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Abstract

In this study, we employ a low-temperature stress-free electroplated
nickel (EL) process with “‘the -addition of wuniformly dispersed
nanoparticles of diamond, CNTs or SiO, to investigate “nanocomposite
effects” for the first time on the modification of the mechanical properties
inclusion thermal expansion coefficient (CTE), of nickel and its
correlation to power and reliability improvement of electro-thermal
microactuators. By measuring the resonant frequency, the E/p ratio of
the cantilever beam with Ni-damond nanocomposite reaches 1.3 times of
the pure nickel one and the similar enhancement of the Ni-CNTs
nanocomposite is about 1.47 times. In addition, the nano-indentation
measurement shows that the Young’s modulus and hardness of the

Ni-diamond nanocomposite film electroplated in the bath with 2g/L

il



diamond can greatly increase up to 230GPa and 11.9GPa, respectively.
The Ni-CNTs nanocomposite film electroplated in the bath with 0.028g/L
CNTs can greatly increase up to 235GPa and 7.9GPa, respectively. The
CTE of the cantilever beam with Ni-damond nanocomposite reaches 2
times of the pure nickel one and the similar enhancement of the Ni-CNTs

nanocomposite is about 1.48 times.

For the electrical property, the resisitivies of these two composites,
126.56x10°Q-m for Ni-diamond and 156.78x10°Q-m for Ni-CNTs,
respectively, indicate both films have better electrical conductivity than
the doped polysilicon (~10x10°Q-m). Based on the 4-point probe
measurement, it i1s found that the intrinsic bulk resistivities of the
nanocomposite thin films can be characterized using Maxwell-Wagner
model for a two phase mixture. Therefore, with the enhancements both
on the mechanical and physical properties, the novel nanocomposites
show the potential applications..on - the MEMS, especially for
high-frequency resonant device fabrication.

An electro-thermal microactuator is designed and fabricated using the
novel nanocomposites.  Device characterization reveals dramatic
performance improvements in the electrothermal microactuator that is
made of the nanocomposite, including a reduction in the input power
requirement and enhancement on operation reliability. In comparison
with the microactuator made of pure nickel, the nanocomposite one can
save about 73% the power for a 3um output displacement and have a
longer reversible displacement range, which is prolonged from 1.8um to

more than 3um. Measurement results show that the microactuator

v



plated with CNTs 0.028g/L needs the power requirement less 95% than
the pure nickel device at the same output displacement of 3um. The
performance improvement of the electrothermal microactuator made of
the nanocomposite, including device strength and power efficiency, has

shown to be similar to the Ni-diamond nanocomposites.
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3.9 HITACHI S-3000N
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Combustion Chamber

TCD

1800

Tube

311
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—1 Anayzer

Oscilloscope
LDV
Function
Generator Specimens
Ultrasonic
Power = F—
o Transducer
amplifier
‘ X-Y stage

Pump

I

Vi ion isolated table
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3.13 (Nanoidenter)

(Praae. Dera)
B
&
o
|
Displacement, h
314 - [43]
v

3.15 Berkovich [44]
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1 Computer
CCD
e ey e e
Microscope
Transparent window \ Heating chamber
—1— Sample
| Thermal couple Ii Heating unit
Temperature
controller

3.16
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4.1

125nm 50nm
3.51g/cm’ 2.0
50
pH 40 43
4.2
4.2.1
4.1 4.2

SEM
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4.1(a) 500nm
4.1(b) 4.2

4.2(a) 4.2(b)

125nm  50nm
500nm
50nm
41 42
SEM
X
(Energy Dispersive’.X-Ray Spectrometer, EDS)
EDS 2
4.3 4.4 EDS 4.3(a)
4.3(b) 500nm
4.3(a)
4.4 EDS

125nm  50nm 4.3(b)
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43(b)  4.4(b)

4.2.2
AFM
4.5
4.5(a)
4.5(b) 8.46nm
25.29n1m
2.98
4.6
50nm 16.70nm 11.76nm
125nm 4.5(b)

4.6(b) 50nm
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50nm

AFM

125nm
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423

500nm

4.7

4.5(b)

