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Abstract

Abstract
Study of deformation and fracture of Si, Ge, InP and GaAs single

crystals

Zhigang Yao (Materials Physics and Chemistry)

Supervised by Professor Guangping Zhang

Si, Ge, GaAs and InP single crystals are four kinds of important electronic semiconductors used
in microelectronic devices. Owing to different loading conditions and anisotropy of the single crystals,
the materials usually exhibit different deformation and cracking behaviors and in-plane anisotropic
strength and fracture toughness. Investigation of these mechanical properties and understanding of the
corresponding mechanisms are of both practical and theoretical significance for improving the
reliability of microelectronic devices.

Four kinds of typical semiconductor single crystals with [001] out-of-plane direction, Si, Ge,
GaAs and InP, were selected in this study. Micro-indentation and three-point-bending testing
combined with microscopic observations and statistics analysis were used to systemically investigate
deformation and cracking behavior, in-plane anisotropy of strength and fracture toughness, the
relaﬁon between the characteristics of dynamic fracture and the loading rate of the single crystals. The
experimental results are summarized below:

1. Under indentation loading, the deformation of Si and Ge was dominated by the formation of
shear faults, while that of GaAs and InP was accommodated by the activation of slip systems.

2. The hardness, elastic modulus, fracture toughness of the [001]-oriented Si, Ge, GaAs and InP
crystals showed the different extent of in-plane anisotropy. The minimum value of Si appeared in
the in-plane <Oll>-direction and the maximum value in the in-plane <001>-direction.
Comparatively, the maximum value of GaAs and InP happened in the in-plane <011>-direction
and the minimum value in the in-plane <001>-direction. No anisotropic values occurred in Ge.

3. The order of the decrease of the elastic modulus (E), the hardness (H) and the fracture toughness
of four kinds of the crystals is Si?Ge>GaAs>InP. The maximum value of H/E of four kinds of

the crystals appeared in the in-plane <001>-direction and the minimum value in the in-plane
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<011>-direction. The value of H/E of Si is larger than that of Ge, GaAs, InP in all in-plane
direction.

4. There exists a linear relationship between the indentation-induced crack length and the indent
size of the single crystals. Compared with GaAs and InP, Si and Ge had the smaller critical
indent size and the linear fitting slope. Such a variation tend is consistent with the change in the
hardness and fracture toughness.

5. Dynamic fracture experiments showed that a ratio of the length of the mirror zone to that of the
hackle zone at low loading rate was higher than that at high loading rate. At the same loading
rate, the ratio of Ge crystal was higher than that of Si. While at the high loading rate, the ratio of

InP was close to that of GaAs, but the ratio of GaAs is higher than InP at the low loading rate.

Key words: Semiconductor single crystals, deformation, hardness, fracture, anisotropy
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Fig. 1.2 Sketch of five kinds of crack in the indentation method
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Fig.1.3 Relationship between micro-branching instability and velocity in dynamic fracture!®”
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Fig.1.4 Dynamic instabilities in {111} silicon
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fR L, W 1.9 Pk, MXEmS R RITTULI, HEE—AFUHGTE,
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FE Sk 70 0 B N B S 1 TRt — S APPRL I B, XA TRBHERR A pop-in,
BN, PR R E B R BT FREE RSB ER T LS
B(97]. HHRFH, GaAs. InP A EHIFIIMRLY. IERBL 5 T3 F U
BH, HEARRNFRETERE SR FREERRD

=363, dP/dt = 5 mN/sec aSi
. Si-Xlil— T
Skl T . Si-lE

Sk

: it . : a-Si&nano-Si ¢
sixit &S ~Z | N |
i . VAR 100 mN (X1}
o o 100 mN (XS

e 80 mN (X1)
50 mN(X1]

30 mN (X1]
20 mN (X1]
10 mN (X1

AL

20 mN (X5) ' A
16 TN (X5)—

Intensity [arbitrary unit ]

200 300 400 500 500 520 540
Wavenumber [cm'] |

1.8, gk SRR AR RIEAT T Si M 8 6
Fig 1.8. Micro-Raman spectra from nanoindentations made with a cube-corner
indenter at various maximum loads[61]

