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Interface morphologies and electrical properties of
bonded Ge/Si wafers

Student : Yu Chia Chiu Advisors : Pro. Yew-Chung Sermon Wu

Department of Material Science and Engineering
National Chiao Tung University

ABSTRACT
Silicon and Germanium integrated for applications in optical

communication systems and interconnection have attracted much
attention. The formation of a heterojunction between hybrid materials by
wafer bonding technique has been'generally successful. During high
pressure and high temperature annealing process, wafers are bonded by
producing covalent bonds-at interface. However, the high temperature
annealing produced cracks in both wafers caused by large difference in
the thermal expansion coefficients of Ge and Si, resulting in low yield for
device fabrication.

In this study, direct wafer bonding technique was applied to combine
p-type Ge/Si and n-type Ge/Si. First, mesa structures fabricated on silicon
wafers were used to avoid thermal stress during high temperature
annealing process. The interface microstructure was investigated by
transmission electrical microscopy (TEM) and I-V characteristic was also
measured. The thickness of amorphous decreased with the annealing
temperature increasing. The result of the I-V measurement also showed
that the breakdown and the turn-on voltage decreased with the annealing

temperature increasing, because the thickness of amorphous at interface



changed with temperature. Results of I-V measurements and energy band
diagram found that high temperature annealing did not meet the trend of

the energy band alignment diagram, presumably due to germanium atoms
and silicon atoms diffused between interfaces and caused the trap-assisted

tunneling effect, the carriers could cross the barrier at interface.
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/ REs 5
7
8548 %

B13-6 7 =ped B

TREE R

TR PR WA o p e lemXleme# & B F 2 B
ImmXTmm - % % 160 ¢ merge e g (Mesa) /2 TemXlemeni ek 5 4 45
o 5 EHRE KRRV T RS L P SRE R
RAENKREE BNAIEL Y RFRI IR HNEER P
ok ik FwE RENF AT Z 2R RS
FRdE o B EFH Y w19 T 1% (Ohmic contact) @ & 5 % enst # A3
WL ERER AR, " FALTHERFT IS FRINE BB @
PR TR G EE R AR HRHEFEGHR S Egund gy
db 7 % K 4 F Ti/Au(300A/20004) > # & & =B B)i% K 4% +F Ti/A1(300

A/730000) - ‘it #-5 3 B4 > T S TR E R
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3. 6.

___-—-—'+

2. Coating metal

Y / /[ 3. Remove adhesion tape
y /7 7 7 p

FI3-7 S (8 sk 2 e e )
BB R B S A

BRELEDIG > T d B EL N EEF 25

ETTRS

BRI A RV EBS T L TR L A G R ARk S
33T BB (TR » 15 550 T 3 BAsE &AL 3 it

- BB B A L RARE S o A B TR SR

1:\4'

FRE KRBT E PR ] c AR RRES 6 HH
SCRARBIL S 0 e RS v TR AR B FE USSR
Pl -5 7 HETPHE LR RRG TR-5AHY

(Mass-thickness contrast)e£? 4p ¥t+* (Phase contrast) @ Ap ¥t e

BB i FAEFE-RAHVAPEFEARFIRER - 7
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£\

BT IHEE/NNT IR TR TERI T I RE IS GoAF
Fl* T F = fendest (Diffraction contrast) @ 185 fART
(Bright field, BF)z & =5 4.2f (Dark field, DF)# i > I fic & ¥E&t
Btk RBE - 2R %R P HELFTR THELRF®RE RF AL
BT AT BT FHMRET RELSFE T ¢ A 24 R i
s JIF F AT FRAPEALFERFBEFTEAEGRAT R T AR
THEFTEAL TIRAA AT B RETEARY L DIHEP IR A
R B TR R FRF SR A SN L o a F BIRARL D
IARF R € ¥ RES B L - JPRE L B (Lattice image) °
A R e & e R AT H AR 38L # (Dislocation) & 4
#% (Stacking fault) % s+ t&(Defect) > Fin - 7 i N ks v 17
THERHELSIT M REE X REHRET R H P TR X R
A EERS 0 Tt AMESIEST 0 B A5 3 B (Reciprocal space)
ik B¢ £ ix % > A BEwald sphere ¥ - v mgrF S ghap R o
PIEE o (F— YT UG w0 FlEF o R RS B
SRR R EE S 3 Tk S IR IR o 5 SR
B PR T AT S RS chiv £ 4T k¥ & (Energy
dispersion spectrum, EDX)i® =/~ & 45 o EDX 32 & F|* X sk Bg &%
BYORE AR RS o B P G o B0 R SN 8 A
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P hthu Ap R o 4 2N E B PR L 2 AR T R B TR
Joaml 47 B R ET A A A S EDX T 2t e R R E R R

