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* Introduction ) ) ) )
0 Introduction and motivation of this work.

* Where is located the
Substrate PNP?

- Why the SPNP needs | - Substrate PNP: where is it located?

to be modeled?

- First method 0 Why Substrate PNP needs to be modeled?
description

* Improved method 0 First proposal for parameters extraction and limitations (CMRF 2005).

description
» Conclusion _ _
O Improved method for parameters extraction and experimental results.
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Motivation of this work (1/2)

0 Bipolar device modeling requires most of the time DC+HF measurements.

e Qutline

* Introduction
-Where is located the | D FOr HF measurements dedicated test structures are layouted, compatible
Substrate PNP? with HF coplanar probes:

» Why the SPNP needs
to be modeled?

* First method
description

- our [

 Improved method

description
* Conclusion

0 Common-Emitter configuration, HF probes shorten Emitter and Substrate
terminal, no way to measure the substrate current!

0 To avoid the duplication of test structures (DC+HF structures for each
transistor geometries) and duplication of measurements (DC+HF
measurements), measurements on HF structures have to be used to
model the parasitic PNP.

O In addition, it ensures that HF modeling and parasitic DC modeling will be
done on measurements coming from the same transistor!
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O A model independent method is proposed to extract these parameters.
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Why the Substrate PNP needs to be modeled?

e Qutline

¢ Introduction

* Where is located the

Substrate PNP?

 Why the S. PNP
needs to be mo-
deled?

* First method
description

* Improved method
description

e Conclusion
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0 The substrate current is triggered by saturation mode:
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Why the Substrate PNP needs to be modeled?

0 The substrate current impact could be seen in the |- ramp-up in the output
characteristics:

e Qutline

¢ Introduction

* Where is located the
Substrate PNP?

25 T T T T T
 Why the S. PNP ‘
needs to be mo- 20
deled?
« First method 15 -
description
-<—E| 10 —
* Improved method c
description o 5
 Conclusion
0
-5 —
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without Substrate PNP
-10 | | |
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Why the Substrate PNP needs to be modeled?

0 Forced gain characteristics:

e Qutline

¢ Introduction

* Where is located the

Substrate PNP? |C:4OOUA
 Why the S. PNP /\
needs to be mo- vl
deled?
* First method
description IB:4OOpA
« Improved method _@ I/
description I\‘
IE: ?7?..
 Conclusion
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Why the Substrate PNP needs to be modeled?

0 Forced gain characteristics:

e Qutline

¢ Introduction

* Where is located the S
Substrate PNP? IC:4OO|J-A
|g=280pA
« Why the S. PNP ()
needs to be mo- \_/
deled?

¢ First method

description |g=400pA
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First method description (1/3)

* Outline
« Introduction 0 Common Emitter-Collector configuration:
« Where is located the O Low current: series resistances neglected, no high-injection effects.
Substrate PNP? 0 The Substrate PNP is modeled with first order model (simple voltage controlled
« Why the SPNP needs current source without Early effects, high-injection effects, series resistances,
to be modeled? etc...), the Collector-substrate junction is modeled with a diode:
e First method S ¢C
description
P PNP NPN
 Improved method F e e e e m e m e m s
descripti - i
escription 5 - | . o C
» Conclusion : IBC ! E
oE : : |
| VAN Isc T - B
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Be : VAN
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lsE les g
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» Qutline
e Introduction

* Where is located the
Substrate PNP?

* Why the SPNP needs
to be modeled?

* First method
description

 Improved method
description

» Conclusion

First method description (2/3)

O .= 1. TE EVEH BVLC% and | o TP EVLCE EVLS%
= Xp —exp = Xp — exp
TS evr o oV 0@ TS TSS 3" aVy O oV 0@

0 Saturation mode Vgc=Vgcp>0 (Emitter and Substrate are grounded):

VBe>VBco VBe<VBco VBe=VBco
lTe B lTr B
V>0V lIBC I l'Bc
VC>0V ITSF VC<0V ITSF VC:OV
lcs
[ 1 = 1ge(VeE) [ 1g = Igc(Veco)+rse(Vaco) U 1 = lgc(Veco)tlee(Vee) Hhrsr(Vac:
O e = lte(Vee) [ e = tr(Veco)-lsc(Veco)-lcs U 1e =-lgc(Veco)
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First method description (3/3)

0 Practical case (0.35um technology, with LOCOS isolation ):

e Qutline

¢ Introduction

10
* Where is located the .
PNP? 10°
Substrate ITSS — 3.246aA
* Why the SPNP needs 107
to be modeled? IBCS = 0.993aA
_ < 10°
* First method o
description o 107
 Improved method 8
description 10
« Conclusion | | 107 T
C—'BC 1510

