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Abstract

According scaling rule, ultra-thin oxide(about 1~1.5nm) will undergo tunneling
effect and then cause gate leakage current:, which is the issue of the reliability .
Recently , high dielectric.constant materials are used to replace SiO, has widely
studied. Compare with SiO7 at the same equivalent.oxide thickness (EOT) , high
dielectric constant materials have thicker physical thickness which can resist
tunneling effect , and then avoid leakage current . However , using high dielectric
constant materials as gate dielectric experience other problems . For example , high
dielectric constant materials have higher interfacial states and charge traps , these will
cause more serious threshold voltage shift when working device as the same voltage
compare with SiO, .In pMOSFETS , negative bias temperature instability is the main
issue . We incorporate F before gate dielectric deposition via channel implantation

technique, which was subsequently diffused into the gate stack during annealing



process . By fluorine incorporation , we discuss the effects of negative bias

temperature instability (NBTI) of F incorporated in pMOSFETs with HfO,/SiON

stack in depth . We found that F incorporated improves the fundamental electrical

properties of the fabricated transistors . In addition , under constant voltage stress

(CVS) , we found that lower generation rate of interface states and charge trapping are

observed for device with F incorporation , thus enhances the reliability and the

stability of high-k devices. We also found that at 1E14 fluorine dosage has maximum

improvement to Hf-based dielectric in turns:of this thesis.
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DRBRASES G o el 3-10-477m e B S=lly Bl S-12 T G & & H iR
B2 BREHant g ¥ OLH R 2 g fluorine & £ A 7 B ORBREA P
Threshold voltage shift % - §_+]. 3+ control sample > ®]3-13 » %71 £ interface state

#p B 7 subthreshold swing 7 &g 7r & 3 228 2 M} 6k i chlicd > » 7 g 7

F_L

1E14 #interface state *# {5 24 & 4 > d 3% 1E14 ek B & 3% 5E13 » #r il §30 3
BoPR AT Ak { i A S F - KA -V~ C-V s mobility T 24 &8 o
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A & 2 Ao fluorine 3 & & & HfO,/SiON gate stack e % 2 B> % — 2ko
BA AT HOERT 7313 fluorine B+ 5 & ik & > v HTRA TR Efok < &
E AP A eicd 0 fogate leakage 3 6 0 # X %5 fluorine 3 ehig £ @ i
*iZit > ¥ F1 5 5 fluorine 3+ 1% & ¢ (8 HFO,/SION F w #c &L RIgdH T i + 2
fr mobility + = > HfO2/SiON tk #{e B 4 rif T el d 5 & i 247 )

% > HfO, eiF 7 #84]+ # & Frenkel ~poole @% B4 o % - B> CVS 3~ it
% &> % o fluorine -+ 58 1k & pIVEshift «r#= Fl- P & ] >+ control sample
J F] % fluorine 33 %4 @ # HIO,/SION 4 & = Si-H bonds 4% fluorine 3+ B~
%452 Si-Fbonds % = 2 & EES= S G > FUFRFER D
BrEALEAABEy P parcdo A2 AR 2 5 > RF B ER D S
>t SION/Silicon % & e1ig 48 s % 4% » F1 5 4 #p3 hi & € £ 7| SiON/Silicon
Ao 2154 § 4 RTA #¥cT] HfOo/SION oxide shi2 6 » e d C-V &7
77 5E12,5E13,1E14 %4> oxide trap danling bond 2 4& cr3e % £ L 7 %3 > @ &
¥ J£ B 3-16 ¥ 7 oxide traps i& * % interface traps > #7124 & ¥t 4 & g L (v 7
KB Vishift > #7020 2 5E13,1E14 &7 R £ R & £ 47 3 o &
o A2 g Bt S A hA_1E14 hd kB 4332 8 4% L Hf-based dielectric

e lARIE o
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Years of Production 2010 2011

EOT (Physical ) for

High —performance(nm)

Electrical thickness adjustment for gate

depletion and inversion layer effects (nm)

Nominal gate leakage current density limit
(at 25°C ) (A/em?)

Manufacturable solutions, and are being opitimized.

Manufacturable solutiens are known.

Manufacturable solutions are not known.

