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Design, Fabricate, and Test CMOS  

Process-Compatible MEMS Logic Gates 

Student: Chun-Yin Tsai              Advisor: Dr. Tsung-Lin Chen 

Department of Mechanical Engineering 

National Chiao Tung University 

Abstract 

This paper presents the design, fabrication and calibration of a novel MEMS logic gate 

that can perform Boolean algebra as well as logic devices composed of solid-state transistors. 

This MEMS logic gate design inherits all the advantages from MEMS switches and thus is 

expected to have more applications than MEMS switches. Unlike existing designs, the 

proposed design can perform either NAND gate or NOR gate functions using the same 

mechanical structure, but different electrical interconnects. Thus, this design can signiffically 

reduce the layout area consumption and improve the yield fabrication of devices.

In order to accomplish those universal gates, the proposed design should fulfill three 

requirements on the fabrication process: two voltage levels carried on a suspended plate, 

metal-to-metal contact between shuttle electrodes and fixed electrodes, and a low process 

temperature (<400 ). Hence this study proposed two kinds of process designs to achieve the 

MEMS logic gate, including the in-house developed process design and the foundry service 

CMOS-MEMS process design.

However, the residual stress in this fabricated device is substantial which could impair 

the functionality of the device. Therefore, a novel in situ film stress calibration method is 

proposed to assist the development of the in-house developed process. Also, different 



 IV 

combinations of oxide-metal films and post-CMOS process are investigated to achieve a 

non-warping suspended structure layer in the foundry service CMOS-MEMS process. 

In the in-house developed process design, the fabricated device is 250 μm long, 100 μm 

wide and of 3.97 μm gap. Experimental results show that the device can operate at 25/-25 V 

and 100 Hz, and achieve the proposed logic functions. In addition, several properties of this 

device are experimentally evaluated, including power consumption, on/off resistance, lifetime 

and resonant frequency. 

In the foundry CMOS-MEMS process design, the experimental results show that this 

device can be actuated by 10/0 V with a moving distance 90 nm. The resonant frequency is 

measured at 36 kHz. Due to the damage of the tungsten plugs, the logic function can only be 

verified by its mechanical movements instead of electrical readouts for now. 
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1.1  

International Technology Roadmap for Semiconductors (ITRS)[1]

CMOS ( 1.1 ) (metal-oxide 

semiconductorfield effect transistors, MOSFETs) (power comsuption)

(VDD)

(threshold voltage(VTH))

 (subthreshold slope) 60 mV/dec. 60 

mV 10 1.2 (turn-off 

voltage VGS=0)

 

RF MEMS 1.3 (high isolation )

(low insertion loss) 2 

mV/dec.[2] ultra-low power 

management [3] /  
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1.1 CMOS MOS (VDD) (VTH)

(Leakage power)  

 
 

 

1.2 (logarithmic scale)  
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1.3  (a) SEM  (b)  

 

IC

(Boolean algebra) IC /

IC (power 

management system) [4]  

1.4 (power gating)

(sleep transistors)

(digital 

circuit blocks)

 

(1) 

(ultra-high data density MEMS memory device)

[5] (full-mechanical) IC

[6] (2) (MEMS system-on-chip, MEMS 

Soc) MEMS IC (on-chip digital integrated circuitry)

[7] MEMS IC
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NAND NOR

 

 

 

1.4 (power gating)

sleep transistors ( ) [4] 

1.2  

Petersen 1979[8]

[9] 1.5(a)

/

(contact pads) open circuit
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close circuit

(

1.5(b)) (bridge)

 

1995 Rockwell Scientific Company (RSC)

1.6 [10] 1999 Raython

1.7 [11]

Omron 10GHz

(>1 billion switch cycles) [12] In-Stat(

) 1.1 [13]

 

 

 

(a) 

 

(b) 

1.5 (a)  (b)  
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(a) 

 
(b) 

1.6 (a) RSC  (b)RSC  

 

 

(a) 

  
(b) 

1.7 (a) Raython  (b)  
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1.1 ( In-Stat(2005/07)) [13] 
Company Actuation V,I,Power 

(V, mA, 
mW) 

Switch 
Time 
(μs) 

Contact 
Force 
(μN) 

Proven 
Lifetime 
(Billion 
Cycles) 

Motorola Electrostatic 40-50,0,0 4-6 100 60 
Radant MEMS Electrostatic 70-80,0,0 3-6 100 60 
Omron Electrostatic 17-20,0,0 30 1000 1 
Cronos Thermal 5,40,200 10,00 2000- 

3000 
1 

Rockwell Scientific Electrostatic 60,0,0 8-10 50-100 1 
Samsung Electrostatic 5-8,0,0 100 50-100 0.5 
HRL Electrostatic 20-30,0,0 30-40 50-100 0.1 
Lincoln Labs Electrostatic 70,0,0 1 50-100 0.1 
ST-Micro. Thermal/ 

Electrostatic 
5,4,0 30 50-100 0.5 

Microlab Magnetostatic 5,100,0 50 50-150 0.1 
NEC Electrostatic 30-50,0,0 30-40 50-100  