5 pop-in FARLKI, BHIFE R Si FERIAI—FFIREL KB
ik, XESEHFR R pop-out; 5 pop-in RATFMERAFKIZ, pop-out HIL
FEHM B, WE 1.9 Fizs, XF pop-out ZMN % BB ABA 5 MEBGEE KN
B EIX AN AR T AEEL T HRA T MR SR AREREN—
s R R,

MR R I AT A B AT E TR, TARAERSHRNZER
W, FE TSR TP N AEEEEEENE X 1 . ftkh
Bz ER S R AN, BATERG. BESHBE. T HETH
REFR TS, HEBEERNDT L SR BB BRI RS RN E
B, BA—HH, BTEEMET RS RERLE H MZMERERE E
MIEE (H/E) HIRASEREBENEER, KT, BRISURFBEHEE RS R
PR BRI &7 1) _E S B B O BOR AT AR SREE T 10,
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hERERARVIABB LS008 PUH L SR SRR SWRAT TR
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»  GaAs 50 mN 204
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1.9 InP, GaAs & Si FEAUK ML HARELA T

Fig. 1.9 Discontinuous deformation of InP and GaAs[64] and Si in nano-indentation
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expertiments

BRI SE I R TP O SBEAT S th TR B 60E, BRIALRH, Si ZEIRAAT
ST AR RIS, T AR RO MBS, R
TR TR T -SRI, (SRS InP B4 T B2 Ar
B, 7 (100) S| ETOMELREIT THERAET), GaAs ERHNH
BT R T A AR F R R AR, RS ST, kR
RORCEE. A, HEEAR. MREIRR LA MR RGBT, i
5087 245 B 3 LA Bk o AR TS v T 9 A A JL T R
B

1.4 £ S3EHEIFHEREHRITA

HHLE RS (Micro Electro-Mechanical Systems, MEMS) Z¥5 Al #LEHI1EHT
ST B RSS . MAERTEULESGEMEEE. BTN, &
EFBEEET —ARMBERGRRSE. BILAERZE 50 Fi T TNk a ST E
., MEMS KHIE EEBA— MR EEMN TR A. MEMS 7R E#EE
H5EET— 5, TMRBE L% B IREA SR IF A E K Thaess



B—E iR

V. BUE S AERRES . IEES. PEEBAN. SeSRRLURAEA T AEYARES O
o Se bR IE U OVER B R IT D F AT R BRI ET ST

MEMS S8/ fy AT 55 1k A AR F 2 AT b . DR AT SR PR AN HUAR AT SE 1 1Y
AL, MEMS FRIVURSB e R T4, K AREERE. MR
M. T T 225 A SAM NSRRI RE T HENEL. MRATAE
R 8 R T A L ZE AR B bt 5 R R F AR R IIZE A . MEMS B
BRI IE . PRUUB R — 5 LB B, LARMRES KRB
S RIS B R B, EEAE R RN . B AR
Bt RN DL R S R ES, # SBESER. L IURBERR
IETF I MEMS & B|363080E (. B8, W3 MR, HaTESHME
SR R L 2 B TS LR M (RS EEE A 5 5 — 4 B IR ) |
ﬁﬁ%ﬁ%%ﬁﬂﬁﬁoiﬁmﬁﬁmﬂ@%:%@%ﬁ%ﬁ%&%%ﬁ\ﬁE
2. FIEEIRIRMN. RIS . BRE M R e .

