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Outline

• Availability of version 2.1 (simulators, foundries

• HICUM/Level2 Version 2.2 

• Model release notes

• Development effort

• Model verification 
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Availability of HICUM/Level2 V2.1 in Circu
                                       (Please contact simulator vendor for details and the latest status of availa

pache NSpice, HSIM: code sent as per request, implementation in progress
• Various (other) in-house simulators (ASX (IBM),  ...)
• Verilog-A version of model code; also, stand-alone kit enabling coupling 

simulator first release latest release co

ELDO-RF 10/99 7/03 ELDO AMS2004.1; ex

SPECTRE-RF 10/99 ?/03 version > 446.100.70  w

ADS  7/00  5/03 ADS2003C: design test

Smart-SPICE 11/00 11/00 can be combined with U

MicrowaveOffice 2003 04/04 numerically stable; con

APLAC 10/01 6/03 APLAC 7.62a

HSPICE 2/01 2/02 working on stable relea

TEKSPICE 8/02 8/02 various proprietary num

Xpedion ?/03 ?/03 (available according to 

SPICE3F5 4/02 4/02 one of the reference cir
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HI lity of HICUM/Level2 V2.1 Foundry Libraries

ry Libraries
   

   
1) 
2) l purpose) npn

comments

TRADICA1), lv&hv2) 
TRADICA , lv&hv 
TRADICA , lv&hv 

TRADICA 
lv&hv&mp
lv&hv&mp

TRADICA1), lv&hv 
TRADICA, lv&hv&mp 
TRADICA, lv&hv&mp 

lv&hv 
lv&hv 

lv 

TRADICA1), lv&hv&mp 
S

CUM Workshop 2004 Availabi

Availability of HICUM/Level2 V2.1 Found
                                       (Please contact foundry for details and the latest status of availability)

indicates geometry scalable TRADICA-generated libraries
lv = low-voltage (high-speed) npn, hv = high-voltage npn, mp = medium-speed (specia

foundry process name process type released 

Atmel

UHF6(S)
SIGE1

SIGE2

20GHz Si bipolar
40GHz SiGe bipolar

50GHz 0.35µ SiGe BiCMOS
90GHz SiGe bipolar

/ 
?/02
?/04
?/04

IBM 7HP
8HP

120GHz SiGe BiCMOS
210GHz SiGe BiCMOS

?/?
?/?

JazzSemi
BC35

SBC35
SBC18

35GHz 0.35µ Si BiCMOS
60GHz 0.35µ SiGe BiCMOS
150GHz 0.18µ SiGeBiCMOS

7/98
3/99
10/00

ST
confidential    
confidential   
confidential

45GHz SiGe BiCMOS
60GHz SiGe BiCMOS

150GHz SiGe BiCMOS

yes
yes
yes

TSMC SG035 50GHz 0.35µ SiGe BiCMOS ?/04

??
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HICUM version 2.2

physics-based extensions
• background 
• open for discussion

numerics/implementation related
• mostly recommendations 

documentation
• release notes with detailed documentation of changes/additions
• model description update

(detailed derivation in model description is not desired by most users)

Note: information below is a first draft for discussion (missin
=>   still subject to change until official release of ve
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HI HICUM version 2.2

•
s)

•  at high reverse biased

 with 

•

•

jCi

2 a+------------




x
Qp j,
QB rt,
-------------- 1–=
S
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Transfer current and GICCR

zero bias hole charge temperature dependence 
• two options are still being investigated (based on device simulation result

base region reach-through: limitation of 

junctions by hyperbolic smoothing function 

generalized formulation for temperature depen-
dent ICCR factor (requested by some users)

  ,  

requiring the new model parameter aCT 

plot shows normalized c10 vs temperature at
VgBeff(0) = 1.17V for aCT variation
=>  little impact 
=>  easily compensated for in practice by 
      VgBeff(0)

c10 T( ) c10 T0( ) T
T0
------ 
 

aCT VgBeff 0( )
VT0

------------------------ 1
T0
T
------– 

 exp=

Qp j, Qp0 hjEiQjEi hjCiQ+ +=

Qp low, QB rt, 1 x x+
2

----------------+




=
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HI HICUM version 2.2

n at the BC barrier 

s 
unction decreases 
les “before” the Ge drop)
 dipole layer 
on band barrier
ectrons
ombination 

se current 

 case (no rseries)

 by series resistances 
extracting parameter τBhb 

Bhb
∆QfB
τ
Bhb

--------------=

2

p using ICK 
S
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Base current components
Excess base current at high current densities from recombinatio

• high forward bia
⇒  field at BC j
⇒  pile-up of ho
⇒  formation of
⇒  i.e. conducti
⇒  pile-up of el
⇒  increased rec
⇒  increased ba

• observable in 1D

• add’l current: 

• 2D case: masked
⇒ difficulty for 

∆I

VBE [V]

J B
 [m

A/
µm

]

Note: onset of high-current effects  ⇒  kee
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)

•

 

t gain TC (as in V2.1)

•

•

mCfVgBeff 0( )
mBEi

---------------------------------- αBfT VT0–=
S
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Base current components (cont’d

Temperature dependence: more general equation 

with       and additional parameter   

• note: calculating VgEeff from above equation corresponds to using curren

BC component   =>  modified temperature dependence

with    and     (no new parameters)

similar modifications for IBEp, IBCx 

IBEiS T( ) IBEiS T0( ) T
T0
------ 
 

aBEi VgEeff 0( )
VT0

------------------------ 1
T0
T
------– 

 exp=

aBEi
mCf aCT αQT0+( )

mBEi
---------------------------------------------= VgEeff 0( )

IBCiS T( ) IBCiS T0( ) T
T0
------ 
 

aBCi VgCeff 0( )
VT

------------------------ T
T0
------ 1– 
 exp=

aBCi 4 ζCi–≈ VgCeff 0( ) VgBeff 0( )≈
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es
• ard or reverse bias 

ing  
citance formulations)

•

BEi/VDEi
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Depletion capacitances and charg
exponential smoothing can cause numerical overflow for large forw

