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Abstract

First, we demonstrated several fluorine passivation technologies to fabricate high
performance and highly reliable HfO, gate dielectrics. Then, we investigated the
current transportation and charge’trapping méchanism of fluorinated HfO, gate
dielectrics. Finally, new observation on improved characteristics and PBTI reliability
of contact etching stop layer induced local tensile strained nMOSFETs with HfO, gate
dielectrics were reported

At beginning, we describe” the characteristics of silicon surface fluorine
implantation (SSFI) for HfO, films with high-temperature postdeposition annealing.
The thermal stability of HfO, gate dielectrics is much improved owing to the
incorporation of fluorine into HfO, thin films. The gate leakage current of the SSFI
HfO, films is about three orders less than that of samples without any fluorine
implantation. In addition, improvements in stress-induced leakage current (SILC) and
charge trapping characteristics are realized in the HfO, films with the SSFI. The
incorporation of fluorine atoms into the HfO, films reduces not only interface
dangling bonds but also bulk traps, which is responsible for the improvements in
properties. On the other hand, the current transportation mechanism of HfO, gate
dielectrics with TaN metal gate and silicon surface fluorine implantation (SSFI) is
also investigated. Based on the experimental results of the temperature dependence of
gate leakage current and Fowler—Nordheim tunneling characteristics at 77 K, we have
extracted the current transport mechanisms and energy band diagrams for
TaN/HfO,/IL/Si structures with fluorine incorporation, respectively. In particular, we

have obtained the following physical quantities: 1) fluorinated and as-deposited IL/Si
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barrier heights (or conduction band offset): 3.2 eV & 2.7 eV; i1) TaN/ fluorinated and
as-deposited HfO, barrier height: 2.6 eV & 1.9 eV; and iii) effective trapping levels at
1.25 eV (under both gate and substrate injections) below the HfOF conduction band,
1.04 eV (under gate injection) and 1.11 eV (under substrate injection) below the HfO,
conduction band, which contributes to Frenkel-Poole conduction.

In addition, a process-compatible CF4; plasma treatment for fabricating
high-performance HfO, gate dielectrics MOS capacitor is demonstrated. This CF,4
plasma treatment was divided into two parts, which are pre-CF4 plasma treatment and
post-CF4 plasma treatment, respectively. The effective oxide thickness of high-k gate
dielectrics was much reduced by using the pre-CF4 plasma treatment due to the
elimination of the interfacial layer between HfO, and Si-substrate. In addition, the
Hf-silicide was suppressed and Hf-F bonding was observed for the CF; plasma
pre-treated sample. On the other hand, the fluorine atoms were -effectively
incorporated into HfO; thin film and HfO,/Si interface by post-CF4 plasma treatment.
The charge trapping would be eliminated and the interface of the HfO, gate dielectrics
was also improved. The device post-treated by CFa plasma treatment would have low
leakage current, higher breakdown |voltage, and thinner effective oxide thickness.
Besides, the C-V hysteresis was much reduced about 90 %. A physical model was
presented to explain the improvement of hysteresis-phenomenon and the elimination
of charge trapping of the fluorinated HfO, gatedielectrics.

Then, a novel high-performance and excellent-reliability HfOF MOSFET was
demonstrated. Both n and p-type HfOF MOSFET can be improved by CF4 plasma
treatment, indicating this technique is compatible with CMOS fabrication. Large
Ion/Imin current ratio (~6.69x107), good Subthreshold Swing (~76 mV/dec), small
DIBL (<20 mV), and high mobility (~165 cm?’/V - s) can be observed for the HfOF
nMOSFETs. The HfOF nMOSFET has better HfO,/Si interface and dielectric quality,
including small GIDL current and less PBTI effect. Reduced GIDL current was
observed for the HFOF nMOSFET due to HfO,/Si interface passivation by fluorine,
resulting in less hole-electron pair generation. The fluorine incorporation into HfO,
gate dielectrics effectively passivated the dielectric vacancies, resulting in a deeper
trapping cross section and a lower concentration of generated traps.

Finally, new observation on SiN-cap strain-induced improved characteristics and
PBTI reliability of nMOSFETs with HfO, gate dielectrics were reported for the first

time. The “close-to-intrinsic” characteristics including driving current and g, of
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SiN-capped HfO, nMOSFETs were much enhanced about 90% and 50%, respectively
by pulse-IV measurement. The CESL-device has better HfO,/Si interface and
dielectric quality, including less charge pumping current (90% reduction) and less
PBTI effect (55% reduction). Finally, the performance of CESL-HfO, nMOSFETs
will have larger g, (135% increase) and “close-to-ideal” subthresold swing (~62)
using dynamic threshold (DT) operation mode with tolerant hot carrier-stress
characterization. These results provide a valuable guideline for the future 45 nm and

beyond CMOS device design with high-k and strain engineering.



e
BHET ) GARBEAELFIOAL BT F AR R S ady Sl X
ARL iR PR A Rl L L EA G L - BE Y
ek o A o TR IA TR ST R ) FE AT b
TELIE T ABRPEHS Py BRI L o RS R &
PEFTR G o e N X BPEY e RS A R A - F - s
REANBY - ARNEERAIRABFRE T EE 2R A s g HD i
HEAA P Y P g
AL R o | J%"'ijfu%;h chENDI RS R - FL G IPRE L
WAGF S EBFe o FAIE R B L AT R RTOEAZ RS
mﬂ%%@iﬁﬁﬁ%ﬁvﬁfﬁﬁﬁé%iﬁ*%ﬁ%wﬁ—%§w°*kT
AFFHE S 4 ?&?}“ FE T IR ARG AN - Aey
3k o R A RELE REROTRIAA M S35 L - &REFE R ER
SRR R L ARSI BN R B T 2

CHE R RPRALERSIE A R X R AL AR

~N

§‘E\ > ’J‘:% N ;Ti:
,J‘
¢ o AP e R Apgeno

I}

ik

_{.

B

LZRBe B - WA EFRF A A (AP () 2 4
(g )2 re (v s ek (od) - (&) s BE#(F B > #8(side) »
BR (LB feinfar d R é o EABGER S Bl o AAF XA
MR e a3 P n eI eaF Ry > FRAEF o ﬁxif‘}f—m— 2E g
EHEAEERFPR - ER et bR L FEAEE LIRS Pf 4 o g
AR A SRR R Y R AR T R R ATRE R L E S L SRR

LB R A R A g S

b

Lo

c‘&
E-)

SN RPE RN RN A 2 LE R RRES B E Fof X ot Fa
RS RRECEE SR s IS R R

Ry ik A EE apA

Mﬂ.
e

ol
%

2008 = R e =

VI



CONTENTS

ABSTRACT (in Chinese).................oooooiiiiiii I
ABSTRACT (in English).................. i, 111
ACKNOWLEDGEMENT ..., VI
CONTEN T S . e VII
TABLE CAPTIONS . ... XI
FIGURE CAPATIONS ... XII
Chapter 1 Introduction...........................ooiiiiii 1
11 BACKGIOUNG. +. v 1
Y (73 A7 15 () s D N 3
1.3 Organization of the thesis. ..o . . B il 4

Chapter 2 Characteristics of HfO;'Gate Dielectrics with Fluorine
Implantation........ 000 9

2-1 Characteristics of Fluorine Implantation for HfO, Gate Dielectrics with High

Temperature Annealing. .....................coooiiiiii i 9
2-1. 1 INtrodUCHION. ..ottt e 9
2-1.2 EXPEITMENL. . ..ottt ettt et et e 10
2-1.3 Results and DiSCUSSION. ........ouiuiititiiiit i 11
2-104 SUMIMATY . . oottt e e e e 14

2-2 Current Transport Mechanism of TaN/HfOyIL/Si Structure with Silicon

Surface Fluorine Implantation (SSFI).................c.ccocoiiiiiiiiiiiiiiiiiiiiiiiinnn, 24
2-2. 1 INtrodUCHION. ..ot 24
2-2.2 EXPEITMENL. ... eetett ettt ettt e ettt et e 25

VIl



2-2.3 Results and DiSCUSSION. .. .eetettette ettt e, 27

P 1011011 F: ) o 32

Chapter 3 Effects of CF, Plasma Treatment on the Ultra-Thin HfO,

Thin FIlm . .o, 43

Tre@tment. . ................ccouuiiuiiuii i 43
3-1.1 INtrodUCHiON. ..o eeee e e 43
3-1.2 EXPOTIMENL. .. .ettttt ettt e ettt e e et e e e e et e e e e e e e eaeenns 44
3-1.3 Results and DiSCUSSION........uuientitt ettt et e e 45
T T B 11010 0T oy P 47

3-2 High Performance HfO, Gate Dielectrics Fluorinated by Post-deposition CFy

Plasma treQtment................ 5. ccceissee s s e e 51
RV B 0113 00T 10101510 ) DU o S — e RPN 51
REVIPAN 2 €315 31110 1<) 01 I 52
3-2.3 Results and DiSCUSSION. ......euiintitt ettt 54
T B 11 010 1T oy P 58

Chapter 4 Improvement of CMOS HfO, Reliability by

Post-deposition CF4 Plasma Treatment.................. 65

4-1 Improvement of Positive Bias Temperature Instability (PBTI) of HfO:

nMOSFETs Post-deposition CF, Plasma Treatment.................................... 65
4-1.1 INtroOdUCHION. ... et e 65
e I 25 4 1< 3 100 1) L P 66
4-1.3 Results and DiSCUSSION. .......eiutintiiti i 68

VI



A-1.4 SUMIMATY . .ottt e e et e 74

4-2 Improved Characteristics of HfO, pMOSFETs Post-deposition CF, Plasma

Treatment. ... ...........c.o.oouoiumin i 91
4-2.1 INtrOdUCTION. ..o .e e e 91
T4 PP B 4 1< 3 180 1S) 0L 93
4-2.3 Results and DiSCUSSION. ......uiuiineiiti et 94
4-2.4 SUMMATY . ...ttt ettt e e et e te e e e e e et e e e eaeeaees 98

Chapter 5 Characteristics of Contact Etch Stop Layer (CESL)

Induced Local Strained HfO, nMOSFETS................... 106

5-1 Performance and Reliability Characteristics for Contact Etch Stop Layer (CESL)

Induced Local Strained HfO; nMOSFEETS Using Pulse-1V Analysis................ 106
S5-1.1 Introduction. ... e e e e 106
S5-1.2 EXPeriment. .........ouun e B 107
5-1.3 Results and Discussion............00 b 108
S5-104 SUMIMATY . ..ttt et e e et e e 111

5-2 A Novel Dynamic Threshold HfO; nMOSFETs (DTMOS) with Local Tensile

Strained Channel.................. ... i 122
5-2.1 INtrodUCtiON. .. ...t 122
RV B 4015 411111 | PP 123
5-2.3 Results and DISCUSSION. ...ttt 123
57204 SUMIMATY . . .ottt e e et e e e et et e et e e e e e e e 126

Chapter 6 Conclusions and Recommendations for Future Works...133

6.1 CONCIUSIONS. . -« ettt e e e e e, 133

IX



RO O CIICS . ... e, 137
Publication List. .. ..o 153
NV . 157




Table Captions

Chapter 3

Table 3.1 Summaries of the characteristics for all samples. The fluorinated sample
exhibits superior properties in EOT, leakage current, breakdown voltage,

hysteresis, and charge trapping............ccoovviiiiiiiiiiiiiiiieiiennnnn. 64

XI



Figure Captions

Chapter 1

Fig. 1.1

Fig. 1.2

Measured (dots) and simulated (solid lines) tunneling currents in
thin-oxide nMOSFETs. The horizontal dashed line indicates a tunneling
current level of 1 A/CI........ooi i, 8
Bandgap and band alignment of high-k dielectrics with respect to

ST OCTL. e, 8

Chapter 2

Fig. 2.1

Fig. 2.2

Fig. 2.3

Fig. 2.4

Fig. 2.5

Fig. 2.6

Key processes use for samples (a) without and (b) with fluorine
100010 0017218 (o) o PR PR 16

SIMS depth profile of MOS structire with: fluorine implantation (dose: 1
x 10" and 1 x 10"/em®) " Thepeakivalue for fluorine is located at the
interface of HfO, and thesiliconssubstrate. The inset shows the TEM of
the MOS structure with fluorine (dose: 1 x 10" /cm?) implantation......17
Physical model for fluorine atom distribution. The fluorine atoms diffuse
into the HfO; thin film after thermal annealing.............................. 17
XRD data for (a) as-deposited and (b) with fluorine-implanted sample at
different PDA temperatures. The sample without fluorine implantation
was crystallized after 700°C PDA.........cooiiiiiiiiiiiiiieeeeee 18

C-V curves for all samples. Positive flat band voltage shift after 900°C
ANNCALING. ...t 19
Thermal stabilities of EOT for all samples. The EOT increase is

markedly smaller in the sample with fluorine implantation............... 19

XII



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

2.10

2.11

2.12

2.13

2.14

2.15

2.16

J-V curves (gate leakage current) for all samples. The leakage current
was reduced for the sample with fluorine implantation, particularly under
the conditions of 900°C annealing....................ccooeviiiiiiiiininn.. 20
Gate leakage current densities at Vg = Vg -1 V for all samples at
different annealing temperatures. The thermal stability was markedly
improved after fluorine implantation...................ooooiiiii, 20
Relationship of thermal stability between gate leakage current density (at
Vg = Vs -1 V) and capacitance equivalent oxide thickness for all
samples at the different annealing temperatures............................. 21
Stress-induce leakage current (SILC) characteristics of as-deposited and

the fluorine-implanted samples under negative current stress (— 1.3 x 10™

Gate leakage current of stress-induce leakage current (SILC) for all
samples under constant currentstressi(— 1.3 x 10 A/em?)................ 22
Charge trapping characteristies-of as-deposited and fluorine-implanted
samples under constant current stress (— 1.3 x 10 A/em?)................ 22
Physical models of charge trapping mechanism under constant current
stress for (a) as-deposited and (b) fluorine-implanted samples............ 23
The X-ray Photoelectron Spectroscopy (XPS) analysis of the F 1s
electronic spectra of as-deposited and fluorinated samples, TOA angles
of 60° and 90°, reSpectiVely...........ouiririniiiiiiie e 34
The TEM image of TaN/HfO,/IL/Si MOS structure with fluorine
incorporation (F 1E15) with 600°C PDA............ccooiiiiiiiiii, 34
Current-Voltage characteristics for the as-deposited and fluorinated HfO,
gate dielectrics with and without PDA under (a) gate and (b) substrate

117015 1018 T 35



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

2.17

2.18

2.19

2.20

2.21

2.22

2.23

2.24

The relationship between gate leakage current and CET for all samples.

The fluorinated HfO, gate dielectrics have lower leakage current and

The Weibull distribution of gate leakage current, for the as-deposited and
fluorinated HfO, gate dielectrics under (a)(c) gate and (b)(d) substrate
injections. A good distribution performance of the fluorinated HfO, gate
dielectrics was observed...........oooviiiiii i 36
Temperature dependence of gate leakage current increase for the (a)(c)
as-deposited and (b)(d) fluorinated HfO, (with 1E15 SSFI) gate
dielectrics under (a)(b) gate and (c)(d) substrate injections................ 37
The effective F-P trapping level for the as-deposited and fluorinated HfO,
gate dielectrics under (@) gate and .(b) substrate injections, respectively.
The inset figure shows the F-P curve fitfor all samples.................... 38
The physical model-of (a)(¢) as-deposited and (b)(d) fluorinated gate
dielectrics for F-P conduction-under (a)(b) substrate and (c)(d) gate
L0151 5 ) 0T 39
Current-Voltage characteristics at 77 K measuring for the as-deposited
and fluorinated HfO, gate dielectrics with and without PDA under (a)
gate and (b) substrate INJeCtionS..........c.ceviiiiiiiiiiiii e, 40
The effective F-N barrier height for the as-deposited and fluorinated
HfO, gate dielectrics under (a) gate and (b) substrate injections,
respectively. The inset figure shows the well FN fitting for all
SAMPLES . ..ttt 41
Band diagrams of (a) as-deposited, (b) SSFI (F 1E13) HfO,, (c) SSFI (F
1E14) HfO,, and (d) SSFI (F 1E15) HfO,, with TaN gate extracted from

leakage current at 77 K......oooiiiiiii 42



Chapter 3

Fig. 3.1

Fig. 3.2

Fig. 3.3

Fig. 3.4

Fig. 3.5

Fig. 3.6

Fig. 3.7

SIMS depth profile of the HfO, gate dielectrics. The fluorine atoms
accumulated mainly at the HfO,/silicon substrate interface after CF,4
plasma pre-treatment. ... ...oouveeee i 49
Hf 4f ESCA spectra of (a) as-deposited sample, and (b) CF4 plasma
treated sample, respectively. The inset figures are the fluorine 1s ESCA
spectra. A take-off angle (TOA) of 90° was used to measure the ESCA
] 0111 P 49
The C-V characteristics for the samples with and without CF4 plasma
pre-treatment for various HfO, thin film thicknesses. The inset figures
are the TEM images for the as-deposited and CF, plasma pre-treated
ST 0010) 1 J . 4 50
FTIR spectra of the Si wafers with and without the CF, plasma treatment.
Whereas the as-deposited sampletshowed a characteristic native oxide
band at 1221 cm”, the ‘CFsplasma freated sample did not. The latter
sample had a broader weaker oxide feature at 1180 cm™ indicating
whatever Si-Oy material was present was more amorphous and with
lower surface coverage than in the as-deposited sample................... 50
The SIMS depth profile of MOS structure for fluorine oxygen, hafhium
and silicon atoms distribution. The fluorine atoms were accumulated
mainly at the two interfaces of the gate-oxide films........................ 59
The chemical analysis (ESCA) spectra of the F 1s electronic spectra of all
samples, respectively, where the F 1s peak is at 687 eV................... 59
Hf 4 ESCA spectra of (a) fluorinated and 700°C RTA HfO, thin films,
and (b) as-deposited and 700°C RTA samples, respectively. A take-off

angle (TOA) of 90° was used to measure the ESCA spectra............... 60

XV



Fig. 3.8

Fig. 3.9

Fig. 3.10

Fig. 3.11

Fig. 3.12

Fig. 3.13

Fig. 3.15

The AFM images of the HfO, thin films surface of (a) without CF,4
plasma treatment, and (b) CF; plasma treatment 1 minute,
TESPECHIVELY . ..o 60
Current-Voltage characteristics for the as-deposited and fluorinated HfO,
gate dielectrics with and without PDA. The inset figure is C-V curves for
all samples. The fluorinated HfO, gate dielectrics have the higher
capacitance and the capacitance would increase after 700°C annealing
for all SAMPLES. ....oveeie i 61
The relationship between gate leakage current and EOT for all samples.

