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Table 1.  Concentrations of impurities in the silicon

wafers used.
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Fig. 1. (a) Representative P-h curves of CZ, GCZ, NCZ,
GNCZ silicon specimens under nanoindentation; (b) seg-
ments of the P-h curves with features of phase transforma-
tion for CZ, GCZ, NCZ, GNCZ silicon specimens (the

curves are deliberately shifted for visual discrimination).
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(b) 4 A 52 (9 B {0 2% O o 22
Fig. 2. Average values and standard deviations of the (a) nan-
oindentation hardness and (b) Vikers hardness of CZ, GCZ,
NCZ and GNCZ silicon specimens.
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Fig. 3. (a) Schematic diagram of three-point bending unit
and the dependence of load on the position under a given
loading; (b) regional OM image of the conventional CZ sili-
con specimen subjected to three-point bending at 650 °C for

25 min and subsequent preferential etching.

TR R SR A T R, AR R (V)
AN 3R T 7 R AT ARl
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IR B . BB 24 UL LW B 24 i 1 248 4 0
CZ rEF i sz sy X s2 i, Xt 600—750 °C
T, gk 25 MPa B U5 I A5 9 057 485 18 A% o 22
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SR F 3R 2. ATLIAE R, CZ A5 A7 5 1 # 04
TGRER K, N 2.12 eV, GNCZ ¥ 5 17 55 8 7 4
THBEMEAIS, 4 2.00 eV. TFEFEEME, 2205 8
TR 5248 DX ik v o7 8 1 8 1 D00 BBl 2.00—
2.20 eVBOSIU | 3R 4 B i o6 I 1Y Q 34 7E itk

# 2 CZ,NCZ, GCZ, GNCZ RS s 18 %1

T

Table 2. Activation energy of dislocation gliding in

CZ, NCZ, GCZ and GNCZ silicon specimens.

Cz GCZ NCZ GNCZ
Q eV 2.12 2.10 2.07 2.00
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Fig. 4. Critical shear stresses of dislocation gliding in CZ,
GCZ, NCZ and GNCZ silicon specimens at temperature in
the range of 600—-750 °C.
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BRI 2, IR 700 C FHE & 750 C
BF, — 7 1T R0RH 4R 2% 0T 7 S0l 23 ) 34 Rt A5 A6 Al
Bt ib N-O AR TE B N i 28, DT 34 5 457
B ETFLAN 5 53— T TR A0S BT 5 35000 7 8 ot
ET AR RN, AR PR TE A S SO il A NCZ
1 GNCZ ¥ & A7E 700 F1 750 °C WY 7, %A B3
2= 5.

3.3 [ERMFEMBER

MR BETE 800 °C B Lk LB, Fe o 10 9 1
EC Tor 3. RGN T, JoR A = A
IR 7 AL AS W B . SISO E R 800 °C
KU FIRBE R AT N, AR RO IR | #ib
PUAPEOL R AR 25 G i FBe, B eTE IR R A
FHAE [CRE BEAXAERE 7 RS A IR, SR )5 763 R
FE (8001200 °C) T #Akb B — 7 iy B 1], 28 4R
JEE TR ORI T IR A AT R L. ZERDK
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FEIREIEUE , IR X M 2 ARuihb 23 77 A= 42 ] 4L
Horb BB AR 10 ) e e — I RE B 1 AR i SR )
JS7 S, R SR L BT (110) J5 1] A A= B . i
Ui ()2 i T 52 1) IO ) 46 T3 RS Wi VDL g 7 I
WU IR RS . WA (110) 77 10 18 RS WO 0 5 2 £ 00
G RIHOLEEAERE (rosette). [l 5 H 4 el R /&
il CZ A SRR AN TOR IR JS 83 1000 °C/1 h
AL B ITIE B rosette 9 OM B F. i FZ 71
M JE A, rosette Y IO S50 i i B 04 B2 3 AN
FHAF . A SOK K I SR K B E LR rosette R
F. AR, rosette RO B EIARAE (48 % 1 im 5t
VIR Iy 7. 8.

120 F —a— CZ
—— GCZ

100 | —— NCZ
—s— GNCZ

80

60

40

size

Dislocation rosette size/pm

20

900 1000 1100 1200
Temperature/°C

B 5 i fin KJR B CZ, GCZ, NCZ, GNCZ £ i & 900—
1200 °C iR K515 2 A BLH rosette R M SETHE R

Fig. 5. Statistical results for the dislocation rosette sizes in
the indented CZ, GCZ, NCZ and GNCZ silicon specimens
annealed at 900-1200 °C.

