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Device CharacterizationDevice Characterization

Model Parameter

MOSFET I-V Relationship

I-V, Vth Simulation

Ring Oscillator Simulation 



Model ParameterModel Parameter

� SPICE Model Parameter

� Device Model for SPICE Circuits Simulation

� Originally developed at Univ. of Berkeley

� Model Parameter History

Level=1,2,3

BSIM1

Level=28

(MBSIM)

1st. Gen.

- Bias Dependence

- Inverse Geometry 

Dependence

� Accurate

� Non-Convergence

� Non-Physical

- Physical Model

� Poor Accuracy

� Inefficient

• 1st Generation Models(Level 1, 2, 3)

� Simple and Physically Based Model

� Inefficient for Circuit Simulations

• 2nd Generation Models(BSIM1, BSIM2, 

Level 28(MBSIM))
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BSIM2

BSIM3

BSIM4

MOS9

(MBSIM)

2nd Gen.

3rd. Gen.

- Physical Model

Upgrade(Unified Model)

� Accurate

� Continuous

Level 28(MBSIM))

� Complex and Empirical M/P based Model

� Mathematically Conditioned for Efficient Circuit 

Sim.

� Polynomial Functions

• 3rd Generation Models(BSIM3, MOS9, 

BSIM4)

� Physically Based Model ( Reduction  of 

Number of M/P)

� Well -behaved Smoothing Function(Continuous 

and Single Unified Eq.)



(cont’d) Model Parameter(cont’d) Model Parameter

� An example of Model Parameter
♣ Operation Bias Condition 및 Geometry Parameter

- VGG : Maximun Gate Supply Voltage :V

- VDD : Maximun Drain Supply Voltage :V

- VBB : Maximun Substrate Supply Voltage :V

- WMIN : Minimum Width :um

- LMIN : Minimum Length :um

- TMAX : High Temerature :℃

- TLOW : Low Temperature :℃

- HDIF : Length from Center of Contact to Gate edge:um

- LDIF : Length of LDD adjacent to Gate :um

- NPEAK : Substrate doping rigth under Gate :/cm^3
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- NPEAK : Substrate doping rigth under Gate :/cm^3

- NSUB : Substrate doping :/cm^3

- XJ : Junction depth :um

♣ Fab Tracking Parameter

- VTO : Threshold Voltage :V

- TOX : Gate Oxide Thickness :Å

- RSH : S/D Sheet Resistence :Ω/sqr

- WD : Channel Width shortening :um

- LD :Channel Length shortening :um

- XW : Accounts for masking & etching effects :um

- XL : Accounts for masking & etching effects :um

Leff=L+XL-2×LD

Weff=W+XW-2×WD



(cont’d) Model Parameter(cont’d) Model Parameter

� Model Parameter Extraction Process

MPE Request

- Wafer

- T/S Catalogue

- PCM Data

- Request Sheet

Full Map Test

-Vth & Idsat

C

Data Preparation

Local Extraction

- Using BSIMpro or UTMOST

Global Optimization

- Using BSIMpro or UTMOST

AC Parameter Extraction

Worst Case 

C Input Data

from TCAD

MPE
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Device Characterization

- Statistical Analysis

(Correlation Analysis)

: Vth vs. Idsat for each device

: G/RMOS vs. PMOS

- Define the Average Characteristics

- Select the Average Die

Test the Average 

Characteristics

- Ids vs. Vds withVgs@Vbs

-Ids vs. Vgs with Vbs@Vds

C

Worst Case Library generation

- TT/FF/SS/SF/FS/… etc.

Model Parameter QA

OK ?

Model Release

Worst Case 

Criteria from Fab.

C
No

Yes

QA & Release



(cont’d) Model Parameter(cont’d) Model Parameter

� MPE example

64M Flash Vth vs. Length (NMOS)
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(cont’d) Model Parameter(cont’d) Model Parameter
� Worst-Case Simulation Methodology

� Extreme Corner Method

Model

Model

Param2

(Ex. 