1.3  

AND OR NAND NOR XOR NOT /

(truth table) 1.2 1.8

AND OR

NOT NAND NOR

1.9  

NAND NOR

NAND NOR  
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1.2  

Output Input 

NOT OR AND NAND NOR XOR 
A 1 0 
B 0 X 

1 0 1 0 1 

A 0 1 
B 1 X 

1 0 1 0 1 

A 0 1 
B 0 X 

0 0 1 1 0 

A 1 0 
B 1 X 

1 1 0 0 0 

X /  

 

 

 

 

 

1.8  
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1.9  

 

1999  A. Hirata [14]

(power management)

(power consumption) 1.10

AND OR

S.W Lee [6]  PolyMUMPs 

MOS (mechanical 

transistor) 1.11 gate source

PMOS NMOS / NOR NAND

(layout)

N. Sinha [1] MOS-like

1.12 MOS-like

(stack)  
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1.10 Hirata [14]  

 

 

 

 
1.11 S.W Lee [6] MOS-like  
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1.12 N. Sinha [1]  (a) 3-D

(b)  

 

Rhesa, Nathanael[15] [6]

1.13

body-biasing

(pull-in) (release) [16]

MOS body (drain)

inverter

body PMOS NMOS

Jaeseok, Jeon[17] (seesaw 

relay) 1.14 Rhesa, Nathanael[15]

[16] ( 2.2

)

 

[18] 1.15

[6], [15], [19]

MOS
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(electrical interconnects) NAND NOR

 

 

 

1.13 Rhesa, Nathanael[15]  (a) MOS-like

 (b)  (c)  

 

 

1.14 (a) (seesaw)  (b) 

[17]  
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1.15 SEM (a) (silicon nitride) (b) 

[18]  

1.4  

CMOS-MEMS CMOS-MEMS

MEMS  

(reliability)

[20-22]
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1.4.1  

(residual stress) (thermal 

stress) (intrinsic stress) [23]

(thermal expansion coefficient)

(grain boundary) (void)

(recrystallization)

R.W. Hoffman [24]

(internal stress)  

(mean stress)

(gradient stress) (compressive stress)

(tensile stress)

(grain size)

(crack)

(buckling effect)

(bending moment)  

1.4.2  

1.16 [25]



 15 

 

1  [26] 

1.17 (buckling)

Hutchinson [27]

(

[28])

 

 

 

1.16 [25] 

 



 16 

 

1.17  [26] 

 

2  T [29] 

1.18 T

A B (δ)

B (δ)

T

[29] T 4000 μm 1600 

μm  
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1.18 T  [29] 

 

3  [30], [31]  

(in-plane)

1.19

(test beam)
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1.19  [30], [31] 

 

5  [28] 

W. Fang  J.A. Wickert

[28] nominally 

clamped boundary 1.20

(1) ( 1.20 

(a))  (2) ( 1.20 (b))

(θ)
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1.20 (a)  (b) 

[28] 

 

6  [32], [33]  

Fang[32] Min [33]

 

W. Fang[32] 1.21

(bilayer structure)

CVD

Min [33] 1.22 in-situ

(bending moment)

(b) 

(a) 
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(tip deflection) W. Fang[32]

Min [33]

 (clamped boundary)

 

 

1.21 W. Fang [32]  (a) (b)

(c)

 

 

 
(a)                                     (b) 

1.22 Min [33] (a)  

(b)  
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1.5 -  

 

2005 S.T. Patton [34]

(hydrocarbons) 1.23(a) ( )

(adhesion)

[35] ( 10 μA)

(Van Der Waals force)

H. Kam[36] Patton [34]

0.25Å (TiO2)

(micro-welding) [37], [38]

2006 O. Rezvanian [39]

(spots) 1.23(b)

(adhesion force)  
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1.23 (a) [34] (b)

[35] 

 

1.24 [40], [41]

contact 104

106

2007 Q. Ma [42] Au AuNi5

Rh(Rhodium) Tungsten AuNi5 Rh

Au L. W. Linda [43]

(ball grid array, BGA)

1.25

2μm 108
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1.24 [40], [41] 

 

 

1.25 (a) SEM  (b)

wire-like  (c)

[43]  
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1.6 CMOS-MEMS  

MEMS

(IC foundry)

(post-CMOS process) MEMS (1) 

IC MEMS (MEMS block)

(2) 

 

1.6.1 TSMC 0.35 μm 2P4M CMOS MEMS  

1.26 (Taiwan Semiconductor Company, TSMC)

0.35 μm CMOS 2P4M (polysilicon)

(dielectric layer)

(silicon oxide)

(aluminum) (Titanium nitride, TiN) (Titanium)

Via ( (Tungsten)) Via (

)

1.26  
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1.26 TSMC 2P4M 0.35 μm CMOS  

 

1.27 CIC [44]

(anisotropic) (RIE dry etch process)

(isotropic) (anisotropic)

CF4/O2

(hard mask)

MEMS (isotropic)  (SF6) 

undercut  

1.27(a) PAD

(Passivation layer) RLS

1.27(b)

(isotropic) ( 1.27(c))

(isotropic)

1.27(c)
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                  (a)                             (b) 

 

  
(c) 

1.27 CIC (Standard-Post Process) 



 27 

1.7  

(reliability)

 

NAND NOR

(1)

(2)  (3)

(<400 )

MEMSCAPE MUMPs  

CMOS-MEMS /

 