The fluorinated HfO, gate dielectrics have both the lower leakage current

The Weibull distribution of_the . (a)".gate leakage current and (b)
breakdown voltage,-for the as-deposited and fluorinated HfO, gate
dielectrics. Well distribution performance of fluorinated HfO, gate
dielectrics was observed. . i 62
The C-V hysteresis characteristics for the (a) as-deposited and (b)
fluorinated HfO, gate dielectrics, respectively. The inset band-diagram
explains the charge trapping mechanism.......................ccoevvinn. 63
The Weibull distribution of the C-V hysteresis for all samples. Only
50mV C-V hysteresis was observed for the fluorinated HfO, gate
QICLECLIICS. .. ettt 63
Arrhenius plots of leakage current density for the HfO, and fluorinated
HfO, gate dielectrics. The plots were obtained from the current-voltage

characteristics at Vg = -3 V measured from 303 to 353 K................. 64

XVI



Chapter 4

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

C-V curves of the HfO, nMOSFETs with and without CFs plasma
EEALIMENL. ...ttt 76
gate leakage currents measured from 303 K to 383 K under gate electron
injection for (a) HfO, and (b) HfOF gate dielectrics, respectively........ 77
Well Frenkel-Poole (F-P) conduction fitting for (a) HfO, and (b) HfOF
gate dielectrics, reSPECtIVELY...oovnnn e e 78
Effective F-P barriers at elevated temperature for (a) HfO, and (b) HfOF
gate dielectrics, reSPECtIVELY . ..oovnn et e 79
Ip-Vg transfer characteristics of (a) as-deposited and (b) CF4 plasma
treated HfO, nMOSFETs, where the device channel length and width
were 10 and 100 M. . i . e e i et e 80
Ip-Vp characteristics of as-deposited” and CF, plasma treated HfO,

nMOSFETs, where the device channel length and width were 10 and 100

transconductance (g,) extracted from linear region (Vp = 0.1 V) for the
as-deposited and fluorinated HfO, nMOSFETs...........ooooiiiiiiiinin, 81
Ip-Vg curves and Isyp current at various drain and gate bias conditions of
(a) as-deposited and (b) CF,4 plasma treated HfO, nMOSFETs............ 82
Ip-Vg curves and Isyp current at various drain and gate bias conditions of

(a) as-deposited and (b) CF4 plasma treated HfO, nMOSFETs at 70

Ip-Vg transfer characteristics of (a) as-deposited and (b) CF4 plasma
treated HfO, nMOSFETs under the same PBTI stress (Vg-Vi, = 2 V) at

TOOM tIMPETATUTE. .. v e ettt et et e et e e et et e e e e e eeeeaeenns 84

XVII



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4.11

4.12

4.13

4.14

4.15

4.16

4.17

4.18

4.19

4.20

4.21

AVth under PBTI stress at different temperatures (RT~100 C) for (a)
HfO, dielectrics and (b) HfOF dielectrics, respectively.................... 85
AV afte 1000s PBTI stress at different temperature is quite different
between HfO, and HfOF gate dielectrics.............oovviviiiiiiiiann.... 86
The GIDL current after 1000s PBTI stress at different temperatures for
as-deposited and CF4 treated samples.............cocooiiiiiiiiiii . 86
GIDL mechanism: the electrons tunnel to the drain and contribute to the
GIDL current. The holes are swept to the substrate and contribute to the
SUDSTIate CUITENT. ...ttt e 87
Band diagram of suggested GIDL mechanism: GIDL current includes
trap-assisted tunneling and conventional band-to-band tunneling (electron
direct tUNNELINE) CUITEIES. . .. . oo vt e ea o e ettt ettt eeieeeeeeeannaees 87
Ip-Vg transfer characteristics of «(a) as-deposited and (b) CF4 plasma
treated HfO, nMOSEETs under the same-hot carrier (HC) stress (Vg-Vi
=15V, Vp=3V)atroomtemperature...................cooevviiiieinnnn. 88
Ip-Vg transfer characteristics of (a) as-deposited and (b) CF4 plasma
treated HfO, nMOSFETs under the same hot carrier (HC) stress (Vg-Vi
=15V, Vp=3V)at50 C.oorrrrrrriririiie e 89
AVth under HC-stress at different temperatures (RT~50 “C) for HfO,
dielectrics and HfOF dielectrics, respectively...........c.ooevvivininn.... 90
The GIDL current after 1000s HC-stress at different temperatures for
HfO, dielectrics and HfOF dielectrics, respectively........................ 90
C-V curves of the HfO, pMOSFETs with and without CF4 plasma
TrEAtMENT. ... .ot 100
J-V characteristics of the HfO, pMOSFETs with and without CF, plasma

130218 00151 1 L DO 100



Fig. 4.22

Fig. 4.23

Fig. 4.24

Fig. 4.25

Fig. 4.26

Fig. 4.27

Fig. 4.28

Ip-Vg transfer characteristics of (a) as-deposited and (b) CF4 plasma
treated HfO, pMOSFETs, respectively...........cooooiiiiiiiiiiiiin, 101
Ip-Vp characteristics of as-deposited and CF, plasma treated HfO,

pMOSFETs, where the device channel length and width were 10 and 100

transconductance (g,) extracted from linear region (Vp = 0.1 V) for the
as-deposited and fluorinated HfO, pMOSFETs.........cocooiiiiiait. 102

Ip-Vg transfer characteristics of (a) as-deposited and (b) CF4 plasma
treated HfO, pMOSFETs under the same NBTI stress (Vg-Vin, = -2 V) at
TOOM LEMPETATUTE. ...\ttt ettt et e e et e e e e et e eeee e eeeeeas 103
AVth under NBTI stress at different temperatures (RT~70 “C) for (a)
HfO, dielectrics and (b):HfOF dielectries, respectively.................. 104
The GIDL current after 1000s NBTI stress at different temperatures for
as-deposited and CFs-treated samples:...co.......ooooeiiiiiiiiiiinn. 105
Band diagram of suggested GIDL mechanism: (a) GIDL current includes
trap-assisted tunneling and conventional band-to-band tunneling (electron
direct tunneling) currents, and (b) fluorine accumulates in HfO,/Si
interface and bulk film, giving interface passivation to reduce

trap-assisted tUNNELING. ......oviiit it e 105

Chapter S

Fig. 5.1

Fig. 5.2

(a) Ip-Vg and (b) Ip-Vp characteristics of HfO, nMOSFETs without and
with different capping nitride thicknesses................c.ooooiviiiini 113
The transconductance (gn) increases for conventional and CESL strained
HfO, nMOSFETs. Inset shows Gy increase with gate length decreasing

for HFO; nMOSFETS. ..o 114



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

53

54

5.5

5.6

5.7

5.8

59

5.10

5.11

5.12

QOcp for all samples under different frequencies measuring extracted from
inset figure (Charge pumping characteristics of HfO, nMOSFETs
without and with different capping nitride thicknesses).................. 114

Characteristics of Vry shift and Gy during 1000s hot carrier (HC) stress
forall Samples. ..o 115

Driving current degradation after 1000s HC stress for all samples. The
Ion degradation is almost the same for all samples......................... 115
Charge pumping current before and after 1000s HC stress for (a) W/O,
and (b) 300 nm CESL devices, respectively. The same I¢p increase can be
observed for as-deposited and CESL devices.................cooevennnnn 116

Physical model for CESL-HfO, nMOSFET under HC stress. HC-stress
only did a little damage _on .interface near the drain side of
CESL-devices....... = (Lo 8. .......................c.oeeens 116
Improved PBTI chatacteristicsycan be observed for all CESL-devices.
Vn shift decreases with cappingmitride increasing....................... 117

gm and Ioy degradation dring 1000s PBTI stress for all samples. Both g,
and Ion degradation can be improved for CESL devices.................. 117

PBTI characteristics (@Vs — Vtu = 2V) under different temperatures for
all  samples. The CESL-devices show obvious temperature
dePENAENCE. ...ttt e 118
Vu shift increase for CESL-devices after 1000s PBTI stress under high
temperature, indicating deeper oxide trap for CESL-devices............ 119

The physical charge trapping model for (a) as-deposited, and (b)

CESL-HfO, nMOSFET. The CESL devices have deep electron trap...119

XX



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

5.13

5.14

5.15

5.16

5.17

5.18

5.19

5.20

5.20

5.21

The Ip-Vp characteristics of (a) 300 nm SiN-capped device under
conventional and pulsed-IV measurement, and (b) all devices under
pulsed-IV Operation...........o.vviiiiiii i 120
The g increases with increasing capping nitride thickness for HfO,
nMOSFETs under pulsed-IV measurement. Inset shows Ip-Vg
characteristics for all samples under pulsed-IV measurement............ 121
The Ip-Vg transfer characteristics of CESL HfO, nMOSFETs with DT
and NOrmal OPEIratIONS. ......vviiiiii ettt 128
The Ip-Vp characteristics of CESL HfO, nMOSFETs with (a) normal and
(D) DT OPeIationNS. ...evvteeeteete et e eee e e e aaee s 129
The g, enhancement can be observed for DT operation mode. g
increases with channel length decreasing for all CESL HfO, nMOSFETs
under both DT and normal modes.i....o..a ..o 130
The subthreshold swing canbe-much improved for all CESL HfO,
nMOSFETs with DT operationmode:.......................oooiiiiinn. 130
Characteristics of Vry shift for all CESL HfO, nMOSFETs with DT
HC-stress. Vg shift is only 105 mV for 300 nm nitride capped device
after 10000 s HC StreSS. ....uvinuieiiiii i 131
(a) Characteristics of Ion degradation for all CESL HfO, nMOSFETs
with DT HC-stress. Ion degradation is only 32% for 300 nm nitride
capped device after 10000 s HC Stress.........coevviiiiiiiiiinniiianinnnn. 131
(b) Ip-Vg curves of all CESL HfO, nMOSFETs before and after DT
HC-stress. Only Ipn degradation can be observed after 10000 s HC stress
for all CESL-deViCes. ... .ottt 132
gn degradation of all CESL HfO, nMOSFETs during DT

J 5 (O (o T 132



Chapter 1 Introduction

1.1 General Background

Recently, CMOS devices have been aggressively scaled into sub-65 nm regime
in order to enhance the device’s performance and increase the integrated circuit
functionally. The accelerated downsizing rule of the transistor feature size is to scale
the vertical horizontal dimensions simultaneously. With this scaling down, the gate
oxide thickness of MOSFETs must be reduced. However, the continuous shrinking of
gate dielectrics will face several limitations. According to the ITRS roadmap [1.1], the
SiO, gate dielectric film thickness should be scaled down to 1.0 nm for 45 nm node
technology. Such an ultra-thin SiOjz thin film consists of only a few atomic layers will
cause an unendurable large direct tunneling leakage current. This large direct
tunneling current which depends on iphysical film thickness will cause an intolerable
level of off-current, resulting in huge power dissipation and heat.

Figure 1.1 demonstrated the measured and simulated I,-V, characteristics under
inversion region for nMOSFET [1.2]. We can see that the gate leakage current will
exceed the limit of 1 A/cm? set by the allowable stand-by power dissipation while the
gate oxide thickness scaled down to 2 nm. Further scaling of oxide thickness to below
2 nm, which will cause intolerable power consumption resulted form the increase of
large direct tunneling current [1.2]. In addition, the reliability issues will also become
an important role for such a thin SiO, gate dielectric. As a result, a variety of popular
high-k materials such as HfO,, ZrO,, Al,Os, Gd,03, La;03, and HfSiON (Hf-silicate)
have been studied as alternative gate dielectrics for 45 nm node and beyond
technology to replace the conventional SiO; or oxynitrides [1.3-1.5]. The electrical

equivalent oxide thickness (EOT) of MOSFET will maintain the same gate
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capacitance with a thicker physical thickness by using the high-k gate dielectrics.
Figure 1.2 illustrates basic properties of current high-k candidates.

The alternative high-k material should be thermodynamically stable on Si upon
high temperature annealing (needed for dopant activation for poly-silicon gates).
Unstable dielectrics materials will form interfacial layers, which are between the
high-k thin film and silicon substrate. The high-k film and its interfacial layer would
affect various device parameters such as EOT, flat band voltage (Vg,), barrier height,
gate leakage current, and channel mobility, and thus significantly affect the transistor
behavior. Some of the metal oxides like Ta,;Os, TiO,, and BST are known to degrade
when annealed at temperature as low as 600 °C and have poor electrical properties for
MOS devices [1.6-1.9]. The newer high-k materials including HfO,, ZrO,, Al,Os,
Y,0;, and lanthanide oxides as :well as their silicate and alumunate alloys have
generated a lot of interest primarily due' to-their potential thermal stability in the
presence of Si based on thermodynamic considerations.

To improve the dielectric perfermance. of high-k gate dielectrics, some methods
such as deuterium (D,) and forming gas (FG) annealing [1.10-1.11], surface
nitridation pre-treatment [1.12], and formation of the aluminate, silicate and
oxynitride [1.13-1.15] alloys, have been investigated recently. It is reported that
high-temperature (500 °C~600 °C) post-metal-annealing (PMA) in forming gas prior
to metallization improved the channel carrier mobility as well as subthreshold slope of
HfO, MOSFET [1.11]. Unlike the forming gas annealing, the deuterium annealing
provided the hafnium oxide gate dielectrics MOSFET with better reliability
characteristics such as threshold voltage (Vr) stability under high voltage stress [1.10].
Besides, surface nitridation technique was found effective in preventing boron
penetration with a possible drawback of mobility reduction and negative bias

temperature instability (NBTI) degradation [1.12]. To further raise the dielectrics
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properties, cosputtering of silicon aluminum with hafnium to deposit hafnium silicate
and aluminate dielectrics [1.13], and the use of nitric gas for chemical vapor
deposition (CVD) [1.14] or oxidizing sputtered metal nitride like HfN to form

hafnium oxynitride (HfON) films [1.16], are commonly used.

1.2 Motivation

As the gate oxide thickness scaled continuously, and replacement of the SiO, or
oxynitride gate film by high-k materials are strongly demanded in order to suppress
the direct tunneling current of the gate insulator. NO stack film [1.17], which
suppresses the gate leakage current about 1.5 orders of magnitude, could be a good
intermediate solution. However, further high-k materials are requested, as the EOT
values reduce with downscaling-as.nearly 0.7 nm [1.18]. Among the candidates shown
in Fig. 1.2, HfO, and its aluminates, isilicates-or,oxynitrides are now the most popular
candidates in recent years.

Nevertheless, there are still various problems to be solved for high-k gate
dielectrics before their use in IC technology. First, the poor interface with Si is
commonly observed [1.19]. The high-k metal oxides are deposited on the surface of
Si and thus do not passivate its surface. This results in a large number of interface
traps and charges which is detrimental to metal-oxide-semiconductor (MOS) device
performance such as flat band voltage shift and mobility degradation [1.20-1.21].
Second, there is contamination by metal atoms during the deposition of metal oxides
(from precursor for CVD) [1.18]. The metal atoms used to form high-k oxides
generate deep traps in the silicon band gap. Third, the compatibility of high-k
materials with gate electrode needs to be considered [1.22]. Many of the metal oxides

mentioned above may not be compatible with traditional gate electrodes used today,
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such as poly-Si. The may react with the gate electrode during the subsequent
processing and charge its properties, e.g., work function. In addition, one of the main
problems is that common high-k dielectrics will crystallize at a fairly low temperature
(much less than 900 °C) [1.23]. Crystal grain boundaries then act as high dopant
diffusivity paths and may also be the cause of device failure and high leakage. In
order to further apply the high-k materials into the CMOS devices, all the problems
mentioned above need to be effectively solved.

For the reasons mentioned above, the main purpose of this research is to develop
high quality high-k gate dielectrics. CF4 plasma treatment is widely used to improve
the Si0O, gate dielectrics [1.24] and thin film transistor (TFT) [1.25-1.27]. The plasma
treatment processes are also general used in ultra large scale integration (ULSI)
technology especially on annealing steps. To further realize the dielectrics properties
of these high-k materials, some- reliability issues.such as hysteresis, charge trapping
and temperature dependence are extensively-studied. Although the C-V hysteresis
mechanism of high-k gate dielectries has been widely investigated [1.28-1.30], there
is still no research about the hystersis phenomenon for the fluorinated high-k gate
dielectrics by using CF4 plasma treatment. Besides, the thermal stability of HfO, gate
dielectrics would be improved for the nitrogen incorporation [1.31-1.33], the
characteristics of HfO, thin film with fluorine incorporation by high temperature
annealing are still not studied. Therefore, the C-V hysteresis phenomenon, charge
trapping characteristics, thermal stabilities for the fluorinated HfO, gate dielectrics by
using the CF4 plasma treatment and fluorine implantation are entirely studied. A
physical model is proposed to well explain the mechanism for electron and hole

trapping in fluorinated HfO; thin film.

1.3 Organization of the Thesis



There are six chapters in this dissertation. Chapter 1 shows the overview of the
high-k gate dielectrics. Motivation for the thesis is also described.

In chapter 2, the improved thermal stability including leakage -current,
breakdown voltage and thermal stability of the HfO, gate dielectrics with fluorine
implantation was demonstrated while maintaining the effective oxide thickness (EOT)
of 2.5 nm. In addition, the decrease of the stress induce leakage current (SILC) and
charge trapping characteristics elimination were also indicated. The reduction of bulk
and interface defects by fluorine implantation will contribute to the improved
characteristics of HfO, gate dielectrics.

On the other hand, the current transportation mechanism of HfO, gate dielectrics
with TaN metal gate and silicon surface fluorine implantation (SSFI) is investigated.
Based on the experimental results of the temperature dependence of gate leakage
current and Fowler—Nordheim tunneling characteristics at 77 K, we have extracted the
current transport mechanisms+ and.-€nergy.~band- diagrams for TaN/HfO,/IL/Si
structures with fluorine incorporation;.respectively. In particular, we have obtained
the following physical quantities: 1) fluorinated and as-deposited IL/Si barrier heights
(or conduction band offset): 3.2 eV & 2.7 eV; ii) TaN/ fluorinated and as-deposited
HfO, barrier height: 2.6 eV & 1.9 eV; and ii1) effective trapping levels at 1.25 eV
(under both gate and substrate injections) below the HfOF conduction band, 1.04 eV
(under gate injection) and 1.11 eV (under substrate injection) below the HfO,
conduction band, which contributes to Frenkel-Poole conduction.

In chapter 3, we discussed that the fluorine atoms were incorporated into HfO,
thin film by CF4 plasma treatment to form the fluorinated HfO, gate dielectrics. At
first, the effects of pre-CF4 plasma treatment on Si for sputtered HfO, gate dielectrics
are investigated. The Hf-silicide would be suppressed and Hf-F bonding was observed

for the CF4 plasma pre-treated sample. Compared with the as-deposited sample, the
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effective oxide thickness was much reduced for the pre-CF4 plasma treated sample
due to the elimination of the interfacial layer between HfO, and Si-substrate. These
improved characteristics of the HfO, gate dielectrics can be explained in terms of the
fluorine atoms blocking oxygen diffusion through the HfO, film into the Si substrate.

Second, we demonstrated high-performance HfO, gate dielectrics fluorinated by
postdeposition CF, plasma treatment. The secondary ion mass spectroscopy results
proved that there was a significant incorporation of fluorine atoms at the interface
between the HfO, thin film and Si-substrate. The improvement of gate leakage current,
breakdown voltage, capacitance-voltage (C-V) hysteresis phenomenon and charge
trapping characteristics was observed in the fluorinated HfO, gate dielectrics without
an increase in interfacial layer thickness. A physical model was presented to explain
the improvement of hysteresis phenomenon and the elimination of charge trapping of
the fluorinated HfO, gate dielectrics. Besides,

In chapter 4, a novel «high-petformance; and excellent-reliability HfOF
nMOSFET was demonstrated. Large Zon/Imin Current ratio (~6.69X107), good S. S.
(~76 mV/dec), small DIBL (<20 mV), and high mobility (~165 cm?/V - s) can be
observed for the HfOF nMOSFETs. The HfOF nMOSFET has better HfO,/Si
interface and dielectric quality, including GIDL current and less PBTI effect. Reduced
GIDL current was observed for the HfOF nMOSFET due to HfO,/Si interface
passivation by fluorine, resulting in less hole-electron pair generation. The fluorine
incorporation into HfO, gate dielectrics effectively passivated the dielectric vacancies,
resulting in a deeper trapping cross section and a lower concentration of generated
traps.

In chapter 5, high-performance CESL strained nMOSFET with HfO, gate
dielectrics has been successfully demonstrated. It is found that the transconductance

(gm) and driving current (I,,) increase 70% and 90% for device with a 300 nm capping
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nitride layer. A superior HfO,/Si interface for CESL-devices is observed,
demonstrated by an obvious interface state density reduction (6.56x10"' to 9.85x10"°
cm™). The CESL-device has better HfO,/Si interface and dielectric quality, including
less charge pumping current (90% reduction) and less PBTI effect (55% reduction).
Further, the effects of the CESL layer to the high-k without trapping behaviors are
investigated by the pulse-IV technique for the first time. A roughly 50% and 60%
increase of g, and I, respectively, can be achieved for the 300 nm CESL HfO,
nMOSFET under pulsed-IV measurement.

