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Fundamental Modeling Approach
* Model Core:

Complete Surface-Potential-Based Modeling (1)

IZ> Surface potentials are origin for all device
characteristics, and are obtained by solving
the Poisson equation iteratively.

Technology-Based Modeling (Il)
|:> The impurity profile determines the surface-potential
values.

* Phenomena Modeling:

Device-Physics-Based Modeling (1)
I:> Number of fitting parameters are reduced.



Surface-Potential-Based Model

Induced charges due to the applied voltage.
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/ Intrinsiq:: Fermi Level
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Depletion Region
p-type Si



Basic Equations Solved in HISIM

-Poisson: V3= —%(ND—NAﬂ)—n) s

n=n; exXp Q($k}¢n) (
q(9,-9)

P =n;exp——m

-Current Density: /y=quyn % + gD, Vn

Jo=attpp 5~ 4DV

log(Zds)

-Continuity: f(t) = Io(t) + %g

-":drift
( solved by circuit simulator ) Ves
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Complete Surface-Potential-Based Model

- Charge-Sheet Approximation
- Quasi-2D Approximation
@< : Solution of the 1D Poisson Equation

Solved lIteratively
. Dependent on Device Parameters

(e-g- Tox’ I\Isub’ )

Source Gate Drain

Surface Potential

= Wlho dQ
- tfonle] 0l o2

Current Charge Capacitance

All device characteristics are described as a function of g5, and ¢, .

¥

All outputs derived from surface potential are consistent.



Calculation Costs for Iterative Solutions

—— W/ Analytical Initial Guess

* Iterations for ¢ and ¢, — W/ Initial Guess in HiSIM
Source Gate Drain 6
(@)
< 5
S
c 4
Pso  PsL E 3
z |
% Criterion for Convergence E 2.7
- 1x10 V in accuracy 1 | | | |
0) 1.0 2.0 3.0 4.0

»Good Initial guess Is required.
’ ) Ve (V)

M. Miura-Mattausch et al., IEEE T. CAD/ICAS, vol. 15, pp. 1, 1996.



CPU Time Comparison

Total CPU

Intrinsic Device
Characteristics

CPU Time (a.u.)

¢ Iteration
Py Iteration

Solving Poisson’s egs. with iteration is applicable for compact model.
10



Advantage of Surface-Potential-Based Modeling 1
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Automatically preserved smoothness

High accuracy suitable for analog applications
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Advantage of Surface-Potential-Based Modeling 2

dQi / dVx(pF)

03 02 010 o1 02 03'%3 02 01 o0 o1 02 03
Vx(V) Vx(V)

Symmetry at V .=0 Is preserved.
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Further Symmetry Test with HISIM241

LAl 0.004 :
0.0003 IdS / VX VS. V
I A T T TR T T HIIH
0.003 _
0.0002
1e-04 R S IS
0.002 + .
D.
-0.0001 0.001 -
RS o
-0.0002 |
0
-0.0003
-0.0004 -0.001 ‘ : :
-0.1 ! d 5 -0.1 -0.05 0 0.05 0.1
0.002 0.02 : ‘ :
Vg=0.2V —+—
3 3 Vg=0.5V ---%---
Vg=1.0V ---%---
vo0s 4> / V.2 vs. V, Va1 gy -

0.001

0.0005

-0.0005

-0.001 A

-0.0015 |- -

-0.002 ‘
01 -0.08 g 0.05 0.1 -0.1 -0.05 0 0.05 0.1



Contents

- Concept of HISIM

- Modeling in HISIM2

- Complete Surface Potential Based Model
mp - Technology-Based Modeling
- Physics-Based Modeling

- Extension to High-Voltage Transistors : HISIM-HV

14



Technology-Based Modeling

- Impurity profile determines device characteristics.

[Impurity Profile, Ngyp] [Potential, ¢’]
Source Gate Drain

Channel Engineering
(Pocket Implantation)

Surface Potential 1

Accurate impurity-profile extraction is a core of modeling.
15



Example: Pocket-Implanted Case

G

Source I Dr-in

— —

@J N Lateral Profile
| |
| L I

p
8 :
Nsubp

Simplified Pocket Profile

Model Parameters:

Nsube .
5 Tsube Ngupp: Maximum Pocket
) Len > Concentration
02 04 06 08 L,: Pocket Extension Length

Position in the channel (um)

D. Kitamaru et al., Proc. SISPAD, pp. 392, 2001.
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Vin (V)

0.60

0.50}

0.40

0.30F

H. Ueno et al., IEEE T. ED, vol. 49, pp. 1783, 2002.

Calculation Results
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Example: - _ -
- Carrier Mobility

1 - Temperature Dependence

- Channel-Length Modulation

Consistent through surface potential

¥

- Reduction of model parameters has been achieved.

- Applicable for RF/ noise characterization
without additional parameter fitting
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Carrier Mobllity at Low Field

1

| | |
= +
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® MsrR=——5r1"
eff

Eup = —— (NDEP X O

Esi
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)
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(5]
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Mobility (cm’/V s)

100

Lgate 15l.lm
(Nsub 56E17cm )

1 I | I 1

L

3x10°

5x10°

1x10°

2x10°

Eetr (Viem)

S. Matsumoto et al., J. Appl. Phys., vol. 92, pp. 5228, 2002.

Mobility is determined by charges.