Rhodium(Rh) IC

IC (Au) (W)  

(in-situ fabricated)
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 (1) 

in situ

W. Fang [28] Y.-H. Min [33] (2) 

CMOS-MEMS

 

 

1. CMOS

 

2. 

in situ  

3. 
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1.8  

/

(layout)

(prototype) 
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2.1  

 

2.1.1  

2.1

/ Vcc+ Vcc-

Va Vb

gap, 21 ,dd

(output terminal) /

 

 

 
2.1  
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2.1

(Fup) (Fdown)

(2.1)  

2 2

2
1
2 2

2
2

[( ) ( ) ]
2

[( ) ( ) ]  -
2

+ +

− −

+ + = = −

− + −
=

− + −

�� � m total up down

a cc a cc b

b cc a cc b

mx bx k x F F F

A V V V V
d

A V V V V
d

ε

ε

                       (2.1) 

m b Km ε

d1 d2  (gap) Va Vb

Aa Ab

 

2.1 (gap) d1 d2

Aa Ab (2.1)

(Va Vb) Fup

Fdown

Case (1) Va = Vcc+ Vb = Vcc-

/

(d1 d2) Fup

Fdown Vcc-

 Case (2) Va = Vcc+ Vb = Vcc+

Fup=0 Fdown

Vcc- Case (3) Va= Vcc- Vb=Vcc-

Fdown = 0

Fup Vcc+ Case (4) 
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Va=Vcc- Vb=Vcc+ (1)

2.1 Vcc+ Vcc- 1

0 ( 1.2 )

( ) NOR  

Vcc- Vcc+

/

NAND

NOR NAND

 

T.-L.Chen [45] 2.1 90 (bulk 

micromachining) 2.2 20 /0V  

 

 

2.1 NOR  

Case Va Vb Output 

(1) Vcc+(1) Vcc-(0) Vcc-(0) 

(2) Vcc+(1) Vcc+(1) Vcc-(0) 

(3) Vcc-(0) Vcc-(0) Vcc+(1) 

(4) Vcc-(0) Vcc+(1) Vcc-(0) 
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            2.2 [45] 

 

2.1.2  

 

IC (BJT FET)

(surface micromachining)  

2.3(a) ( )

(au)

(isolation layer) Vcc+

Vcc- (torsinoal srping)

(resilient force) 2.3(b) ( )

(1) (Vcc+, Vcc-) pad (pad A and pad B) (2) 

A B (input terminal A and B) (3) (output terminals)

(torsion mode)

 



 34 

Vcc- Vcc+ pad A pad B

(anchor) Vcc- Vcc+

(input terminals A and B) Vcc- Vcc+

(Al and Ar, 2.3)

(see-saw 

motion)

 

2.4 NOR NAND 2.1

A B (input A and input B)

output  

1.9

AND OR NOT [6], [14]

 

2.1.1

/
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2.3  (a) NOR  (b) 3D (Prototype)

 

 

 

 

2.4 NOR NAND  
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2.2  

2.1 /

(pull-in voltage)

(state transition)

/  

2.2.1  

2.5 (torsion)

 

+ + = −�� �
θ t R LI θ Cθ K θ M M                        (2.2) 

Iθ (mass moment of inertia) C  

(damping coefficient) Kt (torsinal stiffness) MR ML

(electrostatic torques)  
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2.5 (a) 3-D  (b)  

 

2.5(b)

 

2

1

2 2

2

2 1 1 2 1 2

1 2

4 3 3 4 3 4

3 4

(( - ) ( - ) )
2 ( - )

( - ) - ( - )( - ) ln(( - ) / ( - ))      
( - )( - )

( - ) - ( - )( - ) ln(( - ) / ( - ))
( - )( - )

xcc a cc b
R x

R

L L

εω V V V V xM dx
g xθ

x x gθ g x θ g x θ g x θ g x θV
θ g x θ g x θ

x x gθ g x θ g x θ g x θ g x θM V
θ g x θ g x θ

− −+
=

= ×

= ×

∫

        (2.3) 

 

2 2

2 2

(( - ) ( - ) )
2

(( - ) ( - ) )
2

cc a cc b
R

cc a cc b
L

εω V V V VV

εω V V V VV

− −

+ +

+
=

+
=

                        

ω g (gap)  x1 x2 x3 x4
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2.5

CMOS-MEMS 

2.2 Kt [46], [47]

 

4
3 2

4

2
,   

1[ 0.21 (1 )]
3 12

n

i pi
i

t

i i
pi i s s i i

s s

G I
K

L
t tI t t dω ω
ω ω

=

= − − +

∑
               (2.4) 

ωs  ti Gi  Ipi (width)

(thickness) (shear modulus) (polar moment of inertia) di 

(neutral axis)

(centroidal axis)  

(Iθ) (2.5)  

2 2
2( )

12

n
i p i

i i
i

M t
I M dθ

ω +
= +∑                        (2.5) 

ωp (length) Mi  

(first mode shape)  

1
2 2

tKf
I

= =
θ

ω
π π

    (2.6) 
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pull-in voltage

  

3/2
1 2

1
2 1 1 2

2

( )( )