Si [ W5 B AE T SRR R B Bk (VLSD) 1 MEMS A F=i3 12 i 2
%ﬁmﬁ%u&ﬁmmﬁiﬁﬁ%miﬁmﬁxoEVUH%%&E*%&%¢
R SR T BAT 0 PR SRR i PR e e R AR 1 . ZERI ISR, 0
o PR AR Y S I T KRR, % SEERIRIRE, RN
Sk BEE R BE R EANE, W BEEAR M FURA Y. £ MEMS
SISV T, HEEEE S MliRsaE,

7 Si R E M A TS, FEEEE SIMRENTERERHTHE
L e B T T BB R R 5 T R B SOAnE T R EUT SRR
BB 16, R7 12 DA% e, Wi s FR ep B D T R R AR R AL, ERINFE SR L AL
EEENILUE Si fE) R TRk, BEEERE AR RBNRRSS
o AT, R FRE AT RS B (LB 3 SR 5,
iU e, BB, rERGH R BN sk R AR Tt T AR S B
gl 2 L S i AL
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hEREREBRTRFULFE0IS: DR S8 SRR E 5 BT AR

1.5 AXARMBHRAS

R, BRGNS T AEME R0 5 WRAT A E R AT
R —7E, FEEFRIGIZ/LTERAMIABRR BT URITHAGTEE
B EMKRENRRE; H—7H, FEEHERNRRE, XEMEEMSE
THERBETHE—EAE TOEERNMA. BT/ DEAMESREESRER,
ERXZXIA RS REE IR ERERERE . SXEVMAXNEER
(REER A VIR RS F1) FRAMER BT . SO A L4
BRI SE RN AT R . BEE AR AEYIRE 7 AR 2
. WNFBREAEED, SRR ARBERENERT I MR
griatt, DLRESHFE T BMBEMNA BB, #E SRR T M ERSE
KA B0 5 R SR % |

E4 ik, RENIFIEMBRZR SHRITACEE TRENIH
F, HRXT TR F7E X ARTE B B MR R KA TR e P B R A A L 7E R 77
KT T, FHAENTRESWMRITAKNZEIE B A28 s
BRSHRZ FFRXRWT, 5ETREHRERILEBHNAITAR, ST
MEESENH RTINS L. FEREM RS ENIT A S RE, HES
ARML BT 5 REE IR MBS 5 LR ARYE B A0 T TR R B FTTE.

A8 S AR IR P 20 LA DU S B A 2 B4k 28 B R AT K] Sy Gey GaAs A1
InP {EARTFX S, ELEMUERERM=mAEHER, HRAMEBNERE SR
1755, FMA RS PRI R EN AT E A DR LERBER G 4047, 44T
HEZBEARBPNAEPRETHER SR AME, TRRIEP R RBE
B RARBER TS LA R R R R . B WIS AT S0
AT ERIE:; NTRA IR AEVEAP R RIERE, A SAA R Bt
B[R REEGIMN RS REEBMERRYE.
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BoE LR RERITE

BT THMBRERAGZ

2.1 SR

SEIe BT PR S DO A R W LR 225 B TS 6 AL 3B Siv Ge. GaAs i InP 43
Y B pRE B SET A ARUE R (100) B E . RAMERRUMR RS
FERBLE R 5 mm X Imm X 0.5mm K1 R 4R . (REFFER KL 557
SEATF[0011F0 [01015 [ .

2.1.1 3SR F IR IER

B (Si) BERE. HEEGAHE, HESER 25.7%, HHEEN 2330 kgm’,
FE/RAAR 12.06X 10°m3/mol, EBER 2.52X 107 /(m+ Q), HFHRK 148
W/(m K), Eb#h 700 J/(kg *K), 7 A4 1687 K(1414°C), #E4LE N 50.55 kI/mol;
B 3173 K (2900°C), ¥EALH 384.22 kl/mol; ZFESJE 4.77 Pa (1683K), &
REEN 65, HREEHNEOSTNERIAESEN, REEE 5.42X10"m;
LM% 111 pm, ToAE4EEARN 210 pm, HAVER 1.90 (HMIRED .

