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Micro-Patterns (v] A =) &),

The objective of this study is to develop a novel method named mechanical and chemical

machining technique, which is capable of producing three dimensional patterns of few microme-

ters in dimension on a silicon wafer without the use of a mask. The strategy is to impart

mechanical energy along the path of the pattern to be fabricated on a single crystal silicon by way

of introducing frictional interaction under controlled conditions. Then, the surface is preferen-

tially etched to reveal the areas that have been mechanically energized. Upon completion of the

etching process, the three dimensional pattern is produced on the silicon surface. Experiments

have been conducted to identify the optimal tool material, geometry, as well as fabrication

conditions. The new technique introduced in this paper is significantly simpler than the conven-

tional method which require sophisticated equipment and much time.
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Table 1 Mechanical properties of the tool and workpiece
.
Elastic Poisson’ Hardness
cpe s oisson’s
Specification modulus " HV
ratio
(N/m?) (kg/mm?)
Sphere
Tool Diamond | LoPherel 10.35%10" | 0.07 8000
Tip radius : 10 #m
. [Wafer]
Single Crystal orientation : (100)
stal orientation :
Workpiece Crystal .y ) 1.9x10" 0.09 800
Silicon Diameter : 100 mm
Thickness : .5 mm
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Table 2 Experimental apparatus
Apparatus Specification Manufacture & Type
Micro-patterning machine 2 Axes Custom built
Stepping motor
pping 2 Channel Custom built

amplifier

PC interfacing bord

Custom built

Strain amplifer

Measurement group

2310
Data acqusition board I};ji ;3 g:z:z: PCL711S
Surface profilometer Resolution : 5 nm Ig/[\i/t'::)(())yo
Micro hardness tester NOTTQa;ffirlc()eog of I?Al;i?(l)ego():g

Metallurgical Magnification Union Optical Co., LTD.
Microscope o x50~ %1000 Versamet-3
EDX analyzer KEVEX

SEM Microscope

Hitachi S2700

Microbalance Resolution : 10°° g Sartorius research R220D
80386 Microprocessor
PC Based personal

Computer

Etching set

Custom built

Ultrasonic cleaning
Device

Fisher scientific
FS5




7 s Ay o8 Al ol e

W ARG S A TS Aol 7
AZbgAe A 2gach 3Ee A3
4, M, elm A4E5ES s 2y

(2) oo} BEFTE AlEao] vt
AwA 3 4ahol 74 A 7hgg ohn T e o]

ALY

o Aol od FhE¥e g WA vjol

4 Aol 2o Hao] oz KOH Lol

22 g2 A7t olAE & Fol WA B

Z& Vickerse} Hertz4l o 2 Be| G531 o] 239}
u] sz ghe,

(3) Ao EHEH AAAA szt @A o s}

#*d %l programoj

e dha o e

53.1 ZIAIZIBAIL HAY =X
G 10 pmel holo}l B T e A HE wy
+4E 7 Aol A A4l dala e e

osekel, w1 (100) 2 4= oAz e &) 3
o] [100]3ke] ool wjE-21-2 45.6x107° Noj 4]
312.2X 107 N7tz 5722 W 8k4) 7] 1,
% 0.05mm/sec, (.25 mm/sec, 0.50 mm/sece] 3
ZhAl 2 WA A S ekl ok, ol 3of o] v} 2.4
28 RHE AL slAddE s XY #o] 2

ol

2 AL4 o
o B I

o BrEAel oldit gl wlAE AEL chebls]
W goll, Al FEAY FAH ulms
2] Z

Fig. 12= A4t wiele dAZ azgze
vEbE Felrh, 45.6X107°~312.2X 1073 N st
1X1073~30%x107° N A x.9 u

2 AL AAe S el oo AAFR] o] w9
Fotoll wlel wrh ebe wl gz Folat AL o

3121
40.00 ~
++++0.05 mm/sec Stepping Motor
— 00000 0.25 mm/sec Stepping Motor
z xxxwx 0.50 mm/sec Stepping Motor
- 30.00 3
o
x
~
v
o ]
£ 20.00 1
[N 4
Ry
=}
= ]
- 4
= 10.00
© ]
0.00 e e e e

0.00 50.00 100.00 150.00 200.00 250, 00 300,00 350.00
Thrust Force (x107N)

(a) Stepping motor drive

40.00 i
] 0G88880.05 mm/sec Continuous
— 4 AAAAn 025 mm/sec Continuous
Z 1 6699690 0.50 mm/sec Continuous
7 30.00 A
=3 3
x ]
— ]
o ]
E ]
£ 20.00
= ]
ap ]
=
B
-
=10.00 j
) 3
]
i B

yyyyyy

0.00
0.00 50.00 106.00 150,00 200,00 256,00 300,00 35000
Thrust Force (x10°N)

