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Noise Features in MOSFETs

®1/f Noise
®Thermal Noise
®Induced Gate Noise

@®Cross-Correlation Noise

®Shot Noise
@®Junction Noise
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Basic Equations

-Poisson: V= “Eq (Np=Np+p—n) J/
— ey 19 = 9)
1n=n;exp i
q(Q,— 0
p=n;exp ! ET )
: )
-Current Density: . = Gy Y+ gD Vn
o -~
fp:q.“pfr:}if_q[)[ﬁvﬁj é
B
-Continuity: J(t) = Iy(t) + ‘[']? =

( solved by circuit simulator )
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Available Models in Commercial SPICES

CMC Standardization Process

Models Year 96 98 00 02 04

i i i i i
BSIM— g

V,,-Based (UC Barkeley)

(Philips)

Charge-Based | BV ¢
(Swiss IT)
Surface-Potential
| SP2000 ———e —————
(analytical) (Penn. SU)
(exact) HiSIM

HiSIM solves the Poisson equation iteratively.
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Surface Potentials: HISIM Results

Source Gate Drain

6 _ Vg; _
> s = Ps0 +V s =4V
E 4r =3V
= r =2V
= 2 - =1V-
1 —
45 o R T T T S
Vgg (‘r) Vds (\F)

: Drift Approximation
(V, based model)

Short-channel effects are included in potential calculations.
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Derivatives of Drain Current

Wy/L=2pm/40nm
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H. J. Mattausch et al., IEEE Circuit & Devices Magazine, vol. 22, no. 5, p. 29, 2006.
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Gummel Symmetry Test

(yw) Py (zAw) (A Dp/(PT) zp

Vi (V)

Vi (V)
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Technology-Based Modeling

2D-Device Simulation Result
[Impurity Profile, Noup] [Potential, ¢]

Source Gate Drain

-
— N\

Channel Engineering
(Pocket Implantation)

Surface Potential l *’T
e

require accurate impurity-profile extraction
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Modeling of Pocket Implant

—w/o Talil

Pocket-Implanted Case —— with Tail
G I
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‘ < |
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Ly (um)
Nsubp  Pocket Tail
?
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7N
M 1 1 1 | \\
02 04 06 08 N
Position in the channel [um] ) sube N
_Len

Position in the channel
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Mobility (cm?/V s)

Universal Mobility
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1x10°
Eeff (V/cm)

3x10° 5x10°

2x10°

1 1 1

L + +
Ho Hcr HpH HSR

Q)
gx 1011
PHO
(Tf300K )PH TMP y Eeﬁ,PHf

SR
® USR = ——57—

eff

e UcB= CB0O + CBI

® Upy =

Eer = L(NDEP X Q b
Esi
+ NINVX Q)
PHI=0.3
SRI1=2.0

IVDEP = 1.{:)
NINV =0.5

S. Matsumoto et al., J. Appl. Phys., vol. 92, p. 5228, 2002.
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Harmonic Distortion vs. Mobility

V,.=0.1V
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Vos(V) Vgs(V)

o/ 0%l 1 |
HD1~ |V, ds HD2 ~ ——V2 :s HD3~ [ —V2 0 gs
s 4 ot 24 9V,

Mobility determines the harmonic distortion characteristics.

D. Navarro et al., IEEE Trans. ED, vol. 53, p. 2025, 2006. _
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Under Saturation Condition

F channel

2.5 i —2D simulation
e Voi=1.5V
— 2.0 F i HI;”\%H" V;r.lz-.'.zl*ﬁ\rw
= & 0
> = ¢}::1]r+";.;|..-
1.0 E

ﬂ

1.0 1.5
Position (L.um)

2.0

Pinch-off region
steep potential increase
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Beyond Pinch-off Point

Approximations Applied for Modeling

® Inversion-Layer Thickness ~

® Gradual-Channel ApprOX|mat|on q Valid for long channel

Gate

Vs
Oj l . Lgﬂ[c = 80nm
L z
Gradual-Channel Approx. —»€—AL—» ¥ 24 {} i
¢S{}+Vds
st O s(AL) g_ .
0 04 08 12 16

modeling further potential increase
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Noise Sources

. G
1/f Noise: | |
SAN o Si02
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Cross-Correlation Noise: ) — _— L °
_— scattering - o
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Measurement Setup for 1/f Noise

Drain
Bias

HP 4156
DC Source

B

Gate
Bias

I

Low pass
Filter

-V converter ‘I:)

Low pass

Filter

Prober Station

High pass
Filter
) Vector Signal
L.N.A [ Analyzer
v U
Open :> De-
Meas embedded
U
Extraction
Shield
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Noise Figure Measurement

Noise Source

R —
Sin/Nin

6614C 6612C
— DC Bias DC Bias |
(Gate) (Drain)
8722ES
Network Analyzer
Tuner Tuner
—
Sout/Nout

N8974A

NF Meter
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K. K. Huang et al., IEEE Trans. ED, 37, p. 1323, 1990.
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Monte Carlo Simulation
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H. Ueno et al., Appl. Phys. Let., vol. 78, p. 380, 2001.