Si B SR, HEH A (300K)4 1.107eV, ARfEHHZEG0K)H 2.3
X10° m* Q. Si MEBETFEBEQRC)H 1350 cm®/(V *s), TRIBEQ0C)A
cn®/(V + s), BFI HAGOK)N 346em’s, 7Y R H(300K) A

12.3cm?/s'%1,

BE(Ge) B4R IR Bk, ELME A 937.4°C, Hh AN 2830 °C L BBER 5.35g/em’
(20C), EREE 6.0~65, TR THESELER, TEERD. BREXIHE
MR, ESASTBASNTE (A, % D B3 P BE¥SME BAL
HE ks, B B 83 N BEESA, HEKES 2 R4 0Pl &
BAEEEIT 2~15um BUATANE, XMBE RSN, APEBULIREIC S
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hERERES RT3 W AR R RN S WRAT AR

gEoh, ATELAVEIEAANE O, SHREMAS ¥ B EME . BEERATRTE
H, BB 5.66X10"0m, HAN 937.4°C, BHREN 0.803eV, HAIE
HFEE Q7 C)N 47 me Q, BFEBENR 39001100 cm®/(V «s), EFREBRA
190050 con®/(V * 5), FLFH BIRECH 100em®s, ZE7F BAREA 48.7cm?/s!,
R THESRP RS HE, BEMRAHEEERS. LTMRBTTRE.
BAEKIER, METHRABRE, MEAMANKRRESEREESLIZR
sk, SEBT EK. BHETHERNAENMREENH, LR RMEER
M, AT ENE. RERMSEENTTFET, HaEEB AT, AR

£1[19, 56, 94]
L a

LA (GaAs) BEBRA 1.4eV, EIFAERBERARICHME, SARMEAERN
[CESES, HasEiE, 78 250°CHR&H Tl amikntt iR R, HE&mot
H B MO R 2 30 % , S ISE A B B 6 R P F . PR TR Z O 9000 em®/(V ),
astEan By () 676V, L FIERBE 4000 cm®/(V * s). GaAs MR FIEB R Si K
&7, BEBEENR, Ll Gaas te Si AEFIF K EASE, JFAE BB
AN, MRS, ST, SIATEEK. DIEX. MINREEER A, H GaAs &
B, SRR, FUBRAAR S I 10-100 0%, [T
EETAE R, TAEBEEAS, BESESSNHRT LE. REETHFERE,
BT HAE SRR BN, BREHEERER, MMETRTHERRERBH
MTREN 1/15, REERTH 1/3. SREHECH 5.6533A. MIULEMEE—H
Matedtpl, BiZEIMEA 0.46 MPa » m'?, EFFFUME M M RHLH ELATEARRIM B Z
_[24,100, 103] .

BoAE (InP) A REE THESREN 1.3¢V, AFEERKTRRTEN, &
BHE R 092 pm. EEFREIEMIERG B, ZMEoesA. mP MAA
HRTIBERE. BHRER. BFEWEEEKEN 2N A AMNERE. $6H
BB & B R, InP KERIZ R TEBEENL Gaas &, EAHIER
ERIREAF

InP BIKE £ 1070°C, A FEMEN 2.75 MPa. HRME T TR, Ko
B 10.8. FEFITEE 4600 cn(V +s), FJGEBE N 150 em™/(V +s). InP #
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B SRMERERITIE

SRS RE GaAs B, Bt InP RSB HRRNM LR WP #H
BEATREL Gaas /b, HTRAn BRURE, BETHEREERALEYS
MR G (MISFET) 340

2.1.2 MFESEHRINRESE

B PO 2 B pAb ) ) S AR S M SR, Ge F0 Si B M R BRSNS, B
8 % Si B EALHIRE. 75 Si BN RRFIEE 84 SiET, AT E O
T S AR R AT SRR 8 AN 4 AN R
e B 2 ELER &S, 8 ANTHRA000]. [100]. [010]. [110]. [001]\ [101]. [011]s

[111]%[16’[‘@!5[3"]&)5[110}[101} \[oll} \[111} \[111] %D\:lll}
22 2 2 22 2 2 22 22
BF—%, MBS HELRT, KHE 4 ARABT—2, Ul myssss

w, ETEEAREET, mETREskneEnenm %% -FTE
R TED, NP — AT AR , X E BB T AR TR IR AR

(100).

