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This product has been devel opped to meet the local demands of European IC-CAP users for
more technical background information on extraction techniques and for the availability of
extraction source code.

Published for the first timein 1990, it has been updated since then several times.

It is part of aseries of supplementary modeling toolkits for the IC-CAP users. These products
feature source code and detailed technical description of the extraction routines.
Please contact the author for further information.

The author would like to thank the many users for valuable inputs, and is hoping for fruitful

discussions also in the future.

franz_sischka@agilent.com
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ABOUT THIS MANUAL

This manual isintended to explain the basics of modeling a bipolar transistor using the
Gummel-Poon model asit isimplemented in the simulation program SPICE of the University
of CaliforniaBerkeley (UCB) /see publication list/.

It is part of the Gummel-Poon Bipolar Model Parameter Extraction Toolkit.

Thistoolkit includes the IC-CAP model file

GP_CLASSIC_NPN.mdl the MASTER model file
which is described in this manual

and featuring the data management features of IC-CAP 5., i.e. separating measurements from
extractions:

NPN_MEAS MASTER.mdl amaster file for measurement
GP_EXTRACT_NPN.mdl amaster file for modeling

aswell as manyother IC-CAP model files covering topics like:
model parameter extraction using the tuner feature
direct visual parameter extractions
alternate modeling methods for DC- CV- and RF-parameters.
bipolar transistor modeling including the parasitic transistor.

Note:

After you have become familiar with the modeling procedure itself, i.e. file
GP_CLASSIC_NPN.mdl, you are encouraged to split the modeling into 2 parts: separate
measurements and separate extraction strategy. In this case, al measurements are performed
using thefile NPN_MEAS MASTER.mdl. Then, the data are exported into IC-CAP mdm
files (ASCII files) and imported into the master extraction file GP_EXTRACT_NPN.mdl for
extraction. This method allows to improve continuously the extraction strategy file,
independent of the measurement datal

IMPORTANT NOTE:

This manual and the underlying IC-CAP model file GP_CLASSIC_NPN.mdl are intended to
explain the basics of the Gummel-Poon modeling. Therefore, it covers the classical Gummel-
Poon model without enhancements for also modeling the parasitic transistor.

However, as stated above, such model files are included in the file sets of thistoolkit. Please
see the README macros in these IC-CAP model files for more details.

You are aso invited to get in contact with the author for assistance with such modeling
problems.
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The IC-CAP modd file "GP_CLASSIC NPN.mdl" features:

The extractions are written using PEL (parameter extraction language) and are open to
the user. They can be easily modified to meet specific user needs.

Subcircuit model description, open for user enhancements (HF modeling, parasitic pnp
etc.).

All transistor pins are connected to SMUs for flexible measurements

The transistor output characteristic and S-parameter measurements use a Base current
stimulus rather than a Base-Emitter voltage in order to avoid 1st order thermal

effects being visible. However, self-heating might be present and affect the
Gummel plotsin the ohmic range.

-See dso thefile GP_ MEAS MASTER.mdl

Organization of the chaptersin this manual:
There are 5 main chapters, which explain how to determine the model parameters from CV

(capacitance versus voltage), then parasitic ohmic resistors, and DC, to finally high frequency
measurements using network analyzers.

More chapters cover side aspects of bipolar modeling.

Theindividual chapters follow always this scheme:
explanation of the parameter-dependent measurement setup
explanation of the mathematical basics for the parameter extraction
explanation of the parameter extraction
explanation about how to use the IC-CAP file.
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INTRODUCTION

CONTENTS:
Operating modes of the bipolar transistor
The Gummel-Poon equivalent schematic
The Gummel-Poon model equations
List of the SPICE Gummel-Poon parameters
A quick tutorial on the Gummel-Poon parameters

Proposed global extraction and optimization strategy

This manual describes the modeling of a bipolar transistor using the Gummel-Poon model as
implemented in the smulator SPICE.