Idsp)

60%

80%

95%

99%

FF

SS

FS

SF
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� Skew Parameters (Corner Model:  +/- 3s  model)

� Tox, RSH, DelVto, XL, XW (process parameters)

� TT,FF,SS,FS,SF

Correlation

Constant

Probability

Contours

No Correlation

Consideration

Model

Param1

(Ex. 

Idsn)

SS

* How do the parameters contribute * How do the parameters contribute * How do the parameters contribute * How do the parameters contribute 
the Corner model?the Corner model?the Corner model?the Corner model?

* Why should we consider the skew * Why should we consider the skew * Why should we consider the skew * Why should we consider the skew 
parameter?parameter?parameter?parameter?



MOSFET IMOSFET I--V RelationshipV Relationship

N+ N+

i) cutoff region ; VGS <VT

ID=0

ii) nonsaturation(or triode) region ;

VGS≥VT, O<VDS≤VGS-VT

dV(x)

L

W
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DrainSource

Gate

Qn=Cox(VGS-VT) Qn=Cox(VGS -VT-VDS)

Qn(X)=qCOX(VGS-VT-V(X))

IDS=WµnQn(x)      

dV(x)

dx

Qn(x) : #of electrons per unit

surface area

µn : electron mobility

V(x) : surface potential at x



(cont’d) MOSFET I(cont’d) MOSFET I--V RelationshipV Relationship

Integrating both sides ofIntegrating both sides of IDS=WµnQn(x)      
dV(x)

dx

I dx qW C V V V x dV xDS
o

L

n ox

V

GS T

DS∫ ∫⋅ = − −µ
0

[ ( )] ( )

22

2

2

)()]([

],
2

)[(

]
2

)[(

DS
DSTGS

DS
DSTGSoxn

VVVVV

V
VVV

V
VVV

L

W
Cq

−+−−−=

−−=

−−=

ββ

β

µIDS

where β µ= ⋅ ⋅( ) ( ) ( )q C
W

Ln ox
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(cont’d) MOSFET I(cont’d) MOSFET I--V RelationshipV Relationship

ii) Linear Region, VDS ≤ δ(0.1V)

IDS=β(VGS-VT)VDS : analog multiplier

iii) Saturation Region

VGS

VDS

IDS

I V V V
V

V V VD S G S T D S
D S

D S G S T
= − −

= −
β [( ) ]

2

2

I V VD S G S T= −
β
2

2( ) , For VDS≥VGS-VT : indep. of  VDS
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� MOSEF is called Square-Law Device

Remember  β=qµnCoxW/L, where µn ≅

2 For VDS VGS-VT : indep. of  VDS

µ
θ

n

G S TV V
0

1 + −( )
(surface scattering)

Actually less than

square �Why?



Note: Two Causes for Current SaturationNote: Two Causes for Current Saturation

� Pinch-off in long-channel devices

Velocity saturation in short-channel devices

Source Drain

pinch-off point depletion region
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� Velocity saturation in short-channel devices

vsat
v

v=µΕ

Ecrit

E

v=µΕ ;  Ε ≤ Εcrit
v=vsat;  Ε > Εcrit



MOSFET IMOSFET I--V CharacteristicsV Characteristics
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Insoo Kim1/11/2011

NMOS Enhancement Transistor: W = 100 µm, L = 20 µm

0.0 1.0 2.0 3.0
VGS (V)

VT

(b) √ID as a function of V GS

(for V DS = 5V) .

