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• January 1994 – Release of Mextram level 503.1

• June 1995 – Release of Mextram level 503.2
• Improved description of Early voltage

• Improved description of cut-off frequency

• Parameter compatible with level 503.1
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History Mextram (I)

1990            1995            2000            2005            2010            2015

January 1994:

Mextram 503 in 

Public domain



• June 2000 - Release of Mextram level 504 (preliminary version) 
• Complete review of the model

• April 2001 - Release of Mextram level 504
• Small fixes

• Parameter RTH and CTH added to MULT-scaling

• Expression for α in operating point information fixed

• Changes w.r.t. June 2000 version:

• Addition of overlap capacitances CBEO and CBCO

• Change in temperature scaling of diffusion voltages

• Change in neutral base recombination current

• Addition of numerical examples with self-heating

• September 2001 - Mextram level 504.1
• Lower bound on RTH is now 0OC/W

• Small changes in Fex and QB1B2 to enhance robustness
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History Mextram (II)

1990            1995            2000            2005            2010            2015

January 1994:

Mextram 503 in 

Public domain

June 2000: Mextram

504 released



• March 2002 - Changes in implementation for increased numerical stability
• Numerical stability increased of xi/Wepi at small VC1C2

• Numerical stability increased of p0* 

• December 2002 - Minor changes in documentation not in model 

• October 2003 - Release of Mextram 504.3
• MULT moved in list of parameters

• Lower clipping value Tref changed to -273OC

• Added IC, IB, βDC to operating point information

• April 2004 - Release of Mextram 504.4
• Noise of collector epilayer has been removed
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History Mextram (III)

1990            1995            2000            2005            2010            2015

January 1994:

Mextram 503 in 

Public domain

Fall 2004: Mextram

elected world standard 

transistor model by CMC 

June 2000: Mextram

504 released



• March 2005 - Release of Mextram 504.6
• Added parameter DAIS for fine tuning temp. dep. of IST

• GEM=0 added to weak avalanche

• Upper clipping value 1.0 of KAVL introduced

• March 2008 - Release of Mextram 504.7
• Added resistances of buried layer RCBLX and RCBLI,

and their temperature scaling ACBL

• Lower clipping value of resistances 

RE,RBC,RBV,RCC,RCV,SCRCV increased to 1mΩ

• Bux fix high temperature limit BnT

• June 2009 - Release Mextram 504.8
• Zener tunneling current in emitter-base junction
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History Mextram (IV)

1990            1995            2000            2005            2010            2015

January 1994:

Mextram 503 in 

Public domain

Fall 2004: Mextram

elected world standard 

transistor model by CMC 

June 2000: Mextram

504 released

2007:  Delft Univ. of 

Technology Mextram

developer



• Q2 2010 - Release of Mextram 504.9
• Added lower clip value to parameter TVGEB

• Added operating point information VBE,VBC,VCE,VSE,VBS,VSC,IE,IS
• Added parameters collector-substrate model ICSS, ASUB

• Physics-based temperature scaling ideal collector-substrate current

• Q1 2011 - Release of Mextram 504.10
• Parameter EXSUB in parasitic BCS transistor model

• Revised documentation of GMIN

• Q1 2012 - Release of Mextram 504.10.1
• Bug fix in OP-info fT
• Bug fix equilibrium state parasitic BCS transistor

• Q4 2012 - Release of Mextram 504.11.0
• Added operating point information of Iqs

• Extended range of EXMOD
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History Mextram (V)

1990            1995            2000            2005            2010            2015

January 1994:

Mextram 503 in 

Public domain

Fall 2004: Mextram

elected world standard 

transistor model by CMC 

June 2000: Mextram

504 released

2007:  Delft Univ. of 

Technology Mextram

developer

Fall 2015:  Auburn 

University Mextram

developer
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• Device cross section used in Mextram

• not on scale
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Device cross section

n+ emitter

n epilayer

p substrate

n+ buried layer

p base

C EB

S



• Current sources

• Main current source IN based on

Gummel’s charge control relation

• Base current
• Forward mode

• Ideal base current IB1

• Ideal base current side-wall IB1
S

• Non-ideal base current IB2

• Reverse mode (extrinsic transistor)

• Ideal base current Iex

• Non-ideal base current IB3

• Weak avalanche current IAVL

• Zener tunneling base-emitter 

junction IZTEB

• Parasitic base-collector-substrate 

transistor Isub
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Equivalent circuit (I) n+ emitter

n epilayer

p substrate

n+ buried layer

p base
C EB

S

IB1IB2

IB1
S

IAVL

IN

IZTEB

Iex+IB3Isub



• Resistances

• Emitter resistance 
• Constant emitter resistance RE

• Base resistance
• Constant base resistance RBV

• Variable base resistor IB1B2

 current crowding underneath 

the emitter

• Collector
• Constant collector resistance RCC

• Epi-layer model IC1C2
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Equivalent circuit (II)
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• Depletion charges and capacitances 