Consistent charge calculation is important.

N g
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Temperature Dependence

--------- Measured
- Band Gap | —— HiSIM2
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Channel-Length Modulation

Gate Vs

o . -~
l Lines: HiSIM -

. | Symbols: 2D-Devi
Ql . 25 ) YmMpols evice
Wy Drain . 0.
¢ 2D = - F

Gradual-Channel Approx. —Fi—AL—P{

PsotVas
ﬁi’SL ‘?5 S(AL) 10 F
?so

 E(AL) - E(0) ) e
' gNaw + O W4

ALZSS

Ps(AL)= CLMI (¢pso+ Vas) +(1 - CLMI) ¢sr

CLM1, dependent on the junction profile,

determines the CLM effect. N



Harmonic Distortion

f=1kHz
WI/L = 10/0.5 um; V4= 0.1V

HD1

o
I
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— HiSIM
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O
N

Harmonic Amplitude (A)
o

100 | i
wE-%---—--- =—-1
HD3 Meas.
10710 o e Limit
02 0 02 04 06 08 1 12 14
Vgs(V)

HD characteristics are acquired automatically.

S. Chiba et a., Oyo Butsuri Spring Meeting, 28p-ZL-4, 2003.



Harmonic Distortion vs. Mobility
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10-4 T T T T T T T [~ 106 T T T T T T T
/-—'——N-____‘__I:I-D'I R 107
,_\10_5 \/— -
<V r 1 400 104} I |
%10‘6 ~ - — _U'J' B 4 105
[m)]
= ; %100 i =
fa S
€107 | HD2 J~ = L |Op
ﬁ gaoo-Q A 103%
c10® L | = (o]
g o N
F10¢ AD3 107 1"
ks ! i
WIL = 10/0. W= 0.1
joro VLT 1O Ve 0TV 200L 10 : |awavgs 10'1
02 0 02 04 06 08 1 12 14 02 0 02 04 06 08 12 14
(V) Vgs (V)
o/ o’ 3
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gs 4 95 av

D. Navarro et al., IEEE T. ED, p. 2025, 2006.

Mobility determines the harmonic distortion characteristics.
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Noise Characteristics

~ 1/f Noise
c?:F‘- Induced
< 102 Gate Noise _
e -
@) - - e ]
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1/f Noise Measurements

[T
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___Chip1,2,---,40
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1 0'20 | | ] |
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Averaged noise preserves the 1/f characteristic.
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Comparison with Measured Noise

Modeled with carrier distribution along the channel

100704 08 08 1 12007

f=100Hz
1077 . . 1076 : . :
Ly =1.0um L;=0.46um
108 10"}
‘N
T
N:("‘ 10"% 1018
o
20 =19
107 o V.=02vi 1°
o V=08V
. . ':.w:,S— 1.2V N
0.
Vo [V]

2 model parameters trap density & scattering coefficient

S. Matsumoto, Master Thesis, Hiroshima University, 2002.
S. Matsumoto et al., IEICE TE, vol. E88-C, pp. 247, 2005.
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Thermal Noise

12 ) ) ) 1 I I 1
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Potential distribution along the channel
determines thermal noise characteristics.

S. Hosokawa et al., Ext. Abs. SSDM, pp. 20, 2003.



Thermal Noise vs. V,, Shift
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Universal relationship is observed.

S. Hosokawa et al., Appl. Phys. Lett., vol. 87, pp. 092104, 2005.



NOS Model

Gate
VQS © ©
| 1 | 1 F
bty I3 1y T
|r4 1 1 | 1 1
Vgs SWitch on T: Carrier Transit Delay

T (function of surface potentials)

10°

Qi (G.U.)

(sd) aﬁeuc-: aje)

o

source

Position (a.u.)

------ ls (Quasi-Static) " Crmepy T
ls (Non-Quasi-Static)

NQS: carrier transit delay

T: Carrier Transit Delay

N. Nakayama et al., Ext. Abs. SSDM, p. 408, 2002.
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Drain Current (mA)

0.4

0.3

V,=1.5V Rise/Fall Time = 20ps

Simulation Results

— 2D Device Sim.
— HiSIM-QS
— HIiSIM-NQS

T T - = =1 06
— 2D Device Sim. ‘ .
| — HiSIM-QS <
— HiSIM-NQS E o4
E |
g v
S
O o2
] £
©
Lg =0.5um | )
Vy=1V 0
0 10 20 30 40 0
time (ps)

D. Navarro et al., IEEE T. ED, p. 2025, 2006.

20
time (ps)

30

40
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Comparison with Measurements

Harmonic Amplitude (A)

- -
< <
(8)] w

—_—
<
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=1GHz
Lg=5um
e Measurement Vgs=0.1V
HisIM-Qs | Vp=50mV
— HiSIM-NQS
0.2 0.4 0.6 0.8 1.0
Vis (V)