Si

(111) (112)

B 2.1. £RAELEMH S N=EEMEANEERPE

Fig. 2.1. 3D diamond structure of Si and some project plane
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T EEER S RUIFUI 2003 TR Sk SR AR T S5 W AT YT

InP A1 GaAs BA MR BAGHIFE, 2.2 h GaAs W SKEHRER,
GaAs BT RBE NN &FEMER, 8 Ga RTFABEANEA As BT, 81
As BT EAEIE AN Ga l&RT. @it 18 NEF AL TFHIARKMLE.
— PR 7E S MA T A IO E: [00 0] [100]. [010]. [110]+ [001]~ [101]. [011].
[111]s [1/21/2 0]« [1/20 1/2]s [0 1/21/2]« [1/21 1/2]« [1/2 172 1}F[1 1/2 1/2];
AHMRERRKEN AL L, BNIRMAES RN [1/4 1/4 1/4]. [3/4 3/4 1/4].
[3/4 1/4 3/4] F1 [1/4 3/4 3/4). Bea)iE UL, @NIA S-S NEET 45T R A
K, AREESRALEHAYTERASE —ELRAANLE. XEFENEE
MEWEMEERET X, Gaas WSFMEREEHE L, mar—%mn

U0 am, RSN NEEEN T MEREE LD THREN L E SR
T T BT A R B /N AN T i TR,

(100) (110)
GaAs

(112)

B 2.2. INEE 45 GaAs I =ESEHMEINFEREH
Fig. 2.2 3D zinc blende structure of GaAs and some projected planes

2.1.3 M#EIEHREEEEESITH

SRR R R R TR R AT 5 AR 2 AR LR BB R A 1 B A
R BB AR T 5 BRI IR, MR, MR E—E RN 1t
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BT RMBRLRAIE

woc, EIMRRIERK, JREZEE—RRAER T, RAEBMMEZR RN, HIEE
BEMBBERNEENIFEL.

R R BB R REE AR T A R E R R, ARTERARIEEA,
EE—AFE B R R R A 27 MRS ERRR: N TFILTE
MU, X BT LARIALS 3 4, AL B TREENSEMHARER, X
Y v 1 B SR AR B R 7 R Stk B B AR 27 1 R
REFTIAE (A A [011] 5 [« ST L7 SIS @ﬁﬂ%)ﬂz/\%ﬁﬁéﬁﬂﬁ

— B E AR &N TT R A B AR, BT AR TR
1

= =205, 55 SR +EE + )
- @.1)
b 1, b, I 2 5034[100]. [010] [00112 Ak AMIKTZE. FIFER 1 H R
P BRI (2. 1), S B T VR B8 CL00) T B PR BT 1 22 B B
dido, SEIEE 23 MRATE R, LB, TUR AP B AL s
I, B EE<01>F AT RKRME, MEREREAD, E<00>FRATE
ME, TR PR B PR B B A TRARARDL, KB B T IO R A P
S EHNEE, ZRETEASAAEGN Sl Ge HRESETRAET,
HAA T A GaAs. InP HRABEF, NEMT R} H LETFH

&5,
% 2.1Si. Ge. GaAs K InP MRS H
Table 2.1 Basic parameters of Si, Ge, GaAs and InP

Crystal Cleavage Compliance Constant (10'“Pa’1)
Material
Structure Plane sl s12 s44 Ref.
i Diamond {111} o.7691 -0.214 1258 [34]
Ge Diamond {111} 09718 -0.263 1499 [26]
GaAs Zincblende {110} 1.173 -0.366 1684  [20]
[P Zincblende {110} 1.639 -0.589 2260  [97]

B 2.3 5 DRATEZE (100) HAASFEE DR 3R 2R AT A,
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o E R BRI SR 000530 VIR 54k 8 B IR0 AST0 55 T BT 5

MR LUAIE, DU RHE B K NS EseEoeEoan>Eupe X IUF 4}
7E (1000 TR HA A B3R RAEE W RO EHE, BUEEEAT A
BR<0U>TTI, BB/ H<001>F [, TLLE IR bR i
FOREBEARLL 2RIV R A0, MBEM AN ETTE, B RE<01>
FI<001>FH% RO ELE BT V2 , 3 Si FIA 7 B EEAEh 130, Ge HITEAJ7 T

HIELE R 1.33 , GaAs I RIKIELE R 1.42, InP BIFEAN T MBI EL(EH 1.50.
BB B & R TS P W& SRR A, HKE GaAs, BIRE Ge,
BB Si.

