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1.1
MEMS Microelectromechanical system
[1-4] [5] [6,7]
() Eco-Scan
Fig.1.1
Figl.2 B
i F
MEMS
MEMS
(8]
[°] MEMS
[10-15]
5 10[GPal
30[ ] 50[%RH] 10[um]
[10-15] SN 10° 102

Mubhlstein [10-12] Fig.1.3
Fig.1.4



Kahn [13,14] Fig.1.5
Kahn

Fig.1.1 Eco scan from Nippon Signal Corporation

(B REE]

Moving Plate  permanent
M

Permanent FeciX B
Manet F:Lorentz Force
B:Magnetic Flux Density

Fig.1.2 Working principle of the micro-mirror

100 pm 10 pm

Fig.1.3 Specimen which Mubhlstein used



PIDLYID L) 2

Fig.1.4 Schematic of the reaction layer fatigue mechanism at the root of the notch, (a)Reaction layer
(native oxide) on surface of the silicon, (b)localized oxide thickening at the notch root, (c)stress
corrosion cracking of the notch root, (d)additional thickening and cracking of reaction layer and

(e)critical crack growth in the silicon films.

Fig.1.5 Specimen which Kahn used
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2.1
(Maximum Likelihood Method) X,, X, X thxlo, )7, )
L(le, %%, X, )= _n (x40, }fj“zl) (1.1)

{Xi }in=1 > {ej }Tzl {Xi }inzl {01 }rjn:l

é,—(xl,xz, ,X,) j=12, ,m (1.2)
0,(X,. %, X)) (Maximum Likelihood Estimator)
1.1 1.3)
(e, 7 %%, X, )= iZ::ln t(x: 1o, }Tzl) (1.3)

{9 i }r,-n:l In L({@i }L)

oL _ ., dlnL _ olnL
00, 00, ' T 00

{91 }T:l {91 }11

0 (1.4)
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2.2

2.2.1
Deal-Grove [16]
Fig2.1 3
(F1) (F2)
(F3)
do = (B/A)t+7)
do? = Bt B/A
B
O.’. SlO 2 Sl
— —_—
Transport Diffusion Reaction at
into oxide the mtertace
F1 F2 F3

Fig.2.1 Processes of thermal oxidation (Deal-Grove model)
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2.2.2

(Fig.2.2)
(Fig.2.3)
W
N
W A
d N Y A
d N w A

Incident radiation

N1
N2

Fig.2.2 Interference principle of light

Light Source

conceptual

Quarter
Wawve Plate

N3

Photomultiplier

Analyzer

s |

Fig.2.3 Concept drawing of measurement
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3.1
3.1.1
MEMS
ECO SCAN ESS115
300mm><300mm><300mm

1
3.1.2

ESS115

MEMS
2 2
Fig.3.1
3.1.1. 5

Fig3.1 Tip holder with ECO SCAN ESS115
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3.1.3

MEMS B
1
B 0.3[T]
NEOMAX-44H
ANSYS9.0
Fig.3.2
ANSYS Solid97
65804 47578
2
2 , y
NEOMAX-44H
SS400 Table.3.1 SS400
Fig.3.3
Fig3.4
' ‘ N magnet yoke
Solid97 k Solid97

Fig.3.2 FEM model(left : air model ; right : yoke and magnet model)
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Table.3.1 Material properties used in the FEM analysis

Ratio permeability of Air 1
Ratio permeability of Yoke 5000
Coercive force of Magnet (NEOMAX-44H) 1002.5 [KA/m]

Fig.3.3 Result of FEM analysis(Vector plot)

magnetic flux density [T]
Tttt
035} B

0.25

N S T S S T ST R
R0 60 10 20 0 20 10 0 80 X Distance[mm]

Fig.3.4 Magnetic flux density of place where chip is fixed

Fig.3.4 X -60 60[mm]
MEMS 0.3[T]
-60 60[mm]
3.1.2 120[mm]