Bt B0 (RF A) -
Bk TEM & & 8 BB i 4 > e 24 235 4™ .
1. 2B ehi o] & F B dmm LT o

2. WHPBFFHLAF > BRGNP EI S FEMN -

3

P

WEFRF VNPT EA > WV EEREE R & 500~1000A 2
¥ o
AE T REPFIRASLFIBDARTEN T BilsRY B

Erepd P AR N G ) b MRS R R B s R S e

%%ﬁi&’%@ﬂ?%ﬁﬁE%NFB”@ﬂﬂM$¥’

B13-8 TEM:z# & %l ¥ ]
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T~ BEREEH
4.1. FEREWER
AF SO FALER LA KIS
(1)P-type Si/P-type Ge bonding
(2)N-type Si/N-type Ge bonding
BEREMET AR EH 2B A BEFEHI FALTIERSE D
BABEHEE TS o A NFR R AR 0 % LlemXlem 0 &
T Mesaig #6087 & ¥ &2 lemXlemsnds & * AR P AR Y FE ik f > &
L ERSRESS ] PR RN > d8GE R A Y 5500~900°Ce T &
BB
% 4-1

54 8%

(a) P-type Si/P-type Ge bonding (annealing for 2hrs)

500°C 600°C 700°C 800°C 900°C
SorfF S S S S S
(b)N-type Si/N-type Ge bonding (annealing for 2hrs)
500°C 600°C 700°C 800°C 900°C
SorfF S S S S S

S= Success, F= Failed.

drded=1#177 > 500~900°C? # L4530 ¥ 112 # 3% & 0 BRI AR




T s #REORRR G 3 21:27 R X R AL
BRSO BT im N A B etk (Mesa)®k VU s R
B TEREAY AR FREFE AR ERBELEDIFPE o

A LRFFIBERT L ERGTHETF > TELEYHEFAEE LY
D00°CRAT ¥ 823 PR Y AR MM Dt L g kR

4ok LT R SRR TR

“ ‘q\

5iE500°CA N E bt %

o RV REBAORT A G L REF A 1 B

[uf)

Ced B BT TR ARG VoA AUF] S 5 R
B@947"Co FAc b Ay PR E gL P B RER > Fl
P-typedf d @ 2900 Ci3 VP e g g & = FIELE Ap R A AR

L34 VERC ANGHER LT RIRERRIE A Y

BRPGRERERA A TR

—\\

SHARS L B A AT A
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4.2.

LINCAR THERMAL EXPANSION COEFFICIENT, 1079/

Ge Si
4 I L4 L | J
0 500 1000 1500 2000 2500

TEMPERATURE, K

Bl4-1 45 p #O00E Gl g A M (@'

4-2 P-type 900°CH% & ¥ 4 i )
K& BREHEA H

o MBI R 2 7 A Ms(TE 4 » 2t @2

BENNG RS BT HRT RRIAL T RE 2P L8RS

Y. ;E,aagjgpiéiﬁsgﬁigyﬁiﬁﬁqg TN I N S
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SRl P REER e S o R A SIREI VISR

% %42 % B 7 (Ultra high vacuum, UHV)ZR 8 @ 2 (7 » & 4% #£5k

|~

5

~

FRFAd  FUKFAVELERFALES L5 &80 &

)