160 ~

(o]
o
1

04

Qo
o
1

Elastic modulus in (100) plane (GPa)

-

[0)]

o
1

[011]

B123 Si. Ge. GaAs fil InP & % I(100)H PRSI [a) B3 PEASE B 1 254k,
Fig. 2.3 Variation of (100) in-plane elastic modulus along different directions of Si,
Ge, GaAs and InP crystals

2.2 WAk
2.2.1 BREIREE

R MM B BT RAT AT E, ERBAE R HH SR, FEKE
— ML R T REEEMNER. YERERTREMERER, BDRFEEY

RLAFGFKRL ), FFATRER ARG . IR, BEBRAEFLITTE B A R R
MBS RSN 55 RARSETE 5T R R MR BT Xig R
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P WM RERITE

5 R SE I TR A B BUSAR L, BT R EAR R IR X AR S TR
M F LSS, BRI, MESREANRRANSFE, WHKAT &
wss (SEM). S5 T BME (TEM) MESHaT B8 (HREMD KAR%
WS BN, R ARTEMEHE SR 5T P R A AT AL R = .

FRe 2 E PRI R BB ) 2 e B B S — R S BT ol >, (B R
FENKHZEEE RS, BASTHFAZ . WE 2.4 i AFFIREK
Bkt EL S R EE . A S ELEARMARE, BAOTTUESE N EARA L
SRBRKHIN HED. BE T RERR T REKERITRIT AN, Miia]
CAIRIBTE S R W R S e S AL

Vickers B E IR ITE AN

F

H=6— 2.2)

Hep FEHEF AN, dAERNAEKE

¢ ) N [ot1]

24 RHEERERREE
Fig. 2.4 Schematic illustration of rotational indentation test

2.2.2 =ETHEE

%Hi%%%%ﬁﬂ%ﬁﬂ%ﬁﬁﬁzfnfﬁ%?%%ﬁﬂﬁﬂ%ﬁﬁ,
T2 B R T B . 24 R TR AR BB A R R S22 AT R A T e, JLi AR (5
RSN RSSR RS tiRg (RRKARLL) T AEH Bt B AR MM LA
(SRR B YE « R T REME PRI ZE R I AR, BT ok B I R I
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s E SRR 200830 MR A s R AT S W BT A 5T

%%i%*ﬁﬂ@%ﬁﬁﬁ%%%ﬁﬁ,Eﬁiﬁ¢%%ﬂﬁ@%%,%u%ﬁ
FORTCEN BT ES B KA, BT LCRAMAFEE, &R, #
BHERE (O RIRMARFRIERIERYE.

WREE RS EE TR, FEAEHNMXSFRE GRS R A LM
X FRETT D P, SARE IRl ZR 70 0 1) S R T P9 25 o — 4P T 2R RO S AR TE
WHTES . MRRET N, XHEEXAZHSTHNPREFHAR. H#if
A RABRAEATRA TR FHREUSMERZRNAER, FERKE
T o b T SR FA B AR B R e A LR U, B T R A = R B e
BB R RBRR, BRAE RN SRR I, BSARmEE
HALUBIEHBEEEE (E,) MEREHNS (o,):

E, = _L_S[_L}.F_] (2.3)
481\ Af
beLs

Opp = W (2.4)

Heh b BRERE, h ARGEE, LARGKE. FARBMAES L,

3
Ls HESEE, £ oMESR. T Rt EaRim st ch o po AR v, 1:21}’2—0 F, hBKE

i, WORRERRSRERY, W:%o

\\:\\-“- - > < . >
-
1 xéorT 1=p ::" .......... 1 f ..........
Q SIS A

K25 =ZaZfshrsE

Fig.2.5 Schematic illustration of three-point bending test
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BT LRMEEERITIE