=>  replaced exponential by hyperbolic smooth
(changes presented below apply to all depletion charges and capa

internal base-emitter component (forward bias smoothing only)

• auxiliary (smoothed) voltage 

  

with  

• constant :
adjusted to minimize difference to v2.1
formulation  
(afjE is not a model parameter)

vj Vf VT
x x2 afjE++

2
----------------------------------– Vf<=

x
Vf vB'E'–
VT

----------------------=

afjE 4 ln2 2( ) 1.921812= =

V

C
jE

i/C
jE

i0
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HI HICUM version 2.2

ont’d)
•

 for forward bias

 (partial depl.) ,

 (punch-through)

y smoothing functions:

 

 

y2 a+
2

-----------------------

x x2 apd++
2

---------------------------------

x2 apd+–
2

--------------------------------

iPTVPTCi
zCir–

----------------------- 1 fjC PT,
1 zCir–

–

S

CUM Workshop 2004

Depletion capacitances and charges (c
internal base-collector component

• common argument   with smoothing function  

• reverse bias: argument  and smoothing functions 

                                                                                                         

=>  replace voltages in charge expression, , b

      ,      

=>  derivative yields depletion capacitance

y
VDCi VB'C'–
VPTCi

-------------------------------= fjC f,
y +-----=

x 1 fjC f,–= fjC pd, 1 –=

fjC PT, 1
x
-–=

QjCi QjCi pd, QjCi PT,+=

QjCi pd,
CjCiPTVPTCi

1 zCi–
---------------------------------

VDCi
VPTCi
---------------
 
 
  1 zCi–

fjC pd,
1 zCi–

–= QjCi PT,
CjC

1
----------=

CjCi
CjCiPT

x2 apd+
------------------------

fjC f,

y2 aCf+
------------------------

1 fjC pd,–

fjC pd,
zCi

------------------------
1 fjC PT,–

fjC PT,
zCir

------------------------–
 
 
 

=
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)

components 

• ersion 2.1

• e suitable than version 2.1

• e later) 

ericxal derivative for verification
S
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BC depletion capacitance (cont’d

normalized BC charge Qj and capacitance Cj, and their 

punch-through and forward bias limiting included, compatible for v

strongly simplified (and easier to understand) and numerically mor

note: no impact on existing low-current transit time formulation (se

pd = partial depletion PT = punch-through cl = classical (text book) expression num = num
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ont’d)

• tage
S

CUM Workshop 2004

Depletion capacitances and charges (c
temperature dependence of built-in voltage

smoothing towards high temperatures to avoid negative built-in vol

• auxiliary voltage at T0 (with VT0 = kBT0/q):

   

• auxiliary voltage at T:

• final smoothed value at T:

VDj T0( ) 2VT0
VD T0( )
2VT0

------------------
 
 
  VD T0( )

2VT0
------------------–

 
 
 

exp–expln=

VDj T( ) VDj T0( ) T
T0
------ 
  Vg 1 T

T0
------– 

  mgVT
T
T0
------ 
 ln–+=

VD T( ) VDj T( ) 2VT
1
2
--- 1 1 4

VDj T( )
VT

-----------------–
 
 
 

exp++
 
 
 

ln+=
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•

  and  avceff (= 1.921812)

• ive

•

•

 

 (see IBEiS) 

VT
T

----------

T Vlim T0( ) T
T0
------ 
 

ζCi avs–
=

geff 0( )
VT

------------------ T
T0
------ 1– 
 

T0
S
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Transit time

effective collector voltage

• hyperbolic smoothing:       with      

numerical derivative of ICK has been replaced by analytical derivat

temperature dependence of Vlim 

• replacing former term    =>  smooth expression  

Emitter transit time

• smooth new physics-based expression:  

with  , 

and    ,  aBEi = 3.5

vceff VT 1
u u2 avceff++

2
---------------------------------------+= u

vc –

V
-------=

1 αvs∆T– T
T0
------ 
 

a– vs
≈ Vlim,

τEf0 T( ) τEf0 T0( ) T
T0
------ 
 

aτEf ∆V
------–exp≅

∆Vgeff 0( ) VgBeff 0( ) VgEeff 0( )–= VgEeff 0( )
mCfVgBeff 0( )

mBEi
---------------------------------- αBfT V–=

aτEf aBEi aCT– 0.5–=
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B

B

Q

pacitance mostly along
region and associated

e rBsp 

mped representation
 approach: 
ivalent circuit
ioning across rBsp 

 for partitioning

d to include metal cap:

Eox
CEox 1,
CEox

-----------------=

CEox 1, CBE metal,+
CEox CBE metal,+

--------------------------------------------------
S
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Parasitic BE capacitance

QjEi

iBEt

rE

E

ijBEi

B’

E’

QEox,2

B*

QjEp

ijBEp

rBx rbi*

p+ poly

n+ polyisolation

rBpm
rBsp

rE

B*

Eox,1

E
• distributed ca

link (spacer) 
series resistanc

• need simple lu
best first order

π equ
=> partit

• new parameter

• can also be use

fC

fCEox =
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nts
r than model equations)

•
), ZETACX 

•
 be a standard feature

•
heoretical considerations,
hysics and related modeling
ed
urements (more for III-V
iGe HBTs)

ues for Harmonic Balance
tate analysis are unknown

erilog reference code ?
d-alone solver 
S
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Recommendations for improveme
... directly related to the simulator implementation & features (rathe

model parameters (and associated calculations) 
• should be available (already in V2.1): MCF, HJEI, IS (alternative to C10
• new parameters in V2.2: HFE, HFC, ALCT, VGE, ALCB, KIBIC
• should be deleted: KRBI
• flags for turning on/off: self-heating, vertical NQS effects 

separate thermal node
• available already in some simulators (ADS, ELDO, ...)   =>   should now

noise correlation factor  
• indicated by t

although detailed p
are still being debat

• indicated by meas
HBTs, but also for S

• implementation iss
and Period Steady-S

• how to include in V
• not included in stan

kIBIC
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HI FAQs

•
 generally difficult to run)
sing issue in circuit
ths)
ction 
om simulator to simulator
ble convergence)