Nd B85 i o2 @A PR S A AW P I F A g

ey

g B2 G5 I EDKIE A G A AT o F R AR IRT U

FRFIFEERT R I Phac §F M EORERE Ay g iR

w

o izr §RETHERNEE -
4.2.1. P-type # /P-type 4 bonding /i & &6 % #5313

F RSP R %t Ptype# /P-typessbonding 4 & 2
& %3 0 BI4-33 R4A-=T4 % 5198 & 500~900°C > i3 LV pFF 2.3

1P 7S A (TED Sl alen i 3+ B i
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Bl4-3 (a)P-=type 500°C & /i w

(b))% & ZP-type b00°C& & /i &
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-type 600
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114
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o

type 600

5}' P_

(b)(c)
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Bl4-5 (a) P-type 7T00°C# & /i m

(b)(c)B & FP-type 7T00°C¥ £ 4 &
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Bl4-6 (a) P-type 800°C# 2 /i m

(b)(c)® & FP-type 800°Ci & 4 &
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Bl4-7 (a) P-type 900°C# & /i

(b)(c)® & FP-type 900°C¥ 2 4 &
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B3 B R B E50mm aREh Vo A gy PR de e
oo AR BIPGET FEFI L n R NIRRT
BAPE IR o F O ET S R A28 B % 2 (Amorphous region)
Brixsuipe e # DHF i 2 § 1+ & (Native Oxide) » B AR %K &R
e TR RERBEFIATELAR €3 F L k2 & o 2500
CALIEET > R+ I AT 7 AP A i@V pEERF 7 &Y
E AR TS AT AT I A o MR
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34



F i A500°CE600°Censi G F iR R E S £ A3 R L pE

B BECR- § R § BFCEH AN 30 T BRI g i L

X

3“%:

R

w2 o F B

)

\

Y o b S R s EOR (e g1 28 T
Fefadt VT RBRI S B A0 SRR IR g o d St p AR

F 4% enda te F #c L £ (Lattice Mismatch)  r @ €% 2% i 6 o

=
N
G
N
-7
\-\
44
S
44
“@g\
E:D)
i
3\
"\‘:t:
o
N
i
;_
%
W
44
3k
bl
{é‘;
e
o
W

¢

BFRBEEA6800C N ik 2 hG MoBB o kT RB T

Kyag 2uf it BHER S H2un0 B PR 00T RS

\

23 8 < EHICGER B S AeIR 2 (8 € 1 Line-scan T4 47 £ %
oo Mt 2t SRR T £ #(Dislocation) &2t da B 4 o Jie

ARG 2 R T d o RO L B4
R ERFEES L E P o R f834m900°CiT N i 2 e

B AR BA-TT e pm A H e Rk 0 B P BB R

R FAGEPRL N Y F Y S R s R £

35



£y R o
4.2.2. P-type # /P-type 4 bonding /i & = & ~ {7

& d EDX4 47500 °C4=800°CA & = 4 = » ¥ 1 17 5 & % 4o B]4-8

B3 425757

(a)500 C : (b)800 C :

Spectrum 2

] 2 4 G g 10 12 14
Ul Scale 1505 otz Cursor: 0.000 ke ke

Bl4-8 ¢ AR A A A4

342 AT A A

Element(Atomic%) 0 Si Ge
500°C 38. 27 21. 28 40. 45
800°C 15.50 82. 84 1.66
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1300 —é——'/—"“’;/
o 1o
ot
DLAAOND _ad
900 F
700 |
500 -
300 . . . . L . . : ;
o 01 02 03 04 05 0.6 07 08 09 1

mole Si/(Ge+8i)

@4_9 C!f;ﬁ-t"jfj 7}5 Eg][zﬂ
d W48 24-2% F I ERAY b S Iy A AL B
d B4-0Ap WP T e R R Bl A G e b AR %I i
CRRE SN R PO R e TR B

thy -4 (Si0: > Si0aw)o &> Ee gy i+ (Gel: > Gelaw) ©

4.2.3. P-type # /P-type 4 bonding /i & & =+ s BTl
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p)

BB G AR AP FH A e B RS A3 ViEA Y 4

2

3 FhAcenml o 0T B 4-10 2 W 4-14 5 & B2l
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ERe o) I £

~
\_\_\
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Si

Ge

T 500 °C:25nm

100} "y -
i \ —Si
751 Si —_—Ge |
50 | ’/G:
=
T 25| l
ob \"“
' 160 ' 155 ‘ 150 ' 155 ‘ 260 225
nm
Bl4-10 P-type 500°CHE =+ i< B

