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Fig. 3 The proportional relations of the pressed depth, the side length and the circumscribed

circle radius of the indentation in ideal conditions

@[11] [T10]
(a)

@[ioo] [011]
(b)

K4 FIRAAFXRAE () 1 SRE, (b 15 EE
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(a) Number I-1 indentation, (b) Number II indentation
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Fig. 5 The load-displacement curves of the indentations (a) Number I-1 indentation, (b) Number II indentation

4 AR5 AR 08 37 (520 em ™ 1) HRo EAT S SR AR 4T L FRLGEOE 1s, S 2 YL R B & o W b 3



%1 B VEAE . GUORTRIR R A 1 3 1 2 3% 5L 5 F 5 5

K6 JEXRM _HEHE (» -1 SJEE, (b 15EE

Fig. 6 Indentations under microscope (a) Number I-1 indentation, (b) Number II indentation

(a)

v
L [ed]

K7 FIRFm=HEHE () 1 SEIE. (b 115 ERE

Fig. 7 The three-dimensional schematics of the indentations. (a) Number I-1 indentation, (b) Number II indentation

Ui YT 097 3 355155 8 B0 3 0 25 SR PO FLAE o . 90 B 15 4 A 2 K A 1 5 T
FEZ B 6 TR 20 6 e, B 9 B B 240 S FROREI A 0 2~ 3 5, 55 4 % 18 52 0 B RE I A
o A 43 BE DR 22 L 1 D BT A8 S e 0 30,0m X 30pem 0 1F J7 T I B B8 1 42 6 28 K 1 A £
i K 0. 3pm.

3 MAERBAKRNALBERSSH

P2 S 25 0 F7 2505 B S TR 5 B P & B A B i L Y R B RO R LA A
T AR B AR 5 AT AL B L F1 315 B . S5 AR AR AR S A0 A5 8. 32 B2 B B ol 1 R A 06 6 37 A AR RS o
AR SCHEN S S 4 R ATRS 4 SR A SR b 4 R TR T 0 BT DX 3R AR I ) L O 45 R 5 0 ) R R ks
SER AR AR AE SC P TE S IR 2 (E B
3.1 BRAH

Tt S50 T A 2 A AT 2 M A B T o LU RN R Y R i Sl LA A B 2 RS . s
— R R SRS BT A R @ A @, WU SR Q) AT SR AR I 7. B 8Ca) MIIEL 8(b) TR -1 1 T-
2 5 RIE A AR F1 3 1T DL A TR A 3 5 4 R 0 1 R AR A A s A — B, R TS ) T A
P, IR R A AE =AW 00 A2 R IX 38k Gl 0 DX 30 AR =458 g BRS84S 00 DX B (206 X ) . MBS TR
IR L AR i 1) T 107 32 i X358 B4 J DR A0 X 3 N e K % A4 g 71 3598 i AN TR) 5 R A4 P R 6k B2 oK & A W)
fifs 1] JIT X 7 014 52 . DX 388 43 ) R B 2 B 32 T X3 1) R /I A B DX 358 P 2 4% 2 0 18 R /N 349 32 i o ) 5% T
SR IR A AR . LA 8 Ca) Hr 0 T 1] b 1 BT X B2 A2 F X 3 {91 0 AT 43 A o JHL 30 0 2 AV IR 43
A7 RANDY Ry 8y, 5R AR FE N 7 78 IR 300 25 v ok R SUE 38 1) 0 KA, O B 5 310 P R 190 0 45 B 5 1) 3 A T Uk
AN BAE @ R @ KN Y HL R IR i kA B R RS S T AT AT R SR A5 e b f KR R F1 R 4GPa.
2P IX SR R IR T 24 3pem . Ab TS Z R K sz ], LU 8 (b w1 1 07 ria e it 2 32 7 X 38 A 4]
HRE S7 o A W 8 () B BRI RN F1 XK /N g dpm, BT 2809 b Ab T 0 i) )i F7 RS AT
T AR A5 2492 4b fe KA J1 K 0. 5GPa,