0.0 1.0 2.0 3.0 4.0 5.0

VDS (V)

= 2VVGS

VGS= 1V

(a) I D as a function of V DS
S



Lab. HSPICE Simulation Lab. HSPICE Simulation 

� I-V simulation

� NMOS & PMOS

� Find Vth
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Find Vth

� Using HSPICE function

− LV9

� Write HSPICE input file to find Vth using Gm_max Method



Ring Oscillator SimulationRing Oscillator Simulation

v0 v1 v2 v3 v4 v5

v0 v1 v5
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T = 2 ´ t
p

´ N

Where N is the number of inverters in the 

chain and factor 2 results from the full cycle
Circuit Designer should know the Circuit Designer should know the Circuit Designer should know the Circuit Designer should know the 
propagation delay of an inverter propagation delay of an inverter propagation delay of an inverter propagation delay of an inverter 
in terms of Fanin terms of Fanin terms of Fanin terms of Fan----out ratio.out ratio.out ratio.out ratio.



Device Physics for Circuit Device Physics for Circuit 

DesignersDesigners

Channel Length Modulation

DIBL

Body Effect

Short Channel Effect & Short Channel Device



Channel Length ModulationChannel Length Modulation

� I-V characteristics of short channel 

MOSFET is not satisfied with the 

square law due to CLM.

LMASK

L

∆∆∆∆ LααααXj

Xj

( )[ ]2

2

eff

jMASK

LLL

XLL

ε

α

∆−=

⋅⋅−=

CLMCLMCLMCLM
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* Why is CLM is so important * Why is CLM is so important * Why is CLM is so important * Why is CLM is so important 
for analog circuit design?for analog circuit design?for analog circuit design?for analog circuit design?



DrainDrain--Induced Barrier Lowering (DIBL)Induced Barrier Lowering (DIBL)

pn+ n+ n+ n+p

∆ψ S

� Usually for small L device, high drain bias can lead to 

early Punch-through
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ex. DRAM cell leakage

current depends on the voltage

on the data line

VT

VDS

Long channel DeviceLong channel DeviceLong channel DeviceLong channel Device Short channel DeviceShort channel DeviceShort channel DeviceShort channel Device

Drain BiasDrain BiasDrain BiasDrain Bias



Body EffectBody Effect

� Threshold Voltage depends on bulk bias

Ex) Series-connected MOSFET’s

- NMOSFET in 2-input NAND-gate

- PMOSFET in 2-input NOR-gate

VDD
X

VDD

V V VT T F BS F= + + −0 2 2γ φ φ( )

NM O S F E T  Id -V g s  c h a ra c te r is tic s

1 .5 0 E -0 5

2 .0 0 E -0 5

2 .5 0 E -0 5
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VT of A-NMOS & VT of A-PMOS depend on VY

A

B

VDD
X

Y

A B

X

Y

VDD

0 .00 E +0 0

5 .0 0 E -0 6

1 .0 0 E -0 5

1 .5 0 E -0 5

0 0 .5 1 1 .5 2

V g s (V )

Id
(A

)

V b s= 0 to  -3 .0V ,

ste p = -1 .0V

* How to eliminate body * How to eliminate body * How to eliminate body * How to eliminate body 
effect by layout technique?effect by layout technique?effect by layout technique?effect by layout technique?



Short Channel EffectShort Channel Effect

� Vth drops in short channel device

L(channel length)

VT
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(effective) charge per unit surface area

= <δ 1≈ 1

V V
Q

CT FB F

B

OX

= + +2φ V V
Q

CT FB F

B

OX

= + +
⋅

2φ
δ

Q B :



Short Channel DeviceShort Channel Device
υ
n
(c
m
/s
ec
)

υsat = 10
7

constant velocity

µ n
(c
m

2
/V

s)

µn0
700

250

� Velocity Saturation
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E (V/µm)Esat = 1.5

υ

Constant mobility (slope = µ)

Et (V/µm)

µ
(b) Mobility degradation(a) Velocity saturation

0

250

100

Attributed to the vertical component 

of E-field



(cont’d) Short Channel Device(cont’d) Short Channel Device

� Short Channel Device Characteristics
( m

A
)

D
e
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c
e
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VGS = 4

VGS = 3

1.0

1.5 0.5

D
(m

A
)

IDSAT=kVsat Cox W (VGS - Vth)

Insoo Kim1/11/2011

Linear Dependence on VGS

VDS (V)
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L
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Device FabricationDevice Fabrication

MOSFET Fabrication Process

Process Dependant Parameters

Design Rule



MOSFET Fabrication ProcessMOSFET Fabrication Process

Sub Wafer

Depo (Diff/CVD/PVD) PHOTO ETCH/Cleaning NEXT LAYER

Gate Oxidation

Gate Poly Depo

P/R Coating

P/R

MASK

Light
ETCHING

Dep

o

PHOT

O

Clea

ning

Iteration
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Gate WSi Depo

Gate CAP HLD

Depo

Gate CAP NiT Depo

Expo.