Y. Takeda et al., Proc. CICC, p. 827, 2005.
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Observations

Noise Harmonic Distortion Non-Quasi-Static
WIL = 10/0.5 um V4= 0.1V 4
1074 T T T T T T T 10 T T T T T
HD1
— 5 (]
310 g
(] = }
- E‘IO_B L HD2 1 ; 10 _—-_-"!
NE %‘107 =
< S <SNV/f
1% S10° 1 5 10
£ T v
61079 —————————— = = |
T HD3 1
10710 N f N L N ! 1 10- 0 | 1 ] 1 1
02 0 02 04 06 08 1 12 14 0 0.2 0.4 0.6 0.8 1.0 1.2
Vos(V) Gate voltage (V)

* No additional model parameters are required for RF modeling.

\ g

Potential distribution determines device features.

Modeling based on the surface potential is the essence.
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High-Voltage MOSFET Features

4 )
HV MOSFETs
Device Structure : Extension of Conventional MOSFETSs
Gate € Larit >
Source I Drain
Lo 1. High Resistive Drift Region
P 2. Lateral Impurity Profile

1\ J

\ 4

Application Range : afew volts ~ a few hundred volts
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High-Voltage MOSFET Characteristics

2D-Device Simulation
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Modeling HY MOSFETs

Laterally-Diffused MOS High-Voltage MOS
_ . Lari
Gate = Lot > D"y Gatee— 5
Source I Drain Source I Drain
Lchannel Lehanne
P
o]
Asymmetrical Symmetrical

Task: modeling effects caused by high resistive drift region



HISIM-HV: Complete Surface-Potential-Based Model

Gate

Drain
& N . N
Wy Resistive Drift Region
¥
Gradual-Channel —l<Al—> ¢SO+Vds

Potential drop in the drift region

Pso

Gate _
Source I Drain

' Vdse

Visetf = Vas — Ry X lgs

o]
. solved iteratively

Potential distribution along the device is considered. -



Calculated Potential Distribution
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Accuracy of Potential Characteristics

42D Device Slm H|SII\/I HV

. Va0V | | Vas=10V.
a 3
7 2
<
oL 55 T T
0 0 20
Vgs [V] Vgs [V]
Vgs=3V | |  Vge=3V.
/Z]T ! |
5 1} . )
. | .
0 0 0

10 20 0 _10__ 2
Vs [V] Vs [V]
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lds (mA)

1.4
1.2
1.0
0.8
0.6
0.4
0.2

0

Comparison of | -V

e : 2D-Device Simulation Results
— : HISIM-HV Results
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Device Optimization

For Voltage Endurance and Drive Current control

Possible device parameters for device optimization

L .
Gate < drift >
Source I Drain

Lchannel

P

= N - are major device parameters.
drift
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Ny DEpendence

Ny = 1017 cm-3

45—

Line:HiSIM-LDMOS
4.0} symbol:2D-Dev Sim.
3.5}

p—

L30F V=15V
S 2.5}
— 2.0}
I 1.5}

1.0}

0| Vgs=15V




Ny Dependence (Cont'd)

Ny = 1016 cm-3 Ny = 1017 cm-3
2.0 — 6.0 —
Vgs=6V & —
5.0
™ 4.0¢
=
. (=)
© 2.0
05| Vys=6V i — _ "~
Vd5=9V 1.0
- V- NELLEE
15 10 -5 0 5 10 15 -15 10 -5 10 15

0 5
Vgs [V] Vgs [V]



%2)
©

Ly Dependence

(106 A)  V,=0.1V
40f Ldrift=3.0um 00
s ; 9-»-3333’“
3.0
2.0r Ldrift=4.0um |
1.0}
0

0 2 4 6 8 10 12 14 16

Vgs (V)

Symbol: 2D-device sim.

Line : HISIM-HV
(104 A) V=15V
1_6_Ld'rift'=3.bu' '
1.2}
0.8 4.0um
0.4}
0

0 24 6 8 10 12 14 16

Vgs (V)

HISIM-HV is applicable for device optimization
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Symmetrical HV-MOS

Gate

Source

Drain

n- Drift Region Vdseff Drift Region n-

Vbseft
Bulk
Vgseff = gs Qs X Ids
Vdseff = Vds _ (:Qs + Rd) X Ids
Vbseff = Vbs _ Qs X Ids
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0.6

Device Characteristics

V4s=30V

Vps=0V
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Self-Heating Effect for DC Analysis

Temp

lasVas (t) Rt —— Cu

Thermal-Network

Ids (mA)
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Vgs=5 10 15 20[V]
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15 20
Vds (V)

25

30
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Ids (mA)

Self-Heating Effect for Transient Analysis

With Self Heating Model =
Fixed Temperature @300K
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Summary

* HiSIM is the 1st complete surface-potential-based model
for advanced MOSFETSs.

* Modeling of the impurity profile is the core for the modeling.

* The potential distribution along the channel determines higher-order
phenomena such as noise characteristics.

* HiSIM-HV has been developed based on the complete surface-potential
description and applicable for device optimizations.
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