It should be mentioned that the Gummel-Poon model itself covers only the internal part of a
real-transistor. Therefore, on-wafer parasitics like a parasitic pnp transistor are not covered.
Also, packaging parasitics and other non-ideal effects are not part of the model. However,
they can be added by using a sub-circuit rather than just the stand-alone model.

Please check the example filesincluded in the file directory of this toolkit for examples.

Parasitic effectsis specially important for network analyzer (NWA) measurements. The
modeling procedures presented in this manual refer to already de-embedded measurements.

For on-wafer measurements, test probes that allow NWA calibrations down to the chip (like
Cascade or Picoprobe probes) are commonly used. De-embedding means here to eliminate on-
wafer parasitics, which are due to the test pads (OPEN dummy) and the lines from the test
pads to the transistor itself (SHORT dummy). Thisis done by subtracting the Y matrix of the
OPEN from the total measurement, followed -if required- by the subtraction of the Z matrix of
the SHORT. It should be mentioned that in this case the SHORT itself has to be de-embedded
first from the OPEN parasitics!

For packaged devices, we need to use atest fixture. In this case, the NWA hasto be calibrated
down to the ends of its cables using the calibration standards (SOLT) of the actual connector
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type. Asanext step, the test fixture has to be modeled (OPEN, SHORT, THRU). Finaly, the
DUT (device under test) isinserted into the test fixture and measured. The now known test
fixture parasitics can be de-embedded and the extraction techniques of this manual can be
applied to the down-stripped inner device. A file including such a procedureisincluded in the
toolkit filesets. See the example more_files/packaged xtor_in_testfixture.mdl

Please contact the author if you wish more info or help on de-embedding.

Operating Modes of the Bipolar Transistor

There are four operating modes of abipolar transistor asillustrated in figure 1. The saturation
region, for example, the region vCE<0.3V in the DC output characteristics, is described by
the ohmic resistors. The DC and AC extraction procedures that are proposed in this manual
cover mainly the forward region. Since the model is symmetrical, the reverse parameters can
be extracted following the same ideas, but applied to the reverse measurements.

vI‘EiC
UTore FOR\(/)\iARD\
NORMAL §
NI

(*) NOTE: inthe saturation range, BE and BC layers are 'overcharged'.

Fig.1: operating modes of a bipolar npn transistor
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The Gummel-Poon equivalent schematic

Fig.2b shows the large signal schematic of the Gummel-Poon model. It represents the physical
transistor: a current-controlled output current sink, and two diode structures including their
capacitors. This structure represents pretty much the physical situation of a bipolar transistor,
seefig.2a

field oxide

n well

n+ buried layer

S
Fig.2a: physical situation for a bipolar transistor, neglecting the parasitic pnp transistor.
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Fig.2b: Gummel-Poon large signal schematic of the bipolar transistor
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From fig.2b, the small signal schematic for high frequency simulations can be derived. This
means, for a given operating point, the DC currents are calculated and the model is linearized
in this point (fig.2c). Such a schematic is used later for SPICE S-parameter simulations.

It must be noted that the schematic after fig.2c isapure linear model. It cannot be used to
predict non-linear high-frequency behavior of the transistor. In order to do this, RF simulators
like HP_MDS or HP_ADS perform high-frequency simulations using the large signal model
(harmonic balance simulations).

CB'C'
s RBB' =CMU <
B o——wv F—e—o— C
B' C RC
—=cCcC'S'
BE CB'E‘—|— RO % ® \_@
=CPI T gm*vB'E' S
? .
EI
RE
E

Fig.2c. AC small signal schematic of the bipolar transistor
NOTE: Xy effect neglected.

In order to make the presentations of the schematics complete, fig.2d depicts the subciruit
used for modeling a npn transistor including the parasitic pnp. As said above, IC-CAP filesfor
thistype of modeling are included in the filesets of this toolkit. However, the description of
this manual does not cover this. See the macros in the model files instead.