( ) ( )( ) ln( )

s s

tR R
t

θ θ θ θ

s s s t
p

s
s s s

s

MM MK
θ θ θ

θ g x θ g x θ K
V

g x θεω x x gθ g x θ g x θ
g x θ

= =

∂
= = =

∂

− −
=

−
− − − −

−

        (2.7) 

Mt (resilient torque) θs (snap down angle)  

2.2.2 (state transition)  

 (state transition) IC [48]

 

2.1.2
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2.6 NOR

 

 

2.6 NOR

Vcc+ (input 

terminals A and B) case III

Vcc-

case I

(Hooke's law)

case IV

2.6

(1,1) (0,0) (1,1)

(tilting angle)

(0,0)
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NOR (Vcc+, Vcc--) (Vcc-, 

Vcc+) case II

case II

case IV

case II case IV

2.6 ±0.015 rad

((1,0) (0,1))

2.2.3

 

(1,1) (0,0)

(1,1) (0,0)

 

2.2.3 (dimple)  

vs.

(dimple)
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(release)

(stiction)

(stiction 

problem) [38], [49]  

 

2.3  

 

/

( ) (contact)
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[42]

[20]

CMOS

CMOS-MEMS

MEMS

 

/

in situ

( 3.1 )

CMOS-MEMS

 

3.1  

(SiO2) /
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/

in situ

[50]  

3.1.1  

2.1.2

- fixed-fixed

(bending stiffness) 20

 

(multi-layer structure)

(bending moment)

3.1(a)

3.1(b)  
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3.1 (a)  (b)  

 

(transformed section method)

[46] /

(effective elastic modulus iE� )

(3.1)  

(neutral axis, ye)

(moment of inertia, Ie)

(cross-sectional area) (centroid) (3.1)

( iE� ) (parallel-axis 

theorem)[51] (Ie) (3.2)  

2 2 2

( ) ,  ( ) ,  ( ) ,

,   ,   ,
1 1 1

a b c
a b c

b b b

a b c
a b c

a b c

a a a b b b c c c
e

a a b b c c

E E Eω ω ω ω ω ω
E E E
E E EE E E

ν ν ν
y ω t y ω t y ω ty

ω t ω t ω t

= = =

= = =
− − −

+ +
=

+ +

� � �
� � �

� � �   (3.1)
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2 2

2

( ) ( )

      ( )
e a a a e a b b b e b

c c c e c

I I ω t y y I ω t y y

I ω t y y

= + − + + −

+ + −
                (3.2) 

ω ta tb tc Ea Eb Ec

(Young’s modulus) υa υb υc

(Poisson’s ratio) Ia Ib Ic  

(geometry nonlinear)

(bending moment) (3.3)

 

 

2

2

2

( ) ( )
1        ( )
6

b e e
e

e a a e a c c c e

b b b e b b

E I δM
L

M σ ωt y y σ ωt y y

σ ωt y y σ ωt

⎧
=⎪

⎪⎪ = − − −⎨
⎪
⎪ − − + ∇
⎪⎩

�

                   (3.3) 

σa σb σc ∇ bσ b

 

 

3.1.2 In situ  

/ in situ 
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W. Fang [28] Y.H. Min[33]

in situ

 

material a~c in situ

3.2

 

 

3.2 1 b(material b) nominally clamped 

boundary 2 a b(material a material b )

(clamped boundary) 3 a b c(material a material b

material c)  

 

1 (Structure 1) b(material b)

W. Fan [28] nominally clamped boundary

(Φb) (ρb) (mean 

stress) (stress gradient)  
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( 0.0043 (94.186 ( 5.465) ) )
(1.022 0.014 )(1.33 0.45 )

2

b b b b b b
b

b b b

b b
b

b

E t t t ρσ
ρ t ν

E tσ
ρ

− + − + Φ
=

− +

∇ =

�

�              (3.4) 

ρb Φb (radius of curvature)

(rotation angle)  

2(Structure 2) (clamped boundary) Y. Min

[33] 2 a 

b 1

 

2 2

2

2

,

( ) ( ) ,
1( ) ( ) ,
6

2

+
=

+

= + − + + −

= − − − + ∇

=
�

a a a b b b
B

a a b b

B a a a B a b b b B b

B a a B a b b b B b b

b B B
B

y ω t y ω ty
ω t ω t

I I ω t y y I ω t y y

M σ ωt y y σ ωt y y σ ωt

E I δM
L

             (3.5) 

2 1

b  

3(Structure 3) 2

3 1 2 a b

(3.3) c  
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3.1.3  

in-situ

( 3.2 )

a b c(material a b c) / (au/aluminum)

(silicon oxide) 3.1 (properties) (thickness)  

 

  3.1  

Properties Material a 

(Gold/Aluminum)

Material b 

(Oxide) 

Material c 

(Aluminum) 

Young’s modulus (GPa) 75 [52] /80[52] 75 [52] 80 [52] 

Possion’s ratio 0.4[53] /0.35[52] 0.3[52] 0.35 [52] 

Density(kg/m3) 19280/2700 2200 2700 

Thickness (μm) 0.3 2.94 0.25 

Length (μm) 125 125 125 

Width (μm) 100 100 100 

 

(non-contact white-light interferometer)

(deflection profile) 3.3(a) 1(Structure 1) (δa)