K 8Co) il 11 SRIR AR AN 13 .5 1-1 12 SRR RFEAE 7R 5 = A0 B 00 32 TR X



6 ;K (2015 4F) 55 30 %

SR = AN Y 32 7 DI, o A ML S 11 R T2 5 R L AR A PR

(a)-15 X0, (b)-15

2x¢'1
-10 I
0
E -2 E -2
' -4
-6
3
5700 0 10 15790 0 10
X (um) X (um)
(c)-15 2@, (d) 1.5%P,
-10
1
1
0 _
E‘- -1 5 0.5
- -2 -y
0
3
4 0.5
-10 0 302 - 0
X (um) X (um)

B8 HIRFAAXBIRRN G5 () F1SER, (b)) 12 SR, (o TS ER, (D F5HERAR
Fig. 8 The distribution of the residual stress field around the indentations (a) Number I-1 indentation,

(b) Number I-2 indentation, (¢) Number II indentation, (d) The crack tip of number I-1 indentation

3.2 ¥EEmMIER

— BTN S B T B 2 R T W R 4 T R B DU R SRR s A b R R AR AR IR A
8P e R KUY B 9 IR 11 5 R R 30 2 i B A3 A L 5 R AR N T A HUEE AR AR 5 A
T8 R ) 2 v T B K R A R AR I TR X AR R TR R AR TE . SR A S EDAIE T R B
RE 0% 52 AT RO A 235 40 1 A8 Al A5 . ELIX AR Ak 15 3 4 7 ) 42 AH G

L U 588 1) /N2 22 i R 2R [T ) O T R W Sl e T DA B 4SS A R A L P I 4 X 0 5
RN A B 1) 0 B S R (] — S 6 v AR ] X3 A e i L AT R 9 AT et . T 9 () BTk ol T-1 5
JE IR J8 1 W 58 43 A o AT LA 305 2 e 5 BB B3 A I ) A8 A R A A I o W e i A2 A 7 g B 3 R TT /N . AR TR
IR I G RN I A 5% A 1 T A K IX S0 5 /I L TE L B0 S A B T R R R W R AR K. S s R R,
W 588 {5 I8 45 R A L 7 A 8 A AR 5 AT Ih T i e kS 254 1 AR Ak

(a) -15 14 (b) -15

5000
-10 12

10 " 4000
g ({L}’ 8 5 : 3000
s 6 - - 2000
i ‘ 1000

15 i 15

-0 0 10 a0 0 T
()  (um)

B9 T15EEEmRmAERSM () PR, (b) RS
Fig. 9 The distribution of the bandwidth and intensity of number I-1 indentation

(a) The distribution of bandwidth, (b) The distribution of intensity

1 HR5TE

ARICR T S OETEH AR DT AR IR A LB AN J1 5 25 1 5 BEAEBHRL 2 RS 5 5 A 1 ) #Y)
— e AR A T AR BRI IR A T PR R ARE G 120 53 D (L1 ACL00)) 7 B R Sk



LI g H %A GURTRIRER AR J1 35 hi s il SE g i 50 7

VER R 0954 N J13 I 0HE T 3R AN 135 W9 53 A A . R SC AR 3 B R 8 00 1% AR W] LUA RO T4
A RLER A I ) P

BT R S0 25 AR S5 0L L 43 BT T PR A BAORE R R 0 R AR IV 7 3 A1 L B 2 0 4R i R AR L
YA . R R 8% AR RN D7 5% 0 DX 3K /NEY S 8pem, A B KR AR BE Y 8 A% 2 A7 S IR 100 5 Ak % 4 i iz
18BN RAE 292 AGPas 1EBE IR TR 2 3pem 1Y G 2L 80 1 2 s DX 30 32 % A i e S VR S e KRB 2
0.5GPa,

SIS 2R TR T 2 v R SR AR R R R AD e T S AR SR X B A N ) B e, 7R 5
AR AR DN 21 o FE R L W iR 5 /1N L e WY 2 iy 0 R iR A 5L 5 A A 4 A Y A2 A A G L [ I HE A
s B2 e T B4 g 1 AR

2 Uk

[1] Wang M, Hu X F, Wu X P. Internal microstructure evolution of aluminum foams under compression[ ] ].
Materials Research Bulletin, 2006, 41(10):1949—1958.