4.6(a)

0.5

4.5(a)

1.47%
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500nm

50nm
4.3

4.8 4.9

X
Cu-Ka 0.154nm
hkl
4.1

2dsin@ =nA
d hkl
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0.47%

XRD

X

20°<20<60°

Bragg's law

1.87%

X
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4.8 X
45°  53°

45°  53°

d200

4.9

4.8

4.4

4.4.1

4.1

(111)  (200)
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1.801A

2.012 A
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350um 50pm 5.50pm

0.5 1 2
5.50pm 5.08um  4.40pm
etramethylammonium hydroxide,
T hyl tum hydroxide, TMAH
(undercut effect) 410 4.10
SEM
[41]
4.1
14.03kHz

22.43kHz 29.45kHz 2
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f =0.16151/E/,0(%)

4.11

2

2.63x10'N-m/Kg

4.4.2

2.1

[46, 47]
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(4.2)[45]

500nm

1.29

4.2



4.12 4.13 4.12

192GPa  230GPa

2 1.2
0.5 500nm 125nm
50nm 192GPa 200GPa  223GPa
1 203GPa 220GPa  227.4GPa
2 50nm
125am 236.7GPa
240GPa
4.13
4.53GPa
2 11.92GPa
2.63
2
500nm 125nm  50nm

11.9GPa 9.0GPa 7.6GPa

SEM 4.14(a)
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500nm

125nm
4.14(b)
50nm
4.14(c)
11.9GPa 36%
1100GPa 75.13GPa
4.4.3
4.15 400

4.15
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18.20%

38x10°/

23x10°%/

500nm

42.3x10°%/

500nm

42.30x10%
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50x10%/

50nm
33.20x10°%/
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4.5

4.16
2
500nm 50nm
126.56x10°Q -m  128.57%107°Q “m 124.93x10”
Q -m
Maxwell-Wanger [48]
43 44

1+ 2V (1= ki /K ) A0+ 2k /K )
1=V (1= km k) /(1 + 2km k)

ke =km(1=V)(1+V, /2) 4.4
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(k_»k,)

4.4

4.3
4.17 4.17

Maxwell-Wagner
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4.1

1
2 3
(M m)| (U m) (kHz)

(g/L) (N-m/Kg) | (N-m/Kg)

0 5.5 535 14.03 3.6x10° | 2.04x10’

0.5 5.08 409 22.43 1.12x107 | 2.09x10’

1 5.06 372 2736 1.32x107 | 2.15x10’

2 4.4 352 29.45 2.57x107 | 2.64x10’

1. (3500 m)

(=180GPa/8908K g/m’)[46]

- 60 -

2.02 x 107 N-m/Kg




4.1 SEM (a) (b)

500nm, 2g/L
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HCTUME WDZS

HCTUME WD26 .8mm 13 .0kV 2300

(b)
4.2 SEM (a)

125nm (b) 50nm
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1200
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Image Statisztics

Img. Z range 148.51 mm
Img. Mean 0, 000004 Am
Imng. Raw mean 20%, 56 mnm
Img. Rms (Rg) 11.717 rm
Img. Ra B.461 nm

M,

Image Statistics

Img. Z range 7909 mm
Irg. Mean 0,122 nm
Img. PBaw mean T15.98 mm
Img. Bms (RaD A6 848 rm
Img. Ra 25. 296 nm
(b)
4.5 AFM @ (b
500nm, 2g/L
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Image Statistic

Imeg. 2 rangs
Tmeg. Maar

Tmeg. Eaw mdar
Timeg. Bas (RGJ

Img. Ea

Image Statistics

Img. £ rang=
Img. MeEan

Imd. FRaw mean
Img. Fms L[Rg)
Img. Fa

0.O00002 rm

4.6 AFM (a)

50nm



Volume % of diam ond {%)

2.5

@ MNi-Diamond (average particles size < S00nm)
B Ni-Diamond (average paficles size = 128nm)
50 & Ni-Diamond (average paficles size = 40nm)
. F
[ |
A
15 - &
F
1.0 1 [
0.5 - %
o
@
D.D . ] ] | |
0.0 0.5 1.0 1.5 2.0
Diamond Concentration (g/L)
4.7
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Intensity [ Arb. Linits ]

43500

4000 F
35300 F
3000 F

2000 |
1500 F

1o F
00 F

Mi(111)

Ni (200

)

30 35 40
25 deq.]

