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Introduction (1/2)

At ST, modeling engineers often spend time on 2 types of work :

 “Advanced” compact models (like HICUM, MEXTRAM, VBIC) for non free Bipolar transistors of

BiCMOS technologies (ex. HBT).

 Only a few technologies.

 But compact models difficult to extract, scalable libraries… HARD & TIME CONSUMING

 “Historical” compact models (like SGP) for natural (free) Bipolar transistors (ex. SubPNP).

 All technologies of the foundry : TIME CONSUMING

 But compact models quite simple to extract. Only a few geometries supported.
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B6G HF7 B7 B7RF H8 H9 H9SiGe B9 B9MW .5 C90 C65 C45 C40 C32 C28 C20 M10 M11 IMG140 IMG175 IMG220

VNPN X X X X X X X X

VPNP X X X X

natural

VPNP

X X X X X X X X X X X X X X X X X X X X X

natural

VNPN

X X X X X X X X X X X X X X X X X X

natural

LPNP

X X X X

X : HICUM scalable libraries

X : SGP or STBJT  discrete cards
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Introduction (2/2)

 Much more papers and workshop subjects about extraction methods of advanced compact models,

like HICUM… on HBT advanced architectures … on advanced technologies …

 But before doing things complex, are we sure we master the things simple ?

 Ex. : SGP model card recently received from a ST partner in CMOS advanced node, for a natural

Substrate PNP:

VAR=2916V

NF≠1

XTB=4.10-3, default values for EG/XTI

TLEV=1

Measured in common Base and not common Collector

…
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VBE(T)

MC simulation with Eldo

Model problem
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Natural BJT families commonly used

5

Vertical Substrate PNP

Used often for Bandgap applications

 easy to model and free to process

 no parasitic transistor 

 Only 3 pins, collector is substrate

 0.9 < < 5

Vertical NPN

Used often for Bandgap applications

 easy to model and free to process

 1 parasitic vertical PNP

 4 pins, separated substrate

 5 < < 15

Lateral PNP

Used for Analog LF applications (gm)

 Free to process, not so easy to model

 2 parasitic vertical PNP

 4 pins, separated substrate

 8 < < 120
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Abstract

 Purpose of this presentation :

Present an extraction flow for a natural Vertical Substrate PNP (the simplest bipolar

family to model).

Detail the direct extraction methodologies (when possible), for each step.

Example will be taken with the Sub PNP of CMOS 32nm technology.

 Remember some measurements generalities

 Present some tricks of modeling methodology

 Avoid some traps
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EXTRACTION FLOW OVERVIEW (1/2)

 According to the targeted applications using Natural BJT, the following parameters

families are focused

Extracted

 DC parameters at nominal temperature

 DC parameters versus temperature

 LF Noise parameters

 Currents mismatch

 Junction capacitances

 DC Statistical MC model

Not extracted (parameters @ default values)

 RF parameters (transit time, fT, NQS, etc…) : usually impossible to measure [S], since fT too

low for these transistors (<< GHz), compared to the analyzers capability.
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Measurements Junction capacitances

CJE, MJE, VJE for CBE

CJC, MJC, VJC for CBC

CJS, MJS, VJS for CCS

Forward Collector current

IS, VAR

Forward Base current

BF , ISE , NE

Knee current

IKF

Forward Early Voltage

VAF

LF noise

KF, AF

Currents mismatch Statistical Model

1 2 3 4

6 5

16

17 18

EXTRACTION FLOW OVERVIEW

Reverse Base current

BR

7
Emitter resistance

RE

8

Collector resistance

RC

9
Base resistance

RB, RBM, IRB

10
Collector current  vs T°C at 

low injection

EG, XTI

12

Base current  vs T°C at low 

injection

XTB

13

T°C correction in 

measurements

11

Collector current  vs T°C at 

middle injection

TIKF1, TIKF2

14
Collector and Base 

currents vs T°C at high 

injection

TRE1, TRE2, TRB1, TRB2

15
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 Bipolar transistors (NPN or PNP) usually measured in Common Emitter 

(CE)

But Natural Sub PNP measured in Common Collector (CC) since 

Collector = wafer substrate

Extraction flow

Measurements (1/6)