4.01 μm (ρb) 32.24 10−× m 3.3(b) (Φb) 5.58 

mrad (3.4) 1

270 MPa 36.7 MPa/ μm 2(Structure 2)

(δb) 3.16 μm (3.5) 2 / (au/aluminum)

140 MPa 3(Structure 3) (δc)

0.4 μm (3.3) 3 (aluminum)

70 MPa  
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( / )

2

/

( 70MPa)

 

(3.1)~(3.3)

- / 0.3 μm

(ANSYS)

( 0.035 μm)  

 

 

  3.3 (a)  (b) 1  
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3.4 / 0.3 μm

( 0.035 μm)  

3.2 TSMC CMOS-MEMS  

CMOS-MEMS

in situ  

( 1.6 )

/

 

metal-1 metal-2 3.5

(1) metal-3 type 1 (2) metal-3 metal-4

type 2 (3) metal-4 type 3

type 2 type 3

type 1

5.1.2  
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                 3.5 Type 1~3  

 

3.3  

in situ 

CMOS-MEMS
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4.1  

(finite element 

analysis) 3-D (modal 

shape) 

  

4.1.1  

3 μm 10 

μm 2.2.2

250 μm

100 μm 45 μm  

4.1 (2.7)

(1,1) (0,0) 27.83 V 39.29V  

(Vcc+ Vcc-) (25 -25) (ΔV=50V)

(1,1) (0,0) (1,1) (0,0)

 

2.2.3 (1,0) (0,1)

( 315 10 rad−− × )

2 μm -38 10 rad± ×

(2.6) 39.25 

kHz 4.1  
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4.1  

(Plate length) 250 μm 

(Plate width) 100 μm 

(Plate thickness) 3 μm 

(x1,x2,x3,x4, 2.5) 40 μm,100 μm 

-80 μm,-100 μm 

(torsion beam) /  10 μm/45 μm 

(Actuation voltages, Vcc+,Vcc-) 25,-25 V 

(Gap, (g)) 3 μm 

(Dimple height) 2 μm 

(Max. operating plate angle) 8 10-3 rad 

(1,1) (0,0) (Pull-in voltage) 27.83/39.29 V 

(Expected bandwidth) 40 kHz 

 

10 μm 3 μm

(gap) ((Vcc+ Vcc-) = (25 -25V)) CMOS

2 μm 1 μm

(Vcc+ Vcc-) = (1.5 0 V) 8 kHz IC

10 μm 3 μm (gap)
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4.1.2 (modal analysis) 

ANSYS (modal analysis)

3D

186 (element solid 186)

12933 element  

 

          
4.1  (a) 40.28 kHz (b)

89.29 kHz 

 

4.1 ANSYS 3-D 4.1(a)

40.28 kHz

4.1(b) 89.29 kHz
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(coupling)

 

4.1.3 (logic functions)  

(CoventorWare) 

(mask layout) 3-D

4.2 (input A, inpu B) (0,0)

(counterclockwise) 1 ( Vcc+)

(1,1) (1,0) (0,1) (clockwise)

0 ( Vcc-)

((0,0)↔ (1,1)↔ (1,0)↔ (0,1))

NOR  

NOR (Vcc-  Vcc+)

4.3 

NAND  
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4.2 (CoventorWare) 3D

(0,0)⇔ (1,1)⇔ (1,0)⇔ (0,1)

NOR  

 

4.3 4.2 ((0,0)⇔ (1,1)⇔ (1,0)⇔ (0,1))

NAND  

  

Input A , B : ( 0 , 0 ) Input A, B : ( 1 , 1 ) 

Input A , B : ( 0 , 1 ) Input A , B : (1 , 0 )
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4.1.4  

70MPa 0.3 μm 0.3 μm

( 6.2.1 6.2)

70MPa 0.25 μm  

(curl up) 2.2.2

( 15 10-3 rad)

(bend down)

( 15 10-3 

rad)  

3.1 4.1

(  3.1.3 )  

(ANSYS)

INIS

SFGRAD

4.4  0.75 

μm -36 10 rad×

3μm

315 10−× rad

( 6.2.1 ) 10%
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4.4 0.75 μm  

4.2  

ANSYS

40.28 kHz / /

0.25 μm/3 μm/0.3 μm 

0.75 μm 3 μm

315 10−− × rad

 

Coventorware

(Vcc+ Vcc-) = (25 -25V)

NOR

NAND  

2 μm 1 

μm (Vcc+ Vcc-) = (1.5 0 V) 8 kHz
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IC
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- (<400 )

CMOS

MUMPs

/  

5.1  

 

5.1.1  

/

NDL 6 P (100) (substrate)

5.1 : 
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 1 (Lift-off)  

(RCA clean process)

2000 Å

(dry oxidation layer) 1000 Å (silicon nitride layer)

(buffer layer)

AZ-5214 (hard bake)

300 

Å (chromium,Cr) 0.1 

μm

5.1.2  

 2 (air gap)

(Plasma Enhanced Chemical Vapor Deposition, PECVD) 

3 μm (Amorphous Silicon, α-Si)

ICP (dimple mask) (deep trench mask)

2 μm

(deep trench mask)

5.2

(cap)  

 3 (Lift-off)  

   AZ-5214

300Å 0.1 μm 0.2 μm
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(lift off)