• Depletion charge base-emitter 

pn-junction intrinsic transistor QtE

• Depletion charge base-emitter 

pn-junction sidewall QtE
S

• Depletion charge 

base-collector pn-junction intrinsic 

transistor QtC

• Depletion charge 

base-collector pn-junction extrinsic 

transistor Qtex

• Depletion charge collector-

substrate pn-junction QtS
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Equivalent circuit (III)
n+ emitter

n epilayer

p substrate

n+ buried layer

p base
C EB

S

IB1IB2

IB1
S

IAVL

IN

IZTEB

Iex+IB3Isub

E1

RE

RCC

IB1B2

B1

IC1C2

B2

C2

C1

RBV

QtS

Qtex

QtC

QtE
S

QtE



• Diffusion charges and capacitances 

• Diffusion charges related 

to built-up of charge in the base 

due to the main current
• Forward operation QBE

• Reverse operation QBC

• Charge built-up of holes

in the emitter QE

• Charge built-up 

in the epilayer Qepi

• Charge built-up in the epilayer

extrinsic transistor Qex
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Equivalent circuit (IV)
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• Modelling of high frequency 

effects in the base: 

base charge partitioning QB1B2

• Effect in the vertical direction

• Part of the base-emitter charge 

QBE is assigned to the base 

collector junction (QBC)

• Result of this effect is an extra 

phase shift in the 

transconductance

• Parameter Excess phase 

change EXPHI

• EXPHI=1 ON

• EXPHI=0 OFF
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• Modelling of external region
• Ideal reverse base current XIex

• Parasitic base-collector-

substrate transistor XIsub

• Depletion charge 

base-collector pn-junction Qtex

• Diffusion charge 

base-collector pn-junction Qex

• Switch for external region
• ON  EXMOD=1

• OFF EXMOD=0

• Partitioning extrinsic transistor

and external region with 

parameter XEXT
• Extrinsic transistor ~(1-XEXT)

• External region ~XEXT
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• Buried layer resistances
• Extrinsic part RCBLX 

• Intrinsic part RCBLI

• Implementation based on 

flexible topology
• Resistances are included in 

equivalent circuit for parameter 

values of parameters RCBLX 

and RCBLI larger than 0

• 4 different equivalent circuits 

possible
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• Overlap capacitances (constant)
• Base-emitter overlap 

capacitance CBEO 

• Base-collector overlap 

capacitance CBCO
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• Self-heating 
• First order thermal-network 

• Thermal resistance RTH

• Thermal capacitance CTH

• Geometry scaling MULT
• RTH ~ 1/MULT

• CTH ~ MULT

• Temperature scaling
• RTH scales with ambient 

temperature Tamb w.r.t. 

reference temperature TR

• RTH=(Tamb/TR)^ATH

• ATH temperature scaling 

thermal resistance
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• Overview of parameter extraction process in Mextram
• Mextram has around 90 model parameters (flags and switches included)

• Demonstration of how the most important parameters are extracted
• Parameters are often extracted in groups on specific measurement data

• Typical results are shown
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Parameter extraction process (I)



• Parameter extraction in Mextram
• Extensive documentation how to extract parameters

• Many possibilities to adapt parameter extraction procedure 

to own needs and requirements

• Order followed in this presentation
• Base-emitter depletion capacitance

• Base-collector depletion capacitance

• Gummel characteristics

• Output characteristics

• Base current

• Avalanche current

• Zener Tunneling

• Series resistances

• Figures of merit fT etc. 
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Parameter extraction process (II)



• In case the base-emitter voltage is not 

too far in forward the total base-emitter 

capacitance can be approximated by the 

depletion and overlap capacitance

𝐶𝐵𝐸 =
𝑪𝑱𝑬

1 −  𝑉𝐵𝐸 𝑽𝑫𝑬 𝑷𝑬
+ 𝑪𝑩𝑬𝑶

Parameters:

• 𝑪𝑱𝑬 : depletion capacitance

• 𝑽𝑫𝑬 : built-in voltage

• 𝑷𝑬 : grading coefficient

• 𝑪𝑩𝑬𝑶 : overlap capacitance

• Two contributions in Mextram

• Intrinsic component QtE

• Proportional to parameter XCJE

• Side wall component QtE
S

• Proportional to parameter 1-XCJE

• Clipping depletion capacitance when 

𝑉𝐵𝐸 ≈ 𝑽𝑫𝑬 included in Mextram (see 

next slide)
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• Text book formula for depletion capacitance/charge