S C

L

B

E
Fig.2d: subcircuit schematic when including the parasitic pnp.
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The Gummel-Poon Model Equations

-5

For the reader's convenience all the Gummel-Poon equations are presented at a glance.
In order to make them better understandable, we assume no voltage drops at RB, RE and RC,

i.e. vB' E =vBE and vB C =vBC

TEMPERATURE VOLTAGE:
k T
vt = =--- = 8.6171 E-5* (T /'C + 273.15)
q
BASE CURRENT:
ig = i§/BF + iBEgc *+ i /BR + iBGgc (B)
rec: reconbination effect
with
. . . . VBE
ideal forward diffusion current: iy = IS{ exp[ ----- ] - 11}
NF vt (O
. . _ VBE
B- E reconbi nati on effect: iBE,gc = ISE{ exp[ ----- ] - 1}
NE vt (D)
. . . . VBC
i deal reverse diffusion current: i, = IS{ exp[ ----- ] - 1}
NR vt (B
. . _ VBC
B- C reconbi nati on effect: iBGge =1SC{ exp[ ----- ] - 1}
NC vt (F)
( see equiv. schematic in fig 2 )
this gives:
IS VBE VBE
iB = ---{ exp[ ----- ] -1} + ISE{ exp[ ----- ] -1}
BF NF vt NE vt
IS vBC vBC
+ oo { exp[ ----- ] -1} + 1SC{ exp[ ----- ] -1}
BR NR vt NC vt (G
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COLLECTOR CURRENT:

ic = UNgB (i - i, ) - i,/BR - iBGegc (H

( see definition of iB above and equiv.schematic in fig 2 )

. ) VBE vBC
I, =——* (exp —1)—(exp —1) .....
Ngb NF* vt NR* vt

_ IS {exp vBC _1}

or:

Ngb NR* vt
—1SC*| exp vBC -1
NC* vt (| )
with the base charge equation
NgB =q—§*(1+4/1+ 40,5
(J)
for the nodeling of non-idealities |ike the base-w dth nodul ati on:
1s = 1
57 VBE vBC
VAR VAF (K)
and the hi-level injection effect:
q252£ exp VBE 1+ IS exp vBC 1
IKF NF* vt IKR NR* vt (L)
BASE RESISTOR:
RBB = RBM +3(RB—RBM)M
z* tan®(2) (M
with
12\ i
1+ Plj IiB_l
z= _8
24 \/'B
2
PI" Ve Pl = 3, 14159 (N)
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SPACE CHARGE AND DIFFUSION CAPACITORS:

CBC = CSBC + CDBC =
(O
cic TR IS vBC
e LT +ommemee aee-- exp [ ---- ]
[1- vBC/ Vic] MC  NR vt NgB NR vt (P)
and
CBE = CSBE + CDBE =
(Q
CJE TFF IS VBE
e T +ommemee aee-- exp [ ---- ]
[1- vBE/ VWE] ME N vt NgB NF vt (R
with the transit tine
if 2 vBC
TFF = TF{ 1 + XTF [ ---------- ] exp[ ---------- 1}
if + ITF 1, 44 VTF (S)
and the ideal forward base current iy fromthedefinitionof g, i.e. equation(C).
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List of the SPICE Gummel-Poon Parameters