0.4 0.45 0:5 0.55 0.6 0.65 0.7 0.75 0.8
' Vge [V]

0 Retrieving model parameters from measurement at Vgcg and Vgc=0V:

0 1c(VBe=Vaco) = -lsc(Veco) =7 Iscs = lzc(Veco)/exp(Veco/ V)
0 1g(Veg:Vec=0) =

0 1g(Vee=Veco)=lsc(Veco)t +irsr(Veco) =% Itss=lrsr(Veco)/exp(Veco/Vr)
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First method limitations

* Outline
« Introduction O Measurement inacuracy if substrate current is extremely low:
107 107
* Where is located the . 1075
Substrate PNP? 10
_ 5 _10°®
« Why the SPNP needs < 10 < 07
to be modeled? 5 8 5
L 10 - -8
10
» First method 107 9
description 10
1010 - 100 :
 Improved method 04 045 05 055 0.6 0.65 0.7 04 045 05 055 0.6 0.65 0.7
description Vge [V] Vee [V]
» Conclusion 0 Measurement issues (independant from the method):
107 10—
g lc —B—
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Y
5 10 = 07
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0 The calculation of Ig¢ is too sensitive to the measurement precision!
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Improved method description (1/3)

* Outline
« Introduction 0 Saturation mode Vgc=Vgcp>0 and Vge=0V:
* Where is located the
Substrate PNP? _ _ _
ve=ov| T '8(VBe=0.VBc=VBC0) = I5c(Veco)
* Why the SPNP needs E™
to be modeled? => IBCS = IBC(VBCO)/eXp(VBCO/VT’
. ITR VB:OV
* First mef[hod IBC
deseription l V<OV Ic(Vee=0.Vec=VBco) = tr(VBco)-lsc(Vaco)
« Improved method C _ —
description => ISC - /eXp(VscolVT)
I _
« Conclusion s VS_OV
0 1c(Vee=VBco:Vec=0) = ltr(VeEe)= -ltr(VBC0)
0 To sum-up the measurement conditions:
O For VBC:OV .
[0 ForVgg =Vpgc, Ic and I g are measured: | ge(Vge=Vgco) and I1g(Vge=Vpeco) are known
O For VBC = VBCO .
[0 ForVge =0V, Ic and Ig are measured: | gc(Vgeo) and I cs(Vsco=Veco) are known
[0 ForVgg =Vgec, Ig is measured: | 15(Vgcg) is known
— [TM  Device Modelling ———
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e Qutline
e Introduction

* Where is located the
Substrate PNP?

» Why the SPNP needs
to be modeled?

* First method
description

* Improved method
description

» Conclusion
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Improved method description (2/3)

0 Practical case:

ITSS = 0.02aA
IBCS = 0.37aA
ISCS = 0.2fA
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Vee [V
<
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Improved method description (3/3)

* Outline
« Introduction 0 Geometry scaling for 0.13um technology devices with deep-trench:
0.12 , , . . . . 0.016 A
* Where is located the fit + fit — ' ' ' ' @
Substrate PNP? o1 L Lg=15um and | 0.014
0.012
» Why the SPNP needs ¥ 008 We from 0.3 t0 1.2um ] S
to be modeled? é g oo
< 0,06 . "¢ 0.008
* First method g 3
description < o4 | ig,) 0.006
Q [
@ = 0.004
* Improved method 0.02 i
description 0.002
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Conclusion

e Qutline

* Introduction
- Where is located the | TWO Mmethods have been developed to extract parasitic substrate PNP
Substrate PNP? model parameter and BC and SC diode parameters using DC data from

« Why the SPNP needs HF measurements in a straigth forward manner.

to be modeled? . .
0 These methods have been applied successfully to several technologies,

. Egiz‘p‘ifg‘gd junction isolated or deep-trench isolated and scaling has been studied.

* Improved method
description

 Conclusion

— [TM  Device Modelling ‘ —
17 [17 Crolles Junel2-13, 2006, Franck Pourchon, Didier Céli and Christian Raya ’l@



	Geometry scaling of these parameters has been tested on 0.13mm technologies devices with deep tre...
	Both IBCS and ITSS parameters have an area and peripheral components related to the active area (...
	As expected ISCS parameter is proportionnal to CS juntion area (only area because of the deep-tre...
	• Conclusion
	• Improved method description

	Coming back to the basic transistor cross-section we can investigate another bias point condition...
	-for IB: IB is simply driven by the BC diode current (ITS=0 because VB=VS=0, IBE=0 because VB=VE=0).
	-for IC: contributions from BC and SC junctions (forwaded) and from the NPN which is reverse bias...