14



3.1.4

Fig.3.5

Parts of electric power supply

Linear slider

Fig3.5 Fatigue life testing machine (left: draft of testing machine; right: Actual testing

machine)
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3.2

(

)  MEMS

550[Hz]

Fig.3.7

[16]

(ECO SCAN-ESS115)

Fig.3.6
SOl

100pum>< 2mm><

Temperature[ |
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80 .
60 8
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60 80

Fig.3.6 Environment where fatigue life test is done

3.2.1
MEMS
3
2
y[00T]
z[001] )\
x[110]

T
€

>%g

olL— Mirror

Driving coil

Torsion bar

Fig.3.7 Configuration of MEMS micromirror

100pm
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3.2.2

Fig.3.8
Table.3.2 Fig3.8
62
60 60
Table.3.2Relation of Temperature and Amplitude angle
T 1] 30 40 50 60
@[deg.] 62 62 62 63
KEYENCE( ) NR-2000
250[msec]
Fig.3.10
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SSE-44CR-A
W600>< D600 >< H300[mm] +1.0[°C] +3.0[ RH]
Fig.3.11

Catoptric light of laser

Fatigue life testing machine

Fig3.9 Temperature and Humidity testing Chamber (Fatigue life testing machine is entered)
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Drive circuit

Data logger

Fig.3.10 Drive circuit and Data collecting systems

, 98%RH

i RH 1 1 1 1 1

90 —

in —

60 —

50 —

20
95°C

10

1}
0 10 20 30 40 50 60 V0 30 90 °C

Fig.3.11 Working range of Temperature and Humidity testing Chamber



Back electromotive force [V]

Fig.4.1 80[ ] 60[ ]

| LA B S S R R R —
3 H— A/_
4 _
3F _
2+ _
[ . I . I . I . I .\\'I i
0 20 40 60 80 100

Time [hour]

Fig.4.1 Result of Fatigue life testing ( Temperature 80[ ] Humidity 60[

] Amplitude angle 60[deg.] )

60[deg.]

Table.4.1

Table.4.1 Result of Fatigue life test according to environment

[h]
80[ 180[ 1] 70[deg.] 0.82 5.71E-01 5
80[ ]180[ ]60[deg.] 0.61 2.82E-01 6
60[ ]180[ ] 60[deg.] 40.68 1.57E+03 5
80[ ]160[ 1] 60[deg.] 56.61 1.09E+03 5

20



Table.4.2

Table.4.2 Result of Fatigue life test

TIK] P @[deg.] | x[hour]
353 0.8 70 2.22
353 0.8 70 0.21
353 0.8 70 0.10
353 0.8 70 0.82
353 0.8 70 0.76
353 0.8 60 0.15
353 0.8 60 0.04
353 0.8 60 1.17
353 0.8 60 0.71
353 0.8 60 1.35
353 0.8 60 0.23
333 0.8 60 111.30
333 0.8 60 43.48
333 0.8 60 1.23
333 0.8 60 91.24
333 0.8 60 35.78
353 0.6 60 64.38
353 0.6 60 0.35
353 0.6 60 0.37
353 0.6 60 70.70
353 0.6 60 67.60

21



5.1

Muhlstein [10-12]

80[ 1,60[ 7].60[deg.] 100

Fig.5.1,Fig.5.2

w A
2
Table.5.1
I
45 : : : . ' : 180 e )
F —— Model Fit - — ]
o TN Exp Eb 45°
[ —— ExpEb55° | 160 A
- - ExpEb65° L —— Model Fit
o 351 - )
- o S Exp Eb 45°
o | i ¢ 140- — — Exp Eb 55° |
D 3oL i 2 L - - ExpEb65° |
o el
£ _r T A c 120b i
> B . . < |
20 N 1 100 1
L \«—,,7 4
T—
15 . I . I . I . I I 80 I . I . I . I .
0 200 400 600 800 1000 0 200 400 600 800 1000
Wavelength (nm) Wavelength (nm)
Fig5.1 Experiment ¥ data and Generated ¥ data Fig5.2 Experiment A data and Generated A data
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Table.5.1