•

p+
nker

SiO2

S

CjS,p

rSu,p

rSu,b
S
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FAQs
convergence issues in (production) circuits - possible causes
• simulator implementation or type of analysis (e.g., PSS analysis has been
• device operation at too high current densities  =>  simulator indicates bia

(there were at least two known production design cases in the past 6 mon
• device operation at too high power  =>  simulator indicates device destru
• voltage (change) limitation schemes: extremely important but different fr

(e.g.: generally needs to be included also in Verilog-A code to secure relia

substrate capacitance and substrate coupling network

p-

n+ b.l.

n+

si

C

CjS,b

• electrically distributed (especially for large struc-
tures)

• substrate depletion cap is coupled with substrate
network  

• several variations (STI, DTI, substrate contact
location...) depending on process
=>  fixed topology implemented in compact
       model would limit application
=>  add separately as needed via subcircuit

• suggested improvement beyond existing single
elements   =>   shown in figure on the right

rCx
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HI FAQs

•

rd saturation 

VC’E’

.5ns
S
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FAQs (cont’d)
kink in IC-VCE characteristics ...  a 1D case study
• τf = τf0(VB’C’) + ∆τf  ,    output characteristics @ VB’E’ = 0.9V  

• for τr = 0    =>    Qp and  ITf flatten towards VC’E’ → 0     =>     kink at ha
• effect is independent of BC capacitance and charge, e.g., in τf0(VB’C’) 

no
rm

al
iz

ed

no
rm

a l
iz

ed

VC’E’

τr = 0 τr = 0

ITf

IT

ITr

Qp

IT

ITr

ITf

Qp
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HI FAQs

eristics

ds VC’E’ → 0

rd-saturation

VC’E’

.5ns

Q_r 
S
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FAQs (cont’d)
... explanation of possible kink in IC-VCE charact

• charges  

=>    kink is caused by minority charge calculation towar

• however: complete neglection of Qr at hard-saturation is non-physical 

=>    need to develop extended charge description for ha

no
rm

al
iz

ed

no
rm

a l
iz

ed

VC’E’

τr = 0 τr = 0

Qp

Qp

Qf

QjEi
QjCi

QjCi QjEi

Qf

Qr
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HI FAQs

•
ependent 

e complicated equations!!)

dQ 'C'

B

E

C

CdC

CdE

iT

C22

E

C

C11

C21

C12

iT
S
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FAQs (cont’d)
"BC" minority charge  (QdC) and capacitance (CdC)
• total minority charge under quasi-static condition is (integration) path ind

• C11...C11 are "self"- and transcapacitances defined by ∆iC, ∆iE   (notice th

• a common misconception is to assume the  r.h.s. equivalent cir-
cuit for CdE and CdC 

• correct approach: solve the time dependent continuity equation 
=>  transient ICCR (TICCR [Klose & Wieder 1987]); e.g.:

  ,    

m dQf dQr+
∂Qm

∂VB'E'
---------------

VB'C'

dVB'E'
∂Qm

∂VB'C'
---------------

VB'E'

dVB'C'+ CdEdVB'E' CdCdVB+= = =

∆iC t( ) qAE FC x t,( )∂n
∂t
------ xd

0

xC
∫=

FC

h ξ t,( )p ξ t,( ) ξd
0

xC
∫

h x t,( )p x t,( ) xd
0

xC
∫
----------------------------------------------= h ξ t,( )

vB'E' ϕp–
VT

-----------------------
 
 
  1

µnni
2

------------
jnx AE
iT

-----------------exp=

B
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HI Model release notes

•

•
xtent)
in Verilog-A

•
) 
lopment
S
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Model release notes

Version 2.2 release: simulators
• Verilog-A 
• stand-alone solver HICUMNA: depending on funding from CMC/others
• DEVICE: only for CEDIC cooperation partners 

 ... and test cases
• only standard analysis possible: DC, AC, temperature, transient (limited e
• noise is not included in stand-alone solver; implementation unknown yet 

  Notes: 

implementation
• demand for model support exceeds CEDIC resources (see separate slides
• effort and cost for commercial implementation can be as large as for deve
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HI Model development effort

ICA development
S
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Model development effort

Outline

mostly covered by TRAD

• intrinsic transistor

• external transistor 

• parasitic effects 

• statistical modeling 

• model parameter determination 
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HI Model development effort

istor

•
 BC cap, hard saturation) 

• ition

•

•

•

•

S
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Model development - intrinsic trans

Overview
improved physics-based collector model for S/DHBTs
(incl. high-current and barrier effects, avalanche, current dependent
• SiGe HBTs with advanced conventional doping profile 
• Low-Emitter Concentration (LEC) SiGe HBTs 

3D GICCR theory and application to compact model element defin

charge partitioning schemes in S/DHBTs

high-frequency noise component decomposition

high-frequency (single- and multi-tone) distortion

III-V HBTs (AlGaAs, InGaAs, InP)
• non-local transport  =>  impact on transit time and transit frequency
• geometry scaling
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HI Model development effort

C junction 
• on equation yields for

s (full depletion)

•
 qNCivsAE (@ high voltages)
ent range 

VPT0 1 ITf Ilim⁄–( )
wCi

------------------------------------------------

T0
qNCi

2ε
------------wCi

2=

•

ICK ITf
S
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Modeling the bias dependent field at the B
main assumptions: NCi(x) = const, vn =vs   ⇒   integration of Poiss

low voltages (partial depletion)                         high voltage

issues with above equations:
• limited validity range:  vceff > EwcwCi (@ low voltages);   ITf = IC < Ilim =
• difficult to extend numerically stable beyond Ilim (and ICK) into high-curr

 with 

Ejc Ewc
2qNCi

ε
---------------- 1

ITf
Ilim
---------–

 
 
 

vceff EwcwCi–( )+=

Ewc ρCi
ITf
AE
-------

ITf
qAEµnCi Ewc( )NCi
-----------------------------------------------= = with   

Ejc
vceff +
-----------------=

VP

proposed approach here:
• linear ITf dependence at low current
• level off toward high currents
• smoothing function depends on key "parameters" Ejc0, ICK, E∞ 