% 1-1 2007 International Technology Roadmap for Semiconductors [ 1.1] e
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Dielectric Dielectric Bandgap  Conduction band Leakage Thermal stability
constant (eV) offset (eV) reduction on Si substrate
SiO, 3.9 9 35 N/A >1050°C
SisNy 7 53 2.4 >1050°C
Al 0, ~10 8.8 2.8 10%-10°x ~1000°C
Ta, 05 25 4.4 0.36 Not stable
La,0s ~21 6* 2.3
Gd,0;3 ~12
Y,04 ~15 2.3 10*-10°x  silicate formation
HfO, ~20 1.5 10*-10°x ~950°C
710, ~23 5.8 1.4 10*-10°x ~900°C
SrTiO; 3.3 ~0.1

15
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W 2-1 0 &8 R & & 4+ o

PMOSFET

Gate

_______ F diffusioﬁ\__f_’:ii-‘x"'-.,‘.

Hf-F

HfO, \HT'F

W 2-2 4 fFd #1T L gie r HEO/SION A TR, = &4 & ) 0
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The process flow of pMOSFETs with HfO,/SiON gate stack
e Standard LOCOS process

e Fluorine implantation(Dose: SE12,5E13,1E14 Energy:10KeV)
For pMOSFETs

e RCA clean and HF dip

e 800°C in N20 ambient by oxide RTA ~SiON 1nm

e MOCVD of 30A HfO,

e PDA 700°C 25sec in N, ambient

e poly-Si deposition 200nm and pattering

e Spacer, S/D extension , S/D implant

e Dopant activation : 950°C , 20s

e Passivation layer : TEOS 550nm

e Metallization : Al-Si-Cu 900nm

e Forming gas sintering : 400°C , 30min

Device Structure

Si02 Si02

B 2-3- 5 &3 MisP I £5 2 H L b

i
,‘3;
T
=1
=



14 T ' ’ r

control| 5E12|5E13|1E14
Hystersis(mV)| 100 | 38 | 30 | 24
1.2 -
O 1 .-
e i -
S 1.0 ,‘
L i1
3 Seeo -
o 0.84 -
(&)
S y pMOSFETs
= 0.6- o F L/W=50/50um
% Wio F | 34A p —a&— control
=] 15E12| 36A ' —0—5E12cm” |
o - \ 2
04 1E14] 34A —A— 5E13cm
X —— 1El4cm™
5E13| 34A
0.2 . ' ' . ' ' '
-4 -2 0 2 4
Vg(V)

Bl 2-4 & & 3% 32 pMOSFETs e (V- Bl ¢

80 v ) v ) v ) v L) b 1 v T T
] _2 PMOSFETs 1
704 1El4cm Vg-Vi=-2v
eSS , . L/W=50/50um -
60_ 2222070200 Scm- Contro| _
—— 5E12cm™
50+ —O— 5E13cm™
] L]
2 40 _ 5E120m2 O— 1El14cm ]
S ]
2 30- A
20 - i
104 4

0 N v v v v I M I v T v T Y

-30 -2 -20 -15 -10 -05 0.0 05

Vd(V)

B 256 /BRES DhP A £5 25T KA Id-Vd fit ¥ s -
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1E-5

AYA‘:X:,}X"A‘_‘-““\ A A
1E-6
1E-7
n
S
< 1E-8 ‘E’
=1 O
1E-9
1E-104
7\
1E-11 4~ .
-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5

Vg(v)

B 2-65 4c 6B i 4 wenP Al 4§ LB F Bk [d-Vg foCn-Vg o 4.

control SE12 SE13 1E14
Vt(V) -1.51 -1.81 -1.49 -1.09
Gmmax(us) 3.12 3.31 3.76 5.22
Idsat(uA) 55.3 51.1 62.3 69.6

% 2-1 Vth/Gmmax/Idsat 7+ pMOSFETs £715%, % o
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B3y X, pMOSFETs 1

1E-4 4 \ L/W=20/20um .