Noise Intensity<j Number of electrons hitting SiO, surface
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Measured 1/f Noise

10" . .
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S. Matsumoto et al., IEIEC T E, E88-C, p. 247, 2005.

NMOSFET
W=10um
Vgs=1 .2V
Vys=0.4V
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Sid [A2/HZ]

Ly=1pm (nMOSFET)

Linear Condition

w D Vds (Source-GND)
L& 1
H} Vsd (Drain-GND)

_____ : + Vds (Source-GND)
AL R » Vsd (Drain-GND) -
18] N, |
19| \% oo

W=10um
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21 J , l
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Saturation Condition
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Sid [A?2/Hz]

L4=0.13um (NMOSFET)

Linear Condition
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Sid [A2/Hz]

Explanation

Inhomogeneous trap density distribution

Ntrap + Ntrap 4
non-uniform non-uniform W, /L ,=10pm/1um
e i V_.=0.5V
= , o
Sp ! :S’J: ______________ Sy : V,.=0.4V
uniform S; uniform S,
» Z > 7
1017 o Meas Source-GND A Meas Drain - GND
— Model i — Model i
10781 i _
107
1072
10
1022

10

HiSIM Team 24



— — —
o o o
— — —_—
o E N w

—_—

Q
'y
2]

Sid[A2/Hz]

— — — —
o o o o
(%] -5 -5 5
o w (] =~

Statistics on a Wafer

! | | |

- —Average i
_ - 20 —
/N f=100Hz
015 /
@
15
By \
a
5
j o= 5 / \
L \[J
0 810" 1610"2410"3210"
Sid[A2/Hz]
| | | | -
10 100 1000 10* 10°

—

fHZ]
Homogeneous Distribution on a Wafer

HiSIM Team 25



Model Equations

N [C]
W.N IV 2 b N
- g'Vt L-alffgs) ( 1 d NI
Sl )= G2y 5 [W [N(x) S ] ) N
_ 12 N.(E N, +N’
s, (=YD LTl L g [NV ]
L W qnf (N5+N )(N|+N) NI—N5 NS+N
CoxtCaep+CIT

qp
Model Parameters

Trap Density: N, =N,(E;)/n [eV 'em™ [em] =[eV 'em™]
Scattering Coeff.: o [Vs]
Capacitance Change: C/T = 0
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Comparison with Measurements

10‘" e 1[]'16 : T T T 10-15 T T
L, =1.0um Ly =0.46um L, =0.12um
,10-13 10'17.
N
Ni 10" $ 1078
&
. -19
10%F o V.=02v] 0}
o \, =06V
o V=12V .
=21 . L L N - L
1002 04 06 08 1 12002 04 o0 .
Vgs [V] Vas [
® N, ,, IS fitted to measurements.

® If technology is mature, N, is nearly universal.

trap

> |-V characteristics determine 1/f noise characteristics.
» 1/f noise is predictable.

S. Matsumoto et al., IEIEC T E, E88-C, p. 247, 2005.
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Origin of Thermal Noise

- /: /‘
o i ¢ io ¢

@ e
/L_______;L________
- e P /
n=Kk n=Kk

7

I @ /:
scattering !
s ® |
“MJ"‘*-.. | @
: ® "ag : °®
® L [T Sy
o -~
n=k-1 n=k+1

van der Ziel Equation based on Nyquist Theorem:

Sig =

4KT

’|

Leff ds
=4KTg 4507

[ 965’ (y)dy

J4s(Y): Channel Conductance

J4dso-

at V,.=0

7 Noise Coefficient

No Additional Model Parameters
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Sid[A*/HZ]
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10

10

10

Comparison with Measurements

19
Vgs=1.0V el Vds=1.0V
291 Whin=5um i [ Wfin=5um l
N=20 102! N=20
21— —a—13 N I -
| -l ¢ ] c;I-- 22
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P L i<l
i 1 D 2] )
-23 L 1 1 1 10-24 1 L 1 i
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—a ZLg:0.1?}.lm i - HiSIM
s [3=0.3um Lines: HiSI
—e— :Lg=0.5um Symbols: Measurements
—h ZLg:1.0}.lm