4.8 XRD
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Intensity [ Arb. Units ]

4.9

XRD

3500

3000

2500

2000

1600

1000

500

Ni (111)
i C{102)
I J k Ni (200)
e 1 L 1 b i [ . 1
20 25 30 35 40 45 50 55 80
28 [deg.]
500nm
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Si substrate

WD35.7mm 15.0kV x1.2k  30um

4.10
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Efp x 107 (N-miKg)

28

26 -

24 -

22 -

20 4

18
00

4.11

05 1.0 15 20

Diamond Concentration {g/L)
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Young's Modulus {GPa)

260

240 -

230

220

210

200

190 4

180

®  Ni-Diamond (size average < S00nm)

B NMi-Diamond (size average < 125nm)

& Ni-Diamond (size average < A0nm) z
; ¢

; .
- i
_ : 4
i ¢
0.0 05 1.0 15 20
Diamond Concentration {giL)
4.12
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Hardness {(GFa)

® MNi-Diamond (size average < 500nm)
12 4 ® HKi-Diamond (size average < 125nm)
&  Ni-Diamond (size average < S0nm)

10 ~

0.0 0.5 1.0 15

Diamond Concentration {giL)

4.13

-73 -

2.0

25



4.14

500nm (b)

SEM

125nm (c)

~74 -

(a)

50nm



Thermal Expansion Coeffecient (x 10°/C)

55
® Ni-Diamond (average particles size < 500nm)
B Ni-Diamond (average particles size < 125nm)
501 & NiDiamond (awerage particles size < 50nm) .
45 -
¢
40 - W
3
3% - 2
30 - ¢
i
25 1 3
"
20 ] I | |
0.0 0.5 1.0 1.5 2.0 25
Diamond Concentration (giL)
4.15 400
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—8— 4-Point Prob(Diamand size average < 500nm)
132 —— 4-Paint Prab{Diamond size average < 125nm)
| —&— 4-FPuint Prob{Diamond size average < 50nm)
£ 130 -
G
@
o 128 -
el o
2 126 -
7
w
o
o 124 A
122 4
120 1 I 1 1
0.0 05 1.0 15 20
Diamond Concentration (g/L)
4.16
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140

—&— 4-Point Prob(Diamaond size average < 500nm)
138 1 Maxwell-Wagner eguation(Diamond size average < S00nm)
—— 4-Point Prob(Diamaond size average < 125nm)
136 1 o Maxwell-VWagner eguation(Diamond size average < 125nm)
= 134 —&— 4-Point Prob(Diamond size average < S0nm)
g 1 —— Mawwsl-Wagner equation(Diamand size average < S0nm)
SO -
o 132
> 130 -
E
B 128 - 3
3 o
¢ 126 - g
E
124 -
122 -
120 1 1 I I
0.0 05 1.0 16 20
Diamond Concentration (g/L)
4.17

Maxwell-Wagner
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5.1

10 20nm 5 10nm 0.5

200pm 0.04 0.05g/cm®

COO

30c.c 20c.c

30
[50]

250
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0.007 0.014 0.028

5.2
50 pH
pH pH 40 43
80nm 0.063g/cm®
52
5.2.1
5.3(a) 5.3(b)

53(@) 5.3(b)

5.3

-79-



EDS 5.4
EDS 5.4(a)
54(@ 4.4(a

5.4(b) 5.4(a)

EDS

5.2.2

2.5
5.5(a)
0.028

5.5(b) 0.036

5.5(a)
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7.427nm
12.561nm 1.69