Finally, in chapter 6, the conclusions are made and the recommendation

describes the topics which could be further researched.
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Chapter 2

Characteristics of HfO, Gate Dielectrics with Fluorine Implantation

2-1 Characteristics of Fluorine Implantation for HfO, Gate Dielectrics with High

Temperature Annealing

2-1.1 Introduction

According to the International Technology Roadmap for Semiconductors
projection, an equivalent oxide thickness of less than 1.0 nm will be needed for
sub-65-nm MOSFET devices [2.1]. Due to the high tunneling leakage current, scaling
of Si0; below 1.0 nm with acceptable leakage curtent level is very difficult. Recently,
high-dielectric-constant (high-k) oxide thin-films -are attracting great interest as
replacement for the nitrided-Si10, gate -oxide-film, [2.2]-[2.5]. The various extrinsic
gate dielectrics Ta;Os , Y703, ZrOz; TiO,, S¢TiO3 , BaSrTiO; (BST), and HfO, have
been investigated extensively. Among these high-k gate materials, HfO, gate
dielectrics [2.6]-[2.9] are the most promising candidates being studied due to its high
dielectric constant (25~30), wide energy bandgap (~5.68 eV), and high stability with
the Si surface. However, the thermal stability is still a challenge for the HfO, due to
the crystallization during the integration thermal processes. It will result in the
degradation including dielectric constant lowing, gate leakage current increase and
breakdown voltage decrease that limit low power application and cause reliability
problems [2.10]-[2.11]. Appropriate fluorine incorporation into gate oxide films has
proposed to improve breakdown-distribution tails in Weibull plots, while maintaining
both Si/SiO, interface characteristics [2.12] and the interfaces of the fluorinated oxide

are more resistant to radiation damage [2.13].
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In this work, for the first time, fluorine atoms were ion implanted into the HfO,/Si
interface to improve the thermal stability of the HfO, gate dielectrics. It improved the
characteristics including leakage current, breakdown voltage and thermal stability
while maintaining the effective oxide thickness (EOT) of 2.5 nm. The property of the
capacitance-voltage for HfO, gate dielectrics with high temperature annealing was
also improved after fluorine incorporation. In addition, the decrease of the stress
induce leakage current (SILC) and charge trapping characteristics elimination were
also indicated. The reduction of bulk and interface defects by fluorine implantation

will contribute to the improved characteristics of HfO, gate dielectrics.

2-1.2 Experiment

The devices used in this work. were M@S capacitors fabricated on p-Si (100)
wafers. Fluorine ions were implanted through,30 nm screen oxide films at a low
energy of 25 keV, in order to prevent.implantation damage. The implanted fluorine
dosage ranged from 1x10"*/cm? to 1x10"*/cm?, respectively. Then, annealing in an N,
ambient at 850°C for 30 minutes was performed to remove the implant-induced
damage and, at that time, the fluorine atoms diffused into silicon surface. Then, HfO,
was deposited by reactive RF sputter method. For thermal stability study, all samples
were examined by the rapid thermal annealing in the N, ambient for 30 seconds at
temperatures of 700, 800 and 900°C, respectively. The 300 nm thick Aluminum film
was evaporated for top and bottom electrode to form the MOS capacitors by thermal
evaporator. The process flow was schematic and summarized in Fig. 2.1.

The electrical properties were analyzed by HP 4285 for capacitance-voltage (C-V)
characteristics at 100 kHz, and the effective oxide thickness (EOT) was extracted

from the capacitance under the accumulation region without considering the quantum
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effect. The current-voltage (I-V) curves were measured by HP 4156C. In addition, the
fluorine concentration was measured by secondary ion mass spectroscopy (SIMS).
Moreover, the physical thickness was checked by a transmission electron microscopy
(TEM) to obtain the dielectric constant. The X-ray Diffraction (XRD) analysis was

used to realize the crystallization phenomenon of the HfO, thin film.

2-1.3 Results and discussion

A typical fluorine profile, for the samples with F dose of 1 x 10" /cm® and 1 x
10" /em?, measured by secondary ion mass spectroscopy (SIMS) was shown in Fig.
3.2. The fluorine concentration was increased with increasing the dosage of fluorine
implantation. The transmission ele¢tron microseopy (TEM) image of the sample with
fluorine incorporation (F dose 1 x.10" /em?) was illustrated in the inset of Fig. 2.2.
The physical thickness of the HfO, film-is-4-7/.nm and an interfacial layer of 2.9 nm
formed between the HfO, thin film and the-Si-substrate was also observed in this
figure. Besides, the other interfacial layer was formed between the HfO, thin film and
the Al-gate. The effective dielectric constant derived based on the physical thickness,
including the interfacial layers, is about 15. We can also observe that the fluorine
atoms were accumulated mainly at the interfacial layer for the sample with F dose of
1 x 10" /em®. Therefore, we suggest that after fluorine implantation, the fluorine
atoms would accumulate at the surface of the Si substrate, and then distributed into
the bulk of HfO, thin film after annealing, as shown in Fig. 2.3. The incorporated
fluorine will replace the hydrogen bond and terminate the dangling bond. Figure 2.4
(a) and (b) has shown the X-rays diffraction (XRD) patterns of 50 nm thick HfO, and
HfOxFy films, respectively. The HfO, films with fluorine implantation would not be

crystallized after 700°C post-deposition annealing (PDA). This result suggested that
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the fluorine incorporation could restrain the crystallization for HfO, films with 700°C
PDA treatment. Besides, for the HfO, films with 800°C PDA, we observed a weak
degree of crystallization; on the other hand, for the as-deposited sample annealed
above 800°C, a well crystallized structure with an HfO, (111) orientation was
observed.

Fig. 2.5 shows the capacitance-voltage (C-V) curves of the HfO, films with and
without fluorine implantation and 900°C annealing. The large flat band voltage shift
of the HfO, films without annealing was obtained due to the plasma damage induced
by sputtering of the thin films. After 900°C annealing, the flat band voltage would be
improved as shown in this figure. This post-deposition RTA process will reduce the
flat band voltage and dense the thin film. Furthermore, the C-V distortion of the HfO,
films with only RTA process was observed at the high negative gate bias owing to the
crystallization induced leakage -current. The high thermal stability in the EOT change
was obtained for the fluorine-implantéd.-samples as shown in Fig. 2.6. After high
temperature annealing, the EOT of ‘the sample” without fluorine implantation was
much thicker than the HfO, films with fluorine implantation. We also observed that
the thermal stability in EOT was significantly improved with increasing the fluorine
implantation dosage. The EOT of the sample without fluorine implantation was
increased with increasing PDA temperature for about 2.7 A, whereas the EOT
increase was suppressed to less than 0.3 A for the F-implanted sample (1X 10" cm™).
Fig. 2.7 shows the gate current density versus the gate voltage (J-V) characteristics of
all samples with and without 900°C RTA annealing. As we can see, the gate leakage
current of the sample without fluorine implantation was much larger than the films
with fluorine implantation. Not only the leakage current but also the breakdown
voltage was improved for the sample with fluorine incorporation. The characteristics

were improved with increasing the fluorine implantation dosage as illustrated in this
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figure. In addition, the HfO, films with fluorine implantation exhibit superior thermal
stability in gate leakage as shown in Fig. 2.8. With the increase of the annealing
temperature, the increase of gate leakage current of the fluorine-implanted samples
was significantly diminished. This indicated that the fluorine incorporation reduces
the defect density at the bulk HfO, film and the HfO,/IL interface. The thermal
stability of the relationship between gate leakage current density at Vo= Vgp -1 V and
capacitance equivalent oxide thickness was shown in Fig. 2.9. The gate leakage
current for the sample without fluorine implantation was much higher than the sample
with fluorine implantation while the EOT is the same for all these three samples with
700°C PDA. Besides this, the gate leakage current of all samples was increased as the
PDA temperature increasing. The leakage current of the control sample with high
temperature (900°C) PDA was much larger than. that of the samples with fluorine
implantation as illustrated in this.figure. The gate- leakage current density of the
sample with 1X10"° cm™ F-implantation, was-three-orders improved as compared to
the control sample with PDA at 900°€. This-indicated that the thermal stability was
much improved after the fluorine incorporation. The same tendency was shown in the
performance of the equivalent oxide thickness (EOT). Even after PDA at 900 °C, low
EOT (25.4 A) was obtained while keeping the leakage current less than 0.1 mA/cm’
for the HfO, films with SSFI. The superior thermal stability of the F-incorporated
HfO, gate dielectrics can be explained by the Si-H bond being replaced by Si-F and
strengthened the interface quality of HfO,/Si interface.

Fig. 2.10 shows the stress induce leakage current (SILC) characteristics of the
HfO, films without post-deposition RTA process. We can find that the gate leakage
current increases with the stress time. This increase of leakage current in the low field
region is due to the trap assisted tunneling process, which is analogous to the stress

induced leakage current (SILC) in SiO, [2.14]. Compared to the sample without
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fluorine implantation, the HfO, films with fluorine implantation present small SILC
current, which is due to the defect density being reduced as shown in Fig. 2.11. The
gate leakage current of the HfO, films without post-deposition RTA process increase
under stress was reduced with increasing the dosage of the fluorine implantation as
indicated in Fig, 2.11. Therefore, the fluorine incorporation would improve the charge
trapping effect in HfO, gate dielectrics [2.15]. Fig. 2.12 demonstrates the charge
trapping characteristics of these samples without post-deposition RTA process under
constant current stress (CCS) at Jg = -1.3 x 10* A/cm®. The hole trapping was
observed for all samples as shown in this figure, and was effectively suppressed for
the F-incorporated HfO, gate dielectrics. In addition, the reduced gate voltage shift is
obtained for the increased dosage of the fluorine implantation. This reduction of
charge trapping indicates that the characteristics for the HfO, thin film were improved
after the fluorine implantation at' the silicon . surface. The physical model of
fluorinated HfO, gate dielectrics was-—proposed to explain the charge trapping
reduction as shown in Fig. 2.13. Both the eleetron and hole trappings occurred in the
HfO, thin film under constant voltage stress but located at different side of the HfO,
gate dielectrics. The electron trapping takes place in the HfO, layer, while the positive
charge (hole) is generated close to the HfO,/Si interface where a lot of defects are
presented [2.16]. We believe that the more defect density at the HfO,/Si interface than
the bulk HfO, film for the sample without fluorine implantation resulted in the hole
trapping and indicated in Fig. 2.13(a). For the SSFI HfO, gate dielectrics, the fluorine
atoms will distribute in the interface between the HfO, film and silicon substrate.
Therefore, the hole trapping was effectively reduced, and then resulted in the less hole

trapping observed at the fluorinated HfO, gate dielectrics as illustrated in Fig. 2.13(b).

2-1.4 Summary
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In summary, an approach to improve the thermal stability of the HfO, by
fluorine ion implantation at the silicon surface was proposed and systematic studied.
The HfO, thin film with fluorine implantation was not crystallized and performed
superior thermal stability even after high temperature annealing. This must be owing
to the elimination of interface dangling bonds and the bulk traps for the HfO, films
with pre-deposition fluorine implantation and post-deposition annealing. Besides, the
charge trapping characteristics of SSFI HfO, gate dielectrics was studied and
effectively improved for the samples with SSFI. This fluorinated technology could be

used on HfO, thin films for future ULSI application.
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sample with fluorine implantation,tespectively.
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Fig. 2.3 The physical model for the distribution of the fluorine atoms. The fluorine atoms
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Fig. 2.4 The XRD data for (a) as-deposited sample and (b) the samples with fluorine
implantation with different PDA temperature, respectively. The sample without fluorine

implantation was crystallized after 700°C PDA.
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2-2 Current Transport Mechanism of TaN/HfOyIL/Si Structure with Silicon
Surface Fluorine Implantation (SSFI)

2-2.1 Introduction

High-k gate dielectrics, as an alternative to conventional SiO, gate oxide, are
widely investigated for their capability to reduce gate-leakage current for the same
electrical capacitance [2.17]-[2.19]. Among all high-k gate materials, hafnium-based
dielectrics are considered the most promising candidates, or at least the most studied,
due to their excellent thermal stability, wide bandgap, and high dielectric constant
[2.20]-[2.22]. Nevertheless, the metal-gate electrode has also attracted attention as a
solution to the polydepletion effect that appears under gate inversion conditions in
poly-Si gates, and the incompatibility between some high-k materials and poly-Si
[2.23]. As a result, metal gatethigh-k stacks have been heavily explored in recent
years [2.23]-[2.26].

However, HfO, gate dielectries with fluorine incorporation could also exhibit
better dielectric performance and reliability [2.27]-[2.31]. F incorporation into
HfSiON dielectric has been shown to be highly effective in lowering Vy and
improving NBTI in pFET, and the drive current could be aggressively increased
[2.27]. F is believed to form stronger Hf-F and Si-F bonds than Hf-H and Si-H bonds,
which improves the reliability of HfO,/SiO, [2.28]. Recently, we have also
documented several studies of ultra-thin fluorinated HfO, gate dielectrics. First, the
thermal stability of HfO, gate dielectrics can be much improved by fluorine ion
implantation on the silicon surface [2.32]. Second, the interfacial layer (between HfO,
film and Si-sub.) formation can be effectively suppressed by pre-CF; plasma
treatment [2.33]. Third, the charge trapping phenomenon can be largely eliminated for

the HfO, gate dielectrics fluorinated by postdeposition CF4 plasma treatment [2.34].
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Although several recent studies have investigated fluorinated HfO, gate dielectrics
[2.27]-[2.34], its carrier transport mechanisms have not been well investigated. Only a
few studies have demonstrated the carrier transport and tunneling mechanisms of
conventional HfO, gate dielectrics [2.35]-[2.37], and none have explored fluorinated
HfO, gate dielectrics. Electron transport in high-k gate dielectrics will instead be
governed by a trap-assisted mechanism, such as Frenkel-Poole conduction or hopping
conduction, due to the charge trapping phenomenon. The band diagram of the
metal/HfO,/Si capacitor has been investigated, though without consideration of the
interfacial layer [2.35]. However, the interfacial layer is a critical issue for high-k gate
dielectrics, and deserves in-depth discussion.

In this section, we investigate the carrier transportation mechanism in devices
integrating both HfO, gate dielectrics with and without fluorine incorporation and a
metal gate (TaN). We present-new, accurate characterizations of TaN/as-deposited
and fluorinated HfO,/Si capacitors; —inecluding ' Frenkel-Poole conduction and
Fowler-Nordheim tunneling, undér both gate .and substrate injection modes. The
strong temperature dependence of the gate leakage current suggests that the current
tunneling mechanism is Frenkel-Poole conduction for both as-deposited and
fluorinated HfO, gate dielectrics. The effective extracted trapping level of fluorinated
HfO, gate dielectrics is thus larger than the as-deposited one. We also report the
Fowler—Nordheim tunneling characteristics at 77 K, from which we can deduce the
energy band diagrams for TaN/HfO,/IL/Si and TaN/HfOF/(IL+F)/Si structures, as

well as their current transport mechanisms.

2-2.2 Experiment

The devices used in this work were MOS capacitors fabricated on p-Si (100)
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wafers. First, standard RCA cleaning was performed on all samples. Then, 30 nm
screen oxide films were grown in order to prevent implantation damage. Fluorine ions
were implanted through the 30 nm screen oxide films at a low energy of 25 keV, with
different dosages ranging from 1x10"*/cm? to 1x10'*/cm?, designated F 1E13, F 1E14,
and F 1E15 (without F implantation, denoted as as-dep.), respectively. Then,
annealing in an N, ambient at 850°C for 30 minutes was performed, to remove any
implant-induced damage. At that time, the fluorine atoms diffused into the silicon
surface.

Before HfO, thin film deposition, the 30 nm screen oxide was removed by wet HF
solution. Then, an HfO, thin film was then deposited on a HF-last Si surface by an
electron beam evaporation system. For HfO, thin film crystallization study, some
samples were annealed by rapid thérmal annealing.in the N, ambient for 30 seconds at
600°C. The HfO; thin film was-crystallized after the: 600°C rapid thermal annealing,
as approved in XRD analysis (not shown-here),, Metal gate (TaN) film of 50 nm was
deposited by reactive RF sputter for all samples. Thereafter, a 300 nm thick Al film
was deposited on the TaN film by thermal evaporator. The gate of the capacitor was
defined lithographically and etched. Finally, a 300 nm thick Al film was also
deposited on the backside of the wafer to form the ohmic contact.

The electrical properties were analyzed by an HP 4285 for capacitance-voltage
(C-V) characteristics at 100 kHz, and the capacitance effective thickness (CET) was
extracted from the capacitance under the accumulation region without considering the
quantum effects. The current-voltage (I-V) curves were measured by a Keithly 4200.
Further, the I-V characteristics were measured at elevated temperature (318-373 K)
and low temperature (77 K), in order to study the current transportation and band
diagram of the MOS capacitor, respectively. Moreover, the physical thickness was

checked by transmission electron microscopy (TEM) to obtain the dielectric constant
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of HfO, thin film.

2-2.3 Results and discussion

Take-off angles of 60° and 90° were used to measure the XPS spectra of surface
and bulk HfO, thin films with fluorine incorporation (Figure 2.14). In Figure 2.14, for
all samples except the as-deposited sample, a distinct F 1s peak at 687 eV can be
observed. The silicon surface fluorine implantation processes are apparently
introducing fluorine atoms into the dielectrics to form the HfOF gate dielectrics.
However, the fluorine intensity was larger for the TOA = 90° than TOA = 60°,
indicating that less fluorine would distribute in bulk HfO, gate dielectrics. Figure 2.15
shows the TEM image of the TaN/HfO,/IL/St structure with fluorine incorporation
(1x10"/cm?) and 600°C postdeposition annealing (PDA). The great quality of the
HfO; thin film was demonstrated in:this-study; as Figure 2.15 shows. As discussed
before, PVD deposited HfO, thin films tend to have interfacial layers (IL) at the
HfO,/Si interfaces as shown in the TEM images. In addition, the composition of the
interfacial layer is believed to be hafnium silicate, because the estimated dielectric
constant of the interfacial layer is higher than that of the SiO,. Furthermore, the
thickness of HfO, and Hf-silicate were about 3.3 and 2.6 nm, respectively. As a result,
the k value of the HfOF (with Hf-silicate) thin film was about 14. In this work, the
carrier transportation mechanism of both as-deposited and fluorinated HfO, gate
dielectrics was investigated, while taking into account the Hf-silicate interfacial layer.