𝐶𝐵𝐸
𝑑𝑒𝑝

=
𝑪𝑱𝑬

1−  𝑉𝐵𝐸 𝑽𝑫𝑬 𝑷𝑬, 𝑄𝐵𝐸
𝑑𝑒𝑝

=
𝐂𝐉𝐄 ∙𝐕𝐃𝐄

1−𝐏𝐄
∙ 1 − 1 −

𝑉𝑗𝑒

𝐕𝐃𝐄

1−𝐏𝐄

• Smoothing needed for 𝑉𝐵𝐸 ≈ 𝑽𝑫𝑬

• Note that clipping is used, since for 𝑉𝐵𝐸 > 𝑽𝑫𝑬 the diffusion charge dominates

• Implemented base-emitter depletion charge
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Base emitter depletion capacitance – implementation 

𝑉𝑓𝑒 = 𝐕𝐃𝐄 1 − 𝑎𝑗𝑒  −1 𝐏𝐄

𝑄𝐵𝐸 =
𝐂𝐉𝐄 ∙𝐕𝐃𝐄

1−𝐏𝐄
∙ 1 − 1 −

𝑉𝑗𝑒

𝐕𝐃𝐄

1−𝐏𝐄
+ 𝐂𝐉𝐄 ∙ 𝑎𝑗𝑒 ∙ 𝑉𝐵𝐸 − 𝑉𝑗𝑒

𝑄𝐵𝐸 = 𝐂𝐉𝐄 ∙ 𝑽𝒕𝒆

𝑉𝑗𝑒 =

𝑉𝐵𝐸 − 0.1 ∙ 𝐕𝐃𝐄 ∙ 𝑙𝑛 1 + 𝑒𝑥𝑝
𝑉𝐵𝐸 − 𝑉𝑓𝑒
0.1 ∙ 𝐕𝐃𝐄

∶ 𝑉𝐵𝐸< 𝑉𝑓𝑒

𝑉𝑓𝑒 − 0.1 ∙ 𝐕𝐃𝐄 ∙ 𝑙𝑛 1 + 𝑒𝑥𝑝
𝑉𝑓𝑒 − 𝑉𝐵𝐸
0.1 ∙ 𝐕𝐃𝐄

∶ 𝑉𝐵𝐸> 𝑉𝑓𝑒

Clipping voltage

Depletion charge

Clipping equation

𝑉𝑡𝐸 reused in calculation of reverse Early effect



• Base-emitter capacitance obtained from y-parameter measurements 

• Extracted parameters
• 𝑪𝑱𝑬 depletion capacitance

• 𝑽𝑫𝑬 built-in voltage

• 𝑷𝑬 grading coefficient

• 𝑪𝑩𝑬𝑶 overlap capacitance

• 𝟏 − 𝑿𝑪𝑱𝑬 part of depletion capacitance attributed to side wall

(multiple geometries needed with variation in emitter area)

• Parameter optimization for VBE=-1..0.5V
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Base emitter depletion capacitance – Extraction result

CBE(F)

VBE(V)

VBC=0V

f=2GHz



• In case the base-collector voltage is not 

too far in forward the total base-collector 

capacitance can be approximated by the 

depletion and overlap capacitance

𝐶𝐵𝐶 =
1 − 𝑿𝑷 ∙ 𝑪𝑱𝑪

1 −  𝑉𝐵𝐶 𝑽𝑫𝑪 𝑷𝑬

+𝑿𝑷 ∙ 𝑪𝑱𝑪 + 𝑪𝑩𝑪𝑶
Parameters:

• 𝑪𝑱𝑪 : depletion capacitance

• 𝑽𝑫𝑪 : built-in voltage

• 𝑷𝑪 : grading coefficient

• 𝑪𝑩𝑪𝑶 : overlap capacitance

• XP : fraction of depletion

capacitance which is constant, i.e, 

runs into buried layer

• Three contributions in Mextram

• Intrinsic component QtC

• Proportional to parameter XCJC

• Extrinsic components Qtex+XQtex

• Proportional to parameter 1-XCJC

• Qtex proportional to 1-XEXT

• XQtex proportional to XEXT

November 6, 201525.