Measurement result of oxide film

Before Si02 4.74nm
Si 0.10mm
After Si02 6.13nm
Si 0.10mm
100um
2nm

Muhlstein  [10-12]

23



5.2

3
3
5.2.1
X oc P7'[16] Table.5.2
Table.5.2 Result of Fatigue life test attention to humidity
TIK] P @[deg] | x[hour] p-*!
353 0.8 60 0.15 2.496497
353 0.8 60 0.04 2.496497
353 0.8 60 117 2.496497
353 0.8 60 0.71 2.496497
353 0.8 60 135 2.496497
353 0.8 60 0.23 2.496497
353 0.6 60 64.38 8.120446
353 0.6 60 0.35 8.120446
353 0.6 60 0.37 8.120446
353 0.6 60 70.70 8.120446
353 0.6 60 67.60 8.120446
X 80[ ] 60[ ] 10" ~10?
10° ~10'
P—4.1



522

Table.5.3

x oc exp(E/KT)

Table.5.3 Result of Fatigue life test attention to temperature

TIK] P ldeg] | xrhour] | exp(E/KT)
353 0.8 60 015| 189E+13
353 0.8 60 004 | 189E+13
353 0.8 60 117 | 1.89E+13
353 0.8 60 071| 189E+13
353 0.8 60 135| 1.89E+13
353 0.8 60 023| 189E+13
333 0.8 60| 111.30| 1.19E+14
333 0.8 60 4348 | 119E+14
333 0.8 60 123| 1.19E+14
333 0.8 60 9124 | 1.19E+14
333 0.8 60 3578 | 1.19E+14

X 353[K] 333[K] 10
10'
E/k

25
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Table.5.4 Result of Fatigue life test attention to temperature

Table.5.4

TIK] P @[deg.] | x[hour]
353 0.8 70 2.22
353 0.8 70 0.21
353 0.8 70 0.10
353 0.8 70 0.82
353 0.8 70 0.76
353 0.8 60 0.15
353 0.8 60 0.04
353 0.8 60 1.17
353 0.8 60 0.71
353 0.8 60 1.35
353 0.8 60 0.23

X

26



MEMS
Ly
(2.1) A B,C %]
7 [K] 5.2.3
B C
L, =AP exp(?— D¢5j (2.1
P [16]
L, cp® (2.2)
T
(2.3)
C
L, ocexp(?j (2.3)
2.4)
$L=] ( ) (2.4)
L; o exp(~ Dg) .4
2.2) (2.9) 2.1)
[10-12] [14]
Ly
5.2.3
A B, C 3
(2.5) X ) x @1
L, 4,8, & Z
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f(x)=

1 (Inx-1Inx,)’ )5
e 2.5

(2-5)
(2.6),(2.7) A,B,C.¢
(2.8) (2.11) Table.4.2 (2.8) (2.10) A,B,C
(2-11) <

1.70E -24 [cycle], 14.85, 17828 [K],  7.40

l,(A,B,C, | %,P.T)=f(x) (2.5)
Lf(A,B,C,g”):HIi (2.6)

lan=ZIn|i 2.7

( %ml_f =0 Z{lnA (InP)B+(1/T,)C} Zlnx (2.8)
%ml_ =0 Zi:lnPi{lnA—(lnPi)B+(l/Ti)C =Zi:lnPilnxi (2.9)

| %mLf =0 Z{lnA—(lnPi)B+(l/Ti)C}/Ti :Zlnxi/Ti (2.10)
\ aizlnl'f =0 Z{lnx—lnA+(lnPi)B—(I/Ti)C}z = (2.11)
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5.4