7E MTS Tytron 250 H15% 3T = SE fh3Le, IMMBGEE A 2 un/s F1 200 pmi/s.
SRAE TR AR S i SEIR T D AR S, SRARMESNE TH ST (EBSD)
FEs— SRS OB . XA FEI QUANTA 600 R4 8 (SEMD
FRELRE 5 i O R
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B LS FEMEERERNE AR

¥=-F ¥ BARRENEERTENZEFNE

3.1 5|15F

FRE 15 B & BB R E N R RO RS S, R AT AR TR
BRSNS, TR MR A A R R
d . BERE—AEROYEGS, RN, B, REMTESNE
PERERIR A TRIRDY

BT R TR AT MM T BT R SRR RSy« 4
GURAS . I TACEE, TSR eI AL 3 . TR (TR L 0 7 e
R, SR AR % P ORI S0 7 R  EE RIS =
PRI TR RO TR A, T bR R RSO B 0+ PR N\ JE078 BB B
SRR RE RSB S, PSSO, FRRER I
o B, TR IR 3R BRI S 2 M AR . FUR AR IMI N T
o, BERMEGE YR . MRERAR, HYIMIES TR, TTRSER,
TR, EPRE(. MHEEAR, PHRK, IHERRLEY . ®
R SHRE R, M. BRI B — R, —HOREL, AR
(R, BRI, BT

% Knoop T EFE 20°C~440°C 2 [AIA4E N BRI P BUH) Ge. GaAs K]
RN BRI, WEEERTE, KEENSRREENEN, 7 Ge tIEF—
EEETRENEIAENE MR, A Gias MWEEERSRET, &
[110], (V10137 1 WBURRIFRIE: HE—BHAHT R, TERERE [ AT

EETHEEREE XM, RHGKERNTE, TR P Ao KA
(pile-up) BHEBA (sink-in) 9,

M-V GRS EETHETHRREWST TRMBS R ABUR, HIHAEST
FE T RIEEARAT AN TR SRR EE, HERITEENMETRE
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T ERHE G SRYF ST A0 30 DYF e S8 KA AR Y 5 W 24T TR

BEELYEEW,

3 54k Si Fl Ge £E Vickers EIR L% T EmERKTRE, WX
FEREL R X T R S B - SRR R oy E B X B MR B
BERRY, £—EEE (KA 400C) LT, HEFEEBETRE, MEEFRE
Mz, BRI, TTLUAAERREE THERERT, PFER
TR K/ INKE 2 B AHAZ e s BRABASLAST, E*E’Elziﬁwﬁ[ﬁ%uﬁfﬁﬂiﬁﬁ@%ﬁﬁ
FBN[15]e RAEH ETTEN PR ERER TR ST #HT T ERANRERY, &
BRI R S B A NE R Y, BT AR S, A EEA
HRERRAEL 611 —M&INHN, Ge MEWMEESERRFBERMAEERBEIFE X
[109]. GaAs &5 InP fIBEMEH HEWE (XTEM) FH LTI NGB EE
T T R B 2 BT REY,

FEARETT T HIRIR LR, &E%%zw@ﬁTM%EﬁE%%%%
AT SRR 10 4FHn, ATLURIR Si s IR 07 R, X R E
ITARBTEAFERIELSE-EBHED (Mott transition) =4 KB M,

HEh, Btk SRS & TS T A B 5 i 52 2 rh 555 ) A BT
MIVER, EEAMBAHG T ESEMENEREENS THSMBE TOEE, XH
R R (0 5 BORTE MOV (11017 1 I TP BT . 7EBCRIRAE T, GaAs 7E<110>
77 B A R TR EE T, GaAs UTE<110>7 [ LA A1,

AWK E SN Siv Ges GaAs F InP JUFH 3 B4k 8 A 7E B UE R A 1E
T RZERAT b R BHEE N E R R ETA.