Parameter extraction : 
Base collector depletion 

capacitance
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• Similar clipping methodology followed as for base-emitter depletion capacitance

• Text book formula for depletion capacitance/charge

𝐶𝐵𝐶
𝑑𝑒𝑝

=
𝑪𝑱𝑪

1−  𝑉𝐵𝐶 𝑽𝑫𝑪 𝑷𝑪 𝑄𝐵𝐶
𝑑𝑒𝑝

=
𝐂𝐉𝐂 ∙𝐕𝐃𝐂

1−𝐏𝐂
∙ 1 − 1 −

𝑉𝑗𝑐

𝐕𝐃𝐂

1−𝐏𝐂

• Smoothing needed for 𝑉𝐵𝐶 ≈ 𝑽𝑫𝑪

• Note that clipping is used, since for 𝑉𝐵𝐶 > 𝑽𝑫𝑪 the diffusion charge dominates

• Implemented base-emitter depletion charge
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Base collector depletion capacitance – implementation 

𝑉𝑓𝑐 = 𝐕𝐃𝐂 1 − 𝑎𝑗𝑐  −1 𝐏𝐶

𝑄𝐵𝐶 =
𝟏−𝐗𝐏 ∙𝐂𝐉𝐂 ∙𝐕𝐃𝐂

1−𝐏C
∙ 1 − 1 −

𝑉𝑗𝑐

𝐕𝐃𝐂

1−𝐏𝐂
+

𝟏 − 𝐗𝐏 ∙ 𝐂𝐉𝐂 ∙ 𝑎𝑗𝑒 ∙ 𝑉𝐵𝐶 − 𝑉𝑗𝑐 + 𝐗𝐏 ∙ 𝐂𝐉𝐂

𝑄𝐵𝐶 = 𝐂𝐉𝐂 ∙ 𝑽𝒕𝒄

𝑉𝑗𝑐 =

𝑉𝐵𝐶 − 0.1 ∙ 𝐕𝐃𝐂 ∙ 𝑙𝑛 1 + 𝑒𝑥𝑝
𝑉𝐵𝐶 − 𝑉𝑓𝑐
0.1 ∙ 𝐕𝐃𝐂

∶ 𝑉𝐵𝐶< 𝑉𝑓𝑐

𝑉𝑓𝑐 − 0.1 ∙ 𝐕𝐃𝐂 ∙ 𝑙𝑛 1 + 𝑒𝑥𝑝
𝑉𝑓𝑐 − 𝑉𝐵𝐶
0.1 ∙ 𝐕𝐃𝐂

∶ 𝑉𝐵𝐶> 𝑉𝑓𝑐

Clipping voltage

Depletion charge

Clipping equation

𝑉𝑡𝐶 reused in calculation of forward Early effect



• Base-collector capacitance obtained from y-parameter measurements 

• Extracted parameters
• 𝐂𝐉𝐂 depletion capacitance

• 𝐕𝐃𝐂 built-in voltage

• 𝐏𝐂 grading coefficient

• 𝐂𝐁𝐂𝐎 overlap capacitance

• 𝐗𝐏 part of depletion capacitance which is constant, i.e, runs into buried layer

• 𝟏 − 𝐗𝐂𝐉𝐂 part of depletion capacitance attributed to extrinsic transistor

• 𝐗𝐄𝐗𝐓 part of depletion capacitance of extrinsic transistor not underneath the base

• Parameter optimization for VBC=-2..0.5V
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Base emitter depletion capacitance – Extraction result

CBC(F)

VBC(V)

VBE=0V

f=2GHz



• Main current / Transfer current

• Extracted parameters
• IS : saturation current intrinsic 

transistor

• MULT : # devices in parallel

• Approximation collector current 

for small base-emitter voltages, 

i,e., 0.4 V<VBE<0.65 V,

𝐼𝐶 ≈ 𝐌𝐔𝐋𝐓 ∙ 𝐈𝐒 ∙
𝑒  𝑉𝐵𝐸 𝑉𝑇

1 + 𝑉𝑡𝐸
𝐕𝐄𝐑

+ 𝑉𝑡𝐶
𝐕𝐄𝐅

neglecting high-injection, quasi-

saturation and series 

resistances.
• VER: reverse Early voltage

• VEF: forward Early voltage

• VtE, VtC reused from 

depletion charge calculation
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• Collector current obtained from Gummel measurement

• Extracted parameters
• 𝐈𝐒 : saturation current intrinsic transistor

• 𝐌𝐔𝐋𝐓 : # devices in parallel

• Parameter optimization for 0.3 V<VBE<0.65 V
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Transfer current  – Extraction result

IC(A)

VBE(V)

VBC=0V



• Extended model for SiGe in base included in Mextram

• Extra model parameter DEG for bandgap difference over the base ∆Eg due to Ge-profile

