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Fig 1.1: Road map of micromachine development
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Fig 1.2: MEMS sales in Japan (2002)
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Table 1.1: Scaleféect

parameter | symbol | rerationalexpression scaleeffect| remarks
Characteristidt_ength L L L
Surface Area S o L2 L2
Volume \Y; o L8 L3
Mass m oV L3
Pressure Fo SP L?
Gravity force Fq mg L3
. d?x
Inartial force Fi M7 L4
Viscous force F: ,u%%( L? d: distance
Reynolds number Re Fi/F: L2
Heatconduction Oc A06A/d L A: sectional area
Heattransfer (o hooS L?
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Table 1.2: Operation modes of thermal mass flow sensors
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Table 1.3: Measurement method of gas density
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Table 1.4: Measurement method of viscosity
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f) Wet etching
( ! ! Etching solution : TMAH

Fig 2.3: Fabrication process of micro hot wire anemometer
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Table 2.1: Gases used for reactive ion etching

Material | Isotropy \ Gas
Si isotropic | CF4(+0,)0 SKs(+0,)0 NFs XeF,O F,/He
SiF4(+0,)0 CCIR;
anisotropic| CR0 CRCIO CFRCl,0 CFCkLO CRBri CCly(+0,)0 C,FsCl
CF4+H,0 (CR,0 CoFg0 SiF,0 CR3Br)+(Cl,0 Brp) O Cly(+H,)
SiCl,0 Br,0 1,0 Cly+Ard SF(+0,0 N,)O HBrO Hi
Sio, isotropic CF4(+0y)
anisotropic| CF,0 CyFg00 C3Fg0 CHR3(+N20 O,)
(CR0 CoFgd CsFg)+(Ho CoH4O CoFy)
SizNy4 isotropic CF4(+0,)0 CF4+0,+H,0 SiF4(0,)d NF3(0,)
anisotropic| CF0 CyFs00 C3Fgl0 CHF3
(CR,0 CoFed CsFg)+H,0 CH,F,00 CHsFO CRBr+N,
resist isotropic 0,0 O,+CF,
anisotropic| O,+CHs0 Ard N[O No+0O,
Anode
[ ]
Gas —
—>_ fon |:> Vacuum pump

Substrate T

Cathode

Radio frequency
power source /\/

Fig 2.6:

Schematic diagram of reactive ion etching machine
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Fig 2.9: Experimental apparatus of measuring Pt characteristics

680 T T T T T T T T T T T T T

660

640

620
o 600
‘—"; N
R 580

560

540

520 i | 2 | 2 | 2 | 2 | 2 | 2 |
300 320 340 360 380 400 420

6 [K]

h

Fig 2.10: Experimental result of resistance vs. temperature
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Fig 2.11: Photograph of tested Pt line pattern

Table 2.2: Sizes of sputtered Pt lines (upin)

(Patten| a | b | c | d |
A 1250| 1500| 20 | 260
1250| 1500| 50 | 200
1250| 1500| 80 | 140
1250| 1500| 100| 100
1000| 2000| 20 | 260
1000| 2000| 50 | 200
1000| 2000| 80 | 140
1000| 2000| 100| 100

I OTmOOw
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Table 2.3: Condition of fabricating prototype sensor

Parameter items \ Condition \
Ptline pattern A (See Table 2.2 Fig. 2.16)
Cr sputter power 50W
Cr sputter time 2min
Chamberpressure (Cr sputter) 0.8Pa
Ptsputter power 150W
Pt sputter time 200 7min
chamberpressure (Pt sputter 1.0Pa
Ar flow rate (sputtering) 100sccm
RIE RF power 100W
RIE gas CHR;
RIE Ar flow rate 20sccm
RIE chamber pressure 20mTorr
RFtime 5min
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Table 2.4: Parameters of fabricated micro hot wire anemometer chips

| No. | Sizeof chip | underheater| holesat diaphragm  temperatureompensatof

1

g b~ WON

5x5 mn?
5x5 mn?Y
5x5 mn?
3x3mn?
3x3 mn?

diaphragm
diaphragm
diaphragm
diaphragm
bulk

exist
not exist
exist
exist

samesize of heater
samesize of heater
10times longer than heater
not exist on same chip

not exist on same chip

Fig 2.16: Photograph of the micro hot wire anemometer (No.1)

L

Smm/div

Fig 2.17: Photograph of the micro hot wire anemometer (No.2)
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Fig 2.18: Photograph of the micro hot wire anemometer (No.3)

e

1.00mm/div

Fig 2.19: Photograph of the micro hot wire anemometer (No.4)

(rmrmp e

1.00mm/div

Fig 2.20: Photograph of the micro hot wire anemometer (No.5)
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—— GND

Fig 3.1: Bridge circuit
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Voltage follower — GND

Imverting amplifier

Fig 3.2: Circuit diagram of voltage follower and imverting amprifier
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Fig 3.3: Adding circuit using operational amplifier
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Fig 3.4: Experimental apparatus for measurement of static flow characteristics
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Connect to driving circuit

Testing sensor

Flow channel

Fig 3.6: Photograph of flow channel with developed sensor
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Fig 3.8: Experimental results of measuring static flow rate using micro hot wire anemometer

8 T T T
Tr m  Experimental result i
— Theoretical curve
6L i
=
R 5| 4
4L i
3 " 1 " 1 " 1 "
1 2 3 4 5

U [m/s]
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Fig 3.10: Photograph of an isothermal chamber
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Fig 3.14: Dynamic response of micro hot wire anemomete80 mm)
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Fig 4.1: Schemetaic diagram of pressuratientiator using laminar flow elements
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Table 4.1: Parameters of Pressure differentiator using MEMS flow channel chip

parameters size
n 8

n 100pum

z 8 mm

I 3 mm

V | 8.85x 10°m?