Nane Par anet er expl anati on SPI CE Uni t
default typ.val ue
DC:
IS transport saturation current .1E-15 1.E-15 A
XTI tenperature exponent for effect on IS 3 3
EG energy gap for tenperature effect on IS 1.11 1.11 eV
BF i deal forward naxi num beta 100 150
BR i deal reverse naxi num beta 1 .5
XTB forward & reverse beta tenp.coeff. 0 2.5
VAF forward Early voltage infinite 100 Vv
VAR reverse Early voltage infinite 50 Vv
NF forward current em ssion coeff. 1 1.0
NR reverse current em ssion coeff. 1 1.0
NE B- E | eakage eni ssion coeff. 1.5 1.7
NC B- C | eakage eni ssion coeff. 2 1.3
| SE B- E | eakage saturation current 0 .1E-12 A
ISC B-C |eakage saturation current 0 1.E-13 A
I KF forward beta hi current roll-off infinite . 05 A
IKR reverse beta hi current roll-off infinite .3 A
OHM C PARASI TI Cs:
RB zero bi as base resistance 0 100 Ohm
IRB current at nedium base resistance infinite . 0001 A
RBM  m n. base resistance at hi current RB 25 Ohm
RE emtter resistance 0 5 Ohm
RC col I ector resistance 0 10 Ohm
CBE:
CJE B- E zero-bi as depl et. capacitance 0 1.E-12 F
VIJE B-E built-in potential .75 6 Vv
M E B-E junction exponential factor .33 4
CBC:
CJC B-C zero-hias deplet.capacitance 0 .5E-12 F
VIJC B-Cbuilt-in potential .75 6 Vv
MIC B-C junction exponential factor .33 4
XCJC fraction of B-C capacitor connected to int. base 1 1
CCs:
CJS zero-bias collector-substrate capacacitance 0 0 F
VJS substrate junction built-in potential .75 0 Vv
MIS substrate junction exponential factor 0 0
CAPACI TOR FORWARD CHARACTERI STI Cs:
FC forward bias depl etion cap.coeff. 5 .5
TRANSI T TI ME:
TF ideal forward transit time 0 1. E-12 sec
XTF coeff.for bias dependence of TF 0 10
VTF vol t age descri bing VBC dependence of TF infinite 5 Vv
I TF hi-current paraneter for effect on TF 0 20.E-3 A
PTF excess phase at frequency 1/ (TF*2Pl) 0 0 deg
TR ideal reverse transit time 0 50. E-12 sec
NO SE:
KF flicker noise coeff. 0
AF flicker noi se exponent 1
TEMPERATURE EFFECTS
. TEMP device tenperature for sinmulation /'C 27 27 'C
. OPTIONS TNOM device neas. and param extraction tenp 27 27 'C
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A quick Tutorial on the Gummel-Poon Parameters

Although it is recommended to go through the individual extraction steps of the corresponding
sections of this manual, this chapter puts together the graphical equivalents of the parameter
extraction techniques.

space charge capacitor modeling

CBE (pF)4 /
1_6 p i T T T T T T T T T T T T T T
L2p o i
- slopé: MJE /
- - [ L
n ; ; I
o8pl. ... ... 1., . .|| |, JCIE+Coffs
- _ _>
° oo L VBE(V)
VJE
FC*VJE
Early voltage extraction
iC(MA)
3f
C //
» —
1: --------- / _—
e (R ——
---- |
-VAF o
_1? 1 1 1 1 1 1 1 1 1
-2 2 6

vC(V)
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= 1/RE
= IKF L.
- 2,3*NF vt 4R B
e — 1decade-Z- 4
- o
] S
§_| | /L/////l//l’/l 1 1 1 1 1 1 1 1 1
= - | 1decade " =e == Lo
= 2,3*"NE*vt vB(V)
beta?

BF * - T T T T T T T T T T T

60.0 . /\

wo.0 |- / IKF, RE

- J NE
29.0 B 54_
vBE
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Base resistor parameter extraction

extrapolated for infinite frequency

mac A l IBE

rBB'+RE rBB'+1/gB'E'+RE(1+R)

REAL

frequency

thisgives:

RBB(Ohm)

2s.@ T T T T T T

RB
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Transit time parameter determination

First model the TFF trace without VCE effect

log (fT) A f 1

T PrTRE
o
log (iC)
TFF(psec) A
1e@.2 B T T T L LB LB T T T XTF A
TF(1+XTBFE,)_E, i \ Effect of the space ...
B / charge capacitors
- —
60.9 i ITF
TF 42.2: \‘\ ------- /
z0.0 5 \\ theoretical curve
EBB_BI I I2 BI I I4 BI I IS.BI I IE BI I IIE.B >
_ _ N iC(mA)
isothermically measurable range
k -
then mode! the dependence on V !
log (fT) A 1
T = ooeeeeee vCE