Develop

Remove P/R

Cleaning

ETCH

※※※※ Deposition → PHOTO →

ETCH → Cleaning

Above process step is repeated

usually 20-30 times during

entire chip fabrication process

Iteration



(cont’d) MOSFET Fabrication Process(cont’d) MOSFET Fabrication Process

� Basic Nwell CMOS Process
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(cont’d) MOSFET Fabrication Process(cont’d) MOSFET Fabrication Process

� Cross-section of CMOS Inverter in N-well CMOS Process
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(cont’d) MOSFET Fabrication Process(cont’d) MOSFET Fabrication Process

� Isolation techniques
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PR Coating on Nit.        Trench Patterning                     Si Etch                     Oxide Gap Filling                CMP

LOCOS ProcessLOCOS ProcessLOCOS ProcessLOCOS Process

STI ProcessSTI ProcessSTI ProcessSTI Process * What are the advantages and * What are the advantages and * What are the advantages and * What are the advantages and 
disadvantages of STI?disadvantages of STI?disadvantages of STI?disadvantages of STI?



Process Dependant ParametersProcess Dependant Parameters

W
L

t

R
L

W t

L

W t
=

⋅
= ⋅ρ

ρ

=
L

W
R

layout geometry process

� Sheet Resistance
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(cont’d) Process Dependant Parameters(cont’d) Process Dependant Parameters

� Interconnection wire Capacitance

Substrate

SiO2

Insulator

Level1

Level2

Insoo Kim1/11/2011

Creates Cross-talk

* The portion of interconnection * The portion of interconnection * The portion of interconnection * The portion of interconnection 
capacitance in the total CMOS capacitance in the total CMOS capacitance in the total CMOS capacitance in the total CMOS 
capacitance is dramatically capacitance is dramatically capacitance is dramatically capacitance is dramatically 
increasing as design rule shrinks.increasing as design rule shrinks.increasing as design rule shrinks.increasing as design rule shrinks.

* How to reduce undesired * How to reduce undesired * How to reduce undesired * How to reduce undesired 
crosstalk?crosstalk?crosstalk?crosstalk?



Note: How to battle capacitive crosstalkNote: How to battle capacitive crosstalk

GND

Shielding
wire

• Avoid parallel wires

• Shielding
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Substrate (GND )

GND

Shielding
layer

VDD

GND



Design RuleDesign Rule

� λ-based design rule : all dimensions rep. as integer 

times λ, scalable.

� ex. Mead-Conway rule, MOSIS rev. 4-6

�  µm-based design rule : some dimensions are not 

scalable.

� ex. Most company(foundry), MOSIS rev.7

mixed(λ+µ) design rule 
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� mixed(λ+µ) design rule 

� 3 types of design rules

� FEOL(Front End of the Line) 

� BEOL(Back End of the Line) ; metal interconnect

� Glass layer



CMOS Process LayersCMOS Process Layers
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Via 1



Design RuleDesign Rule

Insoo Kim1/11/2011



Insoo Kim1/11/2011



Insoo Kim1/11/2011



Insoo Kim1/11/2011



Etc.Etc.

MOSFET Capacitances

Latch-up

Device Reliability (TDDB, HCE)



MOSFET CapacitanceMOSFET Capacitance
1) Vg= negative : Accumulation

2) Vg= positive : Depletion

P-Si(Sub or Well)

Gate Poly(or Al)

+ + + + + + + + + +

Gate Oxide

Cox

(Cmax)

EC

ECoxDepletion 

EFS

EC

Ev

Ei

EFM

qV

Vg +-

MOS-Cap.

