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1. Background




Importance of Threshold Voltage

Required device characteristics

O Power MOSFETs: normally off
O CMOS devices: normally off & V;, balancing between NMOS and PMOS
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Threshold voltage control is essential for both applications



Threshold Voltage Control in MOSFETs
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Vi = Pgate — Ps + 2Yp +

Gate work function (¢¢ate)

Typical ¢cate - 4.1 €V (n* poly-Si) ~ 5.2 eV (p* poly-Si)
—> Controllable V5, range: narrow

Oxide capacitance (C,,)

Gate oxide of NMOS and PMOS is formed at the same time
- Individual V5 control: difficult

Body doping concentration (Ng,qy)

® Individual control
® Wide-range control

® Precise control by ion implantation ‘ Vo vs. N in SiC MOSFETs ‘
TH - ' "Bod
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2. Body doping dependence of threshold voltage




Device Fabrication

Process flow of MOSFET fabrication n-channel MOSFET

Source Gate Drain SiO:
| |

lon implantation to change Ngq,
- n-channel: Al, 1 X 10'°-4 x 10" cm™3

. p_ChanneI N, 5 X 1015_2 X 1018 Cm—3 lon-implanted layer L =100 um

p-type epilayer W=50-170 um

Na=1x10"° cm~

lon implantation for source/drain (0001) p-type substrate

Post-implantation annealing
p-channel MOSFET

Oxidation to form SiO, (130000) Source Gate  Drain SiO;
> 30 nm-thick oxide ﬁ
Post-oxidation annealing lon-implanted layer

(NO annealing, 1250°C) n-type epilayer

Electrode formation (Gate: Al)




Extraction of Threshold Voltage (V;,)

® Split C-V measurement = Hole/Electron density in the channel region (Ng,.nnel)
® V., is defined as the gate voltage at N ,,,=1% 10" cm=2 ({)
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Increase in body doping concentration (Ng,qy)
- p-channel: negative Vq, shift, n-channel: positive V4, shift
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® | ow Ng,q, region : Small negative AVy, in both p-channel and n-channel
® High N4, region: Positive AVy, in p-channel & Negative AV+, in n-channel
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Non-ideal charges in MOS structure

® Fixed charges (known in Si MOS) [1,2]

Independent of gate voltage & temperature Trapped electron| |
Fixed oxide Charge (oxide)
® Trapped electrons/holes I ¢ A H % v
_ ECELVARS: 14
Depending on gate voltage & temperature Trapped electron (interface) S
111 7 11 . 7 . u — 8
Trapped” + “Fixed” = Effective fixed charges (Q.¢) > I 1
..Extracted by threshold voltage shift (AV;y) 2,1 1Av_
S 7 TH
Qeff = CoxAvTH = Cox( VTH,theory_ VTH,exp) ‘;3 2 -
C., : Oxide capacitance Iif s
Vi tneory - 1heoretical threshold voltage E T ORI
VTH,eXp . Experimental threshold voltage Body Doping Concentration [cm™]

[1] B. E. Deal et al., J. Electrochem. Soc. 114, 266 (1967). [2] A. S. Grove et al., Solid-State Electron. 8, 145 (1965).



Effective Fixed Charges vs. Body Doping Concentration 9/24

'//n-channel (p-body)

Increase In acceptor density
- Positive Q4 increases

~

] ‘ p-channel (n-body)
- Increase in donor density
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Q. = Trapped electrons/holes + Fixed charges
...Which is dominant?




Gate Voltage Dependence of Q_

Q. at Vi and Vig Band diagram of MOS structure
A [T —rm Threshold voltage (V) Flatband voltage (Vig)
op i i Fixed charges Ec Fixed charges
e 2 B Interface states
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1. Qe Vrn) = Qei( Vi) 2 Qi is dominant  cf) St MOSFET. Qy, is constant]

2. n-channel (p-body): Positive Qg, increases

p-channel (n-body): Negative Q, increases} In high Neoqy
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3. Insight into doping-dependent fixed charges




Possible Origin of Ny 4 -dependent Fixed Charges 12/24

Process flow of MOSFET fabrication

lon implantation to change N,
...n-channel: Al, p-channel: N

Post-implantation annealing

Oxidation to form SiO,

- 30 nm-thick oxide SiC is replaced by SiO, via oxidation \
- _ %Impurities incorporated inside SiO, create Qy,?
Post-omdatl_on anneaollng 000060 @ ® ¢ s
(NO annealing, 1250°C) 00000 000 0900
00000 } 00000
90,000 00000

K SiC  ‘lmpurity SiC /




Dopant Redistribution during Oxidation

13/24

Sample preparation

N-doped or Al-doped
(0001) samples

. 4

Oxidation
1300°C, 20 min

. 4

SIMS

Nitrogen Density [cm™]