5.5(c) 50nm

11.762nm

5.2.3
5.6
0.007 0.014 0.028

0.007 0.028

8.02% 15.26%
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5.3

0.014

5.7

26°
26° 4.1

3.423A
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5.4

5.4.1
350um 50um 5.50um
0.007 0.014
0.028 A4.7um
5.1
14.03kHz
25.50kHz 30.42kHz 0.028
2.17
5.8
2.04x10’

N-m/Kg
2.35x10" N-m/Kg  3.0x10" N-m/Kg 0.028
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N-m/Kg 1.47

500nm 50nm

351g/lcm® 0.05g/cm®  0.063g/cm’

0.5
0.007 0.008 1.42x10™(v/v)
1 0.014 0.016

2.84x10™(viiv) 2 0.028
0.036 5.68x10™*(v/v)

5.9

5.68x10*(v/v)
3.0x10" N-m/Kg

1.47



2.64x10" N-m/Kg 500nm

1.3
1.14
5.4.2
5.10 5.11
5.10
196.7GPa 235GPa 3
19.47% 0.028

1.24

0.007 0.014 0.028 5.1GPa 6.47GPa
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7.9GPa
0.028

5.11

188GPa 180GPa
5.12

50nm

5.68x10™*(v/v)
236GPa

235GPa

5.13

7.90GPa

1.73

4.34GPa 3.82GPa

1.24

1.23

180GPa 1.05
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5.12 5.68x10*(v/v)

7.6GPa 1.67
7.9GPa 1.7
3.82GPa
1.19
50nm
1100GPa
1.28TPa 75.13GPa

70GPa 600kg/mm?
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5.4.3

5.14 400
0.007
0.014 0.028 26.8x10°%/
32.3x10%  34.8x10°% 23x10°%/
0.028
1.48 5.15 400
0.036
18x10°%
0.036 1.3
5.16
50nm
5.68x10*(V/v)
38x10°%
34.8x10%

18x10°Y/
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5.5

2.1

1.93

1.3

34%

Maxwell-Wanger

-89-

29.85%

39.47%
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43 44

1.85x10%/cm (k)

(k,) 433

k >>k,

5.17

Maxwell-Wagner
Maxwell-Wagner
Maxwell-Wagner

0.007 0.014

136.28x10°Q -m 155.44x10°Q m
124.93x10°Q -m

0.028

-90-

(kq)
80.3x10°cm

4.4

0.028

156.78x10°Q -m

1.25



5.1

(=180GPa/8908K g/m>)[46]

-91-

(/L) (N-m/Kg) | (N-m/Kg)
0 55 535 14.03 | 3.60x10° | 2.04x10’
0.007 A7 380 2550 | 1.70x10" | 2.35x10’
0.014 4.7 374 2782 | 2.07x10" | 2.63x10’
0.028 A7 370 30.42 | 241x10" | 3.0x10’

1. (350u m)

2

3

2.02 x 10’ N-m/Kg
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5.3

SEM(a)

WDZ6  Bmm 15 0KV w300

(b)
(b)

-03-
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I peakes

# =5 EdM

BEEEEEEREEEE

5.4 EDS @ (b)



Image Statistics

Img. 2 rangs 123,98 rm
Img. Wean =0 000000 Am
Img. Raw m=an 170,13 mm
Img. Rms (Rgl 9.975 nm
Imgy. Ra F.427 nm

(a)

Image Statistics

Img, £ Fange 218,47 am
Img. Mean 020 am

Img. Raw mean -50.521 nm
Img. Fms (Rq) 13.571 nm
Img. Ra 12.561 nm

(b)
55 AFM @

-05-

(b)

50nm) ()



5.5 ARM

Image Statistics

L.
Lmed
Lmeg .
Limeg .
Iimeg .

Z rangs
HeE=an
Raw mearn
rmz (Rg)
Ra

167,72 nre
0000002 rm
108.45 nn
16.540 nm
11.762 nn

(©

(@

e

(b)
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Yolume % of CNTs (%9

—
)