5.2.2  

 4 PECVD (SiO2)  

PECVD 3 μm (silicon oxide, SiO2) 

 

 5 (hard mask) 

(sputter deposition) 0.25 μm

(mitigation)

 

 6  

( )

(SF6 )
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5.1  

 

 

5.2 (cap)  
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5.1.2  

 

�  

/

(NDL) (Thermal Coater)

 

(NDL) Oxford Plasmalab System 100

PECVD [54-56]

[N2O]/[SiH4] (RF power)

/ ([N2O]/[SiH4]) (RF power) [N2O]/[SiH4]

(SiH4)

( 5.3 )

( 5.4) 5.5

5.1 3.2

270MPa  
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[32] (atomic peening 

effect) 3.2

in situ / 0.3 

μm

0.25 μm  

 
5.1 PECVD (SiO2)  

Temperate ( ) 300  

ΦN2O, ΦSiH4 
[N2O/SiH4]   

525 :75(sccm) 
7 

RF Power 100W 

Cavity Pressure 1Torr 

 

 

5.3 [N2O/SiH4] [54] 

 

5.4 [N2O/SiH4] [55] 
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5.5 [56] 

 

� (Lift-off) 

(acetone)

 

5.6 AZ-5214E

[57] (soft bake)

120 2min

(NDL) (Thermal Coater)

1Å/s

500Å

(crack)
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5.6  (a)  (b)  (c)  (d) 

 (e) lift off 

 

AZ-5214E (1) (2)

(hard bake) AZ-5214E

5.2 AZ-5214E

(3)

AZ-5214 5.6(d)

(step coverage)

( )
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5.2 AZ 5214  
Spin speed [rpm] : 4000 rpm 1.4 μm 

Prebake 110 , 50s, hotplate 
Flood exposure >200 mJ/cm2(uncritical) 
Reversal bake 120 , 2min, hotplate 

 

�  

/ 3 μm

(stiction) 5.7(b)

 

 

   
(a)                               (b) 

5.7 (a) (sticion) (b)

 

 

(NDL) (Oxford Plasmalab System 100)

(1) 

(etch selectivity) (2) 

Stiction area 
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20 μm (undercut)

(3)

(Micro Loading Effect)

Zhu, Tongtong [58]

(ICP power) (RF power)

[58]

5.8 silicon wafer 

silicon wafer PECVD 3 μm

(α-Si) 3 μm

PECVD  3 μm (hard 

mask) 10 μm 150 

μm (s) (Micro Loading Effect)

 

 
5.8 ICP  
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(SF6)

5:1 50:1

(ICP power)

5.3  

( 5.9) Oxford Plasmalab System 100 

5.9(b)

15 Å/sec.( 5.3) 5.10 20 μm

20 

μm  

 

5.3 SF6 (ICP) 

Temperate ( ) 14  

Selectivity: α-Si/ 
PECVD oxide   

50 :1 

RF Power 0W 

ICP Power 1550W

Pressure 10Torr 

Etch rate (Å/sec) 15 
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(a) 

 
                                    (b) 

5.9  (a)  (b)

( Area_A)

( )

(Lc)  

 

 

5.10 20 μm Silicon substrate

(Selectivity of α-Si / SiO2: >150:1) 

 

 

Area_A 
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�  

in situ

/

nominally clamped boundary clamped boundary  

5.11 A α-Si

1 nominally clamped boundary [33]

 

20 μm

(MASK A) 5.11(b)

20 μm  

( )

  ( 5.11 L1 )

5 10
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5.11 1  

 

5.11

5.12(a) (b)

 

5.13(a) ( 2) α-Si

clamped boundary 1

5.13(b) ( 3) 2

3 2 3



 75 

clamped boundary 5.14 2 3  

 

 

5.12 (a)

 (b) ( 5.11)

( ) 

 

 

 

5.13 (a) 2  (b) 3  
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5.14 (a) 2  (b)

3  

5.2 TSMC 0.35 μm 2P4M 

TSMC 0.35μm 2P4M CMOS-MEMS /

IC

CMOS-MEMS

 (blanket etch)
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5.2.1 TSMC 0.35 μm 2P4M  

CMOS-MEMS

(1) metal-2 metal-2

metal-1

metal-2

(2) 

(3) [34]

(tungsten plugs)[17]  

(CIC)

 (anisotropic RIE dry etch process)

 

/ (1) Type 1

metal-3

(2)Type 2 metal-3 / /metal-4

(3) Type 

3 metal-4 Type 2

CIC MEMS35-98D CIC MEMS35-99B (tape out)
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5.15 Type-1  

 a Pad  

5.15(a) TSMC CMOS 2P4M 

metal-4 (Passivation) CIC Pad (Pad Mask)

 

 b RLS  

5.15(b) CIC RLS

metal-4 metal-2

substrate  

 c  

5.15(c) metal-2

metal-4

5.1.2  

( 1.26(b)) Metal-3

Metal-1

5~8 μm  

 d  

5.15(d) (trim back)

(Via-12 Via-23) TSMC 0.35μm 

2P4M [59] 0.65 μm 1 μm
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0.25 μm

(six parts of 40% NH4F and one part of 49% HF, 

Buffered Oxide Etch (BOE)) ” (time etch)” BOE

15  

1.5 μm

(isolation 

feature)  

 e  

(STS RIE process)

