconductor, a silicon oxide layer, 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 (-0.0002x 2 - 0.0136x + 

0.0014) ± 0.05. 

[Claim 2] 

 The vibrating device according to Claim 1, wherein  

directions of vibrations of the plural tuning fork arms are 

symmetric between one side of a centerline passing a center 

in the X-direction and extending in the Y-direction  and the 
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other side of the centerline. 

[Claim 3] 

 A vibrating device comprising a base portion, and a 

plurality of tuning fork arms each being joined at one end 

to the base portion and extending in a Y-direction,  the 

plural tuning fork arms being arranged side by side  in an X-

direction that is perpendicular to the Y-direction,  the 

tuning fork arm causing flexural vibration in the X -

direction, 

 wherein the tuning fork arm includes a Si layer ma de of 

a degenerate semiconductor, a silicon oxide layer, 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 - 0.0236x + 

0.0219) ± 0.05. 

[Claim 4] 

 The vibrating device according to Claim 3, wherein  

directions of vibrations of the plural tuning fork arms are 

symmetric between one side of a centerline passing a center 

in the X-direction and extending in the Y-direction  and the 

other side of the centerline. 
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[Claim 5] 

 The vibrating device according to any one of Claim s 1 

to 4, wherein the Si layer is doped with an n-type dopant. 

[Claim 6] 

 The vibrating device according to Claim 5, wherein  the 

dopant is phosphorus (P). 

[Claim 7] 

 The vibrating device according to any one of Claim s 1 

to 6, wherein the silicon oxide layer is laminated on one 

principal surface of the Si layer. 

[Claim 8] 

 The vibrating device according to any one of Claim s 1 

to 7, 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 9] 

 The vibrating device according to any one of Claim s 1 

to 8, wherein the Si layer serves also as the secon d 

electrode. 

[Claim 10] 

 The vibrating device according to any one of Claim s 1 

to 9, wherein the silicon oxide layer is formed on each of 

both surfaces of the Si layer. 