L6 control

< 1 i .- 5E12cm™ :

o 1E6y 5E13cm™ 1

X ] 2 ]

S 1E-7-! \ ------- 1E14cm 1

2 1E-8-; %are similaril 1

1E-94 \ 1

1E-10 ] T v 1 LI | T T T T ]
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< 100 1El4cm”
% 80
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= 40
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1E-3 — T
5 A PMOSFET 3
1E-4 4 control sample.!
] L/W=20/20um 3
1E5y | e 1
] % | ]
1E-6} D, A éD 1
S 1E-74
5 :
3 1E—81E
1E-94
1E-10+4
1E-114
8 7
(a)
1E-3 — — T
3 e PMOSFET 3
1E-4 4 1E14cm? 1
] LIW=20/20um 3
1E-5+ T=25C 4
3 —0— B 3
1E-6 + 5, —o—1ISD ]
_ | % —2—1G |
< 1 ]
5 1E-8 1
1E-91 1
1E-101: 1
1E114 1
-8 -7 1

(b)

Bl 2-9 & F #HE T T i+ A (a)control sample, ¢

(b)with F sample °
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€3y ]
1E-4 4 1
1E-54 1
1E-61 ]
5 1E-7 1
3 1E-81 & PMOSFET 4
3 control samplé
1E-9 4 ISD L/W=20/20umy
3 T=25C 3
1E-104 o8 1
] ol —o—ISD ]
1E-114 i e —2— G 1
1 0 1 2 3 4 6 7 8
Vg(V)
(a)
T XF R e .~ 408 B
1E-4 4
1E-5 4
1E-6 4
5 1E-7-!
3 1E-8 4 PMOSFET
3 1E14cm™
1E-91 L/W=20/20u
3 T=25C
1E-10 4 —o— I
3 —o—ISD
1E-11-| —— |G
-1 0 1 2 3 4 6 7 8

(b)

Bl 2-10 &3 f #58 T T i+ & & (a)control sample, fr

(b)with F sample °
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PMOSFET

p*Gate

\ n-Sub

Interfacial layer

(a)
hole Vg(-) - electron
injection 1 igyection
hole
(H)lso P*
current
+VV " R
P P
N inversion layer
(b)

B 2-11 = i i é‘z{;ﬁiﬁ';\ ﬁﬁﬁ;}_P i‘]fi ;Lig‘%;:g: E!BEI’E%;' A K gﬁi;\‘—r

(a) it * B, (b) 4 A~ 32 chptet B -
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PMOSFET

p'Gate
>h+
/////// I so(-)
Interfacial layer
(a)
hole ros JF
o A _ilmjection
Injection
(-)| P+ hole
oy 4 current
P+
N inversion layer
(b)

B 2-12 -5 i"403a s MiEP A &5 2 xR AR HIRST
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-13 d T v T v T v
1 F-P emission cI)B=0.743eV 1
-144 pMOSFET T
_15] control sample ]
J L/W=20/20um |
-164 O 25C 4
m O 75C T ;
o -174 A 100C
(.Q i
Z -18- 7
-194
-20 - 4
21 d T v T v T v
2000 2250 2500 2750 3000
E1/2(Vlcm)1/2
(a)
-18 T T T T T T
@_=0:744eV
-194
-20-
)
c% -21 1 F-P emission
5 pPMOSFET
£ 224 1E14cm™ -
| L/W=20/20um
-234 o 25C J
] O 75C
24 — 2 100C
2000 2250 2500 2750 3000

(b)
B 2-13 ¥ & F-P emission @ ¥ 484 & F 1 T 9vhie/ B iR T

s(a) without fluorine sample (b) with fluorine sample °
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m ] o
o 174 F-P emission
=) L
= PMOSFET ]
] control sample |
-194 L/W=20/20um |
| O 25C
-204 O 75C .
21- (I)B:0.65€V A 100C
2000 2250 2500 2750 3000
E1/2(Vlcm)1/2
(a)
-14

-154 -
% -16- F-P emission -
2 pPMOSFET
= 1El4cm”
174 L/W=20/20um J
o 25C
O 75C
18 ' . ' . ' AI 100C
2000 2250 2500 2750 3000
E1/2(Vlcm)1/2
(b)

