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SOI-MOSFET

MG-MOSFET

TFTSOTB-MOSFET

MOS-Varactor

MOSFET HV-MOSFET

IGBT

Descendant of MOSFET
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（solved by SPICE）

Vth

Basic Device Equations
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φ: electrostatic potential



Feature of MOSFET
Vgs

Vds

Vbs
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Two Electric Fields in MOSFET

Vgs： determining carrier density
Vds： determining carrier velocity

Current： I∝qnv 

Vgs

Vds

Ey (Vds)

Ex (Vgs)

q: electronic charge
n: carrier density
v: carrier velocity

5HiSIM Team’12



Applied bias: Vgs-Vfb

Ex: MOS Capacitor

Potential Distribution: qφ
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gate charge: Qg

inversion charge: Qi

bulk charge: Qb



Poisson’s Equation: φ distribution
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(Poisson’s Equation)

E : electric field in semiconductor
ε S : silicon permittivity
β : inverse of thermal voltage
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Qs = Qb+Qi: space charge
 ox ox s s  = =E Eε ε

φs

Vgs-Vfb

Poisson’s Equation with Gauss’s Law

Qs
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Surface Potential

φ



φf: quasi-Fermi potential
(0→Vds)

φs

Vgs

?

solved iteratively

Space Charge: Qs
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bulk charge：Qb = sqrt(βφs(y)) 

inversion charge：Qi = f(φs(y)) ←charge-sheet approximation

-qφS

Induced Charges
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Surface-potential-based modeling
10HiSIM Team’12



Gradual-Channel Approximation: Ex>>Ey

Approximations
Charge-Sheet Approximation

a few nm
(channel depth << channel length)

φ
φ

(depletion-charge approximation)

no drastic increase

Two surface potentials determine all device characteristics.
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φ
φ

Surface Potentials

(φf=0)
(φf=Vds)
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Property of Surface-Potential Model

The surface potential consistently determines charges, capacitances
and currents under all operating conditions.

ν = μ E: velocity : mobility

=Q (φ)
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Relationship among Device Properties

(at source side)

(at drain side)
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Basic Device Equations

s

Gradual-Channel Approximation
Charge-Sheet Approximation reduced to surface potential φs

drift-diffusion approximation
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Current Equation under Drift Approximation

Gauss’s Law:

ds
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dI W qn
dy

ds μ φ=I dy W qnd

0( ) ( )φ φ= +y V y

ox ox si si sε ε= = −E E Q

gs fb
ox n b

ox

( )φ
ε

− −
= − −

V V y Q Q
T

n gs fb 0 ox si sub 0( ) 2 ( )φ ε φ⎡ ⎤= = − − − − + +⎡ ⎤⎣ ⎦⎣ ⎦Q qn V V V y C qN V y

( )
ds

2
ds n ds ox gs th ds ds

0 0

1
2

μ μ ⎡ ⎤= ⇒ = − −⎢ ⎥⎣ ⎦∫ ∫
VL WI dy W Q dV I C V V V V

L

si sub B
0 B th B

ox

2 2
2  ;  2

φ
φ φ φ= = +

E qNV
C

16HiSIM Team’12

C. T. Sah’s Eq.

Drift-diffusion approximation:



I ds

Vds

Saturation region
linear
region

Problem of Drift Approximation

Vth

valid only for linear and strong-inversion conditions
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Current Equation under Drift-Diffusion Approx
s
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Final Eq.:

drift approximation

surface-potential-based model
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Universal Mobility

Vds=0.1V

impurity concentration 

carrier concentration

carrier mobility 
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Vgs

Vds

Vgs： determining carrier density
Vds： determining carrier velocity

Current： I∝qnv 
q: electronic charge
n: carrier density
v: carrier velocity

Two Electric Fields in MOSFET

Ex (Vgs)

Ey (Vds)
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2D-Device Simulation Results

Inversion-Layer Thickness ~ 0
Gradual-Channel Approximation valid for long channel

Approximations

2D Poisson’s Equation

: solved analytically 
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Channel-Length Modulation

lo
g 

g m
lo

g 
g m
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Short-Channel Effect

Origin of SCHs
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M. Miura-Mattausch et al., IEEE TED, 48, p. 2449, 2001.