	Thus model parameters can be simply retrieved using measurements at VBC=VBC0 and VBC=0V.
	In additon, compared to the previous method the CS junction diode model parameter could also be e...
	Outline
	Introduction and motivation of this work.
	Substrate PNP: where is it located?
	Why Substrate PNP needs to be modeled?
	First proposal for parameters extraction and limitations (CMRF 2005).
	Improved method for parameters extraction and experimental results.
	Conclusion.

	Motivation of this work (1/2)
	Bipolar device modeling requires most of the time DC+HF measurements.
	For HF measurements dedicated test structures are layouted, compatible with HF coplanar probes:
	Common-Emitter configuration, HF probes shorten Emitter and Substrate terminal, no way to measure...
	To avoid the duplication of test structures (DC+HF structures for each transistor geometries) and...
	In addition, it ensures that HF modeling and parasitic DC modeling will be done on measurements c...

	Motivation of this work (2/2)
	All modern bipolar models include substrate parasitic currents description!
	Parasitic Substrate PNP

	A model independent method is proposed to extract these parameters.

	Substrate PNP in junction isolated technologies
	Substrate PNP in deep-trench isolated technologies
	Why the Substrate PNP needs to be modeled?
	The substrate current is triggered by saturation mode:
	Output characteristics for low VCE:
	VB > VC the BC junction is forwarded
	=> the Substrate PNP is switched on!


	Why the Substrate PNP needs to be modeled?
	The substrate current impact could be seen in the IC ramp-up in the output characteristics:

	Why the Substrate PNP needs to be modeled?
	Forced gain characteristics:

	Why the Substrate PNP needs to be modeled?
	Forced gain characteristics:

	First method description (1/3)
	Common Emitter-Collector configuration:
	Low current: series resistances neglected, no high-injection effects.
	The Substrate PNP is modeled with first order model (simple voltage controlled current source wit...
	and (1)



	First method description (2/3)
	and
	Saturation mode VBC=VBC0>0 (Emitter and Substrate are grounded):

	First method description (3/3)
	Practical case (0.35mm technology, with LOCOS isolation ):
	Retrieving model parameters from measurement at VBC0 and VBC=0V:
	IC(VBE=VBC0) = -IBC(VBC0) => IBCS = IBC(VBC0)/exp(VBC0/VT)
	IB(VBE,VBC=0) = IBE(VBE)
	IB(VBE=VBC0)=IBC(VBC0)+IBE(VBE)+ITSF(VBC0) => ITSS=ITSF(VBC0)/exp(VBC0/VT)


	First method limitations
	Measurement inacuracy if substrate current is extremely low:
	Measurement issues (independant from the method):
	The calculation of IBC is too sensitive to the measurement precision!

	Improved method description (1/3)
	Saturation mode VBC=VBC0>0 and VBE=0V:
	IB(VBE=0,VBC=VBC0) = IBC(VBC0)
	=> IBCS = IBC(VBC0)/exp(VBC0/VT)
	IC(VBE=0,VBC=VBC0) = ITR(VBC0)-IBC(VBC0)-ISC(VSC0)

	=> ISC = ISC(VSC0)/exp(VSC0/VT)
	IC(VBE=VBC0,VBC=0) = ITF(VBE)= -ITR(VBC0)


	To sum-up the measurement conditions:
	For VBC=0V :
	For VBE = VBC , IC and IB are measured: IBE(VBE=VBC0) and ITF(VBE=VBC0) are known

	For VBC = VBC0 :
	For VBE = 0V, IC and IB are measured: IBC(VBC0) and ICS(VSC0=VBC0) are known
	For VBE = VBC , IB is measured: ITS(VBC0) is known



	Improved method description (2/3)
	Practical case:

	Improved method description (3/3)
	Geometry scaling for 0.13mm technology devices with deep-trench:

	Conclusion
	Two methods have been developed to extract parasitic substrate PNP model parameter and BC and SC ...
	These methods have been applied successfully to several technologies, junction isolated or deep-t...
	• Outline
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17

	This presentation starts with an introduction about the context of this study.
	A brief explanation is given about which layers constitute the parasitic substrate PNP (in case o...
	A simple method to obtain parasitic substrate PNP parameters from direct extraction has already b...
	A more robust extraction method is then detailed and extraction results are shown.
	• Introduction

	For a large majority of applications, both DC and RF model are requested for bipolar circuit design.
	Building a DC + RF model for a bipolar transistor requires both DC and HF measurements. Dedicated...
	Despite the fact that the substrate current cannot be measured, the parasitic substrate PNP model...
	In addition this approach allows that a transistor model card is based on measurements coming fro...
	• Introduction

	All recent bipolar compact models, VBIC, MEXTRAM and HICUM, include the parasitic PNP in their eq...
	A method has been developed to extract the substrate PNP related model parameters whatever the mo...
	This method has been applied successfully on two transistors (equivalent emitter area) from 0.13m...
	The plot shows Gummel measurement of these device at VBC0=0.5V (saturation mode). The simulation ...
	It has to be noticed that a basic validation of the method has been done on synthetic data. Synth...
	On the second plot, in case ITSS is very small, for VBE< VCB0, IB is mainly coming from IBC where...
	• Where is located the Substrate PNP?
	• Improved method description

	This picture is a SEM cross-section of a NPN transistor where junctions have been revealed with a...
	The emitter is a poly-silicon N type doped layer, whereas the base is an SiGe P type doped layer....
	• Why the SPNP needs to be mo- deled?