Figure 2.16 shows the gate current density versus the gate voltage (J-V)
characteristics of all samples with and without 600°C RTA annealing under (a) gate
injection and (b) substrate injection modes, respectively. As we can see, the gate

leakage current of the sample without fluorine implantation was much larger than that
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of films with fluorine incorporation under both gate and substrate injection modes.
Both the leakage current and the breakdown voltage were improved for the sample
with fluorine incorporation. Further, these characteristics were improved as the
fluorine implantation dosage increased, as illustrated in this figure. In addition, the
gate leakage current increased for the samples with 600°C RTA annealing, owing to
HfO; thin film crystallization. However, the gate leakage current reduction may still
be observed for the fluorinated samples, as shown in Fig. 2.16. The gate leakage
current for the samples with fluorine incorporation was much smaller than that of the
samples without fluorine incorporation, while the CET was also decreased for
fluorinated samples with and without 600°C PDA (Fig. 2.17). The decrease of CET
for the samples with 600°C PDA is resulted from densification of HfO, thin film.
However, the HfO, films with fluorine incorporation appeared to possess properties
superior to those of the as-depesited samples, including thin EOT and low leakage
current. Figure 2.17 demonstrates ithe relationship between gate leakage current
density at Vg= Vg -1 V and capacitance equivalent oxide thickness for all samples.
The gate leakage current density of the sample with 1X10" c¢cm™ F-implantation
displayed a two order of magnitude improvement by comparison with the
as-deposited sample with PDA at 600°C under gate injection mode. The same
tendency was shown in CET performance. Even after PDA at 600°C, low CET (16.9
A) was obtained while the leakage current was kept at less than 0.01 mA/cm? for the
HfO, films with fluorine incorporation under substrate injection. The gate leakage
current reduction of the F-incorporated HfO, gate dielectrics can be explained by F
atoms incorporation into HfO, layer. The fluorine atoms can be bonded to Hf (or Si)
dangling bonds resulting in annihilation of oxygen vacancies. Besides, the fluorine
incorporation will effectively eliminate some shallow traps in HfO, thin films

resulting in lower F-P conduction leakage current for fluorinated HfO, gate dielectrics
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[2.32][2.34]. This shallow trap elimination will be discussed in the next paragraph.
Figure 2.18 shows the Weibull distribution plots of the gate leakage current density at
V= Vgp -1 V for all samples. Both the performance and uniformity distribution of
the fluorinated HfO, gate dielectrics were superior to those of the as-deposited
samples under both gate and substrate injection modes, without an increase in CET.
The temperature dependence of the gate leakage current was studied to
understand the current transport mechanisms. The gate leakage currents were
measured from 318k to 373 K as shown in Fig. 2.19a-d for (a)-(b) gate electron
injection (negative Vg) and (c)-(d) substrate electron injection (positive Vi),
respectively. The gate leakage current increases with increasing measuring
temperature under both gate injection and substrate injection for all samples, showing
obvious temperature dependence.;To further investigate the carrier transportation of
as-deposited and fluorinated HfO,.gate dielectrics with and without rapid thermal
annealing, the Frenkel-Poole (E-P) ¢onduction fitting is performed, as shown in the

inset in Fig. 2.20. The data in thé<inset of Fig.”2.20 was extracted from good F-P
fitting [2.38] (J=E,y xexp{—q |:CDB ~(qEoy — 75, )1/2}//6]“} ), where @ g is the

effective F-P barrier, ¢ is dielectric constant of SiO,. The electric field (Eox=V/Tox)
is an “effective” electric field due to Tox is capacitance effective oxide thickness
(CET). As a result, ®Op is named as effective F-P barrier, which is determined by the
effective electric field (Epx). Both gate injection and substrate injection were
aggressively studied, as shown in this figure. It should be noted that this effective
barrier height includes the effect of the interfacial layer between HfO, and Si. The
extracted trap energy (@) under substrate injection for the as-deposited sample is
1.11 eV from the conduction band of HfO,, while that of the fluorinated sample (F

1E15) is about 1.25 eV. Similarly, the extracted trap energy under gate injection for
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the as-deposited sample is 1.04 eV from the conduction band of HfO,, while that of
the fluorinated sample (F 1E15) is about 1.25 eV. As the F-implant dosage increases,
the increase in the effective trapping level is easily observed, meaning that most of the
shallow traps in HfO, film can be eliminated using this fluorine implantation
technique. Besides, the decreased effective trapping level can be observed for the
annealed samples. The gate leakage current will increase for the annealed samples,
owing to film crystallization discussed earlier. As a result, the effective trapping level

extracted from F-P conduction current will decrease as shown in this figure. Further,

—q(®, —./qE /4re,
the Schottky emission barrier (J = A*T’ exp[ 4@, kl? ﬂg’)]) was also

calculated. The Schottky emission barrier (D p) is also an effective barrier as we
mentioned above. Besides, A* is . Richardson constant, and E is an effective electric
field. The same as F-P conduction, the gate current of Schottky emission will
dependent on temperature variation. This-ebvious temperature dependence of the gate
leakage current was shown in Fig. 2:19.. However; because the barrier height extracted
from Schottky emission was larger than the trap energy extracted from F-P
conduction, the F—P conduction mechanism would dominate the Schottky emission
for both as-deposited and fluorinated HfO, gate dielectric. The energy band diagrams
of carrier injection through traps assisted tunneling (a)-(b) from the silicon substrate
into the HfO, gate dielectric, and (c)-(d) from the TaN metal gate into the HfO, gate
dielectric were shown in Fig. 2.21. As mentioned above, the fluorinated HfO, gate
dielectric had deep trapping, resulting in lower gate leakage current than the
as-deposited HfO, gate dielectric, due to shallow trap elimination.

In order to obtain the energy band diagram of TaN/ HfO,/IL/Si structure with
and without fluorine incorporation, we studied the tunneling current under gate and

substrate injections by biasing the p-type and n-type Si substrate to accumulation at
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77 K. The current tunneling under gate and substrate injection can be observed for the
MOS capacitors with p-type and n-type Si substrates, respectively. In addition, at such
a low temperature, the F—P conduction is suppressed and the Fowler—Nordheim (F—N)
tunneling current is dominant. Figure 2.22 shows the leakage current of as-deposited
and fluorinated HfO, with TaN gate measured at 77 K under (a) gate and (b) substrate
injections, respectively. Similar to the J-V characteristics at room temperature, both
the leakage current and the breakdown voltage improved for the samples with fluorine
incorporation. The characteristics improved with increasing fluorine implantation

dosage, as illustrated in this figure. The inset of Fig. 2.23 shows the FN tunneling

—42m*(q¢,)""

3ghE

barrier heights fitted in the high field region (J = E° exp{ }), where

the electron effective mass in Hf@; was 0.1myp, and my was the free electron mass
[2.35], and 7 is Plank's constant.Dp is an effective barrier height that takes into
account barrier height lowering and:quantization of electrons at the semiconductor

surface. The slope of the fitted ling in. the. inset yields the following relationship:

87[(2qm*)1/2 3/2 . . . )
—T@ﬂ . In addition, the FN tunneling is quite different from F-P

B-

conduction and Schottky emission. There is no temperature parameter in this equation.
What is measured is the gate current as a function of gate voltage. On the other hand,
it should be noted that the FN tunneling current originating from gate injection is
determined by the metal/HfO, barrier and essentially not affected by the presence of
the IL between HfO, and Si substrate. By the same token, the current originating from
the substrate injection is determined by the IL/Si barrier. Thus, we can obtain both the
TaN/HfO, and IL/Si barrier heights from the FN tunneling current under gate and
substrate injections, respectively. Both the TaN/HfO, and IL/Si barrier heights were

increased with F-implant dosage (Fig. 2.23). As noted above, the IL was Hf-silicate,
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not pure oxide. Therefore, the effective IL/Si barrier height was 2.7 eV, which is
smaller than the SiO,/Si barrier height (3.1 eV). However, the Hf-silicate with
fluorine incorporation is increased, as shown in Fig. 2.23. It seems likely that F atoms
incorporated into the HfO, layer are bonded to the Hf (or Si) dangling bond, resulting
in annihilation of the oxygen vacancies, resulting in a greater barrier, as noted above.
The IL/Si barrier heights were also increased under substrate injection, owing to
fluorine accumulating in the IL to passivate defect vacancies in the Si dangling bonds.
In addition, the effective TaN/HfO, and IL/Si barrier heights will decrease for the
samples with PDA treatment as shown in this figure. The effective barrier was
extracted from FN equation, which was affected by Jgn. The Jgy will increase for the
annealed samples due to HfO, film crystallization as we mentioned above. Therefore,
the effective TaN/HfO, and IL/Si barrier heights will decrease for the annealed
samples with considering HfO, film.crystallization.

In sum, our results imply that the -HfO, gate dielectrics with fluorine
incorporation in CMOS applicationwould have lower leakage current due not only to
the shallow trap elimination but the barrier increases as well. Fig. 2.24 shows the band
diagrams of (a) TaN/HfO,/IL/Si, (b) TaN/HfO,/IL/Si (with F 1x10"/cm?®), (c)
TaN/HfO,/IL/Si (with F 1x10'*/cm?), and (d) TaN/HfO,/IL/Si (with F 1x10"%/cm?)
capacitors at flat-band, which serve to summarize the key results we have obtained

from analysis of their F-N tunneling characteristics.

2-2.4 Summary

The carrier transportation mechanism of fluorinated HfO, gate dielectrics was
successfully investigated in this work. First, the F-P conduction under gate and

substrate injection for as-deposited and fluorinated HfO, gate dielectrics was analyzed.
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The effective F-P barriers increased with increasing fluorine implantation dosage,
indicating that the fluorinated HfO, gate dielectrics have a deep trapping level,
resulting in lower F-P current. Second, the F-N tunneling mechanism for fluorinated
HfO, gate dielectrics was also studied by J-V measurement at 77 K. The energy band
diagram of the TaN/HfO,/IL/Si capacitors with fluorine incorporation can be
extracted from the good F-N fitting in this work. Further, the energy band diagram of
the TaN/HfO,/IL/Si capacitors was demonstrated taking into account the interfacial

layer, which is useful for understanding fluorinated HfO, in CMOS applications.
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Fig. 2.14 The X-ray Photoelectron Spectroscopy (XPS) analysis of the F 1s electronic spectra
of as-deposited and fluorinated sample§ TUA angl'ég pf 60° and 90°, respectively.
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Fig. 2.15 The TEM image of TaN/HfO,/IL/Si MOS structure with fluorine incorporation (F
1E15) with 600°C PDA.
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dielectrics with and without PDA under (a) gate and (b) substrate injections.
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Fig. 2.17 The relationship between gate leakage current and CET for all samples. The
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Chapter 3
Effects of CF4 Plasma Treatment on the Ultra-Thin HfO, Thin Film

3-1 Suppression of Interfacial Reaction for HfO; on Silicon by Pre-CF, Plasma

Treatment

3-1.1 Introduction

High-k gate dielectrics such as HfO,, ZrO,, and La,O; have been studied as
alternative gate dielectrics for 65 nm node and beyond technology to replace
conventional SiO; or oxynitrides because of its leakage current and reliability
concerns. Among the high-k materials, hafnium.oxide (HfO,) gate dielectrics are
considered to be the most promising' in future-ULSI technology [3.1]-[3.2]. However,
it is still a big challenge to introduce the-high-k materials into the complementary
metal oxide semiconductor (CMOS):process, especially because of difficulties in
controlling the film thickness. During the film growth and post-processing, the
formation of an interfacial SiO,-like layer (IL) is likely and limits the reduction of the
effective oxide thickness (EOT) [3.3]-[3.4]. The reasons for this unwanted layer are
the presence of excess oxygen during the film growth that initially oxidizes the Si
surface [3.5] and Si diffusion into the film producing a silicate layer [3.6]. Therefore,
methods such as cosputtering of silicon and aluminum with hafnium to deposit
hafnium silicate and aluminate dielectrics [3.7]-[3.8] and the use of nitric gas for
chemical vapor deposition (CVD) [3.9] or oxidizing sputtered metal nitride like HfN
to form hatnium oxynitride (HfON) films [3.10] are used to improve dielectric quality.
However, the nitridation technique induces positive interface charges [3.11] leading to

higher hysteresis and lower channel mobility. In this work, a novel CF4; plasma
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pre-treatment approach is proposed which improves the interface between the HfO,
gate dielectric and the Si-substrate. Fluorine atoms are distributed at the surface of the
silicon substrate by CF4 plasma pre-treatment. Then, the Transmission Electron
Microscopy (TEM) and Fourier Transform Infrared Spectroscopy (FTIR) were
employed and it was found that the growth of the interfacial layer had been inhibited
by fluorine passivation of the silicon surface for oxidation and by the blocking of
oxygen diffusion into the silicon. It was also observed that the capacitance equivalent
oxide thickness (EOT) was much decreased for the CF4 plasma pre-treated sample.
The Hf-silicide was also depressed for HfO, gate dielectrics with CF4 plasma

pre-treatment while maintaining the HfO,/Si interface characteristics.

3-1.2 Experiments

Metal-Oxide-Semiconductor (MOS).capacitors were fabricated on p-type (100)
CZ silicon wafer with a resistance of 4~7 €:ecm. A standard RCA clean was first
performed on all samples. Before the deposition of the HfO, thin film, some samples
were treated by CF4 plasma for 1 minute in a plasma enhanced chemical vapor
deposition (PECVD) system. Further samples not subjected to the plasma treatment
but otherwise identical were the as-deposited samples. The substrate temperature was
300°C and the reactive pressure and the flow rate of CF; were 500 mtorr and 500
sccm, respectively. In order to analyse the surface of the samples with and without
CF4 plasma treatment, attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR) was used to inspect the variation of the native oxide
formation on the silicon substrate. Then HfO, films with three different thicknesses of
5, 7 and 9 nm were deposited by reactive RF sputtering. The deposition plasma was

created by applying 150 W of RF power to the 7.5 cm diameter target positioned 15
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cm away from the substrate. After the gate dielectrics had been formed, a TaN metal
gate of 50 nm was deposited by RF sputtering and aluminum films of 300nm were
evaporated on both the top and bottom of the silicon wafer to form MOS capacitors.
High frequency (100 kHz) capacitance-voltage (C-V) characteristics were measured
with a HP4284A analyser, and the effective oxide thickness (EOT) was extracted
from the high frequency capacitance under the accumulation region without
considering quantum effects. The physical thickness of HfO, thin film and the
interfacial layer was measured with transmission electron microscopy (TEM). In
addition, the fluorine concentration and distribution were obtained with the secondary
ion mass spectroscopy (SIMS), and the Hf-O, Hf-Si and Hf-F bonding was

characterized by electron spectroscopy for chemical analysis (ESCA).

3-1.3 Results and Discussions

Figure 3.1 shows the SIMS analysis of the HfO, films with pre-CF4 plasma
treatment. It is apparent that fluorine atoms have accumulated mainly at the interface
between the HfO, thin film and the silicon substrate after the CF; plasma
pre-treatment. This observation indicated that fluorine atoms first are distributed at the
surface of the silicon substrate after the CF4 plasma pre-treatment, and then are
incorporated into the HfO, thin film during the hafnium dioxide deposition to form
fluorinated HfO, gate dielectrics. In addition, these fluorine atoms also terminate the
dangling bonds of silicon substrate and accumulate at the interfacial layer region
[3.12].

Figure 3.2 shows the Hf 4/ ESCA spectra of as-deposited and CF, treated samples
(CF4 plasma treated for 1 minute), respectively. A take-off angle (TOA) of 90° was

used to measure the ESCA spectra. For the as-deposited sample, as shown in Figure
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3.2(a), two distinct peaks of the Hf-O bonding at 18.7 and 20.3 eV are clearly visible.
In addition, Hf-Si bondings at 14.7 and 16.8 eV are also observed, meaning that
Hf-silicide was formed during the HfO, film deposition. Such Hf-silicides degrade the
performance of HfO, gate dielectrics®. Fortunately, this formation of Hf-Si bonding
was effectively suppressed for the CF, plasma pre-treated samples as shown in Figure
3.2(b). This observation is a clear indication that the fluorine atoms accumulated at
the Si/HfO, interface were responsible for the reduction of the amount of Si
participating in Hf-silicide formation [3.13]. From the inset of Figure 3.2, we can see
that the fluorine atoms were only incorporated into the HfO, thin film when CF4
plasma pre-treatment was employed. Furthermore, the intensity of the Hf 4f spectra of
HfO, dielectrics after CF4 plasma pre-treatment was much larger although the original
peak value at 20.3 eV was lessidistinct than for the as-deposited sample. This
indicates that other chemical bonds were formed [3.14]. Therefore, comparing the
Hf-O bonds in Hf 4f spectra of the las-depeosited HfO, gate dielectrics to that of the
samples with CF,4 plasma treatment, we see the Hf-F bonding. It induced by the
fluorine incorporation into the HfO, thin film after CF; plasma pre-treatment as
shown in the SIMS profiles in Figure 3.1 and the inset in Figure 3.2.

Figure 3.3 presents the capacitance-voltage (C-V) characteristics of HfO, gate
dielectrics with and without the CF,4 plasma pre-treatment. The EOT of as-deposited
samples were 2.4, 2.9 and 3.8 nm, respectively, for the different deposited film
thicknesses. As discussed before, for the sample without CF4 plasma pre-treatment,
the sputtered HfO, thin films tended to have interfacial layers (IL) like SiO, at the
HfO,/Si interfaces that have relatively small dielectric constants [3.5]-[3.6]. It makes
the HfO, gate dielectrics exhibit thicker EOT as shown in the inset TEM image
(Figure 3.3(b)). However after the CF4 plasma pre-treatment, the IL was effectively

suppressed as shown in Figure 3.3(a). The EOT decreased from 3.8 to 2.9, 2.9 to 2.0
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and 2.4 to 1.6 nm, respectively, for the different deposited film thicknesses. Figure 3.4
shows the FTIR absorbance spectra of the Si wafer with and without CF4 plasma
treatment. The FTIR method employed in this work utilizes a high-index Ge
hemisphere in intimate contact with the samples. The incident beam was directed to
the Ge hemisphere through a reflectometer then to a HgCdTd detector. The Fourier
transform spectrometer was equipped with a SiC source and a KBr beamsplitter. As
depicted in Fig. 3.4, there is a dominant band at 939 cm™, which is the GeO reference
peak associated with the hemisphere. In addition, the broad features that appear at
1100 cm™' are the characteristic bulk interstitial Si-O-Si vibrations. For the HfO, films
without CF4 plasma treatment, one observes a strong and sharp band at 1221 cm’™
from the Si-Oy surface layer on Si. The peak is very typical of the native oxide on

1
has

silicon. After CF4 plasma treatment, the native oxide band at 1221 cm’
disappeared and been replaced-by.a significantly weaker absorption band centered
near 1180 ¢m’! which is similar totthat-obseived' for amorphous SiO; films on Si
[3.15]. It is believed that the reduction ef native oxide regrowth on CF, plasma treated
Si substrates resulted from the fluorine passivation of the silicon surface. From these
results, it seem reasonable that for the as-deposited sample the excess oxidizing
species such as oxygen radicals, ions, and molecules in the plasma diffuse into the
silicon substrate and contribute to the interfacial layer growth. On the other hand, for
the CF, plasma treated HfO, gate dielectrics, the growth of interfacial layer is
inhibited by fluorine passivation of the Si substrate and the blocking of oxygen

diffusion into the Si. This hypothesis is supported by both the TEM imaging and

FTIR spectroscopy.

3-1.4 Summary
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In summary, the characteristics of CF4 plasma pre-treated HfO, gate dielectrics
were investigated. After the CF4 plasma pre-treatment, the fluorine atoms were
distributed at the interface between the HfO, thin film and silicon substrate,
effectively inhibiting the formation of an interfacial layer between the HfO, thin film
and Si-substrate. The fluorine passivation also plays a role in blocking oxygen
diffusion into the Si, resulting in an EOT reduction for the HfO, gate dielectrics. In
addition, the Hf-silicide was also suppressed for the HfO, gate dielectrics with CF4
plasma pre-treatment. The CF4 plasma pre-treatment technology can be used in device
fabrication with high-k gate dielectrics for future ultra-large-scale-integration (ULSI)

applications.
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Fig. 3.1 SIMS depth profile of the HfO, gate dielectrics. The fluorine atoms accumulated

mainly at the HfO,/silicon substrate interface after CF, plasma pre-treatment.
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surface coverage than in the as-deposited sample.
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3-2 High Performance HfO, Gate Dielectrics Fluorinated by Post-deposition CFy

plasma treatment

3-2.1 Introduction

For anticipated applications of very large scale integration (VLSI) technology,
more advanced materials for gate dielectrics will be required. Though a physical gate
thickness < 1 nm for a complementary metal-oxide-semiconductor transistor with
nitride/oxynitride gate stacks has been demonstrated [3.16], continued scaling for
future semiconductor technology requires an equivalent oxide thickness of less than
1.0 nm for sub-65-nm MOSFET devices [3.17]. However, development of a dielectric
thin film with an effective oxide thickness under 1.0 nm and an acceptable leakage
current level will be very difficult, due to-the high direct tunneling leakage current of
nitride/oxynitride gate dielectries. As a result, high-dielectric-constant (high-k) oxide
thin films are currently attracting great interest as possible alternatives to
nitrided-Si10, gate dielectrics [3.18]-[3.20].