B 2-14 #* & F-P emission @ E 4] r #H N T ik ET m(a)

without fluorine sample (b) with fluorine sample °
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PMOSFET

p+ Gate \

________ = diffusioﬁ\;ﬁé-ég

HF-F

B 3-1 & F5d #3120 Bae » HEO/STONT T R , & &/ 6 i)

(P — & a8 5 M(p = a i d
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eSi OO H P,

Silicon (111)
(2)

PbO

o

Silicon (100)

b1

(b)

Bl 3-2 %R a: (a) (111] &a, fo(b) (100]) &Ko (3.4) -
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\ "0“ Ec
Acceptors |k -E,
? St E,
Donors "0"
Y
E,

Hydrogen
(a) (b) (c)

®13-4 Si-Si024 & = iRl (a)the Sill defect, (b)& A+ X5
iR A {475~ interface trap, fixed oxide chargehy,
droxy group, fv(c) € # #:3 O 4 & $HHcie » § 1 g4 o

After Jeppson and Svensson [3.5]) -
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AVin

CVS for gate electrode
A G Vg-Vt =-2, -2.5V
............... lo-Ve:
AN E—— A To evaluate AGm
P
=
DC stress DC stress DC stress
1sec 5sec 10sec
A a A A -~
Io-Vg Ib-Vg Io-Vg Ib-Vg

B 3-5

CVS (constant voltage stress) £ iplzk T_-
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N PMOSFE
Y control sample 1
] Y Vvd=-0.1V ]
3E-81 \ ——3-3v ]
----- 3~3V ]
-------- 3v~3v ]
---------- 3-3v. ]
< 2E-8] ]
< ]
1E'8 T T v T v ] v
-1.4 -1.3 -1.2 -1.1 -1.0
Vg(V)
(a)
4E'8 7] T T A ] ~ I M
] \ PMOSFE
] N\ control sample 3
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3E'8': \\\ T 3~_3V -:
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-------- 3V~-3V |
| S A 3-3v. ]
< 2681 ]
s ] - '
1E'8 v T v T M I M
-1.4 -1.3 -1.2 -1.1 -1.0
Vg(V)
(b)

Bl 3-6 PMOSFET A 43324, 7 [d-Vg 4124 &

(a)w/o small stress, (b)small stress
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4E-8 . :
pMOSFE
] 5E13cm” ]
3E-81 Vd=-0.1v ]
] —3~3V ]
------3-3V
-------- 3v~-3V
---------- 3-3v
< 2E-84 ]
i1
1E-8 . :
-1.4 -1.1 -1.0
4E-8 , :
pMQSFE
] 5E13em”
3E-84 Vd=-0.1vV ]
] ~—3~3V
= l---3~3V
-------- 3v~-3V
---------- 3-3v
< 2E-84 ]
E 4
1E-8 , :
-1.4 -1.1 -1.0

(b)
B 3-7PMOSFET 43 32 4 < [d-Vg &4 &

(a)w/o small stress, (b)small stress
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Id(A)

Id(A)
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= PMOSFET
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1E-54 : : : :

pPMOSFET
T 1E14cm™
1E-6 Vg-Vt=-2V 3
] T=25C 3
—a— t=0s

154 —— t=1000s 7

< ] ]
2 1E-84 3
. - _
1E-9+ 3
1E-10 . ' : : :
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Vg(V)
()

) 3-9 PMOSFET & 25°G 2. = * 4e /i 441000 7+ 14 &1 [d-Vg £ 42
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Vt shift(mV)

Vt shift(mV)

o] PMOSFETs

. control sample
] T=25C ]
-394 —O0—\Vg-Vt=-2V 1
-40 - —A— Vg-Vt=-2.5V-

1 10 100 1000

Stress Time(s)

(a)
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PMOSFETSs
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70+ i
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-20 —

-30-
— -40- -
>
E
£ -50+ PMOSFET -
o 1E14cm” -
> -60- T=25C 4
—0—Vg-Vt=-2V |
+ -V1i=-
201 Vg-Vt=-2.5V |
e

stress time(s)

(c)
B 3-10 20 CTEF RHBBAFLRE B i@l T ROEH £,
Vg-Vt=-2V~-2.8¥(a)control sample ,and (b)5E13cm-2,

(c)1El4cm-2 -
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Vt shift(mV)
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