STS MODEL C001-4

(SF6 plasma) (SiO2)

5.4  

type-1  

5.16 type-2 type-1 type-2

(passivation layer) metal-4

metal-4 metal-3 type-2 type-1

 

5.17 type-3 type-2

type-2 metal-4 metal-3 type-3 metal-4
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5.4 (STS,RIE) 

Temperate ( ) 300  

ΦSF6  40 (sccm) 

RF Power 50W 

Cavity Pressure 100 mTorr 

Etch rate (Å/sec) 17.5 

 

 

5.15 Type-1  
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5.16 Type-2  

 

 

 

5.17 Type-3  
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5.2.2  

TSMC CMOS-MEMS

 

�  (Passivation layer damage) 

5.18 type 2 type 3 

Pad RLS

metal 4

type 2 type 3

metal-4 type 2 type 3

 

 

       

5.18 Pad RLS type-2 type-3

metal-4  
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�  

Vcc+ Vcc-

metal-2

TSMC 0.35μm 

2P4M ( 1.25)

(1) (aluminum etchant) (2) AD-10(TMAH2.38%+ )

(3) (Carro's acid) (4) (titanium etchant)

5.5

(H3PO4)

(high viscosity)

[60], [61] (Carro's acid)

5.19

metal-2 (Silicon Nodules)

[62] (release)  
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5.5 (Å/min) 
ETCHANT 
   EQUIPMENT 

CONDITIONS 

TARGET 
MATERIAL 

Aluminum Ti/TiN Tungsten 
(W) 

Aluminum Etchant  
(32H3PO4:1NHO3: 

5HAc:6H2O) 
 

Heated Bench 
80  

Aluminum 
 

Initial etch rate : 
34000 

Underetch 50 [um], 
Etch time : 0.2 hour 
Underetch 150 [um],  
Etch time : 1.6 hour 

 

  

AD-10 Aluminum 3000~4000   
Carro’s acid Aluminum/Ti

/TiN 
1800 Ti:240/

TiN:300 
 

Titanium Etchant Ti/TiN 100 8800 >100 
 
 

 

5.19 (Silicon Nodules)

metal-2  

 

AD-10 metal-2

AD-10 (active surfactants)

TMAH(2.38%)

AD-10
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AD-10

AD-10

( ) 5.20 AD-10

(Via trenches)

 

 

 

5.20 SEM

(Via trenches) (tungsten plug)  
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5.3  

CMOS /

(tungsten) TSMC 2P4M 0.35 μm CMOS-MEMS 

(au)  

CMOS-MEMS

AD-10
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6.1  

6.1.1  

6.1

A B(input terminal A and B)

 

 

 
6.1 

 

 



 88 

6.2 3.97 μm ( )

2. 21 μm 1.85 μm

/ / 0.258 μm/ 2.94 μm/ 0.317 μm

6.3(a) (White Light Interferometers)

0.86 μm

/ 1.85 μm 1 μm

( ) 8 10-3 rad

( ) 0.86 

μm (FEM) 0.75 μm ( 4.1.4 , 4.4

) 10%

6.3(b) 2 μm

(gap) 1.8 μm

in situ 
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Silicon substrateNitride/Oxide

Au

Al

Au/Al

a-Si

Oxide
2.94 m

0.258 m

0.317 m
2.12 m

1.85 m

(dimple)

(gap)

 
6.2  

 

 

 
6.3  (a)

0.86 μm (b) 2 μm 
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6.1.2  

(network analyzer)  

6.4 (frequency) (resonant frequency) 39 

kHz 6.2

42.07 kHz 7% ( )

( ) 0.098  

 

 
6.4 39 kHz

42.03 kHz  

6.1.3  

6.5

(Agilent E3631A) +25 V -25 V( +25 
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V -25 V 1 0) MEMS  Motion  

ananlzer (MMA) (Power Amplifier) MMA

(input A input B) +25V -25V

(oscilloscope)

 

 

 
6.5  

 

6.6 (a)

Input A, Input B (0,0) (1,1) 100 Hz

Output 1 0 (a)-(d)

NOR

6.7

NAND

NOR

NAND  
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Input (0,1)
Output (0)

Input (1,1)
Output (0)

Input (1,0)
Output (0)

Input (0,1)
Output (0)

Input A
Input B

Output

Input B

Output

Input A

(a) (b)

(c) (d) 2ms/div  10V/div

Input (0,0)
Output (1)

Input (1,1)
Output (0)

Input (0,0)
Output (1)

Input (0,1)
Output (0)

 

6.6 NOR  (a) Input (0,0)↔ (1,1) Output 1 ↔  0 (b) Input: 

(0,0) ↔ (0,1) Output 1 ↔ 0 (c) Input: (0,1) ↔ (1,1) Output 0 ↔ 0 (d) Input: 

(1,0)↔ (0,1) Output 0↔0 

                

Input (0,0)
Output (1)

2ms/div  10V/div

Input (1,1)
Output (0)

Input (0,1)
Output (1)

Input (1,1)
Output (0)

(a) (b)

Input (0,0)
Output (1)

Input (0,1)
Output (1)

Input (1,0)
Output (1)

Input (0,1)
Output (1)

