%36% H5H BE ¥ 2 2 R Vol 36 No 5
2016 9 H Tribology Sept, 2016

DOL: 10.16078/j.tribology.2016.05.005

B gR FERY AR J1 5 M N K AR ZE AL

# #,ANTm, 5 &
(1. P EH K2 HLE TSR, T3 4R 221116;
2. R S SR, TLU5R B A 210098;
3. PSR SR MR E K E i sLie =, BRI 752 710049)

OB OB R RS . MEMS/NEMS. 2SR Tk BB AW B AEH, B2 H a1 28 1A K HoAH
AL AR R SZE R . SR KR 3l 0 S A FDURIT FE(100) I FR) B ek £ BRTE < WA S Sk oK NG AR R 44
KT AR FEFOAE o A AR &5 SRR 0 75 B TR M BBk A - F 2R 1 28 5 Hertz B2 il B8 i TR 465 TRAH W) &
P [ B8 e TR T B AR T 1 R A WA 454 ) Si-TAH AR O S5 M I BC TS A % A8 S 80 T B i VI 46 1Y)
YL, MGG B BCTSAHAE IR REE R T — MBI B 1) 4 7 S S5 4. Si-TUH (¥ 7] R DU RS A3k J5 — 2. 7R 8K 11
M FBCTSAE ENTH LI B — AU SRR B A5 AN T/ Sk 264 N RIIBCTSH X, KIE KT F) T Si-
LU 0 . A0 J5 A A 14 1 i Si-TIAE ANBC TS AH 43 A8 9k k. B AL 45 A T 50 e 9K R N R BCTSAH I
TEAE; 3678 T SRR AR T O AR AR LEE, B Si-15438 ABCTSMSI-IIM; 35814 7 Si-THH I BCTS AR &L 25X T ¥ i bk
VAR T I AR .

SCHRIR): AR, AOK RN AHAR, BB AT

hE 552 S: 0344 RRFRRRED: A XEHRE: 1004-0595(2016)05-0562-09

Nano-Mechanical Behavior and Phase Transformation
Mechanism of Monocrystalline Silicon

HAN Jing", SUN Jiapeng’, FANG Liang’
(1. School of Mechanical and Electrical Engineering, China University of Mining and Technology,
Jiangsu Xuzhou 221116, China
2. College of Mechanics and Materials, Hohai University, Jiangsu Nanjing 210098, China
3. State Key Laboratory for Mechanical Behavior of Materials, Xi’an Jiaotong University,
Shaanxi Xi’an 710049, China)

Abstract: Silicon (Si) plays an irreplaceable role in large scale integrated circuit, micro/nanoelectromechanical systems
(MEMS/NEMS), and semiconductor industry. Its nanomechanical behavior and pressure phase transformation are
always of immense interest and have been a focus of extensive experimental and theoretical researches for a few

decades. We performed a large-scale molecular dynamics simulation of the nanoindentation on Si(100) surface to examine
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the nano-mechanical behavior and phase transformation mechanism of monocrystalline silicon. In the simulations, a
large indenter with radius of ~21.73nm was utilized in order to approach the experimental indenter size. Benefit from the
large indenter, the detailed phase transformation process and phase distribution were analyzed, and the structure of the
high pressure phase was characterized by radial distribution function (RDF) and bond angle distribution function (ADF).
The results showed that the load-depth curve in elastic stage was agreed well with the prediction of the Hertz contact
theory. The mismatch between simulated load-depth curve and Hertz contact accurately indicated the onset of plastic
deformation, which was corresponding with the initial phase transition from Si-I phase with diamond structure to bct5
phase with body-centered cubic (bce). The initial bet5 phase generated an inverted pyramid on the subsurface. Increasing
the indentation load, the Si-II phase was generated from the Si-I phase, and enlarged beneath the indenter. The bct5
phase formed a fourfold pattern along the indentation orientation. Compared with the small indenter, the large indenter
prompted the grown of the Si-II phase, which is the one reason why the BCTS phase almost cannot be probed in
experiment. After unloading, both the Si-II and bct5 phases transformed into amorphous phase. The results validated the

existence of bct5 in the nano-indentation process of monocrystal silicon; and revealed the phase transformation

mechanism of the plastic deformation.
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Fig. 1 Molecular dynamics modeling of nanoindentation
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Fig. 2 Distribution of high pressure phase at the indentation depth of 115.68 A (Red atoms-Si-111/Si-X1I, Navy blue atoms-Si-II,
Blue atoms-BCTS5, Others-surface atoms)
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Fig. 3 Radial distribution function (a) bond angle distribution
function of Si-II (b)
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Fig. 7 Phase evolution during loading at different indentation depth. Red atoms-Si-III/Si-XII, Navy blue atoms-Si-II, Blue atoms-
BCTS35, others-surface atoms.
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Fig. 9 Phase evolution during unloading. Red atoms-Si-III/Si-XII, Navy blue atoms-(a)(b)Si-11/(c)(d)Si, Blue atoms-(a)(b)BCTS,
DeepSkyBlue-(c)(d) BCTS5, Others-Surface atoms
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