Various extrinsic gate dielectrics, including Ta,0s, Y,03, ZrO,, CeO,, SrTiOs,
BaSrTiO; (BST), and HfO, have been extensively investigated. Among these high-&
gate materials, HfO, gate dielectrics [3.21]-[3.23] are the most popular candidate
currently under study, due to their high dielectric constant (25~30), wide energy
bandgap (~5.68 eV), and the high stability of their Si surface. At the moment,
Capacitance-Voltage (C-V) hysteresis and charge trapping when the hafnium dioxide
is applied to the Metal-Oxide-Semiconductor (MOS) field-effect transistor as the gate
dielectrics [3.24]-[3.26], are critical problems for future ULSI technology applications
of HfO,. Therefore, various methods have been used to ameliorate these problems,

including co-sputtering of silicon and aluminum with hafnium to deposit hatnium
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silicate and aluminate dielectrics [3.27]-[3.28], nitridation before HfO, deposition
[3.29], and oxidizing a sputtered metal nitride such as HfN [3.30] to form hafhium
oxynitride (HfON) films.

Recently, fluorinated gate dielectrics have been shown to improve the SiO,/Si
interface [3.31]-[3.34]. Further, fluorine incorporation into the high-k gate dielectrics
has been proposed, to improve both the thermal stability [3.35], and the negative bias
temperature instability (NBTI) reliability [3.36]-[3.37]. However, characterization of
key aspects of fluorinated HfO, gate dielectrics formed by CF4 plasma treatment,
including the thermal stability of the gate leakage current and C-V characteristics,
breakdown voltage, and effective oxide thickness, has not been well developed. In
addition, neither charge trapping during electrical measurement, nor the temperature
dependence of the gate leakage curtent, has been investigated.

In this section, the characteristics of fluorinated- HfO, gate dielectrics using CF4
plasma treatment were demonstrated: Fluorinated HfO, gate dielectrics show thinner
effective oxide thickness (~2.2 nm);.smaller .C-V hysteresis (45 mV), low gate
leakage current density (~5x10” A/cm?), high breakdown voltage (~ -9V), better
thermal stability, good distribution of electrical performance, and less charge trapping.
A physical model is proposed to comprehensively explain the mechanism for electron
and hole trapping in fluorinated HfO, thin film. Further, the temperature dependence
of the leakage current explains why the generated traps are effectively eliminated in

fluorinated HfO, gate dielectrics.

3-2.2 Experiment

For the purposes of this research, MOS capacitors were fabricated. The silicon

wafers used in this study were p-type (100) CZ with a resistance of 4~7 () - cm.
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Standard RCA cleaning was first performed on all samples. HfO, thin film was then
deposited by reactive RF sputter method. Deposition plasma was created by applying
150 W rf power to a 7.5 cm diameter target positioned 15 cm away from the substrate.
Hafnium dioxide deposition took place for 2.5 minutes, resulting in the formation of a
5 nm HfO, thin film. After HfO; thin film deposition, CF4 plasma was used to treat
the HfO, thin film to form the fluorinated HfO, gate dielectrics. Some samples were
treated under CF4 plasma in the plasma enhance chemical vapor deposition (PECVD)
system, whose chamber volume is 3.76 x 10° cm’. The cathode diameter was 40 cm,
and the distance between the cathode and the holder was 4 cm. The sample was
loaded into the substrate at an elevated temperature (300 °C). The reactive pressure
and the flow rate of the CF,4 gas were 600 mtorr and 500 sccm, respectively. The RF
power was 40W with CF4 plasma exposure times of 1 min and 5 min (termed P-1 and
P-5, respectively). For the nermal HfO; .gate "dielectrics samples (denoted as
as-deposited), there was no CF, iplasma-treatment after the hafnium dioxide
deposition. Post-deposition annealing was performed on Rapid Thermal Anneal (RTA)
equipment at 700°C for 30 seconds in N, ambient. Samples with PDA treatment were
called as-deposited/A, or P-1/A and P-5/A. The PDA process was used to determine
the thermal stability of the as-deposited HfO, and fluorinated HfO, gate dielectrics. In
a later phase of the investigation, a 50 nm TaN metal gate was also deposited by the
RF sputter method. An aluminum film of 300 nm thickness was then deposited on the
TaN gate for use as the gate electrode. Finally, the 300 nm aluminum film was
evaporated from the bottom of the electrode by a thermal evaporator to form the MOS
capacitors.

The effective oxide thickness (EOT) was estimated from the accumulation
capacitance of the high frequency (100 khz) C-V measurement with a gate area of

6.75x10” cm’. Quantum effects were not considered. To explore CF, plasma etching
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effects in HfO, thin film, atomic force microscopy (AFM) was used to analyze the
surface morphology of the HfO, thin film after CF4 plasma treatment. Further, the
content and distribution of the fluorine atoms was measured by secondary ion mass
spectroscopy (SIMS). X-ray Photoelectron Spectroscopy (XPS) was used to analyze

the Hf-O and Hf-F bondings of the fluorinated HfO, thin films.

3-2.3 Results and Discussion

Figure 3.5 shows the SIMS depth profiles of HfO, film with post-deposition CF4
plasma treatment. The location of both the top and bottom HfO, interfaces was
determined from the silicon, oxygen and hafnium profiles. This experimental result
shows that the fluorine atoms are Jlocatéd! primarily at the two interfaces of the
TaN/HfO, and HfO,/Si-substrates. The laccumulation of fluorine atoms the interfaces
of the gate dielectrics has beer-proposed. in previous studies [3.31],[3.38]. However,
some fluorine atoms accumulated in the bulk HfOs thin film, as shown by the XPS
analysis (Figure 3.6). Thus, it appears that fluorine atoms are distributed in each of the
HfO, gate dielectrics after CF4 plasma treatment. Wright et al. proposed that fluorine
atoms react with Si-O bonds, and then the released oxygen atoms oxidize the SiO,/Si
interface [3.31]. We thus argue that the structural change of the gate-oxide films
occurs due to the reaction between the fluorine atoms and the Si-O bonds.

Take-off angles of 60° and 90° were used to measure the XPS spectra of surface
and bulk HfO, thin films (Figure 3.6). In Figure 3.6, for all samples except the
as-deposited sample, a distinct F 1s peak at 687 eV can be observed. The CF4 plasma
treatment processes are apparently introducing fluorine atoms into the dielectrics, as
noted in the prior SIMS analysis. Furthermore, the F 1s peak of the sample with the

longer CF,4 plasma treatment (5 mins) displays a higher intensity when the TOA is 60°.
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This implies that the longer CF4 plasma treatment introduces more fluorine at the
surface of the HfO, thin films. In addition, the fluorine intensity was nearly identical
in the bulk of HfO, thin films, regardless of CF4 plasma treatment conditions (Figure
2; TOA is 90°). Figure 3.7 shows the Hf 4/ ESCA spectra of HfO, and fluorinated
HfO, thin film. Two distinct peaks of Hf-O bonding, at 18.7 and 20.3 eV, were found
in the as-deposited sample. Nevertheless, the as-deposited samples may also have
large numbers of other types of bonding defects, which was not observed when the
material is prepared. The TOA angles of 60° and 90° were also used to measure the
XPS spectra. Compared to the Hf-O bonds in Hf 4f spectra of the HfO, thin film, the
Hf 4f spectra of the fluorinated HfO, thin film is shifted roughly 0.43 eV (Figure 3.7).
This also shows the Hf-F bonding formation after CF4 plasma treatment, as seen in
Figures 3.5 and 3.6. To investigate the plasma etching effect in HfO, thin film, we
used AFM and ellipsometry to-analyze the surface-roughness and thickness of the
HfO; thin film with and without-CF,plasmatreatment. Ellipsometry indicated that the
thicknesses of as-deposited and fluorinated HfO5 thin films (P-5) are 5.035 nm and
4.994 nm, respectively. These results imply that the CF,4 plasma etching effect during
the treatment of HfO, thin films is negligible. In addition, the root mean square (rms)
variations of the surfaces of the as-deposited and fluorinated HfO; thin film (P-1),
extracted from the AFM images, are 1.05 and 1.74 A, respectively (Figures 3.8a and
3.8b). Further, the rms of the HfO, thin film with 5 minutes of CF4 plasma treatment
was only 2.03 A. These results appear to show that the CF4 plasma treatment did not
damage the HfO; thin film during fluorinated HfO, thin film formation.

Figure 3.9 shows the current density versus gate voltage (J-V) characteristics of
as-deposited and fluorinated HfO, gate dielectrics. The gate leakage current of the
samples after 700°C annealing increased due to dielectric film crystallization. In

addition, the breakdown voltage of the fluorinated HfO, gate dielectrics was also
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improved (Figure 3.9). The Figure 3.9 inset depicts the close fit of all samples to the
Frenkel-Poole model. The linear behavior is a further indication that the carrier
transportation in both as-deposited and fluorinated HfO, is F-P emission. The
effective barrier heights (®g) were much higher for the fluorinated HfO, gate
dielectrics, with and without PDA treatment (inset, Figure 3.9). Besides, the Schottky
emission barrier (TaN/HfO barrier) was also calculated. Because the barrier height
extracted from Schottky emission was larger than the trap energy extracted from F-P
conduction, the F—P conduction mechanism would dominate over the Schottky
emission.

Figure 3.10 shows the effective oxide thickness versus gate leakage current
characteristics of HfO, gate dielectrics with and without CF4 plasma treatment and
700 °C post-deposition annealing (PDA). The inset shows the C-V characteristics of
all the samples. The thinner EQT. extracted from C-V curves was obtained for the
HfO, gate dielectrics with CFy plasma.treatment and was further improved after
annealing at 700°C. The CF4 plasma treated HfO, films appeared to possess properties
superior to those of the as-deposited samples, including thin EOT and low leakage
current. However, the HfO, films, after 700 °C PDA, still presented higher gate
leakage current at the same EOT than the as-deposited samples, owing to the film
crystallization discussed earlier.

Figure 3.11 shows the Weibull distribution plots of the gate leakage current
density at the gate voltage of -3 V and the breakdown voltage for all samples. Both
the performance and uniformity distribution of the fluorinated HfO, gate dielectrics
were superior to those of the as-deposited samples.

The normalized C-V hysteresis curves of the as-deposited and fluorinated HfO,
gate dielectrics are shown in Figures 3.12a and 3.12b, respectively. The C-V

hysteresis of the as-deposited HfO, gate dielectrics was 1 V, but decreased to roughly
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50 mV for the fluorinated HfO, gate dielectrics (P-5). According to the inner-interface
trapping model [3.39], when the capacitor is biased at accumulation (Vg= -3 V),
majority carriers (holes for the p-type Si substrate) tunnel from p-Si substrate through
the interfacial layer (IL) and are trapped at the inner-interface, as indicated in the inset
band diagram in Fig. 3.12 (a). Furthermore, when the voltage is biased at the
inversion region (Vg = 1 V), the trapped holes at the inner-interface will be
de-trapped, while at the same time the minority carriers (electrons) tunnel from the
p-Si substrate and are trapped at the inner-interface. On the other hand, the shifted CV
curves are not parallel at intermediate and low voltages. A slight degradation of CV
curves in depletion region can be observed as indicated in Fig. 3.12 (a). As a result,
the hysteresis phenomenon was contributed by both interface states and bulk trapping.
However, for the fluorinated HfOz'thin film, the number of holes and the number of
electrons trapped at the inner-interface and some interface states were reduced, owing
to the F atoms incorporated into the HfO,-thin film (Figure 3.12b, inset). This
indicates that hole trapping was observed in-our HfO, thin film, a finding strongly
supported by the negative flat band voltage shift during the CV hysteresis
measurement.

Figure 3.13 displays the Weibull distribution of C-V hysteresis for all samples.
The C-V hysteresis was improved by increasing the CF4 plasma treatment duration.
Of all the samples, the HfO, films with CF4 plasma treatment for 5min, and rapid
thermal annealing at 700°C for 30s (P-5/A) exhibit the smallest C-V hysteresis, about
40mV.

Figure 3.14 shows the Arrhenius plots of the temperature dependence leakage
current density for the as-deposited and fluorinated HfO, gate dielectrics. The plots
were obtained from the current voltage characteristics at Vg = - 3 V, measured at

303-353 K. The data fit to the relationship J oo exp (-E, /kgT). The calculated values
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of the activation energies for the as-deposited sample and fluorinated samples are 0.28,
0.13 (P-1) and 0.06 eV (P-5), respectively. This apparently shows that the CF, plasma
treatment effectively removed the dielectric vacancies, leading to a lower
concentration of generated traps [3.40]. The temperature dependence performance of
the gate leakage current for as-deposited HfO, gate dielectrics was more obvious,
owing to the large concentration of generated traps (hole trapping), as illustrated in
C-V hysteresis. The results of the decrease in activation energy (Figure 3.14) indicate
that the fluorinated HfO, gate dielectrics have a lower concentration of generated hole
traps.

Table 3.1 summarizes the characteristics for all samples. The surface roughness
of the HfO, thin films was not degraded by CF4 plasma treatment. Further, the
fluorinated sample exhibits superior properties in. EOT, leakage current, breakdown

voltage, hysteresis, and elimination.of deep traps.

3-2.4 Summary

An approach to demonstrate the characteristics of fluorinated HfO, gate
dielectrics formed by CF4 plasma treatment was proposed and systematically studied.
The fluorinated HfO, thin film exhibited a superior C-V and I-V performance even
after high-temperature annealing. Further, charge trapping occurred in C-V hysteresis,
while measurement of the fluorinated HfO, gate dielectrics was effectively improved.

This technology may be applicable to HfO, thin films for future ULSI applications.
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Fig. 3.5 SIMS depth profile of MOS structure for fluorine oxygen, hafnium and silicon atoms

distribution. The fluorine atoms were accumulated mainly at the two interfaces of the

gate-oxide films.
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Fig. 3.6 The X-ray Photoelectron Spectroscopy (XPS) analysis of the F 1s electronic spectra
of as-deposited and fluorinated samples, TOA angles of 60° and 90°, respectively, where the F
Is peak is at 687 eV.
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Fig.3. Hf 4f XPS spectra of as-deposited and fluorinated HfO, thin films, respectively.
Take-off angles of 60° and 90° were used tonmeasure the XPS spectra.
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Fig.4. The AFM images of the surface of the HfO, thin films (a) without CF4 plasma

treatment, (b) CF, plasma treatment 1 minute.
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The fluorinated HfO, gate dielectrics have a'higher F-P barrier height, which increases as
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Table 3.1 Summaries of the characteristics for all samples. The fluorinated sample exhibits

superior properties in EOT, leakage current, breakdown voltage, hysteresis, and charge

trapping.
EOT (nm) fag\.rgﬂ;/gTz F;j_;jﬁs Hyi? Tv) Ea(eV) -Va(V) r<:>“-Z:;n:‘;=.-l C(Z)
as-deposited 2.8 1x107 1.38 1.1 0.28 6.5 1.05
as-deposited/A| 2.68 5x 10+ 0.93 1 0.27 438
P-1 2.62 9x10° 1.52 0.51 0.13 8 1.74
P-1/A 2.53 1x 107 1.13 0.31 0.13 5.9
P-5 2.47 7 x 109 1.58 0.05 0.06 9 2.03
P-5/A 2.21 1x 10 1.46 0.045 0.06 7
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Chapter 4

Improvement of CMOS Reliability by Post-deposition CF4 Plasma

Treatment

4-1 Improvement of Positive Bias Temperature Instability of HfO, nMOSFETs by

Post-deposition CF4 Plasma Treatment

4-1.1 Introduction

As CMOS devices are scaling down aggressively, it has become necessary to
identify alternate high-k gate dielectrics, that meet the stringent requirements for low
leakage current and thin equivalent .oxXide thickness (EOT) [4.1]-[4.5]. High-k
dielectrics are especially advantageous for-low-power application and for thickness
uniformity control owing to the . thicker-physical thickness. Among high-k gate
dielectric materials, Hf-based gate dielectric including HfO, and Hf-silicate are the
attractive materials because it has good device characteristics and is compatible with
the conventional polysilicon gate process [4.6]-[4.9]. However, before Hf-based gate
dielectrics being successfully integrated into future technologies, their reliability
characteristics still need to be better identified. Bias temperature instability (BTI) has
been recognized as one of the critical concern in the reliability of modern CMOS
devices. Many of the past BTI researches on the SiO, dielectric have just focused on
the negative BTI (NBTI) on PMOS devices [4.10]-[4.11], since it impacts more the
devices reliability with respect to positive BTI (PBTI) on NMOS [4.12]. In
conventional SiO, gate oxides, NMOS under PBTI stress shows little threshold

voltage degradation and hence is not a reliability concern while PMOS under NBTI
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stress has a continued reliability issue as the gate oxide thickness is scaled thinner. On
the contrary, unlike conventional SiO, gate dielectrics, NMOS positive bias
temperature instability (PBTI) could be a potential scaling limit of CMOS technology
with Hf-based gate dielectrics [4.13]. Most of the previous studies showed a
significant positive threshold voltage shift for the high-k gate stack under PBTI
stressing, which was attributed to the preexisting traps in the high-k layer or the hole
induced oxygen vacancy traps [4.14]-[4.18].

Off-state leakage in MOSFET is one of the major issues for device performance
degradation, especially for low standby power (LSTP) application. Usually, there is a
mixture of contributors to off-state leakage like subthreshold channel leakage,
generation of electron hole pairs in the space charge region of the junction,
punchthrough, and gate induced drain leakage (GIDL) [4-19]-[4-21]. GIDL current is
a leakage between drain and ehannel which: depends on the electrical field in the
junction and hence varies with- the igate-bias..Besides, the reduction of gate oxide
thickness causes an increase of the ‘electric-field under the gate which makes the
transistor more susceptible to GIDL. As a result, the GIDL and its degradation have
restricted the scaling of oxide thickness and power supply voltage. Compared to the
SiON dielectrics, high-k gate dielectrics can achieve not only I reduction but also
GIDL suppression because high threshold voltage can be observed with lower channel
doping [4-22]. Besides, the GIDL current in HfO,/Si0, stacks will be significantly
enhanced due to trap-assisted tunneling by trap existing at the remote HfO,/SiO,
interfacial layer [4-23]. However, the mechanism of GIDL degradation for the
fluorinated Hf-based dielectrics under PBTI stress has not yet been reported. In this
work, the reliability improvement can be presented for the HfO, dielectrics with
fluorine incorporation. In addition, the mechanism of GIDL degradation for the HfO,

dielectrics with fluorine incorporation under PBTI and hot carrier stress will be
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discussed. Defect passivation in HfO,/Si by CF4 plasma treatment will reduce the

serious hole-electron pair generation, resulting in less GIDL current.

4-1.2 Experiments

The silicon wafers used in this study were p-type (100) CZ with a resistance of
4~7 Q) - cm. The 500 nm wet oxide was grown at 950 ‘C for device isolation. The
device active region was formed by patterning and etching the isolation oxide.
Standard RCA cleaning was then performed on all samples. Then, an HfO, thin film
was then deposited on a HF-last Si surface by an electron beam evaporation system.
Hafnium dioxide deposition took place for 2.5 minutes, resulting in the formation of a
5 nm HfO, thin film. After HfO,.thin film depesition, CF4 plasma was used to treat
the HfO, thin film to form the fluorinated HfO, gate dielectrics. Some samples were
treated under CF4 plasma in the-plasma enhance chemical vapor deposition (PECVD)
system, whose chamber volume is 3.76.x_10%¢m’. The cathode diameter was 40 cm,
and the distance between the cathode and the holder was 4 cm. The sample was
loaded into the substrate at an elevated temperature (300 °C). The reactive pressure
and the flow rate of the CF4gas were 600 mtorr and 500 sccm, respectively. The RF
power was 40W with CF4 plasma exposure times of 1 min (termed HfOF). For the
normal HfO, gate dielectrics samples (denoted as HfO,), there was no CF4 plasma
treatment after the hafnium dioxide deposition. In a later phase of the investigation, a
50 nm TaN metal gate was also deposited by the RF sputter method. The source and
drain regions in the active device region were implanted with phosphorus (15 keV at 5
x 10" cm'z) and activated at 900 ‘C for 30 s annealing in a N, ambient. After the
patterning of source/drain contact holes, an aluminum film of 300 nm thickness was

then deposited on the TaN gate for use as the gate electrode and source/drain contact
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pad. Then, the devices were completed by the contact pad definition. Finally, the 300
nm aluminum film was evaporated from the bottom of the electrode by a thermal
evaporator.

