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ABSTRACT The single crystal silicon wafer was implanted by carbon ion with different implanting
doses. The nano-hardness and elastic modulus of silicon wafers, the scratching coefficient and depth
between the indenter tip and silicon wafers, and the wear resistance of C+–implanted silicon wafer before
and after C+ implantation were measured. The influence of the C+–implantation on the micro–tribological
behavior of silicon wafer was investigated. The results demonstrated that C+ implantation can change
the structure of surface of silicon wafer, influence the mechanical properties and improve the tribological
characteristic of silicon wafer. The nano-hardness and elastic modulus decrease for silicon wafer after C+

implantation at the dose of 2×1015ions/cm2. The scratching coefficient and depth of silicon wafer after
C+ implantation are both larger than those of silicon wafer. Friction–reducing effect of the C+ implanted
silicon wafer improves and its coefficient of friction decreases. But when the load reaches to a certain
value, the coefficient of friction increases sharply and the worn trace occurs on the silicon wafer surface.
Adhesive wear is the main mechanism at light loads and fatigue and micro fracture are the main mechanism
at heavy loads.

KEY WORDS inorganic non–metallic materials, single–crystal silicon, ion implantation, micro–scratch,
performance of friction and wear
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62-#;7�"=/#>7, ,"@>437(5
6(, 7>A?%)?;1889B9. Lekki 5 [11]

/173�," Ar+ 62A?%)7�@&A31
,,"1"1)�*$$"3, B Ar+ )0:CD
C@�<,"D#:;, (;AE8�*7. Kodali

5 [12] /1&A<96 C+ 62;73� (100) ,

";)�*$$"3891,, B N+ 621"=F
A89. Bhushan 5 [13−15] E' AFM/FFM Æ�4
MEMS��)�GH)��*"3,4F,8 SiC)

@�*$$"3BA<> MEMS ��; P ��)@

�*$$"3?FA73�;LPCVD =3�5)<

>@G5"3'H. I+, ABÆC=(J>?KL
)�#KLMFNC)062;��)�*�D".

OEE'A<6296).)062PQ$73�
@,"ADR)0621, Æ�<7�"3;>?G
H"3I��*$$D",MFNC)062 ;�
@$>?KLI�#KLF)�*$$D")>7.

1 !"#$
$%$A�ESCGÆ�5) LC–4 �(3)

062 AJH N〈111〉 �73�@).)062,

73�@IF)TJ: GK� 40 mm, LL 320 µm,

UHBIK, %JC� 35–50 Ω·cm, ,"VWL Ra

� 0.4 nm. .)062LM�: 6236 80 keV, 6
296NX� 2×1015ions/cm2 ) 8×1015ions/cm2,

)062;IF,"VWL Ra K� 0.5 nm. -7
3�@).)062;)�@C�7�"3;>?
GH"3)��*$$MFIF. $D$ Hysitron

NM)LN>?7�YI��AYI.)062 
;�@)>?ML)Z"E6, 9M<ON>?G
HIO, >?GH>P 50–5500 µN,GH)G2OL

0.2 µm/s,GH[L 6 µm, Æ�A<�>PFGH�

*�J)GHPL)>7QF. $D$ CETR NM

)QRR UMT–2 ���*$$IO AON)0
62 ;�@< Si3N4 G)�*$$IO. �*S

P\PR�QRT\, $$IOLM�: U�*, T

\]Q 10 mm, >P 0.1–1.5 N, T\OL 0.24 m/s,

$$S=V� 600 s. Si3N4 GGK� 4 mm, <9�

ML� 1400–1700 HV. IO GWXH;^_�*
A?%�*�J)>7. ' T–1000�,"IJRY
6)062 ;)�@$$;)$HIJ, YZY

&)$H)KL)PL[T`$H)$$G\. '
S–3000N �UL%09�],S.)062 ;�
@$$;)$H,"4M.

2 %&'()
2.1 *+,

JV 1N-^`,.)06296� 2× 1015ions

/cm2 �@)>?ML)Z"E6aF73�@W,

NXE84 15.1% ) 63.3%, X8.)06296
� 2×1015ions/cm2 �@)O"&'4TP. B.)

06296� 8×1015ions/cm2 )�@)>?ML)
Z"E6)73�?F>7Ab.