;—Ge-

15} ——si

10 -

Si
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600 °C:40nm
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10 20
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P-type 600°CH =+ 3F 4 H
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a.u

700°C:50nm

Si

/

—

125 150 175 200

1 i i 1 I
225 250 275 300 325

nm

®4-12 P=type 700°"Ch + 4% 4z B

150

100 +

50 -

0 —

800 "C:75nm

T

Ge

o S

—Ge' il

M

T v

-

T

7 LB I < 1 L} 5 T T ) &
300 350 400 450 500 550 600 650 700 750

nm

T

®4-13 P-type 800°Ch =+ 44 B
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900 "C:150nm

200 T T T T T T T T T

—si| |
Si Ge
150\ 1
Ge
3. 100 - R
©
50 | 4
0 ] R
OV PRI N (ORI O T PRSP LS ST IR S |

350 400 450 500 550 600 650 700 750 800 850 900

nm
®4-14 P=type 900°Ck + 4 ®l

FFN B4-103BA-1453530 2 A LGx 27 B 3 40 3 Facd
B T s Ry A e B R B RS 3 AR AT
Brood Rl4-10 0 500°Ci Vi ps > ¥ UELEIIF R+ < E AT 4
R FpAcEEE < >0 100nm > & 45 R+ FHATEESE S 25nm - 4% F R4-11
600°Ci2 -V ik 2 ps > &5 + Atk A& 5 40mm - £ R FH4-12 > 700
CiqXipips & R+ 28R+ FHAERT < 9 5 50mm - B2 R
800°Ci¥tixit™ » d B4-131% &> & % £ 80nm& 60nm > & 900°C
VIR B4-14P g P R+ FpACEESE S >500mm > &5 R+ <
X A150nm o b B EIINEEE A G g F ORF AU 0 | A
19 UR R R SRR T 2 Y I B LR R T 4
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o et ? endgic % #k(Diffusion constant) @ #FRF %+ £ PR
PR ACIERE LV R E R 3F 5 B B e 2 43477 o
QR e e Ve AR RBIIR R B NGRS D

PHATEEAIR < IR B R FIV a0 AF 2R EARRE > d At Pﬁ’{rﬁ L

WOAE hlicA B o L RE R W R4 (Tensile strength) »

o Bl4A-10977 > Bt dk 6 Ao P SRS g il vt 2R At

Faclides > B2 e B 0 4 g R+ Bk N hiATE T o 2 4y

B e ACBEAEF I OVE RS B A 4 0 2900°CRETR S g5 A4 ¢

SR T BAUERE B ERLFS oV - S G oW X7

B Y Pl RRREF 0 B RATEEA SR 5 T RT -

D = 7.55 x 103 exp ( —- 5.(;:811&\7) cm?/s .

B R T &

243 BAP Y IR R A

Annealing T(C°C) Diffusion Calculation(nm) Measure(nm)
constant(cm’/s)

500 5. 86x107" 4.11x10° 25

600 3. 64x107 3.23x10™ 40

700 3. 74x107” 0.01 50

800 1.06x10™ 0.17 75

900 1.14x107" 1.81 150
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—— 3 tensile stress

Ge

®Bl4-15 &R FHicT T W
B 16 ¥+ TEM ~ EDX¥2Line scan4 $7P-type# &2 & nix £
R
. A 22R FRAAEREFIVERL A A T % o
2. PEAFA LS AR P P fosganf it
3. HRF DR FRIFOFITREIIELG B R N3F S oA 0

SRR A SRS BB R O B o
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4.2.4. N-type # /N-type 4 bonding i & 2= % BitH

% = 04 3t N-type # /N-type 4 bonding /i & el chg it

d B 4-16 T B 4-20 » S[#£71 500°C 3] 900°C & @3 L ix i+ 2 TEM %

CANERTIR -

PO TR g
WA
: .