Ejc0

E∞

Ejc

ECK

smooth in between
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HI Model development effort

C junction
 and analytical equation

0.6 0.8 1 1.2
[mA/µm2]

•

•

•

 

VBC/V = 0.5, 0, -2

Emodel
Eϕ

es 

C [mA]
S
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Modeling the bias dependent field at the B
                                               comparison between device simulation

0 0.2 0.4
−140

−120

−100

−80

−60

−40

−20

0

J
C
 

E
 [

kV
/c

m
]

model equation:  

 ,

parameter: gjc (all other parameters  are

already available in HICUM)

deviation at low VBC: missing square
root dependence 

Ejc E∞ feElim+=

fe VBC ITf,( )
ej ej

2 gjc
ECK
Elim
-----------++

2
---------------------------------------------=

ej

EjC0 E∞–( ) EjC0 ECK–( )
ITf
ICK
---------–

Elim
--------------------------------------------------------------------------------=

with

⇒   impact on model variables: see next slid

I

[kV/cm]

-Ejc
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HI ase-collector charge and depletion capacitance

acitance
• ependent integral):

 

•

•

• le CjCi(VBC,0) 

• ctor (ohmic region)

ITf
Ilim
---------





S
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Base-collector charge and depletion cap
incremental charge in BC region for quasi-static operation (path ind

 

BC depletion capacitance is a function of voltage and current

relation to electric field via Gauss’ law:

model accuracy is maintained by describing Ejc0 through measurab

current dependence: include voltage drop across non-depleted colle

⇒   roughly approximated by 

⇒   replace VBC by VBC + ∆Vpd 

⇒  retains explicit formulation 

dQBC VBC ITf,( ) CjCi dVBC τBC dITf+=

CjCi VBC ITf,( )
∂QBC
∂VBC
--------------

ITf

=

QBC VBC ITf,( ) εEjc VBC ITf,( )=

∆Vpd Vlim
ITf
Ilim
--------- 1 +





=
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HI ase-collector charge and depletion capacitance

omparison 
tical equation

•

• ulation 

nd simplicity

2

0
0.5

1
1.5

2 J
C
 [mA/µm2]IC [mA]

mic voltage drop
S
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Current and voltage dependent results: c
    device simulation                                                   analy

very accurate voltage dependence (by "design") at zero current

differences in current dependence caused by inaccuracy of Ejc form

overall: explicit formulation with reasonable accuracy a

0
0.5

1
1.5

−2

−1

0

1
0

0.2

0.4

0.6

0.8

J
C
 [mA/µm2]V

BC
 [V]

C
jC

i [
fF

/µ
m

]

−

−1

0

1
0

0.2

0.4

0.6

0.8

V
BC

 [V]
C

jC
i  

 [
fF

/µ
m

2
]

IC [mA]

oh
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HI Transit time

r E τBE τBf τBC τpC+ + + +

rtance of components in
pends on current density

gion:
τBf , (3) τBE 

egion:
ominated (BC barrier !)

 importance differs for 
evice (smaller  τBC)

 large at high ITf)

(τBC dominated at low  ITf)

τ 
[p

s]

[p

τ

VBC ITf,( )
∂QBC
∂ITf

--------------
VBC

=

S
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Transit time
epresents minority charge storage in the whole transistor: τ f τp=

• relative impo
SiGe HBT de

• low current re
• (1) τBC , (2) 

• high current r
• mainly τBf d

• Note: relative
• high-speed d

• Si BJTs (τpC

• GaAs HBTs 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

5

10

15

20

25

30

35

40

45

50

55

J
C
 [mA/µm2]

0 0.01 0.02 0.03 0.04 0.05
0

1

2

3

4

5

6 τmΣ=τBf

τBf

τmΣ

τBf

τBC
τBEτpC

τpE

τBC

τBE

τpC

τpE ICK

IC [mA]

s]

f 

• impact of Ejc(bias) mainly on τBf , τBC 
• τBC defined by incremental BC charge expression:
• τBf model: extension of existing HICUM equation

τBC
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HI Transit time

   u = 1(holes), 2(electrons) 

•  

γu



 ITf
u

------ du
dITf
---------- bhcu–( )exp

Ejc VBC ITf,( ) Elim⁄

τ 
  [

ps
]

tween device simulation
equation:
nt over 
 range
density range
th already existing HICUM

rameter determination
st extraction procedures
g for HICUM 
Proceedings or from fit

τ

[p
S
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Modeling the transit time 

extended HICUM base component: 

with fu(u) given in the proceedings bhc as new model parameter, and g

both transit time formulations depend on the normalized field 
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HI Modeling velocity overshoot
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Modeling velocity overshoot
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velocity overshoot

 approach: use Ejc as first-order approximation in standard velocity

        with   

 (feedback of faster carriers on field neglected) 
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HI Modeling velocity overshoot

•

•

•

•

ICA development)
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External transistor
series resistance models: mostly geometry dependence
• rCx (since not measurable directly on transistor)
• base resistance components

(intra-device) substrate coupling
• compact geometry scalable equations for rSu, CSu or
• fast numerical procedure 

electrothermal effects
• compact geometry scalable equations for Rth, Cth or
• fast numerical procedure 

geometry scaling effects 
• perimeter depletion capacitance
• perimeter injection and charge storage 
• current spreading

=>  mostly geometry scaling related modeling  (=> see TRAD
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HI Modeling velocity overshoot

e processes
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Example: BE capacitance in advanced SiG
trends:

BE spacer structure at emitter perimeter                            capacita

Si cap layer grown during SiGe deposition is only lightly doped 
=>  punch-through of SCR at the perimeter  (e.g. N = 1017cm-3 => 
=>  bias independent (specific) perimeter capacitance 
=>  indistinguishable from oxide capacitance CEox during paramete
also: need to investigate perimeter injection, minority charge storag

•  xjE ↓        =>    NBi ↑      =>    CA ↑  ,  CP ↓    

• SiGe epi  =>    NBp ↓     =>    CP ↓    CP/CA ↓

p+

n+ p(-)

p(+) SiGe

n

jE

x
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HI Modeling velocity overshoot

•
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Related publications
most recent publications: 
] P. Sakalas, M. Schroter, W. Kraus, and L. Kornau, “Modeling of SiGe power HBT

HICUM”, Proc. ESSDERC, Lisboa, pp. 311-314, 2003.
] M. Malorny, M. Schroter, D. Celi, and D. Berger, “An improved method for determ

bipolar transistors”, Proc. BCTM, pp. - , 2003.
] M. Schroter and H. Tran, „Modeling of base-collector junction related effects in he

(inv. paper), Compact Modeling Workshop of the International NanoTech Meeti
March 2004.