9

STEP

1

 Gummel plot : VE sweep [-0.8V to +1.2V], VB={-0.5V ; 0V ; VB avalanche active}, VC=0V, T=+25°C

 Gummel plot versus T°C : VE sweep [-0.8V to +1.2V], VB=0V, VC=0V, T={-40 ; -20 ; 0 ; +25 ; +50 ; 

+75 ; +100 ; +125 ; +150}°C
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Extraction flow

Measurements (2/6)

10

STEP

1

 Output characteristics : VE sweep [-2V to VE BVCEO visible], VC =0V, IB={10nA ; 100nA ; 1uA; 10uA ; 

100uA ; 1mA ; 5mA ; 10mA}, T=+25°C

 IB list should cover low currents until high currents of high injection region…

 Early characteristics : VB sweep [0V to VB BVCEO visible], VE={0.6V ; 0.7V ; 0.8V; 0.9V}, VC =0V, 

T=+25°C
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Extraction flow

Measurements (3/6)

11

STEP

1

Since Collector = wafer substrate, be careful to compute and show IC = (IE – IB), and not the current

directly measured on Collector !

Avoid taking in account prober chuck leakage inside IC…

 In all the figures of merit including IC in that document, we mean a “computed” IC and not the

current directly measured on Collector SMU.

IC measured IC computed
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Extraction flow

Measurements (4/6)
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STEP

1

 C(V) measurements are needed to extract the parameters of junction capacitances

 Use of transistors matrix test structures (100 < VPNP // < 1000) : to have enough capacitance

value to be measured by C(V)-analyzer

 Use of big square transistor test structure : to check the surfacic capacitances values

 Be careful to include the associated OPEN matrix test structure to deembed the parasitic backend

capacitances

 Measurement of CBE, CBC and CCS

0.00

0.50

1.00

1.50

2.00

2.50

-1 -0.8-0.6-0.4-0.2 0 0.2 0.4

C
B

E
 (

p
F

)

VBE (V)

Meas. 
CTBE



N. Derrier ©

Extraction flow

Measurements (5/6)
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STEP

1

 LF noise measurements are needed to extract Flicker noise parameters.

Base current noise spectral density is measured, at several IB.

Warning to probes oscillations for high currents : use RF probes (with RF pads layout) or “Ferrite

pearls”

 Currents mismatch measurements

 DC test structures of transistors pairs mandatory.
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Extraction flow

Measurements (6/6)

14

STEP

1

 PT results or process windows splits from foundry (if technology maturity OK) : to extract the

statistical Monte-Carlo model or the predefined corners.
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 Parameters = CJE, VJE, MJE, CJC, VJC, MJC, CJS, VJS, MJS

 Measurements needed = C(V) of CBE(VBE), CBC(VBC) and CCS(VCS)

1. From capacitance expression :

Compute and plot the expression :

2. Iterations on VJi to find the maximum correlation coefficient for the linear regression

3. The slope of expression gives MJi

4. The Y-intercept gives CJi

5. Finalize by a global optimization on Ci=f(Vi) if needed

15

Extraction flow

Junction capacitances
STEP

2

JiM
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 Parameters = IS, VAR, NF

 Measurements needed = IC (computed) vs VBE, @ VBC=0V, @T°C=nominal

1. From collector current expression :

NF=1 (NF unphysical parameter, should never be ≠ 1)

Compute and plot the expression IC normalized=f(VBE) :

2. In ideal region (linear part), take the tangent line

The tangent Y-intercept gives IS

The tangent slope gives -IS/VAR

3. Finalize by a global optimization fit(IS,VAR) on IC normalized=f(VBE) if needed

16

STEP

3

Extraction flow

Forward Collector current

F
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 Parameters = BF, ISE, NE

 Measurements needed = IB vs VBE, @ VBC=0V, @T°C=nominal

1. From base current expression :

Compute and plot the expression IB normalized=f(exp{(VBE/VT)(1/NE-1)}) :