2*PITFF

log (iC)
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Proposed Global Extraction And Optimization Strategy

First reset the model parametersto default (Window Model Parameters). Thiswill firstly get
rid of old parameter values which belong to the last modeling and not to our actual, current
one, and secondly, the default parameters are those which reduce the complexity of a model
completely. For example, VAF=1000 means: no Early effect, IKF=1000 no knee current, all
resistors Rx=1m means no ohmic effects and so on. During the extraction process, we get
more and more parameter values, and thus, the model becomes more and more complex and
accurate.

cv:
Extract the CV parameters CIx, MJIx and V Jx for the BE- and BC-capacitance,
optional also for CCS.
optimize the CV parameters.

ohmic parasitics.

Extract the parasitic resistors RE, RBM and RC from flyback-measurements.

or:

Extract them from overdriven S-parameter measurements: high current at Base, half the
current out of the Collector, Emitter grounded, frequency swept.

dc:

Extract VAR and VAF from the output characteristics.

Extract IS, NF, ISE, NE and BF from the forward Gummel-Poon plots.

Optimize the Gummel-Poon plot for IS, NF, ISE and NE, well below ohmic effects show up.
Extract IKF from the (3-curve.

Optimize RE in the upper region of the Gummel-Poon plots (ig andi).

Optimize BF and IKF in the 3-curve at high bias.

Fine-optimize VAR, BR, VAF and BF in the output characteristics setup.

Fine-tune all DC parametersin al DC setups.

S-parameters.
De-embed the measurement data.
Extract the base resistor parameters RB, IRB and RBM from S11 measurements
with swept frequency and base current as a secondary sweep.
Transform S- to H-parameters and get a frequency f_onqg from the -20dB/decade of hy.
Measure again S-parameters, but now with the constant frequency f_oqqg and swept ig and
swept v and extract TR, XTF and ITF, aswell asVTF.
Optimize S-parameter fitting of TF, XTF, ITF (lowest vg).
Optimize the S-parameter fitting of VTF (al vp).
Go back to the rBB' setup and optimize the S-parameter fitting of the RB, IRB and RBM.
Then, again in the rBB' setup, optimizethe TF, XTF, ITF and VTF parameters.

Einally:
Re-simulate all setups and check the fitting quality in the verify setups.

If required, perform optimizer fine-tuning.
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Macro 'extract n_opt ALL'inIC-CAPfilegp_classic_npn.mdl contains an example for such
amodeling strategy based on the measurement dataincluded in thefile.

This strategy may vary a bit depending on the actual data. In this case, simply modify the
macro to meet your local requirements.

NOTE:

A smart way of defining or verifying the most appropriate extraction strategy is to synthesize
quasi-measured data from simulation results, and to check the extraction routines on these
data. This means to simulate all setups using a given parameter set, to transform these
simulated data into measured ones and to try to get the (known) parameters back again.

In this way you are sure that your extraction strategy works well for a perfect Gummel-Poon
transistor. If you have afterwards problems during the curve fitting, you might consider that
your physical device under test may not be so well represented by the Gummel-Poon model!

To 'synthesize' such pseudo-measured datain IC-CAP, make sure the parameter valuesin the
IC-CAP parameter list are all set to typical values that you will expect later for your parameter
extraction, perform asimulation for every setup in your model file, change the setup output
datatypeto'S, hit <RETURN>, change it back to 'B' again and hit again <RETURN>. Now
you have identical datain both measured and ssmulated arrays. Then reset the parameter
valuesto default and try your extraction strategy.

See also the appendix.

LAST NOT LEAST:

Before performing your measurements, i.e. before defining the measurement ranges,
contact tour design engineer colleagues and ask them about the specific operating range.