(b) Continuous drive

Fig. 12 Cutting force vs. thrust force at different cut-
ting speeds

whe| %?ﬂ gk oA 7t
T Aol o

13 = %XH LH*‘?—OH Az obe Yy

2

FRPARRp ,]oy o} tsl:‘_ 412 7} .05 mm/secol]

0.50 mm/sec® 108 ZF7}alolx F z}o]7} gl

NI AREE FEo 3]5& gholgol 7o =

(Fig. 12(a)) »~rluele] Ed=q A5 wjfol o
1

Al TEAe 29 ikolﬂ e e o o
ol
Ak .
(100) Aol = o [110]% &=k (111) <)ol = o] 7+ v}
Feozr A4uS FAd motovt sgio vt
Wakoll whE AstH el el Alele Held 4



3122

Zpaa] 27 2.28mme| 77 (steel ball) oF

2 2.5mmel T Alstelol & A& el
45 6> 10°~312.2x10* N s wgjola v
ek 0.18~0.232] A Ag AapRiedals dpebich
> 3 on] b

37} cholopzzel vl A ¢

53.2 7|AHI7tzol o8 7S Ea

tholopE = FE ApgEle] 3.2X107°~312.2X
102 Ne| g7pa) whiadoz 7S 7hgs & F
of Amrel WAL gadvlder IAsklrh
10000 2] 1§ 2 Nomarski ¥ =l
v 2AgE 3.2x1070Ne| dgoli d4d A
ol mAE| A exakeh, oA
2 okz ol wlAbd A&l xe] rfAtel

8
o stzol slof uFel £4MHE

T
=
)

~
T
i &
A

N
[1_‘
o

s
5 ub4l Nomarski &= F&5&vul7de s s
of, =Ape Fad 2l 58lold FA st
3 L

Fig. 13oll Hertz4 o= A go) Fab (4
(4)), Vickers 724§ Aski olgstel Ak
ge ® (4 (8), 2eln A Agemiel W

g b @Al cperdlele aglel 4 s vlan

80{—4——f—**—4*—‘*—*——*_4'—*—~1

£ Experiment ‘
E Vickers
6.0F
— [ Hertz \
£
2
< 4.0
£
=
=
20
/)
F
0.0 100.0 2000 300.0 400.0

Thrust Force( X 10" *N)
Fig. 13 Width of the machined pattern vs. thrust force

oA -

71 el 8-

4o sAaFeld Hertzdle vled 49E
ehui shEel Ebared Fb S YR
qrelal7l s shgol olzw Hertzalol els A
gl ghe ad masle go 23 aA e
ek, ol @ Aol Vickers 74 3.4 &

Ashs ol ASel AAE vlad 2 LAl

glof 4 5

533 7IAIA 7133 sEN stEe =@ olM
a7l
ojeisbal zAez 71 AA 7t sheEal ol
e stoms sA-sketA shgrEel 2lei A
i

Apze) Wl e hgabel Wk ckobr

Fig. 14(a) = #®7 20 pm2
AL, 3.2x107° N3k 102.6x107 N&J
yaog JAH EE & Fol F
profileo] 3 Fig. 14(b)& 1 AlH=
s0°ce] KOHgeloz 1% 3027 oAd 59
surface profile 7 spol v, o A Aol
102.6x107* Nz 7h33 R

2 =]
= o

¥
2
2%
Pl
—
Aol

3 3
3.2)(10‘1N i 10?.6)<10"N l_——‘3.2x\’0 N | 102.6x10 N | -—xq

;

10000
o 100000

(G

1aum/ mm

0. 10um/cm

i
(
|

-

) 20, 60
(b) After etching

Fig. 14 Surface profile of the scratched tracks (Tool:
dia. 20 xm diamond tip)

20.00pm/cm ( x 500

(a) Before etching

1#Hmn

353851 ¢

Fig. 15 SEM micrograph of the micro-machined pat-
tern



o woli}
102.6X107° N2 =
(Hillock) o] A #s}a
Fig. 15 tfolol2 =
shE5 Fof ZAA A}
KOH &g 444, w A
A3 el SEM +fxlelx Fig. 16& «|#el surface
ANAF g olg el ubeba Abep

ekl FEsrle]l As

K

2
o
0}

o
§3 ok
1 o
3

ok
uY
fu
e

102.6 X107* N ¢J
ol 10%, 50C ¢
271 ol 4 a

rL ofd
o wlo
it
o

profileo] o},
gt Eolg
o,

Fig. 162 profileg #3le] wbre] 5ume)l %
4l surface profilometer& AR2319i 7] wjSo
Aol gl alrles 23 Aolz ol Sy
o[ 73 o} SEMe| pabAdalg gojz & ==
elo] oiadel
(100) = o] =hAx 4
e el ko] 54,