• Gummel number 𝐺𝐵 recalculated

𝐺𝐵
𝐺𝐵0

=
𝑒𝑥𝑝

𝑉𝑡𝐸
𝐕𝐄𝐑

+ 1 ∙
∆𝐸𝑔
𝑘𝑇

− 𝑒𝑥𝑝 −
𝑉𝑡𝐶
𝐕𝐄𝐅

∙
∆𝐸𝑔
𝑘𝑇

𝑒𝑥𝑝
∆𝐸𝑔
𝑘𝑇

− 1

• 𝐺𝐵0 : Gummel number at zero bias

• VER, VEF : reverse and forward Early voltages

• VtE, VtC see depletion charge calculation

• Expression reduces to result without Ge, i.e. for ∆Eg=0,

𝐺𝐵
𝐺𝐵0

= 1 + 𝑉𝑡𝐸
𝐕𝐄𝐑

+ 𝑉𝑡𝐶
𝐕𝐄𝐅

• Previous approximation for collector current becomes

𝐼𝐶 ≈ 𝐌𝐔𝐋𝐓 ∙ 𝐈𝐒 ∙
𝑒  𝑉𝐵𝐸 𝑉𝑇

 𝐺𝐵 𝐺𝐵0

• Full background of calculation and derivation can be found in documentation
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Some remarks on Transfer current  – Heterojunction features



• Contributions
• Ideal base current 

intrinsic transistor IB1

• Ideal base current side-wall IB1
S

• Non-ideal base current intrinsic 

transistor IB2

• Implementation

𝐼𝐵1 = 1 − 𝐗𝐈𝐁𝐈 ∙
𝐈𝐒

𝐁𝐅
∙ 𝑒  𝑉𝐵2𝐸1 𝑘∙𝑇 − 1

𝐼𝐵1
𝑆 = 𝐗𝐈𝐁𝐈 ∙

𝐈𝐒

𝐁𝐅
∙ 𝑒  𝑉𝐵1𝐸1 𝑘∙𝑇 − 1

𝐼𝐵2 = 𝐈𝐁𝐅 ∙ 𝑒  𝑉𝐵2𝐸1 (𝐌𝐋𝐅∙𝑘∙𝑇) − 1

• Extracted parameters
• 𝐁𝐅 : forward gain

• 𝐈𝐁𝐅 : Saturation current of non-ideal

base current

• 𝐌𝐋𝐅 : Non-ideality factor of the non-

ideal forward base current

• 𝐗𝐈𝐁𝐈 : part of base current that belongs

to the sidewall
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Parameter extraction :

Forward base current 
n+ emitter

n epilayer

p substrate

n+ buried layer

p base

C EB

S

IB1IB2

IB1
S

IAVL

IN

IZTEB

Iex+IB3Isub

E1

RE

RCC

IB1B2

B1

IC1C2

B2

C2

C1

RBV

Qex

QtS

Qtex
Qepi

QtCQBC

QtE
S

QBE QE
QtE

QB1B2

XIexXQex
XQtex

XIsub

C4C3 RCBLX RCBLI

CBEO

CBCO



• Base current obtained from Gummel measurement

• Extracted parameters
• 𝐁𝐅 : forward gain

• 𝐈𝐁𝐅 : Saturation current of non-ideal base current

• 𝐌𝐋𝐅 : Non-ideality factor of the non-ideal forward base current

• 𝐗𝐈𝐁𝐈 : part of base current that belongs to the sidewall (multiple layout needed)
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Forward base current  – Extraction result

IB(A)

VBE(V)

VBC=0V

𝐁𝐅

𝐈𝐁𝐅,𝐌𝐋𝐅



• Important part of epilayer model 

is the Kull model
• Kull model without velocity 

saturation is implemented in 

current source IC1C2

• Kull model can be applied to 

regions of the epilayer with a 

neutral charge, i.e.,

• Ohmic region

• Injection region

• Parameters of Kull model (IC1C2)

• RCV : resistance of un-

modulated epilayer

• VDC : collector-base 

diffusion voltage (already 

extracted on base-collector 

depletion capacitance)
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Parameter extraction :

Epilayer model (I)
n+ emitter

n epilayer

p substrate

n+ buried layer

p base

C EB

S

IB1IB2

IB1
S

IAVL

IN

IZTEB

Iex+IB3Isub

E1

RE

RCC

IB1B2

B1

IC1C2

B2

C2

C1

RBV

Qex

QtS

Qtex
Qepi

QtCQBC

QtE
S

QBE QE
QtE

QB1B2

XIexXQex
XQtex

XIsub

C4C3 RCBLX RCBLI

CBEO

CBCO



• Important effect in epilayer is velocity 

saturation
• Velocity saturation calculation uses the 

current of the Kull model IC1C2

• Expression for the internal base-

collector bias at the intrinsic junction 

VB2C2* obtained from velocity saturation 

calculation

• VB2C2* used in the transfer current, i.e., 

𝐼𝑁 = 𝐈𝐒 ∙
𝑒𝑥𝑝

𝑉𝐵2𝐸1
𝑉𝑇

−𝑒𝑥𝑝
𝑉𝐵2𝐶2
∗

𝑉𝑇

𝑞𝐵
𝐼

𝑞𝐵
𝐼 normalized base charge

• Parameters to describe velocity 

saturation in the epilayer

• IHC : critical current for velocity 

saturation in epilayer

• SCRCV : space charge resistance 

of the epilayer

• AXI : smoothness parameter for 

the onset of quasi saturation
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Parameter extraction :