(approximating a quadratic potential distribution)



Model Extraction for 45nm Technology

one model for any device sizes without binning

Measurement

HiSIM2

Wg/Lg=2μm/200nm Wg/Lg=2μm/40nm
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Current Derivatives for 45nm Technology

Beyond the 45nm generation nonphysical effects are getting obvious.

Measure
HiSIM

Wg/Lg=2μm/40nm
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FFC

CCC

SSC

FFC

CCC

SSC

predictability of  variation for impurity concentration

Wg/Lg=10μm/1μm Wg/Lg=10μm/0.1μm
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Extraction for Nominal Chip



Requirements for RF Applications

Harmonic Distortions

Non-Quasi-Static Effect

Noise Characteristics
• 1/f Noise
• Thermal Noise
• Induced Gate Noise
• Cross-Correlation Noise
• Shot Noise
• Junction Noise

27HiSIM Team’12



1/f Noise Thermal Noise

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

Harmonic Distortion

Features of Higher-Order Phenomena

Electrostatic effect is still dominating.

Surface potential is important.
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Current Equation: I = qnμE
All physical quantities are function of surface potentials.

Important RF characteristics are originated by
the  potential distribution along the channel.

I-V characteristics reflect all important RF properties.

Accurate parameter extraction for I-V characteristics
is important.

Solution of Poisson’s Equation

Feature of Potential-Based Model

S. Matsumoto et al., IEIEC T E, E88-C, p. 247, 2005.
S. Hosokawa et al., Ext. Abs. SSDM, 2003; APL 87, 2005.
M. Miura-Mattausch et al., IEEE TED, vol. 53, 2006.
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Advantage of Surface-Potential-Based Modeling

• Equivalent Simulation Speed to BSIM4: 
Source code (HiSIM2) is shorter and simpler.

• Applicable for Structural Modifications and Materials:
Poisson’s equation is valid for any type of devices.

• SOI-MOSFET
• HV-MOSFET
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SOI-MOSFET Modeling: HiSIM-SOI
many possible conditions

TFOX

TSOI

TBOX

NSOI

Nsubstrate

• Partially-Depleted SOI
• Fully-Depleted SOI

G

S D

B

Body

• Floating-Body SOI
• Body-Tied SOI
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Three surface potentials are solved 
simultaneously by iteration.

FB SOI-MOSFET

φb.SOI

φs.SOI

Q +Q Q Q
V V

C
Q
C

Q + Q

C

+i dep b,SOI s,bulk
gs fb s,SOI

FOX

s,bulk
b,SOI s,bulk

BOX

s,bulk dep

s,SOI b,SOI
SOI

+
- = -

= -

1
2= -

φ

φ φ

φ φ

Qb,SOI

floating potential

Poisson’s Equation + Gauss’s Law + Boundary Condition

no other possibility

All charges are functions of three potentials.

N. Sadachika et al., IEEE TED, vol. 53, 2006.
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Smooth Transition among Conditions

TSOI TBOX Conditi
on

Device1 150 110 PD
Device2 50 110 DD
Device3 50 50 DD
Device4 25 110 FD
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C-V Characteristics
TSOI=150nm
TBOX=110nm

TSOI=50nm
TBOX=110nm

TSOI=50nm
TBOX=50nm

TSOI=25nm
TBOX=110nm

: HiSIM-SOI
: 2D-Device Sim.