Bl4-16 (a) N-type 500°C& & 41 &

(b)® & & N-type 500°Ci & /i
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AR
- . \ .

% :.'.xf.‘;\\;.‘ A o

IR W TTIRTN BETTRIRR e e oy AN

5 Ge
D nm

B4-17 (a) N-type 600°C# & 4 &

(b)(c)® & FN-type 600°Ci & 4 &
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B4-18 (a) N-type T00°C#& 4 &

(b)(c)® & FN-type 700°CH & 4 &
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B4-19 (a) & & FN-type800°C&& % /i &

(b)(c)® & FN-type800°Ci £ 4 &
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20 nm

(b)

R T S G

B14-20 (a) N-type 800°C# & 4 &

(b)(c)® & FN-type 800°C¥ 2 4 &
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BAHIVE RS Cfin > d B4-167 P gF T ¢ F
R T REZET L - BER B E60 nm e K B4-88 £4-27 i dwip o
PR T RS v Py e A 28R #5007°C
PERE A P PERT 0 F SRR R R R LR R ) F]p
FHRBEIARG Eng ottt 24 F 1KY FFAEZ RA
FHATFF Mol e o 1% FIBR (FTEMz# & pF - 35

RElGP G AR ga Aoy mda o Ft A F R -

BENHBLA-1TI VR AR600°CT a0 & Mg ik > 4ok P-type
Si/P-type Ge bondings e &3 % > ¥ % 5 = BLETD| - k153 2L5
FREERS LI KRS B4-164p 1 0% 7 ;o“r‘t“f b
TG NRAE B RAEPE RN AR YA IR - RE S
B4-18, 700°CA/ & & & i » e i & Mo H Y g o) > 2L i e o
dBBIRPERZI- A2 Ta g ARBERELTE B

92 BRBNRRERE NN G CRBLERIY 2 ER

BE AR S ARG R R R LTS P R 496505
AL A2 A5 RSN BAR -

5T Kt BI4-18, 800°Ci@ N iE T h i 6 MR B T
I}‘EL%SZ’»EIJI% = l;'lg ’},\ y - ’K 1)7 KL—'E’ w2 %HL é’v ‘:’f";ligf’l, R fl-L :‘;
Modified region » 4-Bl4-18%7457 cFA-BF% ; ¥ — 3R> Ep x4 & I
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SAEE > B4-18F #7mC-DFH o Mt e Sviﬁa@*’ZOWﬁ’?z\m?}gkzg
“‘Ej—';‘i’i‘ﬁ?f”/?\i#%‘r - 7 L 2 18 € L R T AT E
ot e P B R RT BRI - E2ER TR 0 5 AR 92 e

B w3 ViR 000°CA | prendi 6 Je & B F B R e
BATABETRLEESAF DR ARLIPSIAAERGE BT
FI* BRI E2 7 R EEI0CH T a4 fic o, P L

BB ?{ﬁ—?\?ﬁ‘jé} ’ L%-}i“’]an °

4.2.5. N-type # /N-type & bonding 4 & =+ i
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150 .
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50 - -
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L 1 L 1 L L L 1
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nm
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—i |

Ge

~———
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350 400 450 500
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®4-22 N=type 600°Ch + 4@l
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—r1
Si
eyl
200 300 400 500 600 700

nm

®4-23 N-type 700°Ch + #H 4Bl
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800°C:125nm

e S

—Ge
Ge _
g | /\/—\-
0 / \_

150 200 250 300 350 400 450 500
nm
Bl4-24 N-type 800°C(modified region) & + 3H4< B

800°C:75 nm _

—Si

|=—Ge|
= Ge
© % __/—\_
o \

150 200 250 300 350 400 450 500
nm
®14-25 N-type 800°Ch + #+c R
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900 °C:300 nm
/W
Ge —Ge

= Si

200

- 100 :

" 1 " 1 " " 1 A 1 " A 1 " 1 " 1 "