Epilayer model (II)
n+ emitter

n epilayer

p substrate

n+ buried layer

p base

C EB

S

IB1IB2

IB1
S

IAVL

IN

IZTEB

Iex+IB3Isub

E1

RE

RCC

IB1B2

B1

IC1C2

B2

C2

C1

RBV

Qex

QtS

Qtex
Qepi

QtCQBC

QtE
S

QBE QE
QtE

QB1B2

XIexXQex
XQtex

XIsub

C4C3 RCBLX RCBLI

CBEO

CBCO



• Epilayer model extracted on output characteristics at high current conditions

• Extracted parameters
• RCV : resistance of un-modulated epilayer

• IHC : critical current for velocity saturation in epilayer

• SCRCV : space charge resistance of the epilayer

• AXI : smoothness parameter for the onset of quasi saturation

• (RTH : thermal resistance)
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Output characteristics  – Extraction result

IC(A)

VCE(V)

VBE=0.7-0.8V

symbols – measurements 

lines – Mextram



• Weak-avalanche of base-collector 

junction included in Mextram

• Avalanche model parameters
• WAVL : epilayer thickness used 

in avalanche model

• VAVL : voltage determining 

curvature of avalanche current

• Avalanche model parameters are 

extracted from forward Early 

measurements (VCE sweep at 

constant VBE). 
• In case of avalanching the base 

current drops and becomes 

negative
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Parameter extraction : 

Avalanche current
n+ emitter

n epilayer

p substrate

n+ buried layer

p base

C EB

S

IB1IB2

IB1
S

IAVL

IN

IZTEB

Iex+IB3Isub

E1

RE

RCC

IB1B2

B1

IC1C2

B2

C2

C1

RBV

Qex

QtS

Qtex
Qepi

QtCQBC

QtE
S

QBE QE
QtE

QB1B2

XIexXQex
XQtex

XIsub

C4C3 RCBLX RCBLI

CBEO

CBCO



• Base current from forward Early measurement 

• Extracted parameters
• WAVL : epilayer thickness used in avalanche model

• VAVL : voltage determining curvature of avalanche current

• Parameter optimization for VCB=0.5..3V

November 6, 201537.

Avalanche current – Extraction result

IB(A)

VCB(V)

VBE=0.4,0.45,0.5V

Symbols – measurements

Lines - Mextram



• Zener tunneling of base-emitter 

junction included in Mextram

• Avalanche model parameters
• IZEB: Pre-factor Zener tunneling

• NZEB: Coefficient Zener tunneling

• AVGEB : Temperature scaling 

coefficient of Zener tunneling

• TVGEB : Temperature scaling 

coefficient Zener tunneling

• (VGZEB : Bandgap at ref. 

temperature relevant for Zener 

tunneling)

• Zener tunneling parameters are 

extracted from VBE sweep with 

VBE<0V 

November 6, 201538.

Parameter extraction : 

Zener tunneling
n+ emitter

n epilayer

p substrate

n+ buried layer

p base

C EB

S

IB1IB2

IB1
S

IAVL

IN

IZTEB

Iex+IB3Isub

E1

RE

RCC

IB1B2

B1

IC1C2

B2

C2

C1

RBV

Qex

QtS

Qtex
Qepi

QtCQBC

QtE
S

QBE QE
QtE

QB1B2

XIexXQex
XQtex

XIsub

C4C3 RCBLX RCBLI

CBEO

CBCO



• Base current

• Extracted parameters
• IZEB: Pre-factor Zener tunneling

• NZEB: Coefficient Zener tunneling

• AVGEB : Temperature scaling coefficient of Zener tunneling

• TVGEB : Temperature scaling coefficient Zener tunneling

• Parameter optimization for VBE=-1..-0.2V
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Zener tunneling – Extraction result

IB(A)

VBE(V)