3.2 FIRIBANTHRIANE

‘B 3.1(a)-(d)7 B4 Siv Ge. GaAs 1 InP 28 GIRFEE EWUERE N 0.5 N,
BRI AR 10 s 4 TR RS MR R fr. TEE A 2 R AR (100)%H .
HETUED, XSRS EEMERARYHIAT MERREX, HAER
THAMETEEER TR, HERERREMBRERTHEEAS. P Si
(B 3.1(a)) MMERXMAWERER, HERTSN 15 pm, ZREEH
MIESR A OB BGRm R R  KBk, FTUAHEWT Si B @i el T E R KRR T H
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B=F SRR QAR RN & R

K BRI, HFMEEETR. 5 SifEtk, Ge (LA 3.1(b)) KR
JFE JE PR L A IR BB AR/, AR RT409 10 pm.. 51 3.1@F(0)FTR L
(g Siv Ge FEHELL, B 3.1(c)FI(d)5 FIX L GaAs Fl InP {2 4 R A Bl 4 i I
RKEMAERENELZ. B 3.1(c)H GaAs #E RERSRERAMAE NERLE
oy, WEAEBEERNSEFRHE: WE 3.1d)M P 8, ERERUS
B2, W InP RERETERAEAKREE. ATUEH, T Si
Ge MIBEM R, 7EEMBEREITELWEFNAERT, HEFREARZR B
B3 = /A HrE; T GaAs M InP 2 53 S RIE L A RS RN AT se 2 B
ANEREBRR, TEEBEIERALRE R -AHE.

WE 3.1 G ARE, Si (B 3.1(a)) M Ge (B ‘3.1(b)) PAFPER A R
TERAEFFRNT, HBLHET R N SIS RRRA RN &A=&, T GaAs (
3.1(0) A InP (B 3.1(d)) FIMEBHATERE TR, HBSORUEERRA
R, BEERRDGOHHILT, KR &R TR AR B
EEEE. NBESWFTRTRRKE, Sifl Ge #MAFE(100)HE A EEWE<011>T7 A
FFE4 (& B2 77 W B R FTARE ) WK 2.1 AT &R, XEET7 A 24 Si. Ge BI{111}
RIS (100)E LT T GaAs F1 InP BIFFRJT 6] A<011>E<001>77 i,
B GaAs i InP f {110} f# 32 H 5 (100) [ K1 AT £k '

3.2 S DU R B kR BB RHHE K SRS SEM MR . WEE
WETERI, Sifl Ge FIFHEHESE _ LEFESYINE (shear faults), XL
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Fig.3.1 SEM images of cracking behavior of the indent of four brittle semiconductor crystals

under indentation load of 0.5 N and holding time of 10 s, (a) Si, (b) Ge, (c) GaAs and (d)InP
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semiconductor crystals under indentation load of 0.5 N and holding time of 10 s, (a)
Si, (b) Ge, (¢) GaAs and (d)InP
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Fig. 4.15 Relationship between indentation-induced crack length (c)
and indentation diagonal (d) of Si. Ge. GaAs and InP single crystals
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Table 4.1 Mechanical properties on <011> in (100) plane of Si, Ge, GaAs and InP

4 d®
Material  E (GPa) H (GPa) Kc(MPa m™?) ° (um) 7% (pm)
Si 169 14.98:£0.90 0.77+0.04 3.11 3.18
Ge 137 8.20+0.27 0.50+0.09 2.95 2.29
GaAs 121 5.74+0.22 0.43£0.08 3.53 373
InP 92 4.15%0.11 0.35+0.06 4.26 4.4
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Fig.5.1 Fracture strength of four kinds of semiconductor single crystals
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Fig.5.2 Macro-fracture morphology of InP single crystals under three-point-bending test, (a) at low
loading rate and (b) at high loading rate '
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Fig.5.3 High magnification of fracture morphology of InP single crystals in three-point-bending test, (I)
low loading speed (II) high loading speed
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Fig.5.4 Schematic illustration of fractography and the length of hackle and mirror zones
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Fig.5.5 H/M of Si and Ge single crystals at the low loading and high loading rates
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Fig.5.6 H/Mof GaAs and InP single crystals at the low loading and high loading rates
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Fig.5.7 Schematic illustration of hackle and mirror zones in crack speed curve
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