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Analysis of anisotropic mechanical properties of monocrystalline silicon callow
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Abstract; To explore the effect of anisotropy and KOH corrosion process on the mechanical properties of
monocrystalline silicon flexible rib structure, the morphological changes of indentation-induced cracks with respect
to the crystal orientation on the three primary crystal planes were observed by nano-indentation experiments
combined with atomic force microscope ( AFM). The change rule of elastic modulus, hardness, fracture toughness
of monocrystalline silicon on the three primary crystal planes (001), (110) and (111) with respect to crystal
orientation was analyzed. Meanwhile, the influence of KOH corrosion process on the surface mechanical properties
of (001) crystal plane was investigated as well. The result shows that with the variation of crystal orientation, the
elastic modulus on the (001) crystal plane appears the greatest change, while the hardness and fracture toughness
have no significant changes. On the (110) crystal plane, both the elastic modulus and fracture toughness show
obvious changes, but the hardness possesses no significant change. However, on the (111) crystal plane, the
mechanical parameters (including elastic modulus, fracture toughness and hardness) of flexible rib monocrystalline
silicon have no obvious anisotropic behaviors. The directions which are sensitive to the crack propagation are
determined on the three primary crystal planes of flexible rib monocrystalline silicon. The surface quality of silicon
processed by KOH erosion would deteriorate and the exposed surface micro-cracks and defects would result in the
decrease of hardness and fracture toughness, which should greatly weaken the actual fracture strength of flexible rib
structure.
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Change of fracture toughness with respect to crystal

orientation on (001) crystal face
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Experimental results of nano indentation on ( 001)
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15 [350] 1587 11223  7.588 0.705
30 [140] 1373 11524 7.234 0.695
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VAR 1 18 X O A ST 7 [ 11 0],

2 2 n L B iU (001) T, A (5 8 inh
HIF(001 ) & 10 AH H A BT R R, SF- 2 B8 (E B AIK T
4.26%. TG 0 F IR 2L 80K FE LU ko7 24031
T 15.85%. WrZiBEiE L I 10 FEAT FL AL, 43 M AT
JE T4 (001 ) i TH 114 T L) 1 A2 b i 35 5 g Tl iy
(001) FHTEAHTA]  HAF BRI T 19.31%. 43 B Ho i
A, KOH J& il T 2815 (001 ) & A HEURE 58 14 K, E 1
L KRS 1 4 R el A Ak 32 23 77 A T 2 ) il o A
RS, AT R R E R WA T T
K FEAH R BT T RS by KAy e kA W L. i
XFTHAER AR 5 | X 23 AR S A4 1 52 P DB 24 5
JE. FILATIL, KOH J&ih T2 2 B Be b i 45 44 1
S T B | 4 AR AR 5 A BT 01 43 1) T SR . s
ISR KOH i i Aty 5 2% D RLRS B2 | 2 1 Bk B
S RIRIES AN S 24 B R0 He B E W 1 5 R 0 3

T o e AR BRI A B ) 2 e R R AR
A Je TAE R ] 38 2 IR0 2 A 6 1ok J5 b e ok
BT ML KOH JE1h T2,

1.2 ¢

i —— JE T
1.0 - —e— s
_ [3 5 o B
= os | (T30
£ 0.
[aW
g 06 —[110 l140
<
04 b i 3 0]
i [o To]
1 1 1
0275 20 20 60 80 100
FE ) F(°)

B 10 JEHETE(001) B AR R EE R EEARE
Fig.10 Change of fracture toughness with crystal orientation on

(001) crystal face before and after etching process



57 1

Fefd, 2. PAAEERIZHUM I 2Pk A9 45 ] SR i 21 -

23 (110) % (111) B EAE S 245 RE MR m T E
S3AE(110) | (111) AT b DLAR [R) 2 fap , e
A e % 7 T AN 0° ~90° , B[] B 15° i 5% o ik F
(HEEFEE ) , 47 IR, IR B4 A B AT R
YRR LG, AT RER] (001 ) AT HEJR SE 56
B 11 S (110) B (111) fb T 99 K R f1 IR &
M2k, it R ) AR IAS (110) f i B RIRTE