The electrical properties were analyzed by an HP 4285 for capacitance-voltage
(C-V) characteristics at 100 kHz, and the capacitance effective thickness (CET) was
extracted from the capacitance under the accumulation region without considering the
quantum effects. The current-voltage (I-V) curves were measured by a Keithly 4200.
Further, the I-V characteristics were measured at elevated temperature (300-383 K) in
order to study the charge trapping and gate induced leakage current (GIDL)
mechanisms of the fluorinated HfO, nMOSFETS, respectively. Devices with gate
length (L) and width (W) of 10 and 100 um were measured. The V1y is defined as the
gate voltage at which the drain cutrent reaches 100 nA xW/L and Vp = 0.1 V. The
transfer characteristics Ip —Vg of HfO, nMOSFETSs ‘are measured at Vp=0.1and 1 V,

and Vg=-1.5t0 1 V.

4-1.3 Results and Discussions

Figure 4.1 shows the C-V curves of the HfO, nMOSFETs with and without CF4
plasma treatment. The excellent C-V characteristics can be observed for both
as-deposited and CF4 plasma treated samples. The CET extracted from these C-V
curves are 1.93 nm for the as-deposited sample and 1.86 nm for the fluorinated one,
respectively. The CET reduction of the CF, treated sample can be explained by F
atoms incorporation into HfO, layer. The fluorine atoms can be bonded to Hf (or Si)
dangling bonds resulting in annihilation of oxygen vacancies. Besides, the fluorine
incorporation will effectively eliminate some shallow traps in HfO, thin films

resulting in lower F-P conduction leakage current for fluorinated HfO, gate dielectrics.
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This shallow trap elimination will be discussed in the next paragraph.

The temperature dependence of the gate leakage current was studied to
understand the current transport mechanisms. The gate leakage currents were
measured from 303 K to 383 K under gate electron injection as shown in Fig. 4.2. The
gate leakage current increases with increasing measuring temperature for all samples,
showing obvious temperature dependence. To further investigate the -carrier
transportation of as-deposited and fluorinated HfO, gate dielectrics, the Frenkel-Poole
(F-P) conduction fitting is performed, as shown in the inset in Fig. 4.3. The data in the

inset of  Fig. 4.3 was extracted from  good  F-P fitting
(J=E,, xexp{—q[d)B —(gE oy — e, )1/2J/kT}) [2.38], where Ogp is the effective F-P

barrier, & is dielectric constant of SiOp..The electric field (Eox=V/Tox) is an
“effective” electric field due to Tgx 1s CETrAs a result, @y is named as effective F-P
barrier, which is determined by-the effective electric field (Eox). Figure 4.4 indicated
the effective F-P barriers at elevated-temperature./The extracted trap energy (Dp) at
room temperature for the as-deposited sample‘is 0.93 eV from the conduction band of
HfO,, while that of the fluorinated sample is about 1.02 eV. As the temperature
increases, the increase in the effective trapping level is easily observed, meaning that
the deep traps in HfO, and HfOF films can be observed at high temperature. The @p
at 110 ‘C for the as-deposited sample is 1.02 eV from the conduction band of HfO,,
while that of the fluorinated sample is about 1.12 eV. To sum up, the HfOF film has
deeper trapping level, indicating that most of the shallow traps in HfO, film can be
eliminated using this CF, plasma treatment technique.

Figure 4.5 shows the Ip-Vg transfer characteristics of the as-deposited and CF4
plasma treated HfO, nMOSFETs, where the device channel length and width were 10

and 100 pm, as mentioned above. High-performance characteristics of HfO,
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nMOSFETs with excellent S. S. ~84 mV/dec, high mobility ~163 cm?*/V - s, and high
Ion/Inin current ratio ~3.23%10" are observed without any treatment. For the CF4
treated one, we can observe that the /i, is reduced significantly from 10.07 to 6.05
pA at Vp = 0.1 V, enhanced Ion/Imin current ratio (~6.69><107), and improved S. S.
(~76 mV/dec). In addition, the drain induced barrier lowering (DIBL) was less than
20 mV for all samples as shown in Fig. 4.5. By the same token, the driving current of
the fluorinated device was larger than that of conventional devices, as indicated in Fig.
4.6. The driving current of the CF, treated device with 10 um gate length showed a 28
% increase over the as-deposited device at Vp =2 V and Vg-Vy, = 1.5V, as shown in
Fig. 4.6. The driving current increases with applied gate bias increasing. In addition,
the transconductance (gn,) extracted from linear region (Vp = 0.1 V) also increased for
the fluorinated device (Fig. 4.7). Only a little 8 % increase can be observed for the
fluorinated device with 10 um gate length, by comparison with the as-deposited one.
However, the mobility improvement ifot-the-fluorinated sample was more pronounced
in the higher electric field. A roughly: 43 % inerease can be observed while the V-V
= 1 V. This can be speculated to the improved surface roughness, since fluorine
incorporation into HfO, film can effectively passivate HfO,/Si interface. As a result,
the surface roughness of HfO,/Si interface can be effectively improved for the
fluorinated sample.

As mentioned above, the /I, reduction can be observed for the fluorinated
sample. Besides this, the GIDL current also decreased for the fluorinated device, as
illustrated in Fig. 4.4, especially for the large drain biasing (Vp =1 V). In Fig. 4.8, the
Ip-Vg curves and Isyp current at various drain and gate bias conditions are shown. The
GIDL improvement of fluorinated sample was more obvious when the high drain bias
was applied, as shown in Fig. 4.8(b). The substrate current is the same as GIDL

current for all samples, indicating that the impact ionization dominates GIDL
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phenomenon. Besides, the GIDL current and substrate current increase as measuring
temperature increase, as indicated in Fig. 4.9. However, the GIDL increase is much
suppressed for the fluorinated device. There is almost no different between room
temperature and 70 °‘C for the GIDL current of CF, treated HfO, nMOSFETS. In the
significant Vp and negative Vg bias region, the drain-to-gate bias is sufficiently high
to deplete and even invert the n” drain region under the gate. This causes enhanced
electric field and band bending, resulting in a dramatic increase of high field effects,
such as avalanche multiplication and band-to-band tunneling (BTBT). The possibility
of tunneling via traps (trap-assisted tunneling) also increases. These high-field effects
cause hole-electron pair generation. The electrons tunnel to the drain and contribute to
the GIDL current. The holes are swept to the substrate and contribute to the substrate
current. The higher electric field dae to the highet.density of interface traps increases
the role of this current component. in the high-k 'devices [4-23]. The detail GIDL
degradation mechanism will be discussed.in-next paragraph.

To understand the mechanism of PBTLinour high-k dielectrics, Fig. 4.10 shows
the Ip-V transfer characteristics of the as-deposited and CF4 plasma treated HfO,
nMOSFETs under the same PBTI stress (Vg-Vi, = 2 V) at room temperature. The S. S.
is almost the same for all samples, only Vg shift and GIDL increase can be observed
during PBTI stress. These results mean that generated oxide trap will dominate the
PBTI degradation characteristics. It is worth to note that the HfOF dielectric leads to
an obvious reduction in AVry under PBTI stress. This result demonstrates that the
HfOF thin film quality is better than HfO,. As mentioned previous, the HfOF gate
dielectrics had the extra Si-F and Hf-F bodings resulting in annihilation of oxygen
vacancies and PBTI reduction for HfOF dielectrics. Figure 4.11 demonstrated the
AVt under PBTI stress at different temperatures (RT~100 C) for (a) HfO,

dielectrics and (b) HfOF dielectrics, respectively. The AVyy in PBTI stress increase
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with increasing measuring temperature for both HfO, and HfOF gate dielectrics. The
difference of threshold voltage degradation under PBTI stress between HfO, and
HfOF gate dielectrics is not quite apparent. However, the change of AVyy in PBTI
stress at different temperature is quite different between HfO, and HfOF gate
dielectrics, as indicated in Fig. 4.12. The slope of AVry at different temperatures
(50~70 C) for HfOF gate dielectric is larger than that for HfO, gate dielectric,
indicating that the HfOF gate dielectric has deeper charge trapping, which is
consistent with Fig. 4.4. However, the slope at different temperatures (70~100 °C) of
HfO, gate dielectric becomes larger than that of HfOF gate dielectric. At the same
time, the AVry of HfO, gate dielectric is still larger than that of HfOF gate dielectric.
Therefore, the increase in AV of HfO, gate dielectric is attributed to the deep charge
trapping, which has obvious temperature dependence at the quite high temperature
>70 C).

On the other hand, it is worth tomnote-that GIDL‘improvement during PBTI stress
is more obvious for the HfOF gate dielectrics; especially for the high temperature, as
shown in Fig. 4.10. Figure 4.13 demonstrated the GIDL current after 1000s PBTI
stress at different temperatures for as-deposited and CF4 treated samples. The GIDL
current increases with measuring temperature increasing for all samples. However, the
obvious GIDL improvement can be observed for the fluorinated device, especially at
high temperature. As mentioned above, enhanced electric field and band bending
resulted in a dramatic increase of high field effects, such as band-to-band tunneling
and trap-assisted tunneling. Then, it causes large hole-electron pair generation, and
the electrons tunnel to the drain and contribute to the GIDL current, as shown in Fig.
4.14. Furthermore, M. Gurfinkel et. al., proposed that the trap-assisted tunneling will
dominates the GIDL degradation of high-k device. Besides this, the conventional

band-to-band tunneling (electron direct tunneling) can also be observed, as shown in
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Fig. 4.15. As a result, the PBTI stress induced GIDL degradation will become more
obvious for the high-k device, especially for trap-assisted tunneling induced GIDL
current. In this work, this serious GIDL degradation can be observed for the HfO,
nMOSFET at large Vp (Fig. 4.8-4.9) and PBTI stress. Generally speaking, PBTI
stress not only generated oxide trap but degraded HfO,/Si interface, resulting in
increase of trap-assisted tunneling. However, the accumulation of fluorine atoms the
interfaces of the gate dielectrics, and some fluorine atoms accumulated in the bulk
HfO, thin film, resulting in bulk HfO, thin film and interface passivation by CF4
plasma treatment. Then, the trap-assisted tunneling phenomenon can be much
suppressed for the HfOF nMOSFET during PBTI stress, resulting in GIDL
improvement.

To understand the interface characterization of our high-k dielectrics, Fig. 4.16
shows the Ip-V transfer charaeteristics of the as-deposited and CF4 plasma treated
HfO, nMOSFETs under the same hot.carrier(HC) stress (Vg-Vin=1.5V, Vp=3 V) at
room temperature. Obvious Vpy shift.and GIDL increase can be observed for the
HfO, nMOSFET during HC-stress. These results mean that large impact ionization
will dominate the HC-stress degradation characteristics. The observation of large
substrate current after HC-stress also proves that impact ionization will degrade
HfO,/Si interface characterization. It is worth to note that the HOF nMOSFET leads
to an obvious reduction in AVty under HC-stress. This result demonstrates that the
better interface characterization of high-k device can be achieved using
post-deposition CF; plasma treatment. As mentioned previous, the HfOF gate
dielectrics had the extra Si-F boding resulting in defect passivation in HfO,/Si
interface, resulting in HC reliability improvement for HfOF dielectrics. Besides, the
large impact ionization will induce serious hole-electron pair generation, resulting in

larger GIDL current, as shown in HfO, nMOSFET (Fig. 4.16(a)). However, the GIDL

73



degradation can be much improved for the HfOF nMOSFET as shown in Fig. 4.16(b).
The same as mentioned above, defect passivation in HfO,/Si for the HfOF nMOSFET
will reduce the serious hole-electron pair generation, resulting in less GIDL current.
The serious HC-stress induced Vry shift and GIDL increase can be observed at high
temperature, as shown in Fig. 4.17. Figure 4.18 demonstrated the AVty under
HC-stress at different temperatures (RT~50 °C) for (a) HfO, dielectrics and (b) HfOF
nMOSFETs, respectively. The AV in HC-stress increase with increasing measuring
temperature for both HfO, and HfOF nMOSFETs. The difference of threshold voltage
degradation under PBTI stress between HfO, and HfOF gate dielectrics is not quite
apparent. However, the less AVry can be observed for the HfOF nMOSFET at
elevated temperature due to better interface -characterization. Figure 4.19
demonstrated the GIDL current after 1000s HC=stress at different temperatures for
as-deposited and CF4 treated samples. The GIDL current increases with measuring
temperature increasing for all samples. However, the'obvious GIDL improvement can

be observed for the fluorinated deviee; especially‘at high temperature.

4-1.4 Summary

For the first time, a novel high-performance and excellent-reliability HfOF
nMOSFET was demonstrated. Large lon/Imin current ratio (~6.69><107), good S. S.
(~76 mV/dec), small DIBL (<20 mV), and high mobility (~165 cm’/V - s) can be
observed for the HfOF nMOSFETs. The HfOF nMOSFET has better HfO,/Si
interface and dielectric quality, including GIDL current and less PBTTI effect. Reduced
GIDL current was observed for the HfOF nMOSFET due to HfO,/Si interface
passivation by fluorine, resulting in less hole-electron pair generation. The fluorine

incorporation into HfO, gate dielectrics effectively passivated the dielectric vacancies,
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resulting in a deeper trapping cross section and a lower concentration of generated
traps. These results provide a valuable guideline for future 32 nm and beyond CMOS

device designs with high-k dielectrics with fluorine incorporation.
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Fig. 4.2 gate leakage currents measured from 303 K to 383 K under gate electron injection for

(a) HfO, and (b) HfOF gate dielectrics, respectively.
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Fig. 4.10 Ip-Vg transfer characteristics of (a) as-deposited and (b) CF,4 plasma treated HfO,
nMOSFETs under the same PBTI stress (Vg-Vy, = 2 V) at room temperature.
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Fig. 4.14 GIDL mechanism: the electrons tunnel to the drain and contribute to the GIDL

current. The holes are swept to the substrate and contribute to the substrate current.
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Fig. 4.15 Band diagram of suggested GIDL mechanism: GIDL current includes trap-assisted

tunneling and conventional band-to-band tunneling (electron direct tunneling) currents.
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4-2 Improved Characteristics of HfO; pMOSFETs by Post-deposition CF 4 Plasma

Treatment

4-2.1 Introduction

Negative bias temperature instability (NBTI) of p-MOSFET devices is an
important reliability concern [4.24]-[4.39]. It results in power-law time dependent
degradation of device parameters, like threshold voltage, linear drain—current, etc.,
with historically measured exponent values of n ~0.2-0.3 [4.24]-[4.30]. It is driven
by oxide electric field and not by gate voltage [4.25], [4.30], [4.35]. It gets aggravated
at higher temperature, and classically shows Arrhenius 7 activation with energy E, ~
0.1-0.2 eV [4.29], [4.35]. It is further aggravated with incorporation of nitrogen in
gate oxides (to prevent boron-penetration and reduce gate leakage), and severely
affect device lifetime for oxynitride devices-{4.27], [4.28], [4.38]-[4.39]. Finally,
NBTI physical mechanism must be properly understood and modeled for accurate
extrapolation from stress (high voltage, short time) to operating (low voltage, long
time) condition. For pure SiO, gate dielectric films, NBTI is believed due to
generation of interface traps (Nir) at the Si-SiO; interface. Although various models
[4.25], [4.31]{4.37] have been put forward to explain Ny generation, the
reaction-diffusion (R-D) model [4.25], [4.33]-[4.36] has been most widely accepted.
According to R-D model, = Si—H bonds at Si-SiO, interface is broken by inversion
layer holes (reaction) and the released H species subsequently move away from the
interface (diffusion) and create Nyt (= Si—). Except for very short time, the time
evolution of Nt is governed by diffusion and the nature of diffusing species
determines n. It is shown that n = 1/4 for atomic hydrogen (H"), n = 1/6 for molecular

hydrogen (H,) and n = 1/2 for protons (H") [4.36]. The observed spread in time
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exponents can be explained by (a) mix of diffusing species, (b) H® or H species
undergoing dispersive transport [4.35], [4.37], and (c) H, diffusion and impact of
measurement delay [4.40].

It is generally conceived that introduction of high-k gate dielectrics is inevitable
at the technology nodes of 50 nm and beyond, in order to satisfy the stand-by power
requirement without sacrificing metal oxide semiconductor field effect transistor
(MOSFET) performance. Conventional SiO; cannot satisfy the requirement of these
technology nodes due to the quantum-mechanical direct tunneling current [4.41] and
reliability concerns [4.42]. HfO, is considered one of the most promising high-k
dielectrics. As the basic performance of the HfO, MOSFETs has been improved,
more attention is being focused on reliability characterizations. Although there have
been several reports on this issue,most of them dealt with time-dependent dielectric
breakdown (TDDB) [4.43]-[4:45]. Degradations in device characteristics due to
electrical stressing, such as BT and:hot-casriet, injection (HCI), have not been fully
investigated yet. It is generally recognized. that has a significantly larger amount of
charge traps than that in HfO,. Gusev ef al. has investigated the traps on deposited by
atomic layer deposition (ALD) [4.46], and the same group also observed a significant
amount of traps by hot-carrier injection [4.47]. Onishi et al. has been evaluating the
trapping characteristics on PVD due to BTI. They found that NBTI on pMOSFETs
exhibited sufficient lifetime [4.48]. On the other hand, NBTI lifetime was deteriorated
by the introduction of an surface nitridation (SN) technique [4.48], which had been
effectively used in scaling equivalent oxide thickness (EOT) of and suppressing boron
penetration [4.49], [4.50]. Besides, unlike SiO,, NMOS PBTI could be a potential
scaling limit of HfO, [4.51]. However, we have found that the PBTI can be much
suppressed for the HfO, with post-deposition CF,4 plasma treatment, as mentioned in

chapter 4.2. In this section, we’ll demonstrate the performance and reliability
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improvement of HfO, pMOSFET by post-deposition CF, plasma treatment, especially
for NBTI. Besides, defect passivation in HfO,/Si by CF4 plasma treatment will reduce

the serious hole-electron pair generation, resulting in less GIDL current.

4-2.2 Experiments

The silicon wafers used in this study were n-type (100) CZ with a resistance of
4~7 ) - cm. The 500 nm wet oxide was grown at 950 ‘C for device isolation. The
device active region was formed by patterning and etching the isolation oxide.
Standard RCA cleaning was then performed on all samples. Then, an HfO; thin film
was then deposited on a HF-last Si surface by an electron beam evaporation system.
Hafnium dioxide deposition took place for 2.5 minutes, resulting in the formation of a
5 nm HfO, thin film. After HfQ; thin film deposition, CF4 plasma was used to treat
the HfO, thin film to form the fluorinated HiO, gate dielectrics. Some samples were
treated under CF,4 plasma in the plasma.enhance chemical vapor deposition (PECVD)
system, whose chamber volume is 3.76 x 10° cm’. The cathode diameter was 40 cm,
and the distance between the cathode and the holder was 4 cm. The sample was
loaded into the substrate at an elevated temperature (300 °C). The reactive pressure
and the flow rate of the CF4gas were 600 mtorr and 500 sccm, respectively. The RF
power was 40W with CF,4 plasma exposure times of 1 min (termed HfOF). For the
normal HfO, gate dielectrics samples (denoted as HfO,), there was no CF4 plasma
treatment after the hafnium dioxide deposition. In a later phase of the investigation, a
50 nm TaN metal gate was also deposited by the RF sputter method. The source and
drain regions in the active device region were implanted with boron (25 keV at 5 x
10" cm’z) and activated at 900 °C for 30 s annealing in a N, ambient. After the

patterning of source/drain contact holes, an aluminum film of 300 nm thickness was
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then deposited on the TaN gate for use as the gate electrode and source/drain contact
pad. Then, the devices were completed by the contact pad definition. Finally, the 300
nm aluminum film was evaporated from the bottom of the electrode by a thermal
evaporator.