—
o
1

—
[ )
1

—
o
1

14.26 1526

5.6

0.014 0.021 0.028
CNTs Concentration {giL)
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Tntenattsy [ Arb. Uhits ]

4500 F
4000 F
3500 F
000 r
2500
2000 F
1500 |
1000 |
SO0 F

Ni{ 2007
Ni{111)
C{002)
13 20 2D a0 35 40 45 50 33
26 [deg.]
5.7 XRD
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30 A §
o
£
Z o
P-E 25 -
N o
2
LU
20 ¥
1.5 1 1 1 1
0.000 0.007 0014 0.021 0028

5.8

CNTs Concentration (g/L)
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E/lp x 10" (N-m/Kg)

3.5

1.42x 10 (VIV)

B 284x 10™ (vIv)
® 568x 10™ (V)
3.0 A ®
° [
2.5 -
A
[ |
8 A
2.0 -
1-5 ) L] L]
pure Ni Ni-diamond Ni-CNTs
Nanoparticle Type
59
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Young's Modulus (GPa)

260 10
® ‘Young's Modulus
240 B Hardness (GPa)
- 8
230 - ;
220 -
i - 6
210 - ?
N
200 -
] § - 4
190 ¢
180 . . . . 2
0.000 0.007 0.014 0.021 0.028

CNTs Concentration {giL)

5.10
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Young's Modulus {GPa)

220 6
® Young's Maodulus
B Hardness
210
-6
200 rl *
190 9 ; f 4
¢
180 -
-3
170 -
160 . . . . 2
0.000 0.008 0.016 0.024 0.032 0.040
8i0, Concentration (giL)
5.11
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Young's Modulus (GPa)

240

A 142% 10% )| ® 0
230{ ® 2.84x 10" (W)
® 568 10°(\)| &
220 - [}
210 -
200 -
A
190 - e
[ ]
180 - °
170 L) L) L) L)
pure Ni Ni-diamond Ni-CNTs Ni-SiO2

5.12

Nanoparticle Type
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Hardness (GPa)

A 1.42x 10" (vIv)
B 2384x 10 (VIV)

8 7 4 %)
® 568x 107 (V)| o
7 -
. [ |
A
6 o
5 A
. A
] [ |
4 ®
3 ) ) ) )
pure Ni Ni-diamond Ni-CNTs Ni-SiO2

Nanoparticle Type

5.13
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38

36 -
34 A
32 A
30 -
28 A
26
24-;

22 4

Thermal Expansion Coeffecient ( x 10/ )

20

0.000

5.14

0.007 0.014 0.021 0.028
CNTs Concentration (g/L)

400

- 105 -




26

24 4

2] }
}
}

16 ) ) ) )
0.000 0.008 0.016 0.024 0.032 0.040

Thermal Expansion Coeffecient (x 10'61 )

SiO, Concentration (g/L)

5.15 400
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Thermal Expansion Coeffecient ( x 10/ )

5.16

B
o

A 142x 10° (W) | o
B 284x 107 (viv)
351 @ 568x 10” (VIV) ®
]
]
30 -
A
25 4 A
]
A
20 -
15 ) ) ) )
pure Ni  Ni-diamond Ni-CNTs Ni-SiO2
Nanoparticle Type
400
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—&— d-pt probe measurement
160 4 —— MawwellVWagner two-phase model 157 59
15558 156 78
£
c 150
@
=
g 140
[
un
0
14
130 -
12493
12u | ] | ]
0.000 0.007 0.014 0.021 0.028
CNTs Concentration {giL)
5.17

Maxwell-Wagner
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6.1

[51] 6.1
(anchor)
400pum
800um 10pm
10pm
6.2
6.2 4
(High Density Plasma Chemical
Vapor Deposition, HDP-CVD) 2um