V 2 _`473�)GH�*�J)GHPL

$A<�>PFT\ 10<)>7QY. N-^`, G

H�*�J$W>PFc\>7'b, b>PF>7
'RZ (V 2a). $A<�>PF, �*�J[U�>
P)TbBV`BW, $>Pd' 2500 µN;WV`
Ta; $�>P� 100 µN ) 500 µN S, A<GH<

J5M&)GHPLc\F'b (V 2b). $>Pb
A 1000 µN ;, [U�>P)Tb, GHPL89T
b, SGHPL)GH<JbO\".

V 3 ]`4 C+ 62 ;)�@$A<�>P
FRVGH�*�J)RVGHPL)>7QY. 7

- 1 TXYUVcdWeXYZfeg^Z[eÆf[\_
Fig.1 Histograms of nano-hardness and elastic modulus for silicon wafers before and after C+ implan-

tation (a) nano–hardness, (b) elastic modulus
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- 2 lgdWehi]kefehigfeÆf^h

Fig.2 Variation curves of scratch coefficient and scratch depth of single crystal silicon wafer under

different loads (a) scratch coefficient, (b) scratch depth

- 3 `TXYUVcdWehi]kefehigfi_jeÆf^h
Fig.3 Variation curves of scratch coefficient and scratch depth of silicon wafer before and after C+

implantation (a) scratch coefficient, (b) scratch depth

3�@)�*�J$�>PWA 1000 µN S[U>
P)TaB`OBW, $>PbA 1000 µN ;, �*

�JBW)_jRk, $>P� 2500 µN Sd'a
8, K� 0.035; [U>P)Ta, �*�JWk`T
a, m>PTb' 5000 µN S, �*�Jd' 0.046

bc (V 3a). .)06296� 2×1015ions/cm2 �

@)GH�*�J$�>PWA 1000µN S, �*

�J[>PTaB`OBW; $>PbA 1000 µN

;, �*�J>7RZ, �*�J$ 0.08–0.083 :=
>7. .)06296� 8×1015ions/cm2 �@)G

H�*�J$�>PWA 300 µN S, �*�J[>
PTaB`OBW; $>PbA 300 µN ;, �*�

Jn1c\">7, �*�J$ 0.068–0.074 :=>
7. 73�@)GHPLbO[U>P)TaBa
P, I>P� 3000 µN  )T[_jF 3000 µN ;

)T[_j'a, ab)GHPL� 75.4 nm(V 3b).

.)06296� 2×1015ions/cm2 )�@)GHP

L[>P)TaBnY"Tb_j, abGHPL
d'4 94.4 nm; .)06296� 8×1015ions/cm2

)�@)GHPL[>P)TaBnY"Tb_j,

abGHPLd'4 117.2 nm.

2.2 *.d/012
V 4_`473�@).)062;�@$A<

>PF)�*�J>7QY. 73�@$>P 0.1–

1.5 N F, �*�J)>7_j7@, $$$ob( 1

lpS=)8�*�J, ;`OTb'abQ, 9V
`Zq$ 0.5–0.6 := (V 4a). .)06296�
2×1015ion/cm2 )�@$>P� 0.1–0.8 N S, �*

�J>7RZBSJQm8, K� 0.2–0.3 :=, I+

m>Pa' 1.0 N S, OÆ�*�J'W, $$$ 100

s;, �*�JV`Tb' 0.5 -A, B$ 1.2 NS, �

*�J`OTb' 0.5 -A, <Zq;)�*�J)

73�@)Zq�*�JQWn (V 4b). .)06
296� 8×1015ion/cm2 )�@$>P� 0.1 N S,

�*�J>7co'b, $>P� 0.2 N ) 0.3 N S,

�*�J>7RZBSJQm8, $ 0.2–0.3 :=>
7, m>PTa' 0.5 N S, �*�J[US=)Ta
V`ab, 9$ 250 s Sd'abQ 0.6, Ge$$'
600 s, �*�Jc\'W, $>P� 0.6 N S, �*�

J$$$ 50 s ;p`OTb' 0.6(V 4c).

V 5 �73�).)06296� 2×1015

ions/cm2 )�@$>P� 1.0 N F)$HKL)P
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- 4 `TXYUVclgdWfrk_jl]kef
eÆf^h

Fig.4 Variation curves of coefficient of friction of sil-

icon wafer before and after C+ implantation

under different loads (a) single crystal silicon,

(b) implantation dose, 2×1015 ions/cm2, (c)

implantation dose, 8×1015 ions/cm2

L)IJQY. N-^`, 73�)$HPLK�)
062;�@)$HPL) 2 s, B<$HKLdW

A)062;�@)$HKL.YZIJQYY`$

H)abKL;abPL-I[L, mA[TN-&
`A<>PF)$$G\.