The electrical properties were analyzed by an HP 4285 for capacitance-voltage
(C-V) characteristics at 100 kHz, and the capacitance effective thickness (CET) was
extracted from the capacitance under the accumulation region without considering the
quantum effects. The current-voltage (I-V) curves were measured by a Keithly 4200.
Devices with gate length (L) and width (W) of 10 and 100 um were measured. The
Vi is defined as the gate voltage at which the drain current reaches 100 nA xW/L
and Vp = -0.1 V. The transfer characteristics Ip —Vg of HfO, nMOSFETSs are

measured at Vp =-0.1 and -1 V, and Vg =0 to -2.5. V.

4-2.3 Results and Discussions

Figure 4.20 shows the C-V curves of the HfO, pMOSFETs with and without CF4
plasma treatment. The excellent C-V characteristics can be observed for both
as-deposited and CF4 plasma treated samples. The CET extracted from these C-V
curves are 2.01 nm for the as-deposited sample and 1.97 nm for the fluorinated one,
respectively. The CET reduction of the CF, treated sample can be explained by F
atoms incorporation into HfO, layer. The fluorine atoms can be bonded to Hf (or Si)
dangling bonds resulting in annihilation of oxygen vacancies, as mentioned above.
Figure 4.21 shows the current density versus gate voltage (J-V) characteristics of
as-deposited and fluorinated HfO, gate dielectrics. The fluorinated sample shows a
reduction of gate leakage current as indicated in this figure, indicating that the

fluorine atoms can passivate oxygen vacancies resulted in less Frenkel-Poole
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conduction current. In addition, the breakdown voltage of the fluorinated HfO, gate
dielectrics was also improved.

Figure 4.22 shows the Ip-Vg transfer characteristics of the as-deposited and CF4
plasma treated HfO, pMOSFETs, where the device channel length and width were 10
and 100 pm, as mentioned above. High-performance characteristics of HfO,
pMOSFETs with excellent S. S. ~82 mV/dec, high mobility ~64 cm®/V - s, and high
Ton/Imin current ratio ~1.03x10% are observed without any treatment. For the CF4
treated one, we can observe that the I, is reduced significantly from 9.07 to 7.05 pA
at Vp =-0.1 V, enhanced Ion/Imin current ratio (~1.69><108), and improved S. S. (~80
mV/dec). Besides this, the GIDL current also decreased for the fluorinated device, as
illustrated in Fig. 4.22, especially for the large drain biasing (Vp = -1 V). As
mentioned above, in the significant Vp and positive Vg bias region, the drain-to-gate
bias is sufficiently high to deplete.and even invert the p~ drain region under the gate.
This causes enhanced electric field and’band-bending, resulting in a dramatic increase
of high field effects, such as avalanche multiplication and band-to-band tunneling
(BTBT). The possibility of tunneling via traps (trap-assisted tunneling) also increases.
These high-field effects cause hole-electron pair generation. The holes tunnel to the
drain and contribute to the GIDL current. The electrons are swept to the substrate and
contribute to the substrate current. The higher electric field due to the higher density
of interface traps increases the role of this current component in the high-k devices
[4.23]. In addition, the drain induced barrier lowering (DIBL) was less than 20 mV for
all samples as shown in Fig. 4.22. By the same token, the driving current of the
fluorinated device was larger than that of conventional devices, as indicated in Fig.
4.23. The driving current of the CF, treated device with 10 um gate length showed a
19 % increase over the as-deposited device at Vp = -2 V and Vg-Vy = -2.5 V, as

shown in Fig. 4.23. The driving current increases with applied gate bias increasing. In
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addition, the transconductance (g;,) extracted from linear region (Vp = -0.1 V) also
increased for the fluorinated device (Fig. 4.24). Only a little 5 % increase can be
observed for the fluorinated device with 10 um gate length, by comparison with the
as-deposited one. However, the mobility improvement for the fluorinated sample was
more pronounced in the higher electric field. About 100 % increase can be observed
while the V-V, = -2 V. As mentioned above, this can be speculated to the improved
surface roughness, since fluorine incorporation into HfO, film can effectively
passivate HfO,/Si interface. As a result, the surface roughness of HfO,/Si interface
can be effectively improved for the fluorinated sample. However, this result seems
better than that of fluorinated HfO, nMOSFETs.

To understand the mechanism of NBTI characteristics in our high-k dielectrics,
Fig. 4.25 shows the Ip-Vg transfer’characteristics of the as-deposited and CF,4 plasma
treated HfO, pMOSFETs under the same NBTI 'stress (Vg-Vin = -2 V) at room
temperature. It is worth to note that the-fluerinated device leads to an obvious
reduction in AVry under NBTI stress: The AVry is only 22 mV for the CF4 treated
HfO, pMOSFET while the as-deposited one exhibits 142 mV AVyy after 1000s NBTI
stress at room temperature. This result demonstrates that the fluorinated device has
better HfO,/Si interface characterization than as-deposited one. As mentioned above,
the fluorine atoms will accumulate in HfO,/Si interface, resulting in HfO,/Si interface
passivation. Figure 4.26 demonstrated the AVry under NBTI stress at different
temperatures (RT~70 °C) and different biases (-2 and -2.5 V) for (a) HfO, dielectrics
and (b) HfOF dielectrics, respectively. The NBTI stress induced HfO,/Si interface
degradation is quite obvious for the HfO, gate dielectrics while the HfOF gate
dielectric exhibits an excellent NBTI reliability. As mentioned above, the fluorine
atoms are located primarily at the two interfaces of the TaN/HfO, and

HfO,/Si-substrates after CF4 plasma treatment. The fluorine atoms will react with
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Si-O bonds, and then the released oxygen atoms oxidize the SiO,/Si interface. We
thus argue that the structural change of the gate-oxide films occurs due to the reaction
between the fluorine atoms and the Si-O bonds, resulting in HfO,/Si interface
passivaiton. The threshold voltage degradation under NBTI stress for the HfOF gate
dielectrics becomes obvious at high temperature (70 ‘C). However, the change of
AVty in NBTI stress at different temperature is quite different between HfO, and
HfOF gate dielectrics, as indicated in Fig. 4.26. The power-law fitting is suitable for
NBTI characteristics of both HfO, and HfOF gate dielectrics. The n value of
power-law fitting indicates traps generation during NBTI stress. The n is about 0.196
for the as-deposited sample at different temperatures (30~70 “C) and biases (-2 and
-2.5 V). However, for the HfOF gate dielectric, n is smaller than that for HfO, gate
dielectric, indicating that the HfOF gate dielectric has less traps generation during
NBTI stress at different temperatures (30~70 - C ) and biases (-2 and -2.5 V). Besides,
the n increase with increasing temperature,-indicating that the HfOF gate dielectric
has highly temperature dependence in NBTI reliability. Therefore, the increase in n of
HfOF gate dielectric is attributed to the deep charge trapping, which has obvious
temperature dependence at the quite high temperature (70 “C). As mentioned
previous, the fluorine atoms diffuse to the HfO,/Si interface and bond with Si. Then,
the HfOF gate dielectrics have the defect passivation in HfO,/Si interface due to extra
Si-F boding, resulting in shallow traps elimination for HfOF dielectrics.

On the other hand, it is worth to note that GIDL improvement during NBTI stress
is obvious for the HfOF gate dielectrics, as shown in Fig. 4.25. Figure 4.27
demonstrated the GIDL current after 1000s NBTI stress at different temperatures and
applied biases for the as-deposited and CF, treated samples. The GIDL current
increases with measuring temperature increasing for all samples. However, the

obvious GIDL improvement can be observed for the fluorinated device, especially at
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high temperature. As mentioned above, enhanced electric field and band bending
resulted in a dramatic increase of high field effects, such as band-to-band tunneling
and trap-assisted tunneling. Then, it causes large hole-electron pair generation, and
the electrons tunnel to the drain and contribute to the GIDL current. Furthermore, the
trap-assisted tunneling will dominates the GIDL degradation of high-k device.
Besides this, the conventional band-to-band tunneling (electron direct tunneling) can
also be observed, as shown in Fig. 4.28(a). As a result, the NBTI stress induced GIDL
degradation will become more obvious for the high-k device, especially for
trap-assisted tunneling induced GIDL current. In this work, this serious GIDL
degradation can be observed for the HfO, pMOSFET during NBTI stress. Generally
speaking, NBTI stress degraded HfO,/Si interface, resulting in increase of
trap-assisted tunneling, as shown®in Fig. 4.28(a). However, the accumulation of
fluorine atoms the interfaces=~of.the gate ~dielectrics, and some fluorine atoms
accumulated in the bulk HfO, thin film; fesulting in bulk HfO, thin film and interface
passivation by CF,4 plasma treatment, as.shown in Fig. 4.28(b). Then, the trap-assisted
tunneling phenomenon can be much suppressed for the HfOF pMOSFET during

NBTI stress, resulting in GIDL improvement.

4-2.4 Summary

For the first time, a novel high-performance and excellent-reliability HfOF
pMOSFET was demonstrated. Large lon/Imin current ratio (~1.69x10%), good S. S.
(~80 mV/dec), small DIBL (<20 mV), and high mobility (~67 cm?*/V - s) can be
observed for the HfOF pMOSFETs. The HfOF pMOSFET has better HfO,/Si
interface, including GIDL current and better NBTI reliability. Reduced GIDL current

was observed for the HfOF pMOSFET due to HfO,/Si interface passivation by
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fluorine, resulting in less hole-electron pair generation. The fluorine incorporation
into HfO, gate dielectrics effectively passivated interface defect vacancies, resulting
in a deeper trapping cross section and a lower concentration of generated traps. These
results provide a valuable guideline for future 32 nm and beyond CMOS device

designs with high-k dielectrics with CF, plasma treatment.
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Fig. 4.20 C-V curves of the HfO, pMOSFETs with and without CF4 plasma treatment.
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Chapter 5
Characteristics of Contact Etch Stop Layer (CESL) Induced Local
Strained HfO, nMOSFETs

5-1 Performance and Reliability Characteristics for Contact Etch Stop Layer (CESL)

Induced Local Strained HfO; nMOSFETs Using Pulse-1V Analysis

5-1.1 Introduction

As scaling of CMOS technology reaches its physical limitations, HfO, gate
dielectric has received considerable attention due to advantages such as sufficiently
high dielectric constant (15-25), good thermal stability, wide bandgap (5.6 eV), and
large band offsets (~1.5¢V) [5:1]:[5.2]. However, threshold voltage instability, low
carrier mobility, and dielectric-reliability temain critical problems for high-k gate
dielectrics. In addition, electron trapping and.detrapping in high-k gate dielectrics has
been found to be the major source of instability in the devices [5.3]-[5.4]. Therefore, a
significantly faster measurement technique than previous studies is needed in order to
investigate the intrinsic characteristics of high-k gate dielectrics with minimal charge
trapping effect. The pulse method, with very short pulse durations to minimize the
effect of fast electron trapping, has been adapted to demonstrate the
“close-to-intrinsic” characteristics of high-k devices [5.5]-[5.6].

The improvement of carrier mobility has also been intensely studied by
introducing strain in the channel region. One of the most popular technologies is using
high tensile-stress contact etch stop layer (CESL), which can obviously improve
electron mobility and Iony for nMOSFETs [5.7]-[5.9]. Nevertheless, a CESL strained

high-k MOSFET for high mobility application has yet to be proposed. In this work,
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for the first time, a high-performance CESL strained nMOSFET with HfO, gate
dielectrics is successfully demonstrated. The g, and Ion exhibit 70% and 90%
increases for CESL-devices, respectively. In addition, “close-to-intrinsic”
improvements for the CESL HfO, nMOSFETs were also observed under Pulsed-IV

operation.

5-1.2 Experiments

nMOSFETs were fabricated on 6-inch p-type Si wafers with a resistivity of
15-25 Qcm. A 0.35-um process was used with local-oxidation-of-silicon (LOCOS)
isolation. After a standard HF-last cleaning step, 8-nm HfO, gate oxide was deposited.
Then, « -Si (deposition at 550°C ).with the thickness of 50 nm was deposited in order
to create the tensile local strain channel [5.9].-Thén, i situ n"-doped poly-Si with 150
nm was deposited in the same ambient. After.S/D formation, a low pressure chemical
vapor deposition (LPCVD) silicon nitride (CESL) was directly deposited on the
transistor at 780°C at different thicknesses (50, 100 and 300 nm), followed by a 200
nm low temperature plasma enhanced (PE) oxide deposition. After contact alignment,
the PE-oxide and SiN layer on the S/D regions were etched in the same system. In
order to prevent etching damage to the Si surface at S/D, the SiN layer was etched in
two steps. The SiN was first dry etched, leaving 10 nm to be finished by wet etching.
A hot H3POy4 solution was used to etch the residual 10 nm SiN layer. After these
processes, a four-level metallization (Ti—TiN—-Al-TiN) was carried out in the PVD
system for the contact.

In future advanced IC technologies, both strain technique and silicidation
processes are necessary for device performance enhancement. To maintain silicide

integrity and retain the advantage of the strain at the same time, a low temperature
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nitridation process such as plasma-enhanced CVD (PECVD) can be used to match up
the thermal budget of silicide. By adjusting the nitride deposition conditions
(SiH4/N,/He gas flow rate, pressure, HF power, electrode gap), it also can induce
tensile strain in channel region [5.10]-[5.11].

These CESL strained HfO, nMOSFETs were analyzed using an HP 4285 for
C-V characteristics at 100 kHz, and the capacitance effect thickness (CET) was
extracted from the capacitance in the accumulation region. The CET of the HfO, thin
films were about 1.6 nm for all samples. The current-voltage (I-V) curves were
measured using a Keithly 4200. Furthermore, the “close-to-intrinsic” characteristics of
HfO, gate dielectrics can be characterized by using a pulsed-IV (PIV) system, as there

was only negligible charge trapping, as mentioned earlier.

5-1.3 Results and Discussions

Figure 5.1 shows the Ip-Vg and Ip-Vp transfer characteristics of the conventional
and CESL strained HfO, nMOSFETs, where the device channel length and width
were 0.35 and 10 pum, respectively. The drain induced barrier lowering (DIBL) was
less than 40 mV for all samples as shown in Fig. 5.1(a). However, there was a
threshold voltage (Vi) shift for the CESL-devices. This was due to the Vy, roll-off
behavior resulted from the bandgap narrowing effect caused by the channel strain
[5.12]. Moreover, the CESL-devices experienced additional thermal processing (due
to the SiN deposition in the LPCVD system), implying more diffusion of dopants
which resulted in the Vy, decrease [5.9]. Besides, the thermal processing between each
CESL device doesn’t show an obvious difference. As a result, the Vy, shift is not
obvious for CESL-devices. By the same token, the driving current of the

CESL-devices was larger than that of conventional devices, and increased with
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increasing capping nitride thickness, as indicated in Fig. 5.1(a). The driving current of
the 300 nm SiN-capped device with 0.35 um gate length showed a 90 % increase over
the as-deposited device at Vp =2 V and Vg-Vy, = 2 V, as shown in Fig. 5.1(b). In
addition, the transconductance (g,) extracted from linear region (Vp = 0.1 V) also
increased with increasing capping nitride thickness (Fig. 5.2). A roughly 70 %
increase can be observed for the 300 nm SiN-capped device with 0.35 um gate length,
by comparison with the as-deposited one. The enhancement of g,,, compared to the
as-deposited sample, was increased, with channel length decreasing as shown in the
inset in Fig. 5.2. These results imply that the increase of electron mobility for
CESL-nMOSFET is the cause of the observed enhancement of the driving current and
gn. In addition, the short channel effect can be ignored in this work. The DIBL is
smaller than 40 mV and Vy, is almost the same for all samples under different gate
length. As a result, we can say that.the performance improvement almost totally came
from CESL induced local strain.channel:

The dependence of the interface:states-density at different thicknesses of the
capping nitride layer is measured by the trapezoidal waveform [5.13]-[5.14] (Fig. 5.3).
The Qcp was extracted from charge pumping current measurement as indicated in the
inset in Fig. 5.3. The as-deposited sample depicts the largest charge pumping current
(Icp) among all samples. Further, the Icp was dramatically decreased with the CESL
SiN capping layer for HfO, nMOSFETs as indicated in the inset in Fig. 5.3. The Nit
extracted from Icp is only 9.85x10'° cm™ for the 300 nm SiN-capped device, while the
as-deposited one is 6.56x10'"' cm™. This is ascribed to the use of H-containing
precursors (SiH3;Cl and NHj;) during the SiN deposition step. The incorporated
hydrogen species tends to passivate the interface states. In addition, the interfacial
layer between HfO, and Si-substrate formed during the HfO, thin film deposition,

resulting in a worse HfO,/Si interface. Then, the hydrogen passivation will become
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more obvious for the HfO, NMOSFET. However, the extra Si-H bonds would also be
responsible for the worse hot carrier degradation as shown in Fig. 5.4. The Vy, shift
increase with increasing capping nitride thickness. However, the Gy (Fig. 5.4), Ion
degradations (Fig. 5.5) and I¢p (before and after HC stress) (Fig. 5.6) show almost the
same trend for all samples, indicating that the HC-stress only do a little damage on
interface near the drain side of as-deposited and CESL devices. The other portion of
HfO,/Si interface quality would not be easily degraded during HC-stress. Fig. 5.7
exhibits a physical model for CESL-devices under HC-stress. Some electrons in the
channel entering the drain space-charge region experience impact ionization. The
above discussion implies that the strained-device can enhance the effective mobility.
The more enhancement in channel mobility is, the larger is the device reliability
degradation. As a result, the latge impact ionization rate can be observed in
CESL-devices. Furthermore, the slope of a+QOcp versus log (freq.) plot gives the
average D;. It shows that the average Di-was-almost the same for all CESL-devices.
However, the slope of the as-deposited sample was quite different from that of
SiN-capped one, indicating that the as-deposited sample exhibited larger average Dj.
Figure 5.8 shows PBTI characteristics of all devices. Both Vry shift and Ion
degradation were much improved for the CESL-devices, as shown in Fig. 5.8 and Fig.
5.9. This can be speculated to the incorporation of N-containing precursors (NHj3)
during the SiN deposition step, and the nitrogen species tend to eliminate some defect
states of HfO, thin film, resulting in less charge trapping during PBTI stress. Besides,
there is almost no Gy degradation (Fig. 5.9). It means that PBTI only affects on bulk
HfO, thin film, instead of HfO,/Si interface. The PBTI characteristics under different
temperatures were shown in Fig. 5.10 and Fig. 5.11. Vry shifts increase a lot at high
temperature for CESL-devices, suggesting that the SiN-capped ones would have deep

electron trap during PBTI stress as indicated in Fig. 5.12. These results also indicated

110



that the nitrogen incorporation effectively passivated the dielectric vacancies,
resulting in a deeper trapping cross section and a lower concentration of generated
traps.

The “close-to-intrinsic” characteristics of HfO, gate dielectrics were analyzed
using PIV measurement as shown in Figs. 5.13 and 5.14. The driving current of the
300 nm SiN-capped device measured by the PIV system was larger than that of the
conventional measurement (DC) as shown in Fig. 5.13(a). Further, the driving current
under PIV operation was also enhanced with increasing capping nitride thickness, as
indicated in Fig. 5.13(b). A 60% Ion increase can be observed for the 300 nm
SiN-capped device. Figure 5.14 presents the g, measured by PIV system at different
capping SiN-layer thicknesses. Increased g, with increasing capping SiN-layer
thickness is depicted in this figute, and nMOSEETs with CESL 300-nm show a
significant g, increase (50%), by comparison.with. the as-deposited sample. Therefore,
the “close-to-intrinsic” improvement,of-the characteristics of the CESL-nMOSFETs
with HfO, gate dielectrics can be obtained under PIV measurement, which can be

used for future high-k gate dielectrics device applications.