U o)

< S R P S SO S

g - |

— \ . :

- ; v

i : i/

Ll . .

o amred v SETTINR) LIPIRITIEVIIRN TRU Ao

~ ey

£ ‘ ‘

a

< :

< N

r_; ................ ’. P RREETE] EEEETES ENERRE RPP NN
3L 1

S.00um/cr ( x Z000 )
Fig. 16 Surface profile of the micro-machined pattern

Fig. 17 Idealized cross-sectional view of the micro
-machined pattern

3123

5.3.2"4 &
A l%°ﬂ°] 7ol

A4 kol Al gt
ﬁ%ﬂeﬁ44%¥ﬂ~%ﬂ/wl%1ﬂﬁ4 w4

127k ol A g Aaiel A¢ oF 1. 7m°ﬂbuﬂ o 3t

=
¥,

& ol i 4T oS msl ving @l PA =
FE porA, AAAEL} ohaAHe] 1 Fu
of A7 g5 Ext ol slelx s A gt A

% A (deposition) o] ¥ wlalgt 7o ZA=lc)
Fig. 182 102.6x10°Neo 2 "7}3q 4l3ig
35%., 50C9 KOH g%

3 A|H & alodgl 7o) Fig. 19=
surface profileelc}, 10%, 50°C ¢ %QH%

Agshe el sgol

A 2 Fo] shwH

Fig. 18 Pattern machined with 35%, 50°C KOH solu-

tion

T T - ;
!
{
|
i
G J
< '
[t9)
POy
L s A} i
£ ‘ \‘ INTLA -~
G (SIS | AU RO I
£ ;
s ' ;
< :
‘ : P
ff: F N ETTTETT ITaTan ‘ i
; RO TS SO OO .

S.C0um/em (o 2000 )

Fig. 19 Surface profile of the pattern machined with
35%. 50°C KOH solution



[
Fig. 20> 102.6X10" 3N°5—— 7]74]7H>7—0P—11 HF &
sgol o Al g3le] AlLolA 127 ol AT 7ol

}2% #ete] surface proflleolE} AF-E ofF 6

um/ om

n,10n

QNG R—

1oL oGS om (o 10nG

Fig. 20 Surface profile of the pattern machined using
HF etchant

180rm

15k X186

Fig. 21 SEM micrograph of the micro-machined pat-
tern

ol s oA E 4SSl A g A%

so KOHgolez ooz #ug e
Qs 253 A9S o Fate] ol edsid e v}

0‘:1 o;

shod ek, (Fig. 21)

54 —licb

obgwel W oot 2 A v 2l
4 odrh

(1) 2 AFol A& (100) 7 % !
G3l0] AFS o) ojubdd oA le] Lol J
olzle] ZAAwo] wtzh E A g o A AL 5 el
nz o2 golHe] e AHE Az & 4 9l
o, ol E ol (110)=ef flel# %
sbazedol el SaAlubsko 2 of] & o
% 3) ] (aspect ratio) & =yl 2
=3k Ao g A7t

(2) ¥ Aol FraA FEubd 10 um
chojobi =i Agatgont dA & vhwsHe

A cpolopz e e shgel by

Aof w]Fo] F w, ovlA=iEle] hEE 24 7t
71e] AA, Aol refoll s AFsla 9
ol 3] 2% 7| (piezo actuator) e} A X
o Apgsto w ulAlebs FUE el b
o] 7hgs Aot

o
rG
o
4o,
o
i3
s
-4,
o
>
>

o

v

=
Irooft rEb

1Lyl o
|5L31—}C‘)l o

o
i

6. 2 =
AAH bt getd kg }_?;}q PR
Ao vpolmaz 74E7|ES Aatsli o 4
'ﬂ glosjoll gt =l4l LAsfEle] 7Hgel
A oo AahE Aol
wZubzio] 10 pmel tholofE s E©
Zéé w2 (3.2X107° N-102.6x107° N) & 7}shd
i st o] & thA] oAb T 2A