100 150 200 250 300 350 400 450 500 550 600
nm

®4-26 N=type 900°Ck + 4 ®l

d B4-21514-267 15 A a8 R + 6500~800°C (A-B) R ik
FUEREF R AL 2 A Mo F e B ET A+ IR 2

B OACANCR S G R T RS REGEAH 4 o B Y 08480070

<

A & A8 AT > ¥ R IA-Bw Modified region 48 R
F FRICEEHL S 125 nm o @ C-D% 0 it + FFATEEAL S 75 nm >

Mo &R+ “Modified region® ##HicE B~ > @ L IR % bt’?}]?r

H:

e e v e Rl GRS AG X ATH Y T A2

IEARZAES > GRRS DRE ﬁﬁ@'*iﬁ%%{&ﬁéﬁ» ek ood pt
),?%? g s riModified regions P iciEdE . T L H G ke

a2

e A
F 5 o
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100 ! | 100
(b) | | ]
L si Si’
3 £
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E £
% L
<
o 1
100 0.00 Distance nm 100
B C D

R14-27 (a) /= FHH< Bl
(b)Modified region/ & ¥4 @™
B {6 %130 TEM ~ EDX £ line scan 4 17 N-type # £ 45504 & /i 6
§ T
I AR TADERETFIVERY LA T o

2. widlix

2800°CTe s o v R IModified region o

3. ffﬁﬁ' + AaModified region#FHHicH &b - LTk < F 5
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4. 3.

P-type # /P-type 44 bonding &+ & R4 17

REERIOS - FAEL G RRRGEITREDT G TR
AN eRREEL L BREBR - KA RRREATE

&5 5% 5 = 5 Ti/Au(300A/20004) » # Js % =B P& & 48+ Ti/A1(300
A/3000A) 1T 5 4> 2 R * R dERD AR ERIT A * K ER
T Mens 5 AKETHLEY 4200 » 2§ % @ > 2% 1 -5 R Kk 2304 @

o SRR BRI L BT

I Applied voltage
Ti/Al

Si
Ge

tn

®14-28 TR RT X F

Ti/Au
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-0.002
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0004 Lot v v v v b
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Voltage(V)

Bl14-29 P-type IV-curve
THERRIHA 23 S0 kB2 F4-297 Fa a3
B enii 4 o wg 5007 CRB800°CiE & et = - i3 7 B (Break down
voltage) 7 % = cdd %\, wilf o /R0 A Y ¥ 10 7 108 VIR R 8500

CH B PIT00°CeniE A2 > #7F & end= 4~ 7 & (Turn on vol tage) &_i% by

-

b 0 2800 Credede RRE @ & § - MATIEINA PR B8
A A A LR o Ft 0T T W 500°C 2 T00°CH
-

FAFGIIVER BT BRT OBE S T BT F R R D
b R EE R A AR RARE B IR o & o ML HETE
L B RBEERBERT A6 FEL L R L
BREEFIVERM i 00 f RS AR 46 7 R g
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ity PROERFEPETHE R A e BB S 5 AR
BEOVFERFAS e BT ROETFIVER DL AT
FoRAPFAEFTE A R R FRES Ea 5 PR DR
e

d B14-30 A d AR T 0w o P LS 5 2k (Hole)
WA R SERE B3 T F (Valence band) © F# #% 4v & i
R TR THSRE P F 2 P4l BRER Tk KF
‘)ﬁééﬁ*‘ﬁi’%’,” T fA S AR Jerge e 2_7 4p e e o B14-31 8 v
d ﬁﬂm =Lt St Bl F- sl i- IS o =gt rﬁ'frﬁmsb!‘ﬁ}’ d F4-32¢ ¥ g 1)
000£2600°C & i ¥ Wl eridd > Lk b h 7 5 Jdgine w7 o ie
FT700°CRag & F A5 F BladgFipr o d 7}1?— LA
THERTHACER y v 30 g A2 FF A r(Defect) o Bldei 45 R
+ P~ p R+ fhiz ¥ (Si-substitutionals, Ges) ~ &k + &= §
# il 4 % (Interstitial sites (Gei) ~ (Ge0):~ (Ge0z)/) » izt
Fag R g € A2 i et 5 % (Trap assisted
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