Table 4.2: Comparision of spacifications of designed presstiereitiator with Ref. [105]

O oo oo oooogoogoogoogoo o

] parameter$ designedsensor Ref.[105] \
Vv 8.85x10°m3 | 39.3x 10 % m3
fe >179Hz >22.7Hz

le/I <2.0% <13.4%
Re <36 <370
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High voltage power supply

Fig 4.9: Photograph of anodic bonding equipment

Fig 4.10: Photograph of fabricated MEMS flow channel chip
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Fig 4.11: Q vs. P; characteristic of MEMS flow channel chip
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Fig 4.16: Schematic diagram of pressuredi@tiator using micro hot wire anemometer
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Table 4.3: Parameters of pressure differentiator

| Symbol| Value
r 10.0mm

ry 9.6 mm

I 25mm

V| 7.66x10°% m?

Table 4.4: Comparision of spacifications of designed presstiereitiators

| parameters designedsensor| with MEMS flow channel chip Ref.[105] |
measurement microthermal pressuresensor ang pressuresensor and
device flowmeter differenctialpressure sensqrdifferenticalpressure sensar

output| absolutevalue original value originalvalue

V| 7.66x 10°°m?3 8.85x 10°%m? 39.3x 10 m3

fe > 1500Hz >179Hz >22.7THz

le/I <1.1% <2.0% <13.4%

Re <34 <36 <70

wholesize | 30x35>50 mm? 50x50x55mm 100x100x140mm?
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Fig 4.17: Schematic diagram of bycilindrical flow channel with MEMS chip
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Fig 4.18: Photograph of MEMS hot wire anemometer chip
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Fig 4.19: Experimental apparatus for static characteristic of newly developed pressure dif-
ferentiator
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Fig 4.20: Photograph of new developed pressur@erkncitator with micro hot wire
anemometer
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Fig 4.21: Static characteristics of micro hot wire anemometer under pressure
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Fig 4.22: Experimental apparatus for pressuiéedentiation
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Fig 4.23: Experimental results of Pressuréelientiation over 300 kPa
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Fig 4.24: Experimental results of Pressuréelientiation over 400 kPa
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Fig 5.9: Calculated viscosity of air by laminar flow sensor
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Table 5.1: Experimental results by present measurement method (gas: air)

Q[x107° m¥/s]

atl [s] \ at4[s] | 6a[K] | p [kg/m3] | error[%] | u [x1078 Pa-s]| error[%]
4.53 2.38 | 291.2 1.209 -0.25 18.25 0.65
4.47 2.28 | 293.4| 1.205 0.16 18.25 0.06
9.15 1.80 | 296.4| 1.212 1.78 18.67 1.56
5.22 2.30 | 286.2 1.224 -0.75 17.92 0.17
4.88 243 | 292.7 1.209 0.26 18.19 -0.08
6.32 2.50 | 288.2 1.241 1.33 18.30 1.74
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Table 5.2: Experimental results by present measurement method (gas: CO

Q[x107° m¥/s]

atl [s] \ at4[s] | 6. [K] | p [kg/m3] | error[%] | u [x107° Pas] | error[%]
4.83 250 | 293.3 1.834 -0.34 14.62 -0.52
4.27 222 | 2914 1.842 -0.54 14.56 -0.31
4.85 252 | 287.4 1.867 1.05 14.76 2.46
2.93 1.97 | 294.2 1.812 -1.22 14.45 -1.97
3.18 2.12 | 292.7 1.826 -0.97 14.43 -1.62
3.58 2.18 | 288.6 1.853 0.84 14.71 1.64
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Table 5.3: volume of 1 mol real gas (standard condition)

| gas|idealgas| Arr | He | H, | N, | CO, | CiHe | CiHs |
Ky | 22.414 | 22.404| 22.424| 22.449| 22.404| 22.262| 22.259| 21.976
ratio 1 0.9995| 1.0004| 1.0016| 0.9995| 0.9932| 0.9931| 0.9805
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Table 5.4: Comparision of densimeter for gases

Principle \ Fluid Time Uncertainty\ Reference \
thermalmass flow| air,CO, instantaneous < 3.05% thisresearch
buoyancy N2,He,Ar,Kr,CH; | 10—-15min <0.05% [113],[114]
vibratingtube air,water - - [115],[116]
tuningfork Sk - <1% [117]
Rammarspectra | CO, 2 min <2% [118]

Table 5.5: Comparision of viscometer for gases

principle Time Density Uncertainty| Reference |
laminarflow instantaneous simultaneous < 4.1% thisresearch
rotatingcylinder 10-15min simultaneous < 0.7% [113]00[114]
Helmholtzresonator; 10 min theoretical | <0.8% [119]
laminarflow 3 min theoretical | — [120]00[121]
vibratigwire - theoretical | <3% [122]
vibratig wire 15min theoretical | <0.2% [123]
capillary-flov 5min notneeded | <3.1% [124]
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