54.1
(
ECO SCAN
Table.3.1

542 2

[18] +34<,40<,50<,55<,60<,70<,80°
85 25%  80% (

2.1 AB,C.¢

3.253, 4656 [K],  1.83

Lf:=(L70€—-24)PMBSeXp(lZ$%§j (Z=7.40)

L, =(8.62e-6)P > exp(@j (Z=1.83)

)

20

8.62E-6 [cycle],

(2.12)

(2.13)
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® Experimental data
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Fatigue life N;

Fig.5.3 Experimental data and 90% prediction interval

of the fatigue life of MEMS micromirror (Humidity 80 %)
90
Fig.5.4 80[%]

90

100

®  Experimental data
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----- 90% prediction interval
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N
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N
o
T
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0
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Fatigue life N¢

Fig.5.4 Experimental data and 90% prediction interval
of the fatigue life of MEMS micromirror (Humidity 80 %) by Izumi
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1971-2000 : 63%
90% 50 Fig.5.5
Fig.5.6

100

— 50% prediction interval

[}
o
=

----- 90% prediction interval

Temperature [ ]
B (@]
o o

N
o
T

0
1.E+02 1.E+04 1.E+06 1.E+08 1.E+10 1.E+12 1E+14
Fatigue life N¢

Fig.5.5 Lower 90% and 50% prediction interval of the fatigue life of MEMS

micromirror (Humidity 63 %)

100

— 50% prediction interval

80 - N | e 90% prediction interval

60

40 -

Temperature [ ]

20 r

0
1.E+06 1.E+07 1.E+08 1.E+09 1E+10

Fatigue life N;

Fig.5.6 Lower 90% and 50% prediction interval of the fatigue life of MEMS

micromirror (Humidity 63 % : Previous data was used)
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300 ]
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FEM

ECO SCAN - ESS115

(FEM)
ANSYS SOLID95
Fig.A.1 4436 25457

y[001]

x[110]

z[001]

Fig.A.1 FEM model(ECO SCAN -ESS115)

Table.A.1

TableA.1 Material properties used in the FEM analysis ; The values are based on the elastic
constants of x:[110],y:[110],z:[001]

E E E 1% v 1% G G G

X y z Xy Xz yz X y z

168,9 168.9 130.2 0.064 0.361 0.278 50.9 79.4 79.4
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FigA.3

Fig.A.2 Result of FEM analysis (principal stress distribution)

Maximum Principal stress [MPal]

2000
1800
1600
1400
1200
1000
800
600
400
200
0

FigA.2

0

Fig.A.3

10 20

30

40

50

60 70

Fig.A.3 Relation of Amplitude angle and maximum stress

@

1[deg.]

27[MPa]

80

@[deg.]
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[18] ( ) Table.B.1
Table.B.2
Table.B.1 Result of Fatigue life test according to environment
[h]
85[ ]180[ ] 80[deg] 0.19 6.42E-03 3
85[ 180[ ] 70[deg] 9.27 2.99E+01 3
85[ ]180[ ]60[deg] 146.28 6.90E+03 3
20[ 180[ 1] 70[deq] 151.33 2.60E+03 3
85[ 125[ ] 70[deg] 479.00 1.30E+05 3

Table.B.2 Result of Fatigue life test

TIK] P @[deq] X[hour]
358 0.8 80 0.08
358 0.8 80 0.25
358 0.8 80 0.25
358 0.8 70 5.16
358 0.8 70 5.66
358 0.8 70 17.00
358 0.8 60 60.00
358 0.8 60 120.33
358 0.8 60 258.50
293 0.8 70 85.00
293 0.8 70 160.00
293 0.8 70 209.00
358 0.25 70 130.50
358 0.25 70 331.50
358 0.25 70 975.00

35
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R N R R R G S R N N R R

SEB10-95 2
SFAM6-25-F6-B6-P6-T6-S6-Q6 1
PCA6-20-R 1
NOOS6-20 3
NP30-G 20
NR30K-C 20
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