2. Iterations on NE to find the maximum correlation coefficient for the linear regression

3. Y-intercept = IS/BF

4. Slope = ISE

5. Finalize by a global optimization fit(BF,ISE,NE) on IB normalized=f(VBE) if needed

17

STEP

4

Extraction flow

Forward Base current

BE BE

T TEN

S
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 Parameters = VAF

 Measurements needed = Early IC vs VBC, @ VBE=constant, @T°C=nominal

1. Collector current expression :

At VBC=0V :

Compute and plot expression (IC/IC0) = f(VBC) :

2. The slope gives VAF

3. Finalize by a global optimization fit(VAF) on (IC/IC0)=f(VBC) @ low VBE if needed

4. Or finalize by a global optimization fit(VAF) on Output Characteristics IC=f(VCE) @ low constant IB

18

STEP

5

Extraction flow

Forward Early voltage (1/2)
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For BJT having large VAF (> 100V), there is almost no more influence on IC (no slope)

Difficult in this case to find the real physical VAF.

Early measurement IC vs VBC, @ VBE=constant → noisy measurements

Voltage source worse controlled than a current source on wafer probers.

Output characteristics IC vs VCE @ IB=constant → less noisy measurements.
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STEP

5

Extraction flow

Forward Early voltage (2/2)

100 nA100 nA

20 nA

Early measurement @VBE=0.7V
Output characteristics 

measurement @IB=100nA

300V < VAF < 400V

300V < VAF < 400V
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 Parameters = IKF

 Measurements needed = β vs IC, @ VBC=0V, @T°C=nominal

1. From IB, computation of the internal VBEi (recombination neglected for high currents) :

2. From the expression of IC at VBC=0V :

Expression of a collector current IC* corrected from the Reverse Early voltage VAR :

20

STEP

6

Extraction flow

Forward Knee current (1/3) (courtesy of D. Celi)
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3. Expression of Beta β* corrected from the Reverse Early voltage VAR :

4. It is shown that :

5. Plotting IC*=f(BF/ * - 1) from eq.1, the slope gives IKF

6. Finalize by a global optimization fit(IKF) on =f(IC) or =f(IE) at high IC or IE (not vs VBE !)

21

STEP

6

Extraction flow

Forward Knee current (2/3)

C

B

I *
*

I

F

C
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F
C

KF

I
B B

*       I * 1   (eq. 1)
I * *

I
1

IC

gain

β

*
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 Remarks about IKF :

Some people fit IKF + series resistances RE + RB & RBM together on Gummel plot IC & IB. No way

it gives physical parameters values !

Interest of the direct extraction method presented previously = find IKF before and

independently of the series resistances RE, RB and RBM

 Use β=f(IC) as a good figure of merit for IKF, since this plot is not dependant on the series

resistances (not the case of Gummel plot or β=f(VBE)).

22

STEP

6

Extraction flow

Forward Knee current (3/3)
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 Parameters = BR

 Measurements needed = IB vs VBE, @ VBC=-0.5V (saturation mode), @T°C=nominal

1. Optimize BR on the forward Base current in saturation mode, in the leakage region (on the

Gummel plot or on the normalized plot)

23

STEP

7

Extraction flow

Reverse Base current

BR

BR
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 Parameters = RE

 Measurements needed = IC vs VBE @ VBC=0V and IC vs VCE @IB=constant, @T°C=nominal

No existing direct extraction which gives accurate values for series resistances (+/- 20-30%)

1. Do a global optimization fit(RE) on IC=f(VCE) for high constant IB values when IC=0A

24

STEP

8

Extraction flow

Emitter resistance
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 Parameters = RC

 Measurements needed = IC vs VCE @IB=constant, @T°C=nominal

No existing direct extraction. Optimization mandatory.

1. Do a global optimization fit(RC) on IC=f(VCE) for high constant IB values, at low VCE bias, to fit the

tangent of the output characteristics.