	This picture is a SEM cross-section of a NPN transistor with revealed junctions as well.
	This NPN is isolated vertically with a N-type Buried layer from the substrate and laterally with ...
	In this case only the vertical parasitic PNP, whose base is the SIC+buried layer, exists.
	• Why the S. PNP needs to be mo- deled?

	Both plots show the same data, that is to say the output characteristics of a junction- isolated ...
	On the first graph, it could be seen that substrate current is triggered on at low VCE values. Ac...
	The substrate current decreases as VCE increases, but it could be seen on the second smaller grap...
	• Why the S. PNP needs to be mo- deled?

	As a consequence, a difference could be seen in the collector current ramp-up in output- characte...
	• Why the S. PNP needs to be mo- deled?

	As a last argument to demonstrate the usefulness of the PNP modeling, it is asked to guess the va...
	Here the gain value is one, to make things simpler.
	Guess IE?....
	• Why the S. PNP needs to be mo- deled?

	...the first intuition gives the wrong answer! The emitter current is not the sum of base and col...
	In this bias condition, the transistor is actually in hard saturation. About one third of the cur...
	Looking at the output characteristics gives an easy explanation. To get the same current on the c...
	• First method description

	In this part a first extraction method will be described to get both the parasitic substrate PNP ...
	First a simplification of the equivalent circuit is presented. The NPN transistor is in common-em...
	The substrate PNP is modeled with a simple voltage controlled current source (ITS) between B and ...
	For a better understanding the electrical components could be displayed on a very basic transisto...
	From this cross-section Eq-1 is deduced easily.
	• First method description

	As a reminder, the bipolar transistors transfert equations (each with a forward an reverse terms)...
	The main idea which is underlying this extraction method is that the transistor should be in satu...
	So if we assume that the transistor BC bias is positive and set to VBC0 value. If we play with VB...
	First possibility, VBE is higher than VBC0:
	-for IC: The forward term in IT is dominant over IBC term (SC diode is reverse-biased).
	-for IB: IBE is dominant over IBC and ITSF (VBE > VBC0).

	Second possibility, VBE is lower than VBC0:
	-for IC: The reverse term in IT is dominant, BC and SC diode is forward-biased.
	-for IB: The substrate PNP is on and the second contribution is the BC junction diode.

	Last and more interesting case, when VBE is equal to VBC0:
	-for IC: IC is simply driven by the BC diode current (IT=0 because VE=VC=0, ISC=0 because VC=VS=0).
	-for IB: contributions from BE and BC junctions (forwarded) and from the sub PNP.
	• First method description


	Practical application on a transistor of 0.35mm technology with junction isolation. VBC0 has been...
	The bias condition where VBE=VBC0 is a key point:
	-at the right-hand side: IC is dominated by the NPN forward transfert current and IB by the BE di...
	-at the left-hand side: Currents are fixed by the sub PNP and the BC and CS junctions which are ON.

	At the bias VBE=VBC0, IC is equal to IBC whereas the difference between IB and IC is the sum of t...
	Thus model parameters can be simply retrieved:
	-IBCS from IBC value coming from IC(VBE=VBC0,VBC=VBC0) measurement.
	-IBE(VBE=VBC0) is coming from an additional IB(VBE=VBC0,VBC=0) measurement.
	-ITSS is retrieved from ITS value, which is deduced from the difference between IB and IC at (VBE...

	Simulation using the extracted model parameters values are plotted with lines and match well the ...
	• First method description

	Unfortunately this straight-forward and tricky method requires accurate currents measurements.
	In case of low substrate current or low BC junction current (typically high performance deep-tren...
	- IB and IC values at VBE=VBC0 are too close, the difference between these currents won’t be reli...
	- Sometimes IC>IB at VBE=VBC0 which is physically not possible. In this case IBC value is much to...

	Additionally, despite not method-dependant, the gummel plot at a positive VCB value could help to...
	-IC<IB for a VBE value which is slightly shifted from the theoretical VCB0 value => voltage measu...
	-IC<IB for a VBE value which is quite shifted from the theoretical VCB0 value => leakage current ...

	So another method should be proposed, trying to get the IBC value from another bias point, less s...
	• Improved method description