[2] XuF,LiYC., Hu X F, et al. In situ investigation of metal’s microwave sintering[ J |. Materials Letters, 2012,
67(1):162—164.

[ 3] LiXD, Peng Y. Investigation of capillary adhesion between the microcantilever and the substrate with electronic
speckle pattern interferometry[J]. Applied Physics Letters, 2006, 89(23):234104.

[4] LiXD, SuDC, Zhang Z. A novel technique of microforce sensing and loading[J]. Sensors and Actuators A:
Physical, 2009, 153(1):13—23.

[5] QiuW, Kang Y L. Lei Z K, et al. Experimental study of the Raman strain rosette based on the carbon nanotube
strain sensor[J]. Journal of Raman Spectroscopy, 2010, 41(10):1216—1220.

[6] LiQ, QuWwW, Tan HY, et al. Micro-Raman spectroscopy stress measurement method for porous silicon film[]J].
Optics and Lasers in Engineering, 2010, 48(11):1119—1125.

C7] @b, JU—W. EM3C %5, P gEdl 22y 2Pk R SC AT S [T ], 905 Jy 2. 2005, 20(1):72—76 (LEI
Zhenkun, KANG Yilan, WANG Huaiwen, et al. Micromechanical Tensile Characterization of Single Fiber[]].
Journal of Experimental Mechanics, 2005, 20(1):72—76 (in Chinese))

(8] wiMH, ST, DBl 4. Bk A NS 14 AR 19 PR 58 23 BT - S IR IR R A =X i s2 g AL (. 5538 0y %%, 2013, 28
(5):549 — 556 (GAO Di, KANG Yilan, QIU Wei, et al. Performance Analysis of Carbon Nanotube Strain
Sensor: Influence Mechanism of Polarization Mode[J]. Journal of Experimental Mechanics, 2013, 28(5):549 —
556 (in Chinese))

L9] k4. BU/PK I =M H AR AL A M &, 40 00 S AR L [MO. JE 5t B2l Ak, 2013
(ZHANG Taihua. Mico-nano Mechanical Testing Techniques: Measurement, Analysis and Aplication and its
Standarization of Instrumented Indentationf M]. Beijing: Science Press. 2013(in Chinese))

[10] I, RiWFF, BET4F 305000 RR R L0 SR 5ET ). WLonplit 5 B 3 fk, 2001(4):139—
141, 145 (TIAN Jun, LIANG Yingchun. The Study of Molecular Dynamics Simulation of Nanometric Grinding
Process[J]. Jiangsu Machine Building & Automation, 2001, (4):139—141, 145(in Chinese))

[11] TFEAMR, Rymuza Z. FEMENKIEIRIREE 58 3500 [1]. BEEEE2%W. 2001, 21(6):488—490 (WANG
Jiugen, Rymuza Z. Nano-indentation Test and Stress Field Analysis of Silicon Crystals[J]. Tribology, 2001, 21
(6): 488—490 (in Chinese))

[12] sBwet. sEARD, HROR 5. MR PEIRS R Fah A0 B2)]. REMTR¥%IR. 2008, 48(2):205
—209 (GUO Xiaoguang, GUO Dongming, KANG Renke, et al. Molecular dynamics simulationin monocrystal
silicon indentation[ J]. Journal of Dalian University of Technology, 2008, 48(2):205—209 (in Chinese))

[13] &M, A, R 5. AR EEG0R A Eae ML) ], e K% TR, 2009, 17(7):1602—1608 (ZHAO
Hongwei, YANG Bohao, ZHAO Hongjian, et al. Test of Nanomechanical Properties of Single Crystal Silicon[ J].
Optics and Precision Engineering, 2009, 17(7) :1602—1608(in Chinese))

[14] Kouteva-Arguirova S, Orlov V I, Seifert W, et al. Residual stress distribution and silicon phase transformation

induced by Rockwell indentation at different temperatures, studied by means of micro-Raman spectroscopy[ J].