VBC =-0.8V



• Series resistance can be 

extracted directly on 

measured currents

• However, more insight is 

obtained if dedicated 

extraction method 

of the series resistance is 

used
• Allows to make comparisons 

between measurements and 

simulations 

and a sanity check with 

extracted model parameter(s)
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Parameter extraction : 

series resistances
n+ emitter

n epilayer

p substrate

n+ buried layer

p base

C EB

S

IB1IB2

IB1
S

IAVL

IN

IZTEB

Iex+IB3Isub

E1

RE

RCC

IB1B2

B1

IC1C2

B2

C2

C1

RBV

Qex

QtS

Qtex
Qepi

QtCQBC

QtE
S

QBE QE
QtE

QB1B2

XIexXQex
XQtex

XIsub
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• Emitter resistance
• Many extraction methodologies available from literature

• Gm-method (DC) [1]

• Gobert method (AC) [2]

• Ning-Tang [3]

• Raya method (AC) [4]

• McAndrew method (AC) [5]
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Parameter extraction : emitter resistances

1. A. Huerta, T. Vanhoucke, and W.D. van Noort, PR-TN-2004/00489, 2004

2. Y. Gobert, P.J. Tasker, and K.H. Bachem, IEEE Trans. Microw. Theory Techn., vol. 45, pp. 149-153, Jan. 1997.

3. T.H. Ning and D.D. Tang, IEEE Trans. Electron Devices, vol. 31, pp. 409-412, Apr. 1984

4. C. Raya, B. Ardouin, and Z. Huszka, IEEE BCTM, Oct. 2011, pp. 191-194
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Extraction emitter resistance: Gm method
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o Measurements: DC (forward Gummel)

• inputs: sweep Vb, Vc = Vb, Ve = 0 outputs: Ic, Ib

o Description:

• Calculate 𝑔𝑚 from measured collector current

• Plot  1 𝑔𝑚 vs.  1 𝐼𝐶 and extract emitter resistance from the y-axis intercept.

𝐼𝐶 ≈ 𝐼𝑆 exp
𝑉𝐵𝐸 − 𝐼𝐶𝑅𝐸

𝑚𝐶𝑉𝑇

1

𝑔𝑚
≈
𝑚𝐶𝑉𝑇
𝐼𝐶

+ 𝑅𝐸

1
/𝑔

𝑚

1/𝐼𝐶

𝑅𝐸

× 109

× 109
red : measurements

blue : simulations

o Example:



Extraction emitter resistance: Gobert method
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o Measurements: AC

• inputs: sweep Vb, Vc = 1.5 V, freq = 2 GHz outputs: S parameters

o Description:

• Convert S parameters to Z parameters and take the real part of Z12

• Plot ℜ 𝑍12 vs.  1 𝐼𝐶 and extract emitter resistance from the y-axis intercept.

• In practice very similar to the Gm method.

ℜ 𝑍12 ≈
𝑚𝐶𝑉𝑇
𝐼𝐶

+ 𝑅𝐸

1/𝐼𝐶

𝑅𝐸

× 103

ℜ
𝑍
1
2

Solid lines : simulations (Mextram)

Symbols : measurements

o Example:



Extraction emitter resistance: Ning-Tang method 
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o Measurements: DC (forward Gummel)

• inputs: sweep Vb, Vc = Vb, Ve = 0, outputs: Ic, Ib

o Description:

• Compare ideal base current 𝐼𝐵𝑂 against measured one 𝐼𝐵

• Plot  ∆𝑉 𝐼𝐶 vs. 1/𝛽 and extract emitter resistance from the y-axis intercept.
∆𝑉

𝐼𝐶
= 𝑅𝐸 +

1

𝛽
(𝑅𝐸 + 𝑅𝐵𝐶)

𝐼𝐵𝑂 = 𝐼𝑆𝐵 exp
𝑉𝐵𝐸
𝑉𝑇

𝐼𝐵 = 𝐼𝑆𝐵 exp
𝑉𝐵𝐸 − ∆𝑉

𝑉𝑇

∆
𝑉
/𝐼

𝐶

1/𝛽
× 10−3

o Examples:

𝑅𝐸

∆
𝑉
/𝐼

𝐶

1/𝛽
× 10−3

𝑅𝐸

Simulations

with self-heating
Simulations

without self-heating



Extraction emitter resistance: Raya method 
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o Measurements: AC

• inputs: sweep Vb, Vc = 1.5 V, freq = 2 GHz outputs: S parameters

o Description:

• Convert S parameters to Z parameters and calculate 𝑅𝐸(𝑉𝐵𝐸) from two-port 

considerations.