100A 1000A

-109 -



10um  AZP4620

AZP4620
6.2
6.3 SEM
6.3
0.2um (CCD) 6.4
500nm
0.924W
3um
3um 2

0.248W
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73%

6.5

2um
0.684W
0.162W

76%

6.6

0.028
0.047W
95%

81%

-111-

500nm

0.271W

3um

3um

50nm



3um

7um

6.7

6.4

1.8um

3um  7um

ANSYS 6

6.1

[51]
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5 =a- (}/Iong A-I_Iong - 7/shortATshort)

S (tip)
(04
7/ long 7 short
A-I-Iong A-I-short
500nm

0.085% 15.16%

-113-

ANSYS6
6.8

(EA)

0.185%

0.47%

6.1

solid 5



3.5g/em® 0.05g/cm® 0.063g/cm’

8.908g/cm’
ANSYS6
[52,53]
5.68x10™(v/v)
230GPa 8.882g/cm®
235GPa 7.565g/cm®
180GPa
6.1
[54,55]
25°C
6.9

<04V
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6.5

TEM

6.10

-115-

[56-58]

TEM

TEM



100nm

6.11 500nm

TEM 400nm

600nm
6.12
125nm

TEM 6.13

6.11 200nm
400nm
6.14 6.15
TEM

500nm 125nm
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6.1 ANSYS

(GPa) 190.6 230 235 180
(kg/m*)* 8908 8882 7565 8908
(109 ) 23 50 34.8 18
0.31
(W/mK) 90.5
(JKg-K) 443.08
(uQ2-cm) 13.5
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«—— 390,

(SO2)
o Ti/Cu
(Ti/Cu)
__ AZPA620
1] I
(AZP4620)
[ [
|
[ |

6.1
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6.2

500nm, 2g/L

(b)
SEM (a)
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6.2

WD23 .0mm 15 _.0EW

(d)
SEM (c)
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6.3

12.0EY 13 Tmm X150 SE[M)

125nm (b)

NCTUME WDZO0 .Smm 15 UEV x10 S0 UL

B N I R
JU0um

(b)
SEM (a)

50nm
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12

10 -

Displacement { £ m)

6.4

—i— Pure Mi

—+— Ni-1g/L Diamond

—8— - 2g/L Diamaond

—— M- 05gL Diamand

04 06 0.8 1.0
Power (W)
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Displacement (£ m)

6.5

12

10 -

—— Fure Ni

—8 M- 2g/L Diamond (average paricles size <500nm)
—ii— Ni- 2g/L Diamond (average paricles size < 126nm)
—0— Mi- 2g/L Diamond {average paricles size <50nm)
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—
o

—— Ni- 0007 /L Carbon Mano-Tube
—8— M- 0.014g/L Carbon Mano-Tube
1 —#— Ni- 0.028g/L Carbon MNano-Tube
—i— Pure Nj

—
[ %)

—
L0 | = =
L L L

Displacement { & m)

o
1

0.0 0.2 04 0.6 0.8 10 12
Power (W)

6.6
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12

10

Displacement ( x m)

6.7

—i— Pure Mi

_m Ni- 0008g/L 5i0,
—g— Ni- 0036y 5i0,

04 06 0.8 1.0
Power (W)

- 126 -

1.2

14



6.8
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Displacement { # m)

6.9

—e— Pure Ni-measurement

—— Pure Ni-simulation

—& M- 2 g/L Diamond -measurement
—0— M- 2 g/l Diamond -simulation

—m— M- 0.036 g/l 510, -measurement
—o— M- 0.036 o/l 5i0, -simulation

—i— M- 0025 g/L CNTs -measurement
—B— Ni-0.028 g/l CNTs -simulation

01 02 03 04 05

Voltage {v)
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Ni

Camera Length  M80cm

6.10 TEM
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TEM

500nm

6.11
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Diamond
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Ni

Original Mame Nl 1_4D_b
Camera Length 00BOEm

T L -

L =

crginal Marme M1 40 b a
Magnification 0OBOR 200.0 nm

6.13 125nm TEM
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Orginal Narme Ni_1 40 b5
Magnification 0OBOR

6.14 125nm TEM
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