] M. Schroter, H. Tran and W. Kraus, “Germanium profile design options for LEC-S
nics, Vol., pp. 1133-1146, 2004. 

] P. Sakalas, M. Schroter, R. Scholz, H. Jiang, M. Racanelli, “Analysis of microwav
HBTs”, RFIC Symp., Tech. Dig., pp. -, June 2004.

] P. Sakalas,  M. Schroter, P. Zampardi, M. Racanelli,  “Microwave noise in III-V an
trends, numbers“, (inv. paper), Proc. 18th Int. Conf. on Noise and Fluctuations, Ca
2004.

] M. Malorny, M. Schroter, “Analytical method for calculating elements of an arbitrar
DES, Poland, pp. -, June 2004.

] M. Schroter, “Modeling of distortion in bipolar transistors - A review”, (inv. paper),
licon Monolithic Integrated Circuits in RF Systems, Atlanta (GA), pp. , Sept. 2004.

other activities: see CEDIC web-site  (http://www.iee.et.tu-dresden.de/iee/e
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HI Parameter extraction
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Parameter extraction
Review of error sources that can lead to model inac

equipment: 
• chuck, wafer and device temperature
• calibration substrate, cables, power and flatness, ...

measurement:
• bias point (e.g. need IC, not VBE => IC), S-parameters (magnitude, phase)
• signal-amplitude (must be small enough to avoid distortion, but large eno
• de-embedding: 

• complexity (multi-step) depends on frequency
• less structures available than DUTs  =>  equivalent circuit  or  scalable de-embed

device geometry
• lateral dimensions (e.g. emitter size)   =>   can be a function of topograph
• vertical dimensions (can be a function of lateral dimensions)
• process tolerances   =>   variation from die to die ...

model
• validity limits (equations, equivalent circuit)
• fit/optimization of characteristics (limited accuracy, selection of unsuitab
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HI Parameter extraction

sited
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Geometry scalable extraction - revi

consider   with  ,  as area and perimeter specific 

extracted from measured C, window area  and window pe

measurement error sources:
• electrical and intra-die (variation of C): ∆C
• geometry (assuming width and length vary uncorrelated, but with the sam

propagation of errors (cf. P. Bevington, "Data reduction and error analysis for the physical

experimental example see W. Kraus, ICCAP-Workshop 2002, Berli

C
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HI Parameter extraction

etermination
•

riation 
n

• apolated to b → ∞ 

ctual (measured) CP:
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Impact of width uncertainty on capacitance d
assumptions
• test structures with layout dimensions b0 << l0    =>   elimination of l0 va
• actual emitter width b = b0 + ∆b,  with ∆b as uncertainty or width variatio

use standard equation  =>  area specific component CA = value extr
• subtract standard equation for two different b (e.g. large and small b) 

=> perimeter specific component CP0 from layout (b0, l0) as function of a

     =>    for ∆b < 0 :  CP0

CP
C
l0b0
------------ ∆b

2b0
---------+

1 ∆b b0⁄+
---------------------------------------= CP0

CP –

1 –
---------------=

C
A0

0

P0

∆b
0

CP

CP0 < 0

CA = CA0
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HI Parameter extraction

traction

•  unavoidable

tions)
 model accuracy 

=
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 geometry devices
 scalable extraction

 geometry uncertainty, 
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more accurate than single 
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More thoughts on geometry scalable ex

fundamentally, size variations (compared to layout dimensions) are
consequences:
• single geometry extraction assigns model parameter set to incorrect size
• problem can only be treated statistically  (which is the nature of the varia

=> the more devices are being used for extraction the better the "average"

=>  alternatives

use more of the "same" geometry for 
single geometry extraction

>  ideally: average values of parameters 

ctually: fit errors are also included and una-
oidable due to inherent problem to obtain
hysical information from single geometry
xtraction 

uses multiple
=>   geometry

=>  average out
(more) phys

=>  fundamentally 
device geo
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HI Parameter extraction
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... self-heating

unavoidable in modern processes during measurements (at higher c

need to be either included or avoided during extraction
• include by using corrections (mostly model-based with measured TCs)
• avoid by using pulsed measurements
• avoid by using proper test structures and extraction methodology; examp

determine series resistances from test structures rather than from I-V char

trends for self-heating:
• power dissipation is proportional to AE0 (and thus nE) 
• Rth is less than proportional to emitter dimensions 

=>   use nE = 1
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HI Model verification activities

p layout

titutions)
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Model verification activities

• high-frequency noise 

• distortion (harmonic and intermodulation) 

• 0.18um BiCMOS and 200GHz processes 

• benchmark circuits: LNA, mixer, ...   and test chi

=>  see publications (also from industry and other ins
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Summary

increasing model demand and availability (simulators, libraries) 

version 2.2 is on its way ...   =>   feedback ?? 

resource issues for productization support still exist, 
while increased emphasis is needed for physics-based modeling

(required) model development and research
• collector field formulation  =>  already yields promising results
• GICCR extension to 2D/3D case will provide clear definition of internal 
• geometry scaling of advanced SiGe processes needs to be investigated 
• hard-saturation and BC voltage-related minority charge modeling (for po
• distributed electro-thermal models for power transistors and applications
• statistical simulation with correlated PCMs for conventional and LEC pro

model verification: various processes 


	HICUM Status Overview
	M. Schröter
	Chair for Electron Devices and Integrated Circuits
	(CEDIC)
	University of Technology Dresden
	Germany
	mschroter@ieee.org
	http://www.iee.et.tu-dresden.de/iee/eb/eb_homee.html
	Outline
	• Availability of version 2.1 (simulators, foundries)
	• HICUM/Level2 Version 2.2
	• Model release notes
	• Development effort
	• Model verification