X} 4 FhEE 5L 2028 900 °C/2 h, 1000 °C/1 h,
1100 °C/1 h A1 1200 °C/1 h H#AEHFIEH 30 4
rosette [ RSTHEATS 11408, S5 5R UK 5 Fras. 7]
VIE S|, BFE 5 rosette R RfEE 1B R ) F+
G, R B A5 T RS I SV g 7, Bt 4 L
B BT i ARG RN, CZ BRI rosette
RS REK. 7E 900 °C, GCZ F£ 5 1) rosette R
15 CZ FEM LTS, RIAEBIILT- A
il 437 55 W A% O AE ;i NCZ il GNCZ FE dh 1Y
rosette NI, B /T CZ 1 GCZ #E 5 i
rosette o, R R IB A HA W Z M0 5 7%
AOMEFH. 4R R 1000 °C I, GCZ FEFY rosette
REFAHEET CZ FES A BRI, RSB
7 A7 B 1 RS RN ; NCZ FE i B rosette R
SEIBSR L CZ FEM /IS 2, FeBHZIB A7 55
WR RN ARIR B3 ML Z T, GNCZ K i
rosette R ~F i /N, REE B R M A B LR &

TR AR RIAE . #E 1100 F1 1200 °C, A
B X 5 U A% 1 s e 5 0 BT B I FE AT
NCZ BE5H ) rosette RTAVUIS /NT CZ BESL K, 26
A5 2= i TR 057 468 T % AR 3800, AN T 4
i R M, GCZHE Y rosette R~F i /T CZ
FEAIY, B GNCZ AR AL, X R BITE
il T AR 2 A A A T A . AR
SR, 7E 900—1200 C JulFEN, GNCZ H A
TR 2 B T 2 I, R IF A R T
T FE VRS RN AR 2 T RIS A

IR R 800—1000 °C B, 7517 &S A i 1Y
N-O & & 1R 55 A0 B BE I AE R ET FL G, BRI
PRSI RS, SR, L 5 AT LB, 78 1000 °C &
PB4 FE U BRI AN © AN G 900 °C B TR
B X — 7 AR T A TR T GH R
T 0], SO A B il A 1 U 0 Y — T T
V1) B S 4 I 1 3 R i e 8 1) TR s . 3
5 T ZFRAF T N-O B A IRTER A8 A A AL,
PRI T R 2 Il (S 5 1 A2 (RO A8 Tk 5. ATE RS
WF5E 2, 78 1000 °C LA |, N-O & HIE L
e B B, AEAR SO AT DA 47 8 4b N-O
AR B EAE 1100 1 1200 °C I 2 AR TR XA .
XAE, BT BR NCZ FE 5 ) rosette RUSF7E 1100
1200 °C AL WS G/ F CZ B 5 1 rosette ]t
e 5 fiR.

XFFRET 524, A A AU L B R
T AR HE SR BE I T 19 K2 4%, 06
s % L W A T P AR N S . R b A S
JE T DA R s B 3 & A AR HAE AL AR,
X—ZHAEH R RERARAL. BISTHA LR R, 178
730 °C T R T 55 A7 5 1] 1 28 B AR AL AR 5 3]
0.25 eV, WA THE R, XFFREH B - R T,
R 5 | R AR A A AR, A~ S A I 3C B
VEHIRE— A 235 0.5 e VB, AR 455 1A
By S50 RAE AR REIR/DN, NS5 1R B W07
EEETHLAON . 53— D7, ASCH GCZ kRS IR
FEMRT 0.2% (JRFHE4TL), Fig, BMliAe sl T8k
P IR BB R ABAR N, ITE GOZ A
Sk LI B A5 58 AH G 1 R A DI ET LA 5 19,
I, AT DLRR B8 45 28 A AR EE (600—900 °C)
ANBEA BETHLOIEE . (H2Z, 7€ 1000 C KL bl
i, WE 5 Fis, B R EIH TR, &
IR A R X 2t TN 2 s A2 IR R T n]
DIME A D EEETHLH D -4 (Ge-O) B AR, M
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FETT A UL, DN I A7 5 T RS 1) 1 B OR BRA: A IE R
ands Y, Ge-OF A RBHMEIE i, 1 J2 1 F 48U T I
RAEEE T R DR 5 | R A% i A2, 15 B F BB