DEVICE1 DEVICE2

DEVICE3 DEVICE4

S. Kusu et al., IEEE SOI Conf. 2008.
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1/f Noise Characteristics

High current density of SOI-MOSFET

High 1/f noise intensity of SOI-MOSFET
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Impact Ionization

• Include accumulation charge Qh in the Poisson equation
• Increase the surface potential φs0.SOI
• Increase the inversion charge Qi according to Vds increase

Impact Ionization:
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Qh



symbol: 2D-Sim.;line: HiSIM-SOI

φs.SOI

φb.SOI

φs.bulk
SOI

BOX

bulk

Floating-Body Effect

φb.SOI reduction           change from FD to PD

φb.SOI is strongly influenced by accumulated charge Qh. 

Q +Q Q Q Q
V V

C
+ +i dep b,SOI s,bulk h

gs fb s,SOI
FOX

+
- = -φPoisson’s Equation:

T. Murakami et al., JJAP, vol. 47, 2008.
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History Effect

Td

H. Toda et al., SSDM 2010; S. Amakawa et al., JJAP, vol. 50, 2011.

Τd: Time constant of Qh accumulation

Transient Characteristics of the Floating-Body Effect
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Sweep-speed dependent Id-Vd
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measurement
HiSIM-SOI

Vsub= -1.5V Vsub= -1.5V Vsub= -1.5V Vsub= -1.5V

gds gds’ gds’’
Vsub= 0.0V Vsub= 0.0V Vsub= 0.0V Vsub= 0.0V

Id-Vd Comparison with Measurements
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gm gm’ gm’’

Vds=1.5V

Vds=0.05V

Log Lin

Vds=1.5V

Vds=0.05V

Vds=1.5V

Vds=0.05V

Vds=1.5V

Vds=0.05V

Vds=1.5V

Vds=0.05V

Id-Vg Comparison with Measurements
W / L = 10μm / 1μm
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Wg=0.25mm, Lg=0.15mm

Vds VdsVds

Vds VdsVds

Vds VdsVds

Id
s

Id
s

Id
s

Id
s

Id
s 

Id
s

Id
s

Id
s

Id
s

NSOI (cm-3) = 1.0e16 2.0e16 5.0e16

1.0e17 2.0e17 5.0e17

1.0e18 2.0e18 5.0e18

Id-Vd Characteristics as a function of NSOI

enhanced floating body effect with increased NSOI
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Partially Depleted



device surface

Potential Distribution in Thin-Body MOSFET

insulator

Back surface potential is strongly dependent on TSOI.
consistent solution of Poisson’s equation
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Device 4: Thin-Body SOI-MOSFET
back-gate bias Vbs dependence

φb.SOI

φs.SOI

Vbs

Strong Vbs dependence is used for Vth control.
(e.g. Y. Komatsu et al., CICC, 2005.)
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Tsi=40nm

Tsi=20nm

Tsi=10nm

TSi

The charge-sheet approximation is no more valid.

ga
te

ga
te

Vgs=1V
Vds=0V

ga
te

ga
te

ga
te

ga
te

Body potential is floating.

TSicarrier concentration
HiSIM-DG: A Part of HiSIM-SOI
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Nsub
TSi

φ s
0 
(V

)  
   

φ s
0 
(V

)  
   

Potential Dependence on Tsi and Nsub
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Reduction of Tsi has only a small influence 
on the capacitance characteristics.

C-V Characteristics
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Laterally-Diffused MOS High-Voltage MOS

asymmetrical symmetrical
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HV-MOSFET Modeling: HiSIM_HV

High resistive drift region sustains the high voltage applied.



low resistive

high resistive 

2D-Device Simulation
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High-Voltage MOSFET Characteristics



Channel-Length Modulation
Overlap Capacitance

Beyond Gradual-Channel Approximation

φS0 : at source edge
φSL : at the end of the gradual-channel approx.
φS(ΔL) : at drain edge (calculated from φSL)

for HV-MOSFET φS(ΔL) ~ φSL=

solving the Poisson equation iteratively
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HiSIM for Bulk-MOSFET



Solid Line: with Resistance Effect
Dashed Line: w/o Resistance Effect

The resistance effect is modeled by the potential drop.
The innternal node VDP is solved iteratively.