	Availability of HICUM/Level2 V2.1 in Circuit Simulators
	(Please contact simulator vendor for details and the latest status of availability)
	10/99
	7/03
	ELDO AMS2004.1; ext. thermal node; Harm. Balance

	10/99
	?/03
	version > 446.100.70 with HICUM2.1

	7/00
	5/03
	ADS2003C: design tested stable version

	11/00
	11/00
	can be combined with UTMOST

	2003
	04/04
	numerically stable; contains also HICUM/Level0

	10/01
	6/03
	APLAC 7.62a

	2/01
	2/02
	working on stable release in conjunction with MWO

	8/02
	8/02
	various proprietary numerical improvements

	?/03
	?/03
	(available according to customers)

	4/02
	4/02
	one of the reference circuit simulators
	Apache NSpice, HSIM: code sent as per request, implementation in progress
	• Various (other) in-house simulators (ASX (IBM), ...)
	• Verilog-A version of model code; also, stand-alone kit enabling coupling with other tools

	Availability of HICUM/Level2 V2.1 Foundry Libraries
	(Please contact foundry for details and the latest status of availability)
	UHF6(S)
	SIGE1
	SIGE2
	20GHz Si bipolar
	40GHz SiGe bipolar
	50GHz 0.35m SiGe BiCMOS
	90GHz SiGe bipolar
	/
	?/02
	?/04
	?/04
	TRADICA1), lv&hv2)
	TRADICA , lv&hv
	TRADICA , lv&hv
	TRADICA
	7HP
	8HP
	120GHz SiGe BiCMOS
	210GHz SiGe BiCMOS
	?/?
	?/?
	lv&hv&mp
	lv&hv&mp
	BC35
	SBC35
	SBC18
	35GHz 0.35m Si BiCMOS
	60GHz 0.35m SiGe BiCMOS
	150GHz 0.18m SiGeBiCMOS
	7/98
	3/99
	10/00
	TRADICA1), lv&hv
	TRADICA, lv&hv&mp
	TRADICA, lv&hv&mp
	confidential confidential confidential
	45GHz SiGe BiCMOS
	60GHz SiGe BiCMOS
	150GHz SiGe BiCMOS
	yes
	yes
	yes
	lv&hv
	lv&hv
	lv
	SG035
	50GHz 0.35m SiGe BiCMOS
	?/04
	TRADICA1), lv&hv&mp
	1) indicates geometry scalable TRADICA-generated libraries
	2) lv = low-voltage (high-speed) npn, hv = high-voltage npn, mp = medium-speed (special purpose) npn


	HICUM version 2.2
	• physics-based extensions
	• background
	• open for discussion

	• numerics/implementation related
	• mostly recommendations

	• documentation
	• release notes with detailed documentation of changes/additions
	• model description update (detailed derivation in model description is not desired by most users)

	Note: information below is a first draft for discussion (missing various details)
	=> still subject to change until official release of version 2.2


	Transfer current and GICCR
	• generalized formulation for temperature dependent ICCR factor (requested by some users)
	,
	requiring the new model parameter aCT
	• plot shows normalized c10 vs temperature at VgBeff(0)�=�1.17V for aCT variation => little impac...
	• zero bias hole charge temperature dependence
	• two options are still being investigated (based on device simulation results)

	• base region reach-through: limitation of at high reverse biased junctions by hyperbolic smoothi...


	Base current components
	Excess base current at high current densities from recombination at the BC barrier
	• high forward bias ﬁ field at BC junction decreases ﬁ pile-up of holes “before” the Ge drop) ﬁ f...
	• observable in 1D case (no rseries)
	• add’l current:
	• 2D case: masked by series resistances ﬁ difficulty for extracting parameter tBhb


	Base current components (cont’d)
	• Temperature dependence: more general equation
	with and additional parameter
	• note: calculating VgEeff from above equation corresponds to using current gain TC (as in V2.1)


	• BC component => modified temperature dependence
	with and (no new parameters)

	• similar modifications for IBEp, IBCx

	Depletion capacitances and charges
	• exponential smoothing can cause numerical overflow for large forward or reverse bias
	=> replaced exponential by hyperbolic smoothing (changes presented below apply to all depletion c...
	• internal base-emitter component (forward bias smoothing only)
	• auxiliary (smoothed) voltage

	with
	• constant : adjusted to minimize difference to v2.1 formulation (afjE is not a model parameter)



	Depletion capacitances and charges (cont’d)
	• internal base-collector component
	• common argument with smoothing function for forward bias
	• reverse bias: argument and smoothing functions (partial depl.) , (punch-through)

	=> replace voltages in charge expression, , by smoothing functions:
	,

	=> derivative yields depletion capacitance

	BC depletion capacitance (cont’d)
	normalized BC charge Qj and capacitance Cj, and their components
	• punch-through and forward bias limiting included, compatible for version 2.1
	• strongly simplified (and easier to understand) and numerically more suitable than version 2.1
	• note: no impact on existing low-current transit time formulation (see later)


	Depletion capacitances and charges (cont’d)
	temperature dependence of built-in voltage
	• smoothing towards high temperatures to avoid negative built-in voltage
	• auxiliary voltage at T0 (with VT0 = kBT0/q):
	• auxiliary voltage at T:
	• final smoothed value at T:



	Transit time
	• effective collector voltage
	• hyperbolic smoothing: with and avceff (= 1.921812)

	• numerical derivative of ICK has been replaced by analytical derivative
	• temperature dependence of Vlim
	• replacing former term => smooth expression

	• Emitter transit time
	• smooth new physics-based expression:
	with , (see IBEiS)
	and , aBEi = 3.5


	Parasitic BE capacitance
	• distributed capacitance mostly along link (spacer) region and associated series resistance rBsp
	• need simple lumped representation best first order approach:
	p equivalent circuit
	=> partitioning across rBsp
	• new parameter for partitioning
	• can also be used to include metal cap:


	Recommendations for improvements
	... directly related to the simulator implementation & features (rather than model equations)
	• model parameters (and associated calculations)
	• should be available (already in V2.1): MCF, HJEI, IS (alternative to C10), ZETACX
	• new parameters in V2.2: HFE, HFC, ALCT, VGE, ALCB, KIBIC
	• should be deleted: KRBI
	• flags for turning on/off: self-heating, vertical NQS effects

	• separate thermal node
	• available already in some simulators (ADS, ELDO, ...) => should now be a standard feature

	• noise correlation factor
	• indicated by theoretical considerations, although detailed physics and related modeling are sti...
	• indicated by measurements (more for III-V HBTs, but also for SiGe HBTs)
	• implementation issues for Harmonic Balance and Period Steady-State analysis are unknown
	• how to include in Verilog reference code ?
	• not included in stand-alone solver


	FAQs
	• convergence issues in (production) circuits - possible causes
	• simulator implementation or type of analysis (e.g., PSS analysis has been generally difficult t...
	• device operation at too high current densities => simulator indicates biasing issue in circuit ...
	• device operation at too high power => simulator indicates device destruction
	• voltage (change) limitation schemes: extremely important but different from simulator to simula...

	• substrate capacitance and substrate coupling network
	• electrically distributed (especially for large structures)
	• substrate depletion cap is coupled with substrate network
	• several variations (STI, DTI, substrate contact location...) depending on process => fixed topo...
	• suggested improvement beyond existing single elements => shown in figure on the right



	FAQs (cont’d)
	• kink in IC-VCE characteristics ... a 1D case study
	• tf = tf0(VB’C’) + Dtf , output characteristics @ VB’E’ = 0.9V
	• for tr = 0 => Qp and ITf flatten towards VC’E’ Æ 0 => kink at hard saturation
	• effect is independent of BC capacitance and charge, e.g., in tf0(VB’C’)


	FAQs (cont’d)
	... explanation of possible kink in IC-VCE characteristics
	• charges

	=> kink is caused by minority charge calculation towards VC’E’ Æ 0
	• however: complete neglection of Qr at hard-saturation is non-physical

	=> need to develop extended charge description for hard-saturation

	FAQs (cont’d)
	• "BC" minority charge (QdC) and capacitance (CdC)
	• total minority charge under quasi-static condition is (integration) path independent
	• a common misconception is to assume the r.h.s. equivalent circuit for CdE and CdC
	• correct approach: solve the time dependent continuity equation => transient ICCR (TICCR [Klose ...

	,
	• C11...C11 are "self"- and transcapacitances defined by DiC, DiE (notice the complicated equatio...

	Model release notes
	• Version 2.2 release: simulators
	• Verilog-A
	• stand-alone solver HICUMNA: depending on funding from CMC/others
	• DEVICE: only for CEDIC cooperation partners

	• ... and test cases
	• only standard analysis possible: DC, AC, temperature, transient (limited extent)
	• noise is not included in stand-alone solver; implementation unknown yet in Verilog-A

	Notes:
	• implementation
	• demand for model support exceeds CEDIC resources (see separate slides)
	• effort and cost for commercial implementation can be as large as for development



	Model development effort
	Outline
	• intrinsic transistor
	• external transistor
	• parasitic effects
	• statistical modeling
	• model parameter determination



	Model development - intrinsic transistor
	Overview
	• improved physics-based collector model for S/DHBTs (incl. high-current and barrier effects, ava...
	• SiGe HBTs with advanced conventional doping profile
	• Low-Emitter Concentration (LEC) SiGe HBTs

	• 3D GICCR theory and application to compact model element definition
	• charge partitioning schemes in S/DHBTs
	• high-frequency noise component decomposition
	• high-frequency (single- and multi-tone) distortion
	• III-V HBTs (AlGaAs, InGaAs, InP)
	• non-local transport => impact on transit time and transit frequency
	• geometry scaling


	Modeling the bias dependent field at the BC junction
	• main assumptions: NCi(x) = const, vn =vs ﬁ integration of Poisson equation yields for
	low voltages (partial depletion) high voltages (full depletion)
	with
	• issues with above equations:
	• limited validity range: vceff > EwcwCi (@ low voltages); ITf = IC < Ilim = qNCivsAE (@ high vol...
	• difficult to extend numerically stable beyond Ilim (and ICK) into high-current range

	• proposed approach here:
	• linear ITf dependence at low current
	• level off toward high currents
	• smoothing function depends on key "parameters" Ejc0, ICK, E•



	Modeling the bias dependent field at the BC junction
	comparison between device simulation and analytical equation
	• model equation:
	• parameter: gjc (all other parameters are already available in HICUM)
	• deviation at low VBC: missing square root dependence

	Base-collector charge and depletion capacitance
	• incremental charge in BC region for quasi-static operation (path independent integral):
	• BC depletion capacitance is a function of voltage and current
	• relation to electric field via Gauss’ law:
	• model accuracy is maintained by describing Ejc0 through measurable CjCi(VBC,0)
	• current dependence: include voltage drop across non-depleted collector (ohmic region)
	ﬁ roughly approximated by
	ﬁ replace VBC by VBC + DVpd
	ﬁ retains explicit formulation


	Current and voltage dependent results: comparison
	device simulation analytical equation
	• very accurate voltage dependence (by "design") at zero current
	• differences in current dependence caused by inaccuracy of Ejc formulation

	overall: explicit formulation with reasonable accuracy and simplicity
	Transit time
	represents minority charge storage in the whole transistor:
	• relative importance of components in SiGe HBT depends on current density
	• low current region:
	• (1) tBC , (2) tBf , (3) tBE

	• high current region:
	• mainly tBf dominated (BC barrier !)