• Extract the emitter resistance as 𝑅𝐸 = min𝑅𝐸(𝑉𝐵𝐸).
𝑅
𝐸

𝑉𝐵𝐸

× 10−3

𝑅𝐸

Red : measurements

Blue : Simulations
o Example:



Extraction emitter resistance: McAndrew method 
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o Measurements: AC

• inputs: sweep Vb, Vc = 1.5 V, freq = 2 GHz outputs: S parameters

o Description:

• Convert S parameters to Y parameters and calculate 𝑅𝐸(𝐼𝐵𝐸) from two-port 

considerations:

• Extract the emitter resistance from the flat region of 𝑅𝐸(𝐼𝐵).

𝑅𝐸 =
𝜕𝑉𝐵𝐸
𝜕𝐼𝐵

𝛽0 1 +
𝜕 log 𝛽0
𝜕 log 𝐼𝐵

−
 𝜕𝐼𝐶 𝜕𝑉𝐶𝐸
 𝜕𝐼𝐵 𝜕𝑉𝐶𝐸

−1

𝐼𝐵

𝑅
𝐸

Red : measurements

Blue : simulations
o Example:

𝑅𝐸
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o Using method Vanhoucke and Hurkx’s

o Measurements: DC / Temperature on  common base structure

• inputs: sweep VCB , IE = const., VB = 0 outputs: VEB, IC, IB

o Description:

• Calculate  d𝑉𝑏𝑒 d𝐼𝑐 and 𝑉𝐴
𝑒𝑓𝑓

= 𝐼𝑐  (d𝑉𝑐𝑏 d𝐼𝑐)

• −
d𝑉𝑏𝑒

d𝐼𝑐
≈ 𝑅𝑏 − 𝑅𝑇𝐻

𝑔𝑇𝑖

𝑔𝑚𝑖
𝑉𝑐𝑏 + 𝑉𝐴

𝑒𝑓𝑓
, with 𝑔𝑇𝑖 =

d𝐼𝑐

𝑑𝑇
, 𝑔𝑚𝑖 =

d𝐼𝑐

𝑑𝑉𝑏𝑒𝑖

• Plot  −d𝑉𝑏𝑒 d𝐼𝐶 vs. (𝑉𝑐𝑏+𝑉𝐴
𝑒𝑓𝑓

) and extract RTH from the slope.

RTH – RB – extraction 

𝑉𝑐𝑏 + 𝑉𝐴
𝑒𝑓𝑓

[𝑉]

 
−
d
𝑉 𝑏

𝑒
d
𝐼 𝑐

[O
h
m

s
] slope: 

𝑅𝑡ℎ  𝑔𝑇𝑖 𝑔𝑚𝑖

𝐼𝑒 const.

𝑉 𝑏
𝑒
[𝑉
]

𝑇 [𝐶]

slope:  𝑔𝑇𝑖 𝑔𝑚𝑖

𝐼𝑒 const. , 𝑉𝑐𝑏 = 0

measurements

simulations



• Impact of self-heating on output characteristics
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Thermal resistance  – Extraction result

IC(A)

VCE(V)

VBE=0.7-0.8V

symbols – measurements 

lines – Mextram with self-heating 

symbols – measurements 

lines – Mextram without self-heating 



• Parameters of diffusion charges 

are extracted/fine tuned on RF 

figures of merit calculated from y-

parameter measurements

• Parameters
• MTAU: Non-ideality factor of the 

emitter stored charge (QE)

• TAUE: Minimum transit time of 

stored emitter charge (QE)

• TAUB : Transit time of stored 

base charge (QBE+QBC)

• TEPI : Transit time of stored 

epilayer charge (Qepi)

• TAUR : Transit time of reverse 

extrinsic stored base charge 

(Qex+ XQex)
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Parameter extraction : 

Diffusion charges
n+ emitter

n epilayer

p substrate

n+ buried layer

p base

C EB

S

IB1IB2

IB1
S

IAVL

IN

IZTEB

Iex+IB3Isub

E1

RE

RCC

IB1B2

B1

IC1C2

B2

C2

C1

RBV

Qex

QtS

Qtex
Qepi

QtCQBC

QtE
S

QBE QE
QtE

QB1B2

XIexXQex
XQtex

XIsub

C4C3 RCBLX RCBLI

CBEO

CBCO



• Extraction of diffusion charge parameters on RF-quantities
• Parameters

• MTAU: Non-ideality factor of the emitter stored charge 

• TAUE: Minimum transit time of stored emitter charge 

• TAUB : Transit time of stored base charge 

• TEPI : Transit time of stored epilayer charge

• TAUR : Transit time of reverse extrinsic stored base charge

• fT shown as an example

November 6, 201550.

VCB = 1, 2, 3 V

Cut-off frequency

IC (A)

fT (GHz)



• History Mextram

• Equivalent circuit Mextram

• Parameter extraction: procedure & results

• Overview Mextram documentation and Mextram related publications

• Summary
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