25

STEP

9

Extraction flow

Collector resistance

IB=10mA

RC

IB=10mA

IBmin

IBmax
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 Parameters = RB, RBM, IRB

 Measurements needed = IC and IB vs VBE @VBC=0V, @T°C=nominal

Tried Ning and Tang [1] extraction method, but does not work (negative slope)

1. We can write :

Thus

2. Do a global optimization fit(RB, RBM, IRB) on this expression plot (straight line) RBB1 =f(IB), 

VBE=[0.85;1.2V]

VBE

VBEi
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STEP

10

Extraction flow

Base resistance

BE BE BEi BB1 B E B

F B
BEi T KF

S

V V V R .I R 1 I

B I
with V V ln   (see I  extraction method)

I

F B
BB1 BE T E

B S

B .I1
R V V ln R 1

I I

IB

rBB1

RB

RBM

IRB

ΔVBE
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Extraction flow

Intermediate status at nominal T°C
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 Parameters = EG, XTI

 Measurements needed = IC vs VBE @VBC=0V, sweep T°C=[-40°C to +150°C]

1. TLEV=0 or TLEVC=0, no need to put values ≠ 0…

2. From IC vs VBE measurements @ several T°C, deduce VBE(T) curves at fixed constant IC

In the ideal region, IC range=[10nA to 1uA]

2. It can be shown in [2] :

3. Least Square method on that expression gives EG and XTI

OK if VBE(T)/VAR<<1 and VAR constant versus T°C

N.A. for advanced HBT like DOTFIVE or HBT mmw technologies, VAR~1V and VAR(T)

28

STEP

12

Extraction flow

Collector current vs T°C – low injection

T°C

VBE

IC
IC

VBE

T°C

IC min

IC max

0
BE 0 BE

T0 AR T AR T0 0

G
TI

T1 1 1 1 T
V (T ). V (T)

E
X. . 1 .ln

V V V V V T T
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 Parameters = XTB

 Measurements needed = IB vs VBE @VBC=0V, sweep T°C=[-40°C to +150°C]

1. From IB vs VBE measurements @ several T°C, deduce VBE(T) curves at fixed constant IB

In the ideal region, IB range=[10nA to 1uA]

2. It can be shown in [2] :

3. EG and XTI are known, the linear regression on Y=f{VT.ln(T/T0)} gives XTB

OK if VBE(T)/VAR<<1 and VAR constant versus T°C

N.A. for advanced HBT like DOTFIVE or HBT mmw technologies, VAR~1V and VAR(T)
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STEP

13

Extraction flow

Base current vs T°C – low injection

T°C

VBE

IB
IB

VBE

T°C

IB min

IB max

BE BE 0 G TI TT

0 0

B
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T T T
V (T) V (T ) E 1 X .V .ln

T T
X
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Accuracy of temperature parameters extraction like EG/XTI/XTB is not especially a methodology

issue.

Wafer probers accuracy issue (like full auto 300mm Accretech): +/-2°C around +25°C, +/-3°C other

T°C (wafer full mapping average).

 Bandgap customers target = +/-0.5°C i.e. +/-1mV VBE

 How is it visible ?

30

Extraction flow

Temperature accuracy ? (1/2)

VBE measured – VBE model

+/- 6mV !!dVBE/dT°C not physical

STEP

11

Wrong slope !

Comes from VT ?

T=-40°C
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Needs to correct data once measured with real temperatures. How to do ?

1. At VBC=0V and low VBE, assuming VAR=constant vs T°C :

2. A linear regression gives 1/VT as the slope, and so the temperature T°C since VT=kT/q

31

Extraction flow

Temperature accuracy ? (2/2)

VBE measured – VBE model

+/- 0.7mV !!
dVBE/dT°C physical

Asked T°C RealT°C

-40 -42.8°C

-20 -20.3

0 0.5

25 25.2

50 48.6

75 74.0

100 98.1

150 151.0

EG / XTI =

1.20 / 0.77

EG / XTI =

1.15 / 3.58

BE

T

V

CBE
C S S BE

BEAR

A

V

R

T

IV
I I 1 e     ln ln I

V
1

1

V
V

V
V

STEP

11

Slope OK !