VDP

VD

HiSIM

HiSIM
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Extension of HiSIM

ΔV



: 2D-Device Simulation Results
: HiSIM-HV Results

I ds
[A

]

Vgs=2.5V

Vgs=5V

Vgs=7.5V

Vgs=10V

Quasi-saturation behavior of LDMOS

g d
s

[S
]

Comparison of Ids-Vds
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resistance effect: suppression of potential value
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Comparison of Potentail Characteristics
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Impurity Concentration Ndrift Dependence

Y. Oritsuki et al., IEEE TED, 57, p. 2671, 2010.



Vds=0

2D sim.

HiSIM

LDMOS
(asymmetric)

HV MOSFET
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Important Device Characteristics

Veff = V – ΔV
= V – Rdrift 

. Ids



Power MOSFET Resistor

Model the drift region as an independent  resistor
with the potential drop : VD-VDP

R. V. H. Booth and C. C. McAndrew, IEEE TED, 44, p. 809, 1997.

DP
Channel

HiSIM
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Modeling Resistance Effect



⋅
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= =
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μ

μ
μ

μ

res
ddp ddp

drift

0

0

sat

ddp
drift

drift

( )1

W xI q n V
L

E
v

V
E n N

L

v

- The velocity saturation model is responsible for the I-V characteristics. 
- The simple resistor model cannot reproduce the quasi-saturation behavior.

focus
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Resistor Model Including Velocity Saturation



= ⋅ ⋅ ⋅ ⋅ ⋅μddp res q nI W x E

Velocity saturation model

Carrier density is not a constant.

⎧ ⎫⎛ ⎞⎪ ⎪= + ⋅ −⎨ ⎬⎜ ⎟
⎪ ⎪⎝ ⎠⎩ ⎭

μ
μ0

1 1N RDRCAR Edrift

=
⋅

+

μ
μ

μ
0

0

max

1 E
v

(RDRCAR  : parameter)

( ){ }= + −μ μ01n N Adrift

= ddp

drift

V
E

L

(μ0, vmax : parameter)

: mobility reduction
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Resistor Model



modeling

Vddp Vdps 

Overlap Region

Drift Region

59HiSIM Team’12

Modeling of Overlap Region



Vgs=0V Vgs=3VVds=15V

Vgs=9VVgs=6V

depletion

current path

Wjunc

Wdep

xov

- Depletion diminishes by increasing Vgs. 
- Current-flow width xov is dependent on bias conditions. 
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Current Flow in Overlap Region
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si

t

2
q
V

W
N

Depletion width in overlap region
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dps bs sub

drif

si  bi
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Depletion width at junction
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G DB S

Wjunc
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Modeling of Depletion Width, W



⎛ ⎞
= ⎜ ⎟⎜ ⎟

⎝ ⎠

0 0
0

junc

 -  + 
over

ov
W WW A W W

D L
x dep junc

= ⋅ ⋅ ⋅ ⋅ ⋅μ ddp
ddp driftov

V
I W nx q

Ldrift

= +2 2
0 juncW L Dover

W0

Wjunc

Wdep

xov

Lover

Djunc
xdep

xjunc

xjuncxdep

Djunc
A

: junction depth
: current exude coefficient  into    
depletion region

Vddp 

ddpI

62HiSIM Team’12

Modeling Current-Flow Width Xov



Model can reproduce the Ldrift dependence.

2D-Device Sim.

2D-Device Sim.

2D-Device Sim.

2D-Device Sim.

used for 
Parameter Extraction
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Predictabilty Test

A. Tanaka et al., IEEE TED, 58, p. 2072, 2011.



Thermal-Network
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Self-Heating Effect



http://www.hisim.hiroshima-u.ac.jp
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