23 Qo) A7 4 umel vlAeAAE) g

4 it
o

EO]

x
N
X
4

N
A
ol:l
m\o
ol

@ =] B4 bhAe v, e ol
z27 =2 wsk)7lezs rHEEe 24 E

11—

L PRI DR S
(3) Aee ga gl AA spsd, EF

ekl aboll A aabeks AHoll4 wlAlz| AL Tt
Zo e o] &= 4 g Hog Axsd



1A B s skes ol & Al vlAlTkE A%

% 7

2P 1994 s mSy ste oz g (74
sk ME94-A-31) 2] = 4lell 2] dlo] ol Fx5]9f 0w,
AR} of 2] KA b=l Yo}

O
[¢)

HIOZH

(1) Kurt E. Petersen, 1982, “Silicon as a Mechani-
cal Material,” Proceedings of the IEEE, Vol. 70,
No. 5, pp. 420~ 457.

(2) Inamura, T., Takezawa, N., Kumaki, Y. and
Sata, T., 1994, “On a Possible Mechanism of
Shear Deformation in Nanoscale Cutting,”
Annals of CIRP, Vol. 43, No. 1, pp. 47~50.

(3) lkawa, N., Shimada, S., Tanaka, H. and Oh-
mori, G., 1991, “An Atomistic Analysis of
Nanometric Chip Removal as Affected by Tool
-Work Interaction
Annals of CIRP, Vol. 40, No. 1, pp. 551 ~554.

(4) Shimada, S., Ikawa, N., Tanaka, H. and Uchi-
koshi, J., 1994, “Structure of Micromachined
Surface Simulated by Molecular Dynamics Anal-
ysis,” Annals of CIRP, Vol. 43, No. 1, pp. 51 ~54.

(5) Berns, H., Fischer, A. and Kleff, J., 1993,
“Scratch Tests on Iron-, Nickel-, Cobalt-Based
Alloys at Elevated Temperatures,” Wear, Vol.
162, pp. 585~ 589.

(6) Thomas A. Adler and Richard P. Walters,
1993, “Wear and Scratch Hardness of 304 Stain-
less Steel Investigated with a Single Scratch
Test,” Wear, Vol. 162, pp. 713~720.

(7) Ikawa, N., Donaldson, R. R., Komanduri, R.,
Konig, W., McKeown, P. A., Moriwaki, T. and
Stowers, I. F., 1991, “Ultraprecision Metal Cut-
ting - the Past, the Present and the Future,”
Annals of CIRP, Vol. 40, No. 2, pp. 587 ~594.

in Diamond Turning,”

3125

(8) Tang, W. C., Nguyen, T. H. and Howe, R. T,,
1989, “Laterally Driven Polysilicon Resonant
Microstructures,” Sensors and Actuators, Vol.
20, No. 1 & 2, pp. 25~32.

(9) Tai, Y. C, Fan, L. S. and Muller, R. S., 1989,
“IC-Processed Micro-Motors : Design, Tech-
mology, and Testing,” Proc. IEEE Micro
Electromechanical Systems Workshop, Salt Lake
City, UT, U. S. A., pp. 1~6.

(10) Sander, C. S., Knutti, J. W. and Meind|, J. D,
1980, “A Monolithic Capacitive Pressure Sensor
with Pulse-period Output,” IEEE Trans. Elec-
tron Devices, Vol. ED-27, p. 927.

(11) Sangwal, K., 1987, Etching of Crystals, El-
sevier Science Publishers B. V. .

(12) Kim, D. E. and Suh, N. P., 1991, “On Micro-
scopic Mechanisms of Friction and Wear,”
Wear, Vol. 149, pp. 199~ 208.

(13) AR5, 1974, #HE LI T, 3R,

(14) Boyarskaya, Yu. S, 1972, "Deformation of
Crystals in Microhardness Tests,” Izd. ShTINT-
sA, Kishnev.

(15) Johnson, K. L., 1985, Contact Mechanics, Cam-
bridge Univ. Press.

(16) Szymanski, A., Szymanski, J. M., 1989, Hard-
ness Estimation of Minerals, Rocks and Ceramic
Materials, PWN publishing.

(17) Hirokawa, T., Honda, K. and Shibuya, T.,
1974, “Formation of Etch Hillocks in White
Tin,” Journal of Crystal Growth, 24/25, pp.
484~ 487.

(18) Honda, K. and Hirokawa, T., 1972, “Disloca-
tion Etch Hillock Formation in White Tin Single
Crystals,” Japanese Journal of Applied Physics,
Vol. 11, No. 12, December, pp. 1763-1774.

(19) Patel, A. R. and Mathai, K. J., 1972, “Etch
Hillocks on Carbon Faces of SiC,” J. Phys. D:
Appl. Phys., Vol. 5, pp. 390~ 393.