VT OK

T=-40°C
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 Parameters = TIKF1, TIKF2

 Measurements needed = IC vs VBE @VBC=0V, sweep T°C=[-40°C to +150°C]

1. Correct way : extract IKF for each T°C (using Step n°6).

Plot IKF(T°C) curve, and fit (TIKF1,TIKF2) on this curve (polynomial law 2nd order)

2. Easier to fit(TIKF1,TIKF2) on vs IC vs T°C

32

STEP

14

Extraction flow

Collector current vs T°C – middle injection
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 Parameters = TRE1, TRE2 ,TRB1, TRB2

 Measurements needed = IC & IB vs VBE @VBC=0V, sweep T°C=[-40°C to +150°C]

1. Correct way for TREi: extract RE for each T°C (using Step n°8).

Plot RE(T°C) curve, and fit (TRE1,TRE2) on this curve (polynomial law 2nd order)

2. Easier to fit(TRE1,TRE2,TRB1,TRB2) on Gummel plot (IC and IB) vs T°C in high injection

33

STEP

15

Extraction flow

IC and IB vs T°C – high injection
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Extraction flow

Intermediate status versus T°C

Excellent T°C F.O.M.

Show me that FOM, I’ll tell you who you 

are !!

same plots but 

normalized by currents 

@0V too
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 Parameters = KF, AF

 Measurements needed = SIB vs low frequencies, @IB=constant

1. Do a global optimization fit(KF, AF) on SIB(f) curves at low frequencies where Flicker noise is

present

35

STEP

16

Extraction flow

Flicker Noise

F

2 B
B B
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 Parameters = σIS, σBF (not native SGP parameters), σRE (if needed)

 Measurements needed = Transistors pairs @ several forced IE , VB=0V, VC=0V, wafer full mapping

1. IC measurements of transistors pairs give directly σIS

2. IB measurements of transistors pairs and so β=IC/IB give directly σBF

36

STEP

17

Extraction flow

Currents Mismatch
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 Parameters = depends on available PT data

 Measurements needed = electrical (IC, IB, etc…) and technological (RE, VAR, etc…) PT data

 For natural Bandgap BJT (like PNPSub), the following is enough for Monte-Carlo variations :

IS (for IC variation at low injection)

BF (for IB and variation at low injection)

Potentially EG/XTI statistical correlation if trend exists

Important figures of merit to check : VBE(T) statistical distribution

37

STEP

18

Extraction flow

Statistical model

T=27°C

VBE [mV] @IE=10uA, 1000 MC runs

-3σ +3σ

VBEmin(-40°C)-VBEmax(-40°C)

< VBEmin(150°C)-VBEmax(150°C)
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CONCLUSION (1/2)

Measurements Junction capacitances

CJE, MJE, VJE for CBE

CJC, MJC, VJC for CBC

CJS, MJS, VJS for CCS

Forward Collector current

IS, VAR

Forward Base current

BF , ISE , NE

Knee current

IKF

Forward Early Voltage

VAF

LF noise

KF, AF

Currents mismatch Statistical Model

1 2 3 4

6 5

16

17 18

Reverse Base current

BR

7
Emitter resistance

RE

8

Collector resistance

RC

9
Base resistance

RB, RBM, IRB

10
Collector current  vs T°C at 

low injection

EG, XTI

12

Base current  vs T°C at low 

injection

XTB

13

T°C correction in 

measurements

11

Collector current  vs T°C at 

middle injection

TIKF1, TIKF2

14
Collector and Base 

currents vs T°C at high 

injection

TRE1, TRE2, TRB1, TRB2

15

 A robust extraction flow was presented to model Vertical Substrate PNP with SGP

 For many steps, an original and novel direct extraction methodology was proposed,

often enough without global optimization
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CONCLUSION (2/2)

SGP=“old” model and Natural Substrate PNP transistors well known, but it seems many

tricks and traps are to remember :

 Measurements in Common Collector mode

 IC to be computed and not directly used from SMU measurement (prober leakage,

visible at low currents)

 Accuracy of temperature control not enough on many wafer probers, in comparison

with customers request for Bandgap applications (VBE model ±1mV)

 Needs correction of measurements vs T°C data

 No interest to use TLEV≠0 or TLEVC≠0, native T°C equations set is accurate enough

 Good figures of merit for T°C are dVBE/dT°C, VBEmodel-VBEmeasured (< ±1mV),

normalized currents at 0V

 NF should NOT be ≠ 1 (VAR and IS enough and physical)

 Difficult to find a VAF physical value for this king of transistor (VAF>100V)

 Do not extract IKF and series resistances together by optimizing on Gummel plot !

 Optimize RE and RC on Output characteristics at high constant IB, and for low VCE bias
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