5-1.4 Summary

For the first time, a novel high-performance CESL strained nMOSFET with
HfO, gate dielectrics was demonstrated. Both the g, and driving current were greatly
enhanced for the CESL strained HfO, nMOSFETs. The CESL-device has better
HfO,/Si interface and dielectric quality, including less charge pumping current (90%
reduction) and less PBTI effect (55% reduction). Reduced charge pumping current
was also observed for the CESL-devices, indicating that a superior HfO,/Si interface

resulting from hydrogen passivation. The nitrogen incorporation into HfO, gate
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dielectrics effectively passivated the dielectric vacancies, resulting in a deeper
trapping cross section and a lower concentration of generated traps. On the other
hands, “close-to-intrinsic” characteristics and excellent performance were
demonstrated for CESL strained HfO, nMOSFETs under Pulsed-IV operations. A
roughly 50% g, and 60% Ion increase can be achieved for the CESL HfO,
nMOSFETs using PIV measurement. These results provide a valuable guideline for

future 45 nm and beyond CMOS device designs with high-k and strain engineering.
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different capping nitride thicknesses.
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5-2 A Novel Dynamic Threshold HfO, nMOSFETs (DTMOS) with Local Tensile

Strained Channel

5-2.1 Introduction

As scaling of CMOS technology reaches its physical limitations, HfO, gate
dielectrics are considered to be the most promising high-k dielectrics to meet the
future ULSI application [5.15], due to its high dielectric constant and excellent
thermal stability [5.16]-[5.18]. Besides, as MOS devices continue to be scaled down,
the low supply voltage is desirable to minimize the power consumption. Dynamic
threshold voltage metal-oxide—semiconductor field effect transistor (DT-MOSFET)
has been extensively studied [5.19]-[5.21], being.attractive for lower power supply
voltage applications. By shorting the gate to the body, the threshold voltage operating
under DT mode is reduced due to theforward,biasing of the body. As a result, the
driving current can be drastically improved under the on-state for the DT-MOSFET
[5.22]. The subthreshold swing could be attained to the ideal value (~60 mV/dec)
[5.23]-[5.24]. Since the device exhibits the same normal-mode Vg under the off-state
resulted from zero gate and substrate biases, low standby power consumption is
maintained. Subthreshold slope and short channel effects are also much improved due
to the dynamics substrate bias [5.25].

On the other hand, the improvement of carrier mobility has also been intensely
studied by introducing strain in the channel region. One of the most popular
technologies is using high tensile-stress contact etch stop layer (CESL), which can
obviously improve electron mobility and Iox for nMOSFETSs [5.26]-[5.27]. However,
the combination of CESL technology, high-k dielectrics and DT operation in CMOS

technology has never been investigated. In addition, the CESL HfO, nMOSFET
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operating under DT-mode for different capping nitride thickness, is, to the best of our
knowledge, still lacking in the literature. In this study, we present enhanced
performance and improved hot carrier degradations on CESL HfO, nMOSFET
operating under both conventional and DT modes. The performance of CESL HfO,
nMOSFETs will have larger Gy (135% increase) and “close-to-ideal” subthresold

swing (~62) under DT operation mode with tolerant hot carrier-stress characterization.

5-2.2 Experiment

nMOSFETs were fabricated on 6-inch p-type Si wafers with a resistivity of
15-25 Qcm. A 0.35-um process was used with local-oxidation-of-silicon (LOCOS)
isolation. After a standard HF-last.¢leaning step, the HfO, thin film with 1.6 nm (CET)
was deposited on Si wafer. Then, .« -Si with the thickness of 50 nm was deposited in
order to create the tensile local strain channel-[5.9] Then, in situ n'-doped poly-Si
with 150 nm was deposited in the same ambient. After S/D formation, contact etching
stop layer (CESL) silicon nitride was directly deposited on the transistor at different
thicknesses (50, 100 and 300 nm), followed by a 200 nm plasma enhanced (PE) oxide
deposition. Finally, a four-level metallization (Ti—TiN-AIl-TiN) was carried out in the
PVD system for the contact.

These CESL strained HfO, nMOSFETs were analyzed using an HP 4285 for
C-V characteristics at 100 kHz, and the CET was extracted from the capacitance in
the accumulation region without considering quantum effect. The current-voltage (I-V)
curves under DT and normal modes were measured using a Keithly 4200. For DT

mode, the gate is tied to the body while the body is ground for the normal mode.

5-2.3 Results and Discussion
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Figure 5.15 shows the Ip-Vg transfer characteristics of the conventional and
CESL strained HfO, nMOSFETs, where the device channel length and width were
0.35 and 10 um, respectively. For DT operation mode, the gate is tied to the body and
varied from 0 V to 0.7 V by 0.05 V steps. The drain current of the DT mode was
larger than that of normal mode for all CESL-devices, and increased with increasing
capping nitride thickness, as indicated in Fig. 5.15. The drain current of DT mode
showed 4 times increase over the normal mode for the 300nm nitride capped device at
Vp = 0.7 V and Vg = 0.7 V, as shown in Fig. 5.15. This large increase can be
attributed to the body bias effect. For the DT mode, the device is in on-state. On the
contrary, the device with normal operation is operated in depletion region. In addition,
the drain induced barrier lowering'(DIBL) was less than 20 mV for all samples. By
the same token, current driving capability of- CESL-DTMOS and standard
CESL-MOS are compared. The-drive cutrent.timeasured under Vp=V=0.7 V) for all
CESL-device is 1 time larger when operating-under DTMOS mode than under normal
operation (measured under Vp=Vg=1 V)), again because of the larger body effect
factor. So because of a smaller threshold voltage (under normal operation mode) and a
larger dynamic threshold efficiency, the drain current as high as 30 uA/um at Vp=Vg
=0.7 V is achieved for the CESL-DTMOS as shown in Fig. 5.16.

Figure 5.17 demonstrated the transconductance (gn) of CESL-devices with
different channel length, operated under DT and normal modes. The g, increased with
increasing capping nitride thickness for all CESL-devices due to the local tensile
strain channel, as mentioned above. In addition, the g, of all samples for DT mode is
larger than that for the normal mode. The enhancement of g.,, compared to the normal
operation mode, was increased, with channel length decreasing as shown in Fig. 5.17.

A roughly 135 % increase can be observed for the 0.35um CESL-device with 300nm
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capping nitride under DT mode, by comparison with the normal mode. The increase
of g, was about 100 % for the 1pum CESL-device with a 300nm capping nitride layer.
These results imply that the increase of electron mobility can be observed for the
CESL-DTMOS with HfO, gate dielectrics. Furthermore, the subthreshold swing (S.S.)
can be strongly improved for the DT operation mode as shown in Fig. 5.18. The S.S.
would be increase about 40% for all samples. In order to realize the mechanism for

this S.S. improvement, we can see the equations of drain current and S.S. [5.28]:

W kT i T o
I, :,un—(_)ch¢Seq(Vo Vew)! kT(—)[l—e (gmVpg)/ kT] 0
L ¢q m
-1
S.S.:{alg—i%} = kT xIn10xn o
G
& kT
Co(¢5)=(r <2y \/; .
2 q
n:l—}—ﬂ and m=1+ CD (4)
COX COX

Where Cp is the depletion: layer capacitance, C;, = gD, where D; is the
interface-trap density, and @y is the surface potential in the subthreshold region. From
eq. (1), we can see that the drain current in the subthreshold region is exponentially
dependent on Vg, while Vg is constant under normal mode. Therefore, the drain
current would increase more significantly with gate voltage as compared to that under
normal mode. This is because the threshold voltage in eq. (1) decreases with
increasing V. As a result, the S.S. would be decreased a lot under DT mode.

Figure 5.19 shows Vry degradations for CESL HfO, nMOSFET under DT mode.
Devices were stressed at Vp=Vs=Vp=0.7 V. The threshold voltage is deduced from
the maximum transconductance (g, max) method at Vp= 0.1 V. It can be seen that the
CESL-device with 300nm capping nitride depicts the largest Vry shift at room

temperature among all samples. Electron trapping appears to be the dominant
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degradation mechanism during the hot carrier stressing for all samples. This is
because the vertical electrical field favors the injection of electrons created by impact
ionization near the drain region, where some of the injected electrons are captured by
the traps in the dielectric layer. However, the threshold voltage shift under DT mode
is quite small (within 100 mV after 10*s for 300nm nitride capped sample) due to the
DT-mode operation. The applied voltage is Vp=Vs=Vp=0.7 V for DT operation,
therefore, the reliability of DTMOS cannot be easily degraded by such small applied
bias. The same excellent reliability can also be observed for the on current
degradation, in Fig. 5.20. The 300nm nitride capped sample shows the worst Ion
degradation. However, for the worst case, the Ioy degradation is only 30% after 10*s
HC-stress. On the other hand, the interface characterization of CESL-devices is
almost not degraded by HC-stress under DT mode, indicating that the electron
trapping is the dominant degradation mechanism, as mentioned above. The Ip-Vg
curves only show Ion degradation without-S:S.-variation before and after HC-stress, as
illustrated in Fig. 5.20(b). The g is-almost the same for all samples after 10* s
HC-stress as indicated in Fig. 5.21, indicating that only electron trapping can be
observed during HC-stress. To sum up, the CESL-DTMOS exhibits enhanced

performance with tolerant reliability degradation.

5-2.4 Summary

The performance can be much enhanced for the CESL-DTMOS with high-k gate
dielectric. 135 % g, increase can be observed for the 0.35um CESL-device with
300nm capping nitride under DT mode, by comparison with the normal mode.
Besides, the subthreshold swing can be improved about 40% for the CESL-DTMOS.

The “close-to-ideal” subthreshold swing can be achieved for the CESL-devices under
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DT mode. Nevertheless, the tolerant reliability degradation can be observed for the
CESL-DTMOS after hot carrier stress. This result suggests that the CESL-DTMOS
with high-k gate dielectric is a very suitable application for future high performance

and low power consumption technology.
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Fig. 5.16. The Ip-Vp characteristics of CESL HfO, nMOSFETs with (a) normal and (b) DT

operations.

Drain current (vA/um)

Drain current (vA/um)

20

15

(a) normal mode

| —=— CN 50
| -~ CN 100
—i— CN 300

40

W W
=T & )

25

- = N
oo Wt o

0
0.0 0.1

0 02 04 06 08 1.0
Drain voltage (V)

F (b) DT mode '

s V,=0.7V-

| —a— CN 50 '

L= @= CN 100

- —a— CN 300

. "

02 03 04 05 06 0.7
Drain voltage (V)

129



normal mode
—a— CN 500
40} A —ea— CN 1000 .
L 135% —a— CN 3000
— 30t DT mode 1
£ —=— CN 500
= —e— CN 1000
= 20} CN 3000 4
o \
10l T 100% -
0.1 1

Gate length (um)

10

Fig. 5.17. The g, enhancement can be observed for DT operation mode. g,, increases with

channel length decreasing for all CESL HfO, mMOSFETs under both DT and normal modes.

150 : r
@ W/L = 10/0.35 (um)
—a— normal mode

_120p —=— DT mode 7
g

*—g
§ —®
=
E g0} .
)
7]

E— £

60F ----S===-----~ ldeal 3.3
0 100 200 300

CESL thickness (nm)

400

Fig. 5.18. The subthreshold swing can be much improved for all CESL HfO, nMOSFETs

with DT operation mode.

130



150 ——————
120 | = E- CN 1000

—a— CN 3000
)
g o
=
£ 60
>I—
30

@Stress V =V =0.7 V

0 N 1 M 1 M 1 N 1 M
0 2000 4000 6000 8000 10000
Stress time (s)

Fig. 5.19. Characteristics of Vry shift for all CESL HfO, nMOSFETs with DT HC-stress. Vg
shift is only 105 mV for 300 nm nitride capped device after 10000 s HC stress.

50 Y ' T Y
. cN 500 @WIL 10/0.5 um |
40k - <= CN 1000 -
i —a&— CN 3000
30

]
(=]

=%
]

l,, degradation (%)

@Stress V =V =0.7 V 1

D i 1 1 M
0 2000 4000 6000 8000 10000
Stress time (s)

Fig. 5.20(a). Characteristics of Ion degradation for all CESL HfO, nMOSFETs with DT

HC-stress. lon degradation is only 32% for 300 nm nitride capped device after 10000 s HC
stress.

131



107 10° 10°

—=—fresh —i— fresh —=— fresh

—10000s 10000s 10000s

HC stress HC stress HC stress
10} 10' 10'

=

10° 10

I, (nAlum)

10 10

. 5 CN 1000 , CN 3000
10y, 71%.302035050.7'%.30205060.7
V, (V)

Fig. 5.20(b). Ip-Vg curves of all CESL HfO, nMOSFETs before and after DT HC-stress. Only
Ion degradation can be observed after 10000 s HC stress for all CESL-devices.

C 7 @WIL10/0.5um
=l @ um |

9‘9---6-——@-——-0-___(
E2pma o o .00 -
‘ca o
2 20 —=—CN 500 .
o - o= CN 1000 ]
16} —&— CN 3000 ]
12k @Stress V =V =0.7 V|

0 2000 4000 6000 8000 10000
Stress time (s)

Fig. 5.21. g, degradation of all CESL HfO, nMOSFETs during DT HC-stress.

132



Chapter 6 Conclusions and Recommendations for Future Works

6.1 Conclusions

In short, this dissertation has involved the CF, plasma treatment, fluorine
implantation and CESL induced strain technique on HfO, gate dielectric, leading to
the dielectric performance improvement. Moreover, some reliability issues such as
hysteresis, current transport mechanism and charge trapping phenomenon are
discussed. Major contributions of each subject in this work are summarized as
follows.

First, we describe the characteristics of silicon surface fluorine implantation
(SSFI) for HfO, films with high-temperature postdeposition annealing. The thermal
stability of HfO, gate dielectrics is much 1mproved owing to the incorporation of
fluorine into HfO, thin films. The gate leakage current of the SSFI HfO, films is
about three orders less than that of samples-without any fluorine implantation. In
addition, improvements in stress-induced leakage current (SILC) and charge trapping
characteristics are realized in the HfO, films with the SSFI. The incorporation of
fluorine atoms into the HfO, films reduces not only interface dangling bonds but also
bulk traps, which is responsible for the improvements in properties. On the other hand,
the current transportation mechanism of HfO, gate dielectrics with TaN metal gate
and silicon surface fluorine implantation (SSFI) is also investigated. Based on the
experimental results of the temperature dependence of gate leakage current and
Fowler—Nordheim tunneling characteristics at 77 K, we have extracted the current
transport mechanisms and energy band diagrams for TaN/HfO,/IL/Si structures with
fluorine incorporation, respectively. In particular, we have obtained the following

physical quantities: 1) fluorinated and as-deposited IL/Si barrier heights (or
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conduction band offset): 3.2 eV & 2.7 eV; ii) TaN/ fluorinated and as-deposited HfO,
barrier height: 2.6 eV & 1.9 eV; and iii) effective trapping levels at 1.25 eV (under
both gate and substrate injections) below the HfOF conduction band, 1.04 eV (under
gate injection) and 1.11 eV (under substrate injection) below the HfO, conduction
band, which contributes to Frenkel-Poole conduction.

Second, a process-compatible CF; plasma treatment for fabricating
high-performance HfO, gate dielectrics MOS capacitor is demonstrated. This CF4
plasma treatment was divided into two parts, which are pre-CF,4 plasma treatment and
post-CF4 plasma treatment, respectively. The effective oxide thickness of high-k gate
dielectrics was much reduced by using the pre-CF4 plasma treatment due to the
elimination of the interfacial layer between HfO, and Si-substrate. In addition, the
Hf-silicide was suppressed and Hf-F bonding was observed for the CF, plasma
pre-treated sample. On the -other hand, .the . fluorine atoms were -effectively
incorporated into HfO, thin film andiHfO,/Siinterface by post-CF,4 plasma treatment.
The charge trapping would be eliminated and the interface of the HfO, gate dielectrics
was also improved. The device post-treated by CF4 plasma treatment would have low
leakage current, higher breakdown voltage, and thinner effective oxide thickness.
Besides, the C-V hysteresis was much reduced about 90 %. A physical model was
presented to explain the improvement of hysteresis phenomenon and the elimination
of charge trapping of the fluorinated HfO, gate dielectrics.

Then, a novel high-performance and excellent-reliability CMOS HfO,
fluorinated by CF, plasma treatment was demonstrated. Ion/Imin current ratio
(~6.69x107), S. S. (~76 mV/dec), DIBL (<20 mV), and mobility (~165 cm?/V - s) can
be observed for the HFOF nMOSFETSs, and Ion/Imin current ratio (~1.69><108), S. S.
(~80 mV/dec), DIBL (<20 mV), and mobility (~67 cm?/V - s) can be observed for the

HfOF pMOSFETs. The CMOS HfOF has better HfO,/Si interface and dielectric
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quality, including small GIDL current and less NBTI and PBTI effect. Reduced GIDL
current was observed for the CMOS HfOF due to HfO,/Si interface passivation by
fluorine, resulting in less hole-electron pair generation. The fluorine incorporation
into HfO, gate dielectrics effectively passivated the dielectric vacancies, resulting in a
deeper trapping cross section and a lower concentration of generated traps.

Finally, new observation on SiN-cap strain-induced improved characteristics and
PBTI reliability of nMOSFETs with HfO, gate dielectrics were reported for the first
time. The “close-to-intrinsic” characteristics including driving current and gy of
SiN-capped HfO, nMOSFETs were much enhanced about 90% and 50%, respectively
by pulse-IV measurement. The CESL-device has better HfO,/Si interface and
dielectric quality, including less charge pumping current (90% reduction) and less
PBTI effect (55% reduction). Finally, the performance of CESL-HfO, nMOSFETs
will have larger g, (135% inerease) and “close-to-ideal” subthresold swing (~62)
using dynamic threshold (DT) operation-meoede with tolerant hot carrier-stress
characterization. These results provide.a valuable guideline for the future 45 nm and

beyond CMOS device design with high-k and strain engineering.

6.2 Recommendations for Future Works

There are some topics that are suggested for future works.

As described in this work, CF4 plasma treatment provides a good passivation of
trap states near the HfO,/Si interface. However, in this thesis, the CF4 plasma is
generated by a conventional PECVD system. High-density plasma (HDP) and
electron cyclotron resonance (ECR) plasma are suggested to further dissociate the
fluorine atoms and thus improve the efficiency of fluorine passivation. Furthermore,

remote-plasma is believed that it can avoid plasma-induced damage in the Si-substrate
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during plasma treatment, especially for the pre-CF, plasma treatment technique. Some
further studies of this CF,4 plasma treatment can be done by adopting these three
plasma systems.

We have demonstrated the high-performance and excellent-reliability HfO,
nMOSFET fluorinated by CF,4 plasma treatment. However, the novel HfO, pMOSFET
fluorinated by CF, plasma treatment can be further studied. The negative bias
temperature instability (NBTI) is also an important issue for HfO, pMOSFET.
Although fluorine incorporation into HfO, gate dielectrics can effectively passivate
the dielectric vacancies, resulting in a deeper trapping cross section and a lower
concentration of generated traps. The NBTI mechanism of HfO, pMOSFET with
post-deposition or pre-CF,4 plasma treatment will be an interesting research topic.

Besides, the applications of HfO, gate dielectrics with or without post-deposition
and pre-CF4 plasma treatment to other fields such as
silicon-oxide-nitride-oxide-silicon (SONOS)-flash. memory and Si-based thin film
transistors (TFT) could be investigated:-A novel SONOS memory structure used HfO,
gate dielectrics as tunneling, blocking layer, or the charge trapping layer can be
extensively studied. Suitable high-k materials and thickness, additional plasma
treatment and annealing should be seriously considered.

We have studied the post and pre CF4 plasma treatment, fluorine implantation
and CESL induced strain technique can improve the HfO, gate dielectric
characteristics. Other high-k gate materials such as ZrO,, Al,O;, Gd,0Os, La,0s, and
HfSiON (Hf-silicate) with these advanced passivation technology and strain

engineering can be aggressively investigated.
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