T 0L B EA LR R A T, TIRE RS I A 240
i = T K 6 A B 1) I T 3 B I ) X, E
B Ge-O H AWK A R B HREFEAL. 7F 1000—
1200 °C T[] B U5 1 P BRGH ) A A7 4 RV i
7 3 DX IR A B R E I SRR R A
YERIE 1 Ge-O & G4, B M BELAR AL 48 1 7 1
L. 7E 900 °C K EARPIRIE T, BB T 109 1L
HOREINME 2 | TEALES VR BT AS BB AT R IE 1
Ge-O ZAR, RTEA W0 L 55 1 % BR800

4 % #

ARICR G IE T B AR R 4% 5 1 45 2 )
CZ HE SO AS AT M AGS2 . it IR T a0k
FEIR AR IR IR, UESE T 455 2 A5 )
CZ WE S TE IR T LS A LA . 7
600—750 C Ay =S & Mrmaats R, ABai
FHE T CZ Rk S TP AAS N R B I SLUI R 7, T
BN LTRSS IS R G AU R ). S
WFFETHOR FEIR R A Sy SR Bh (7 55 1 RS 450, A IB
ZRHE B M HIAF A5 7E 900 F11 1000 °C BIIEHE, (HIL
SERREM R4S AE 1100 AT 1200 C IIEH; B
ZILT-ASREMHI AL 45 7E 900 °C YW F2, {HEE T &
NI ESZE 1000—1200 °C B, 434k K, 18
600—1000 C REEEFIN, AB AR5 N-OXK
B RAR A ET FL A AR AR PRI A, M i 157
RS, M S EE T, 5 N-O E&8 MR
ETFLA OB ROE B, BRI A5 A J LT AS g 41
il KT HEB AR A5 T RS B, MK 7E
1000 °C KB /=5 AR, 57 A8 T s v 7 DX 3k B
IERTLIERL Ge-O BAK, EAT IR T A5,
TAE AR AR L, T 8] B AU 0 B R I
AREAROBIE I Ge-O BAKR, Hmif 4515 JLF
BAEH. LR IRM, ZBA MBI
il 57 4685 Y % T LA ARG I AN . BHE, 7E CZ
RERL AR P RIS A R RN 25, T DAEfS Ak
T A I H B 3 ) 45 R b B R R A B A T
IR ER B, X TG 58 ELA EZ AR L.
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Abstract

Czochralski (CZ) silicon is a base material for manufacturing integrated circuits (ICs). The mechanical
strength of CZ silicon determines the processing limitations and often dominates the issues related to packaging
and failure of ICs. With the ever-smaller feature size of ICs, the scaling of device dimensions may indirectly lead
to increase the stress in silicon substrate, thus increasing the probability of generating dislocations.
Consequently, improving the mechanical strength of CZ silicon is of significance for increasing the
manufacturing yield of ICs. In this work, we propose a strategy of co-doping germanium (Ge) impurity and
nitrogen (N) impurity into CZ silicon to achieve better mechanical strength. In order to explore the feasibility of
such a strategy, we comparatively investigate the room-temperature hardness and dislocation gliding behaviors
in the temperature range of 600-1200 °C in the conventional CZ silicon, Ge-doped CZ silicon, N-doped CZ
silicon, as well as N and Ge co-doped CZ silicon. The significant experimental results are described as follows.
1) Ge-doping, N-doping or co-doping of Ge and N hardly influences the hardness and therefore the dislocation
gliding behavior at room temperature. 2) The suppressing effect of N-doping on the dislocation gliding is
remarkable at 600-1000 °C and becomes weakened at the temperatures higher than 1100 °C, while Ge-doping
hardly affects the dislocation gliding at 600-900 °C but exhibits a strong suppressing effect on the dislocation
gliding at 1000-1200 C. 3) Co-doping Ge and N impurities into CZ silicon can take the complementary
advantages of both Ge- and N-doping to suppress the dislocation gliding at 600-1200 °C. It is believed that
N-doping can result in the formation of N-O complex-related pinning agents within the dislocation cores to
suppress the dislocation gliding at 600-1000 °C. For Ge-doping, it is supposed that Ge-O complexes acting as
the pinning agents can form near the front of a single dislocation when the temperature is as high as 1000 C
and above. In a word, it is verified in this work that co-doping Ge and N into CZ silicon can further improve

the mechanical strength at the processing temperatures of ICs fabrication.
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