8 K N (2015 4F) 45 30 &

3

Solid State Phenomena, 2003, 95:513—518.

[15] Puech P, Demangeot F, Sergio Pizani P. Strain determination around Vickers indentation on silicon surface by
Raman spectroscopy[J]. Journal of Materials Research, 2004, 19(4):1273—1280.

[16] Gerbig Y B, Stranick SJ, Cook R F. Measurement of residual stress field anisotropy at indentations in silicon[ ] ].
Scripta Materialia, 2010, 63(5):512—515.

[17] Allen D, Wittge J, Zlotos A, et al. Observation of nano-indent induced strain fields and dislocation generation in
silicon wafers using micro-Raman spectroscopy and white beam X-ray topography[J]. Nuclear Instruments and
Methods in Physics Research Section B: Beam Interactions with Materials and Atoms, 2010, 268(3-4) :383— 387.

[18] Kang YL, QiuY, Lei Z K, et al. An application of Raman spectroscopy on the measurement of residual stress in
porous silicon[ J]. Optics and Lasers in Engineering, 2005, 43(8):847 —855.

[19] Wolf T D. Micro-Raman spectroscopy to study local mechanical stress in silicon integrated circuits [ J ].
Semiconductor Science and Technology, 1996, 11(2):139—154.

[20] Lei Z K, Kang Y L, Hu M, et al. An experimental analysis of residual stress measurements in porous silicon
using micro-Raman spectroscopy[J]. Chinese Physics Letters, 2004, 21(2):403.

[21] Zarudi I, Zhang L C, Swain M V. Behavior of monocrystalline silicon under cyclic microindentations with a
spherical indenter[J]. Applied Physics Letters, 2003, 82(7):1027.

[22] Kiriyama T, Harada H, Yan J W. Finite element modeling of high-pressure deformation and phase transformation
of silicon beneath a sharp indenter[J]. Semiconductor Science and Technology, 2009, 24(2):025014.

(23] Zeng ZD, Zeng Q S, Mao W L, et al. Phase transitions in metastable phases of silicon[J]. Journal of Applied
Physics, 2014, 115(10) :103514.

[24] XBTLMk, PLsd. FE0HT 55, fk RN 2 2 W45 A A ik 4 N i chr 2 Il 5 40 A L. S8 0y %%, 2012, 27
(1):1—9 (DENG Weilin, QIU Wei, JIAO Yongzhe, et al. Residual Stress Measurement and Analysis in
Multilayer Film Si-substrate Structure by Micro-Raman Spectroscopy Technique[J]. Journal of Experimental
Mechanics, 2012, 27(1) :1—9(in Chinese))

Experimental Study of Raman Spectroscopy
on Nano-indentation Residual Stress Field

HAN Yue-tao', LI Qiu’*, FU Dong-hui'
(1. Tianjin Key Laboratory of Modern Engineering Mechanics, Tianjin University, Tianjin 300072, China; 2. Tianjin Key Laboratory of

High Speed Cutting and Precision Machining, Tianjin University of Technology and Education, Tianjin 300222, China)

Abstract: A Berkovich indenter was pressed into Si {(111) and Si (100) until the depth of 1000nm and
some 550nm-570nm indentations were generated after unloading. The areas surrounding the
indentations were measured by using a confocal micro Raman spectrometer. Then the information of
Raman shift, FWHM and intensity around the indentations was obtained by using field scanning
imaging technique, and the distribution of residual stress was obtained by analyzing Raman shift.
Based on the experiment, the distribution of residual stress and the influence of crystal orientation
were discussed. The approximation of the maximum compressive stress near the edge of the
indentation and the maximum tensile stress near the crack tip were provided. By analyzing some other
Raman information it is found that FWHM and intensity are related to the variety of lattice structure
and this can reflect the effects of residual stress to some extent.
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