Input A
Input B

Output

Input A

Input B

Output

(d)(c)
  

6.7 NAND  (a) Input (0,0)↔ (1,1) Output 1 ↔  0 (b) Input: 

(0,1) ↔ (1,1) Output 1 ↔ 0 (c) Input: (0,0) ↔ (0,1) Output 1 ↔ 1 (d) Input: 

(1,0)↔ (0,1) Output 1↔1 
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6.1.4  

IC

1 open circuit

2 open 

circuit

 

 Rext  0 25V

 

6.8(a) 6.8(b)

 

0

0

( ) ( )

     ( )

s

s

t

sw sw sw

t r
s r

ext

J V t I t dt

VV V dt
R

=

= −

∫

∫
                             (5.1) 

 ts (rising time)  Rext  Vr Rext

6.8(b) Vr  tr 14.8 μs  (5.1) 1.482 

nJ  

(Jelastic) (Jresistor)

(squeeze film damping effects) (Jdamping)  
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2
max

2
int0

2

0

,
2

( ) ,

( )

=

=

=

∫
∫ �

s

s

t
elastic

t

resistor sw

t

damping

KJ

J I t R dt

J C t dt

θ

θ

                           (5.2) 

Kt (torsinal stiffness) 2.4

9.68*10-6(N m rad-1) θ ( ) θmax

8 10-3 rad (Jelastic) 0.31 nJ  

Rint 

(9.53Ω/square) 95.4 Ω

(Jresistor) 0.85 pJ  

C ( )  

2= ⋅tC K Iθζ                               (5.2) 

 (2.5) Iθ  1.53*10-16 kg-m2 0.098

 (Jdamping) 0.6337 nJ  

(torsional spring) (damping forces)

0.6337 nJ  
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6.8 (a)  (b) (turn on stage)

(Vr(t)) st 14.8 μs  

6.1.5 (life time)  

(Mechanical 

lifetime)

106

100Hz /

24,000 5

(stiction problem) (restoring force)

Scanning Electron Microscope (SEM) Atomic Force Microscopy (AFM)

6.9
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12.57 nm 5.73 nm

5.16 nm 4.13 nm [39-41] 6.10

SEM /

[37], [38]

(±25V) 24,000

(electromigration)

[63] (micro welding effect) [37], [38]

6.1

 

 
 

6.1  
Turn-on resistance ≈100 Ω 
Turn-off resistance Out of range 
Mechanical lifetime 106 cycles 
Electrical lifetime 2.4×104 cycles 
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6.9 (dimple) (contact)

 

 

 

 

 

 

6.10 (stiction)  
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6.2 TSMC 0.35 μm 2P4M  

6.2.1  

6.11 type-1 type-1

260 μm 110 μm 15 μm

Vcc+ Vcc- (anchors)

A B (input terminal A and B)

 

5 μm type-1 4.1 10 

μm  

 

  
6.11 CMOS-MEMS type-1  
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�   

6.12 type 1 6.12(a)

0.485 μm 1 

μm 6.12(b)

0.785 μm 0.7 μm

CMOS MEMS

 

6.13 type 2 type 3

type 2 0.25 μm

metal 4 metal 4

 

Type 3 1.95 μm( 6.13(b) )

 

TSMC 2P4M type-1
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6.12 type-1 (a) 

0.48 μm (b) 0.785 μm  

 

 
6.13 STS type-2 type-3 (a) type-2

0.25μm (b)type-3 1.95μm  
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6.2.2  

(CIC)

(network analyzer) 6.14

6.15 (frequency) 36 kHz  

10sin(2π*103t)V

6.16

90 nm  

( 5.1.2 )

[18]

 

 

6.14 LDV  
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6.15 CMOS-MEMS 36 kHz  

 

 

 

6.16 COMS-MEMS 10sin(2

103πt)V 90 nm  
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6.3  

in situ

250 μm 100 μm 3.97 μm

 40.03 kHz on resistance ≈100 Ω off resistance  out of range  switching loss ≈1.482 

nJ mechanical/electrical lifetime 106 cycles / 2.4×104 cycles  

NAND NOR

NAND NOR

 

CMOS-MEMS 260 μm 110 μm 1.5 μm

type-1

10/0 V  90 nm

36 kHz  
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7.1  

IC

IC

MOS-like

AND/NOR universal gate (NOR

NAND )

/  

TSMC 

2P4M 0.35 μm CMOS-MEMS 

2.94 μm

0.3 μm / 0.25 μm

(1) 

(2) in situ

0.75μm 0.86 μm

10% CMOS-MEMS

metal-3 (type 1)

125 μm 0.485 μm

Ti/TiN/Al

( AD-10
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)  

( )

250 μm 100 μm 3.97 μm

100 Hz 25/-25V

NAND NOR

1.4 nJ 100 Ω

2.4 104 40 kHz

CMOS-MEMS 260 μm 110 μm 1.5 μm 

10/0 V  90 nm 

36 kHz

 

7.2  

10 μm 3~4 μm

(gap) ((Vcc+ Vcc-) = (25 -25V))

CMOS

 

 CMOS-MEMS

CMOS-MEMS

IC  
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FIB (Focused Ion Beam)

7.1 (Pt)

 

 

        

  (a)                        (b) 

    7.1 (a)  (b)  
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