Cox(Cmax)

MOS-Cap.

Cox * Cd

ΦF=kT/q*ln(Na/ni)
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3) Vg= positive : Inversion

EF

S

Ev

EiCox

Cd

Depletion 

region 형성

Ionized Donor atoms

Cdmin

Cox

Inversion 

Layer 형성

Wd-max

- - - - - - - - - EF

S

EC

Ev

Ei

Φsurf(strong_inv:>2ΦF)

Vg +-

Cox
Cox + Cd

Cox * Cd

Vg +-

Cox

MOS-Cap.

Cox + Cdmin

Cox * Cdmin



(cont’d) MOSFET Capacitance(cont’d) MOSFET Capacitance

DS

G

CGDCGS

C CC

� Intrinsic Capacitance
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B

CSB CDBCGB



(cont’d) MOSFET Capacitance(cont’d) MOSFET Capacitance

� Diffusion & Junction Capacitance

m=0.5
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m=0.33

Where m=grading coefficient



i) When Rnwell = Rpsubs = 0

latch-up is impossible

ii) When Rnwell = Rpsubs = ∞

βn⋅ βp ≥ 1  causes latch-up

iii) When  0 < Rnwell, Rpsubs < ∞

βn⋅ βp ≥ α (α >1) causes trouble

LatchLatch--upup
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βn⋅ βp ≥ α (α >1) causes trouble

• Why should circuit designersWhy should circuit designersWhy should circuit designersWhy should circuit designers

consider latchconsider latchconsider latchconsider latch----up?up?up?up?

• When can LatchWhen can LatchWhen can LatchWhen can Latch----up occur in realup occur in realup occur in realup occur in real

chip operation?chip operation?chip operation?chip operation?

• How to eliminate latchHow to eliminate latchHow to eliminate latchHow to eliminate latch----up?up?up?up?



Hot Carrier Effect (HCE)Hot Carrier Effect (HCE)

� For submicron MOSFET, electron becomes “hot” due to strong 

E(electric field) ≥ 104 V/cm = 1V/µm

� E is very high near the drain junction

� LDD(Lightly-Doped Drain) MOSFET is effective for reducing the E-

field near drain junction.

� Hot electron captured in the gate oxide through tunneling causes VT
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� Hot electron captured in the gate oxide through tunneling causes VT

instability (threshold drift).

n+ n+ n+ n+

n-

LDD-MOSFET



(cont’d) Hot Carrier Effect (cont’d) Hot Carrier Effect 

� Device degradation due to HCE

1

10

¡â
I d

 /
I d

 [
%

]

Id Id Id Id 

Vg=2.5VVg=2.5VVg=2.5VVg=2.5VVg=2.5VVg=2.5VVg=2.5VVg=2.5V
Before StressBefore Stress

After StressAfter Stress
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Dielectric BreakdownDielectric Breakdown

� TDDB (Time Dependent Dielectric Breakdown)

� Oxide lifetime estimation test

� Bath tub curve (electronic system)

� TZDB (Time to Zero Dielectric Breakdown)

� Voltage sweep test for characterizing oxide qualities,

such as leakage current, BV, etc.

� Oxide Breakdown Mode

− A Mode : Initial failure

B Mode : TDDB range
100

F
ai
lu
re
 r
at
e

Time

Initial 

Failure
Accidental 

Failure

Wear Out

Time dependence of the failure 

rate of electronic system
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− B Mode : TDDB range

− C Mode : Failure by Critical Field

Intrinsic failure range

� Burn-in

� Accelerated life test for some fixed time period 

to screen out the weak components in order to 

improve reliability of components/systems

50

0 5 10 

E (MV/cm)

A Mode

B Mode

C Mode

Oxide Failure Mode
C
u
m
u
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