. Hosokawa et al., Appl. Phys. Let., vol. 87, p. 092104, 2005.
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Noise Coefficient (y) in Short-Channel MOSFETS

6 .
5| L9 i
A -
al i f: ke
[ - -
[T} .-’.2 Short-Channel
] N -
&= 1c -~
2 ] 3
Jamal Deen's model O 2\
()} 1 ]
1 Scholten 1 o 3 ! Long-Channel
= o
0 . . . . I|_ongl—(3h€;1lnnel zZ 1 >
0O 02 04 06 08 1 12 14 1.6 0 Vdsat

Vds[V] Vds[V]

Different Explanations

 Knoblinger et al. (2001): Hot Electron Contribution
« Jamal Deen et al. (2002): Channel Length Modulation
e Scholten et al. (2002): Velocity Saturation
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yfor Short-Channel MOSFET
Analytical Investigation

0.9

0.8+

0.7 +

0.6

Wg=10um
Vgs=1 0V
T=300K

[ Lg=0.11um
A LgZO.SMm #)
® Lg=5.0um . 7 -

l;;

0

OI.2 OI.4 OI.6 OI.8
Vds[V]

Origin of ¥ Increase

y Increase

1

1.2

1.4

. Position Dependent

'lmm.uummn- . Constant

} Mobility Reduction along Channel
(No additional model parameter)

} Potential Increase

S. Hosokawa et al., Ext. Abs. SSDM, pp. 20, 2003.
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Comparison with Measurements: Excess Noise

12 1 1 1 1 I I 1
< 11} vilg=0.11um --- Vgs=0.8V |
y— mLg=0.17um — V4e=1.0V
& 4 aLg=0.18um gs
O ¢ :Lg=0.3um )
4= e :[g=0.5um
© 09 h Lg=1.0um - _ _ _ _
8 Lines: Simulation (HiSIM)
o 08 | Symbols: Measurements
B
§ 0.7 |

N~
0.6 1 1 1 1 1 1 1
0 02 04 06 08 1 12 14 16

Vas[V]

»First ¥ Reduction and Increase in the Saturation Region
»No Drastic Increase of y
» ¥ Minimum Increase from 2/3
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Noise Coefficient (y)

Gradient of ¥

Comparison with V,, Shift

1'2 T ) T ) 1 ] L}
11t viLg=0.11um --- Vgs=0.8V -
mLg=0.17um — =
1 a [5=0.18um Vgs=1.0V
¢ :Lg=0.3um 1
e :[g=0.5um
0.9} A :Lg=1.0um - Grad ]/
0.8} -
0.7} 4
0.6 1 1 1 1 1 1 1
0 02 04 06 08 1 12 14 16
Vds[V]
0.25 . . . . .
0.2}
0.15}
Sl —— Calculation
h®¢@ B A Measurement 1
0.05 AV Measurement 2

0 ] ] 1 ] 1
0 0.005 0.01 0.015 0.02 0.025 0.03

Gradient of AV,

Grad. AVth

0.05 .
AVih = Vi (long ; Vgs= 50mV) - Vi

b

Lgate — 05].er'|

0.01 F - j
—o—
Lgate = 1.0“m

0 L L
0 0.5 1 1.5

Vys(V)
AV,=V(long)-V, (short)

Universal Relationship
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Induced Gate Noise & Cross-Correlation Noise

Sy = [ |, ‘Qda; — j(A[l' + AL )QAU2dLIJ rinduced gate

n=k-1 n=k+1
carrier density

G
A A A
SiOp B B
S D
J : — L
scatterin :
.g e O 4
o & o °
o e

*
* / ! / .
Sigid = IAz‘Q Aigdz = I(Afl + AL, ) (A[2 )Av2d:z: . Cross - correlation

T. Warabino et al., Proc. SISPAD, p. 158, 2006.
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Siy = [ 8% fdo = | (AL + a1, )QAUZCZ:E
Sigiy = [ aig Aigd = | (AL + a1, )* (AIQ' )AUde

transmission line 1 transmission line 2

| 11 |
=0 T=129 r=Lg

-0 O-

lAIl ™ T ™ : ™' r T AIZT

AY

S Av : noise generator D
(Continuity eq. M. Shoiji, IEEE TED, pp. 520-524, 1966.
oL
@)} = —ja)ﬂv(x)
Oz d V(z) = Vy(z) - Av(z)
Current Density eq. I(z) = I, - AI(z)