Both N and Al atoms were incorporated inside SiO, by oxidation

Nitrogen (n-body)
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Oxidation of SiC Causeg

Ox-NO

AQq: Qe shift from Qqp(Npog,~10"° cm™)

Epitaxial growth & lon implantation

'

'

Post-implantation annealing

Oxidation

1300°C, 20 min

v
'

Post-oxidation annealing
NO, 1250°C, 70 min

/ n-body
SRR L L
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=2 _
= | |
G -3 2-
I |

4 I I I

1050 o 0t
Body Doping Concentration [cm'3]

— Oxidation itself does not cause Ny 4 -dependent Q,
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Process flow of MOSFET fabrication gg';gfaqtea;'ggfgifssife:iegs?m SIC )
fix ©
lon implantation to change N,
...n-channel: Al, p-channel: N T
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Post-oxidation annealing
(NO annealing, 1250°C)




lon Implantation Causes Ng,4,-dependent Q;, ?

Impl-CVD-NO

n-body
Epitaxial growth L
Neoay =10 e o O )

=
O -1 —
lon implantation - ! ]
& Post-implantation annealing = -2 Impl-CVD-NO i
Ngog,= 1016~10'8 cm™3 o I |
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NO, 1250°C, 70 min

AQ_(Epi-CVD-NO) =~ AQ 4(lmpl-CVD-NO)
- lon implantation does not cause Ny 4 -dependent Qg,
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Process flow of MOSFET fabrication \

Post-oxidation annealing
(NO annealing, 1250°C)




NO1250 As-Ox

Epitaxial growth ~ Post implantation annealing

' I

Oxidation

NO annealing

1250°C, 70 min

A 4

Cooling down in N, (rate: 5°C/min)
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OAQ.4 is independent of NO annealing temperature

OSimilar Ng,q,~AQ relation in As-Ox

— Post-oxidation annealing itself does not cause Ng,q,-dependent Qg,



NO-5°C/min N,-5°C/min

Epitaxial growth ~ Post implantation annealing - 0 I
I I 5 -1
e &
Oxidation =) "
— =2
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NO annealing N, annealing o -3
1250°C, 70 min 1400°C, 45 min < I
*5OC/mIn COOIIng *50C/min COOIing _4 | IIIIII| 1 11111l 1 11111l |
*Cooling rate from annealing temperature to 800°C 10" 10" 10" 107

Body Doping Concentration [cm™]

AQ(600°C/min) < AQ(5°C/min) @ Ngyq,=2 %X 1078 cm™3

® 600°C/min : Final interface formed at 1400°C

® 5°C/min : Final interface formed at a lower temperature (<1250°C)
-2 Q;, depends on body doping & final annealing temperature
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AQ(600°C/min) < AQ(5°C/min) @ Ngyq,=2 %X 1078 cm™3

® 600°C/min : Final interface formed at 1400°C

® 5°C/min : Final interface formed at a lower temperature (<1250°C)
-2 Q;, depends on body doping & final annealing temperature



Proposed Model of Fixed Charge Generation 21/24

Negatively Positively
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1.0 - | | 1 Era J 0 High n-type Ng,q,
- 5 I Negatively-charged
0.5 [ SIC, n-type (p-ch) defects are generated )
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Proposed model based on Fermi level during high-temperature annealing

1. Low Npoyy : Que(P-body) = Qg (n-body)
2. High N4, : Positive Qg for p-body (n-ch) & Negative Q, for n-body (p-ch)




Proposed Model of Fixed Charge Generation 22/24

Negatively Positively

4 e I::harged defect charged defect High n-type NM \
— - n-channel  ~ 4 lJd_d_—____ _of_ Negatively-charged
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Positively-charged

Formation Ener
Body Doping Concentration [cm™] g & defects are generated

L4 \—4

Proposed model based on Fermi level during high-temperature annealing

1. Low Npoyy : Que(P-body) = Qg (n-body)
2. High N4, : Positive Qg for p-body (n-ch) & Negative Q, for n-body (p-ch)
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5. Summary




Summary 24/24

Doping-dependent fixed charges 4 :
Lightly-doped bodies N; 51 -
Q;,(p-body) = Q. (n-body) =~ 5 X% 10" cm™2 ot

© 0 A -
Heavily-doped bodies = I

o
O p-body (n-channel): Positive Q;, T ”'ﬁ"dy N\ -
O n-body (p-channel): Negative Q. S I (p-channel)
g gl ) il
Due to defect formation during 10" 10" 10" 1078
_high-T annealing (E¢-related?) Body Doping Concentration [cm™]

Doping-dependent Q;, should be considered in SiIC MOSFETSs
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