, 1 _`473�)A<6296F$$G
\)>P)M&"�. , 1 ,8, 73�$W>
P (0.1 N) FpD#4$H, BS<$$G\[>P
)TaBTb; B.)062;, eF621!$t,

<$Hq<nW, rsANY6. m>Pd'7qQ
;, 621f%, <$$G\`OTb. e.)06

- 5 `TXYUVcdWfrk_jlgogfeh
i^h

Fig.5 Profile of wear track of silicon wafer before and

after C+ implantation (a) single crystal silicon,

(b) implantation dose, 2×1015 ions/cm2

296� 2×1015ions/cm2 )�@$>P8A 0.8 N

S, <$HKLq<nW, rsANu, B>Pd'
1.0 N ) 1.2 N S, <$HG\`OTa; .)062
96� 8×1015ions/cm2 )�@$>P8A 0.3 N S,

<$HKLq<nW, rsANu, B>Pd' 0.5 N

) 0.6 N S, <$HG\`OTa.

'jDtkPQ[T`, .)0$6236�
80 keV F.IK[PLng3Nv, <wQPLK
� 250 nm. .)062C@�@,"4+4)06
21, p$�#KLFc'4B�@$=F. 7P",

)062)$qP7)ulP7C',%�@,"#

+4r)?45, 1>4�@,")D" [9]; m7P
", m(3)0<3vL0/#nh;, wicb6
L0JLÆ)xjNk)O, C@(L3vx>, �

@l733m>�y43;3 [12]; B.)062-
I>?non2�@aN3C@�)3v45)1
>, JBps�@)7�"3)GH7)>7.

73�@$W>P (0.1 N)F)$$ D-qU
$$�r, $$,"AD#4s=nW)yo, 9$



4 � ]h\i: `TXYUjdWa]k�bce^d 3874 � ]h\i: `TXYUjdWa]k�bce^d 3874 � ]h\i: `TXYUjdWa]k�bce^d 387

t 1 TXYUVctuegouz
Table 1 Wear volumn of specimens before and after C+ implanted silicon under different loads

Wear volumn/×104µm3

Load/N
Silicon wafer 2×1015ions/cm2 8×1015ions/cm2

0.1 36.20 – –

0.2 79.79 – –

0.3 157.77 – –

0.5 275.1 – 106.71

0.6 * – 115.57

0.8 317.62 – *

1.0 343.89 264.85 *

1.2 * 353.38 *

1.5 380.68 * *

Notes: * means no test under this load, – means no wear trace under this load.

- 6 lgdWgivpe SEM vW
Fig.6 SEM photos of wear trace of single crystal silicon (a) 0.1 N, (b) 1.5 N

- 7 `TXYUdWgivpe SEM vW
Fig.7 SEM photos of wear trace of C+ implanted silicon (a) dose, 2×1015 ions/cm2, (b) dose, 8×1015

ions/cm2

Si3N4 G)QRqnFn1`wr4M (V 6a). 73

�@$b>P (1.5 N) )C'F, $$r/-�st
)�2%�r, $$,"A`1s=nW%x, 9$
{z4+[%x)Pu (V 6b). .)06296�

2×1015ions/cm2 )�@$b>P (1.2 N) F)$$

 D, r/-��)�st�r, $$,"n1��

)st2%;W{QRqn)4M (V 7a). .)0
6296� 8×1015ions/cm2 )�@$W>P (0.6 N)
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F)$$ Dv-qU$$�r, $$4MAn1`

��)wr, {zw*`1s=nW$o (V 7b).

3 % )
.)0621>4�@),"45, $>?KL

A1>4<7�"3, $�#KLAd1,4<��
*�D". .)06296� 2×1015ions/cm2 )�

@)>?ML)Z"E6a89E8,<GH�*�

J)GHPLVbA!62�@; I$�#KLA<
B�=F)x$"3$W>PF&'b]L6(, �

*�JBW' 0.2 bcBSc\>7W, m>Pd'
1.0 N;, `1�*�JTa189D#$$H|. .

)062 ;�@$W>PF-qU$$�r, $'
b>PF-��)�st)�2%�r.
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