V(x)%V(w) - Wiﬂ Ir)  Vol@) = Vy = Vip(2) Vg
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Siq for Long-Channel Case

N A Vgs=0.1V {  vander Ziel'smodel
~ ]
< . 2
= B V=10V (@Cs)
o gs _ gs
=1GHz §
----- van der Ziel / :
.« | —HiSIM Lg=5um ;
10- 1 1 1 1 1
0 02 04 06 08 1f_|_ < 1GHz
Vds [V]

The van der Ziel model is valid only in the saturation region.
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Comparison with Measurements

|| 1
Dotted line: van der Ziel 3
) Solid line: HiSIM :
21 I Symbol: Measurement ( Scholten ) 1
107 k
S Vgs=1.8V 1
Ry 00 ,%, ¢ ° % /=25GHz |
'ﬁ' 10-22 5 ° ® @
I ?l' 1 . Lg=1um ?
N L LTI RRVACT: VAR
< f=25GHz .
o -23
2 10 ]
A“A‘A‘l“‘“n :
24 V0 TTreealLl...
10 0.18um
=1V
f=5GHz
10 - - :

Vgs [V]  A.J.Scholten et al., Tech. Dig. IEDM, p. 867, 2003.

The excess noise for short-channel devices is

due to the potential increase along the channel. iSIM Team 37



Excess Noise in Short-Channel MOSFETs

2
(C()Cgsj
S = 4kT ~+—= Y S
9as0
2.5 T T T T L]
: + Lg=018|.lm — > ] 1.2 T T T T T T
=% I ] >
';E: oL A 211 vLig=0.11um  --- Vgs=0.8v
g 7 Lgvhum ] 8 :i S0 i7um " Vas=1.0V
= F© Lg=2um ; £ 1 AL =0.18um
S 15F ] 8 :ﬁ Z03hm
............. EESSS——T e —————
ki [ : g LL =1.0
O L wn
< 1F )
I - z
R [ ©
s =
o 05 o)
3 - . =
= i _\ﬁ?gﬁner Zel Vgs=1v 1 = 0.6 1 1 1 1 1 1 1
0 [ 1 1 1 1 1 ] 0 0.2 04 06 08 1 12 14 16
0 02 04 06 08 1 12 Vds [V]
Vds [V]

Excess noise starts to saturate for further V. increase.
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Correlation Coefficient : ¢

Correlation Coefficient (c)

Correlation Coefficient :

04k ..20 .. ) W
A G
/. \&\
0.3} N
° Vg4s=1.5V
0.2 0 Vgs=1.0V -
+ Vg4s=0.1V
0.1F i
T SRR van der Ziel
[ —HiSIM
O 1 1 1 1
0 0.2 0.4 0.6 0.8 1
Vgs [V]

Correlation Coefficient : ¢

igl
o __l9ig
Si Si
g d
I A <t A i >
0.3}
: + Vgs=01v
0.2 -

o Vgs=10V
O VgS=15V_

----- van der Ziel }
—HiSIM ]

0.2

04 06 08 1 12
Vs [V]

HiSIM Team 39



Phenomena Important for RF Applications

1/f Noise
10 - - 1.2
Ly = 0.46um

< 11t

T
Q 1

N =
x "'003 09l

< O
0.8l

% @
3 o7t
0.6

Thermal Noise

v:Lg=0.11um  --- Vgs=0.8V -
o Lg=017um — Vee=1.0V
a:Lg=0.18um g8

¢ :Lg=0.3um T
e :[g=0.5um Y
A iLg=1.0|.Em ."V-" i

0O 02 04 06 08 1 12 14 16
Vds[V]

Harmonic Amplitude

» No model parameters are required.
» Features are determined only by I-V characteristics.

Ll

4
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10 F----/
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ko
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i
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Harmonic Distortion

02 04 06 08 10 12
Gate voltage (V)

Electrostatic effect is still dominating.

Il

Surface potential is important.
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Summaries

v The 1/f noise is mostly governed by the carrier fluctuation
due to the trap/detrap process.

v The thermal noise is governed by the potential distribution
along the channel.

v The induced gate noise and the cross-correlation noise are
governed by the same mechanism as the thermal noise.

v These results conclude that the noise is still governed
by the equilibrium carrier dynamics for MOSFETs down to
the sub-100nm channel length regime.

v' The surface-potential-based model HiSIM is capable for
predicting noise characteristics.
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