B, G [ 00 1] RECR I RSN K 12 Bt

250 mN

2 -
30 wseN S

200 F 200 mN

75mN. Y
Z 1507 150 mN
E 125 mN
100} "
100 mN
75 mN
0T SomN
0 300 600 900 1200 1500
{7 F%/mm
(a) (110) fh1H AR 2
2501 250 mN
225 mN
2001 200 mN
175 mN
Z 150
E 150 mN
=
% 100k 125 mN
100 mN
sol  75mN
50mN
0 300 600 900 1200

% /mm
(e) (111) ShHEAS R 20

B 11
Fig.11

P [
« //. A

R
15 m3 | 30 s3] 45 [343]

[001]

[110]

o
TR
s o 7T

(110) FHE L ERRYPEREMAEN

E 12
Fig.12  Change of indenting crack with crystal orientation on
(110) crystal face

7, BURSEEIE WL 3. NI 12 T F . (110) §

T | (2880 K B o 5 1 5 Ak 4 B . 2 3
AL, (110) & T 0 T 4% ) S vkt R B B, 5
(001) fh T AH HE B B (B MEAER. (110 & L P At
o LA W) G5 1 5 1) S L R L B X B B | Y % 0
9000 1] S ] 900 [ 1107 &1l , S VL R 4555
WA, PRI/, 76 559 [ 11 1] i) b ik 3 %
FAE K 187.85 GPa.

250 1 B
[552] 1l
2007 (253 ]k 17
- (5541417
150 t -
é [255] 417
100t sy .
[115]fm [001]&#1a]
50
11015417
0 300 600 900 1200 1500
{3 #/mm
(b) (110) FhHifi AR M E
2507 [001] 17
[121]5 1
200"
(34114 1H)
Z 1507 [110]#1i]
= [134] 0
# 100
50,
l |

0 300 600 900 1200 1500
{3 #/mm

(d) (111) A A

(110) % (111) BEMAKIER SR E th £

Change of displacement with nano indentation force on (110) and (111) crystal faces

R3O (110) BEAKERIVER
Tab.3 Experimental results of nano indentation on (110) crystal face

A/ PR, R, RgKE WP/

(°) FiI GPa GPa pm  (MPa-m"?)
0 [110] 169.2 10.282  10.026 0.518
15 [552] 1761 11.429 7.058 0.825
30 [554] 1863 11.485 5.735 1.146
45 [253] 1809 11.579 6.409 0.979
60 [255] 1594 11.012 9.218 0.552
75 [115] 1393 11.523 6.374 0.869
90 [001] 130.4 10.546 7.266 0.725

T A £ X R 2480 TE R T R [0 0 1.



.22 . MoK O T

NN 551 %

R WA AR (111) S R R IR TR
i PEEGT N [ 1107 S 1] () 2480w iR 242, 245 3
mE 13 Fos, AR SHO8E W3R 4. I 13 WA,
(111 b b ) 2 0 i K B it 1 19 2% Ak -+ 43 B
i, NS AT UL B (111 T A B B (55 (001)
THARRL, A8 AN B i FEARHE 11.5~12.0 GPa, fH I
(110) & T PO TR B IR, 55 A0, (111) i T F8) 3 A
A A ] SR BB T ) AR 4k

S [zu]

_@\ ]

90’ 10p,m

/
[314)

75 01

B13 (1) REELERELHAENTL
Fig.13  Change of indenting crack with crystal orientation on

(111) crystal face

R4 (1) REAKERIBER
Tab.4  Experimental results of nano indentation on ( 111)
crystal face
B / . PAMERUE o B/ REURE /W /

(*) GPa GPa pm (MPa - m"?)
0 [112] 1692 10990 8519 0.630
15 [134] 1692 10994 7372 0.785
30 [001] 169.2 10.037 7.085 0.939
60 [121] 169.2 11.561 8.053 0.650
75 [341] 169.2 10.564 10.159 0.505
90 [110] 169.2 11.689 7.033 0.786
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Fig.14 Change of fracture toughness with crystal orientation on

(110) and (111) crystal faces
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Fig.15 Density map of monocrystalline silicon (100), (110),
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