	• Note: relative importance differs for
	• high-speed device (smaller tBC)
	• Si BJTs (tpC large at high ITf)
	• GaAs HBTs (tBC dominated at low ITf)




	Modeling the transit time
	with fu(u) given in the proceedings bhc as new model parameter, and gu = 1(holes), 2(electrons)
	• both transit time formulations depend on the normalized field
	• comparison between device simulation and analytical equation:
	• good agreement over - wide voltage range - wide current density range
	• compatible with already existing HICUM formulation
	• physics-based

	• comment on parameter determination
	• can use most extraction procedures already existing for HICUM
	• bhc: see [2] in Proceedings or from fit


	Modeling velocity overshoot
	• observation: certain III-V HBTs show "spike" in transit frequency around peak
	• cause: scattering of high-energy electrons from the lower to the upper valley
	• issues:
	• determination of transit time using standard method (cf. Fig.)
	• modeling of "low-current" transit time



	External transistor
	• series resistance models: mostly geometry dependence
	• rCx (since not measurable directly on transistor)
	• base resistance components

	• (intra-device) substrate coupling
	• compact geometry scalable equations for rSu, CSu or
	• fast numerical procedure

	• electrothermal effects
	• compact geometry scalable equations for Rth, Cth or
	• fast numerical procedure

	• geometry scaling effects
	• perimeter depletion capacitance
	• perimeter injection and charge storage
	• current spreading

	=> mostly geometry scaling related modeling (=> see TRADICA development)

	Example: BE capacitance in advanced SiGe processes
	• trends:
	• xjE Ø => NBi � => CA � , CP Ø
	• SiGe epi => NBp Ø => CP Ø

	BE spacer structure at emitter perimeter capacitance-voltage behavior
	• Si cap layer grown during SiGe deposition is only lightly doped => punch-through of SCR at the ...


	Related publications
	• most recent publications:
	[1] P. Sakalas, M. Schroter, W. Kraus, and L. Kornau, “Modeling of SiGe power HBT intermodulation...
	[2] M. Malorny, M. Schroter, D. Celi, and D. Berger, “An improved method for determining the tran...
	[3] M. Schroter and H. Tran, „Modeling of base-collector junction related effects in heterojuncti...
	[4] M. Schroter, H. Tran and W. Kraus, “Germanium profile design options for LEC-SiGe HBTs”, Soli...
	[5] P. Sakalas, M. Schroter, R. Scholz, H. Jiang, M. Racanelli, “Analysis of microwave noise sour...
	[6] P. Sakalas, M. Schroter, P. Zampardi, M. Racanelli, “Microwave noise in III-V and SiGe-based ...
	[7] M. Malorny, M. Schroter, “Analytical method for calculating elements of an arbitrary equivale...
	[8] M. Schroter, “Modeling of distortion in bipolar transistors - A review”, (inv. paper), Proc. ...

	• other activities: see CEDIC web-site (http://www.iee.et.tu-dresden.de/iee/eb/eb_homee.html)
	Parameter extraction
	Review of error sources that can lead to model inaccuracy
	• equipment:
	• chuck, wafer and device temperature
	• calibration substrate, cables, power and flatness, ...

	• measurement:
	• bias point (e.g. need IC, not VBE => IC), S-parameters (magnitude, phase)
	• signal-amplitude (must be small enough to avoid distortion, but large enough for accurate detec...
	• de-embedding:
	• complexity (multi-step) depends on frequency
	• less structures available than DUTs => equivalent circuit or scalable de-embedding models


	• device geometry
	• lateral dimensions (e.g. emitter size) => can be a function of topography (lithography)
	• vertical dimensions (can be a function of lateral dimensions)
	• process tolerances => variation from die to die ...

	• model
	• validity limits (equations, equivalent circuit)
	• fit/optimization of characteristics (limited accuracy, selection of unsuitable characteristics,...




	Geometry scalable extraction - revisited
	• consider with , as area and perimeter specific parameters to be extracted from measured C, wind...
	• measurement error sources:
	• electrical and intra-die (variation of C): DC
	• geometry (assuming width and length vary uncorrelated, but with the same absolute value): Db

	• propagation of errors (cf. P. Bevington, "Data reduction and error analysis for the physical sc...
	• the y-axis
	• the x-axis

	• experimental example see W. Kraus, ICCAP-Workshop 2002, Berlin, Germany

	Impact of width uncertainty on capacitance determination
	• assumptions
	• test structures with layout dimensions b0 << l0 => elimination of l0 variation
	• actual emitter width b = b0 + Db, with Db as uncertainty or width variation

	• use standard equation => area specific component CA = value extrapolated to b Æ •
	• subtract standard equation for two different b (e.g. large and small b) => perimeter specific c...

	=> for Db < 0 :

	More thoughts on geometry scalable extraction
	• fundamentally, size variations (compared to layout dimensions) are unavoidable consequences:
	• single geometry extraction assigns model parameter set to incorrect size
	• problem can only be treated statistically (which is the nature of the variations) => the more d...

	=> alternatives
	use more of the "same" geometry for single geometry extraction
	=> ideally: average values of parameters
	actually: fit errors are also included and unavoidable due to inherent problem to obtain physical...


	... self-heating
	• unavoidable in modern processes during measurements (at higher current densities)
	• need to be either included or avoided during extraction
	• include by using corrections (mostly model-based with measured TCs)
	• avoid by using pulsed measurements
	• avoid by using proper test structures and extraction methodology; example: determine series res...

	• trends for self-heating:
	• power dissipation is proportional to AE0 (and thus nE)
	• Rth is less than proportional to emitter dimensions

	Model verification activities
	• high-frequency noise
	• distortion (harmonic and intermodulation)
	• 0.18um BiCMOS and 200GHz processes
	• benchmark circuits: LNA, mixer, ... and test chip layout
	=> see publications (also from industry and other institutions)

	Summary
	• increasing model demand and availability (simulators, libraries)
	• version 2.2 is on its way ... => feedback ??
	• resource issues for productization support still exist, while increased emphasis is needed for ...
	• (required) model development and research
	• collector field formulation => already yields promising results
	• GICCR extension to 2D/3D case will provide clear definition of internal model definition
	• geometry scaling of advanced SiGe processes needs to be investigated
	• hard-saturation and BC voltage-related minority charge modeling (for power transistors)
	• distributed electro-thermal models for power transistors and applications
	• statistical simulation with correlated PCMs for conventional and LEC process

	• model verification: various processes