Asageneral rule, modeling should be done in those regions where the transistor will be
operated later.
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D E
AMETER EXTRACTION

CONTENTS:
The Gummel-Poon CV equations
Extraction of CJC, VJC, MJC, aswell as CJE, VJE, MJE and CJS, VJS, MJS

Some comments on CV-modeling

Sincethe CV parametersare --like for most bipolar models-- independent of the other
model parameters, they are usually extracted first.

We follow this idea and begin with the CV modeling, followed then by the parasitic resistor
modeling and the non-linear DC curves. Finally, the S-parameter measurements are model ed.
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The Gummel-Poon Capacitor Equations

P_rovi o_led thqt: VBE = VB'E' and VBC=VB'C the capacitors in the Gummel-Poon model
given in the introduction chapter with equations (O) ... (S) are:

Cgc = Csec + Cbec
Cj C di C

= e R R R N + TR —————

Mic dvgc

J
[1-VBC/VJC] (C\/-l)

with equation (H) from the introduction chapter.

and

Cge = CsBe + CoBE
: di
E C
= -------C]- ------------ + TFF ------
ME dvge

[l-VBE/VJE] (C\/‘Z)

again with equation (H1) from the introduction chapter and additionally with

Tep = Te{ L+ Xqp [ ---------- Il exp [ ---------- 1}
it + I7E 1,44 V1 (CV-3)

and the ideal Collector current i from(Q

CSBi model s the space chargg and CDBi the diffusion capacitance between Base and Emitter
or base and Collector respectively.

vgg and v are the stimulating voltages.

Gummel-Poon Toolkit B2_CV.WPS|17.04.01 D Franz Sischka
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MODELING THE SPACE CHARGE CAPACITORS:

Extraction of CJE, VJE, MJE,
(CJC,VJIC,MJIC and CJS, VIS, MJS isthesame)

Cjg B-E zero-bias deplet.capacitance
Vi B-E built-in potenti al
Myg  B-E junction exponential factor

These parameters model the Base-Emitter and the Base-Collector space charge capacitance,
i.e. thefirst termin (CV-1) and (CV-2). The second terms with the TFF and TR parameters
will be modeled later by S-parameter mesurements.

For the measurement of the Base-Emitter capacitance, the Collector is left open while the
Emitter is open during the measurement of the Base-Collector capacitance. In both cases, the
modeling formulais the same. Therefore this chapter covers only the modeling of the Base-
Emitter capacitance.

M easurement setup: M easurement result and extraction techniques
|
Cag (PP) !
Lep T T T
i 1 1 |
| | ]
open 1-2Pf””i ””” 7: ”””””
I_K 1 sopermie ||
I | | i
c(v) o_sp:mmm;””‘H‘ CJE
— -3 -1 0 ‘ ‘ 1 BE (V)
CV meter FC*VJE VJE

Mesuring and modeling the Base-Emitter capacitance
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NOTE on the influence of the remaining capacitances of the open pin: as one of the transistor
pinsis|eft open, the measurements of Cqp - and Cgp are always an overlay of the other
capacitances

Cgpg;j (1 =E,C) and, when measuring packaged devices, the small parasitic package
capacitors Cge, Cgp-and Cog -

package
capacitors
CSBC < y

C(v)

CV meter

The total measured capacitance is therefore Cgp; in parallel with the parasitic ones. This
means that the measurement results are always too big.

When using a capacitance meter like the Agilent4284, that eliminates by its measurement
principle parasitic capacitances to ground, this effect can be avoided by applying an AC short
to the open transistor pin versus ground (big capacitor).

The equation:
The behavior of the space charge capacitor is given by equations (CV-4a) and (CV-4b):

for VB < FC * VJE :

C
Cee = = Mg
Ve (Cv-4a)
and else:
C %
Ceae :W*{l—ﬁ;* (1+M )+ MJE*V_BE
c E (CV-4b)
with
CE: space charge capacitance at vgg = 0V
Vi built-in potential or pole voltage (typ. 0,7V)
= : junction exponential factor, determines the slope of the cv plot
(abrupt pnjunction (<0, 5um: Mg = 1/2)
NE
(linear pnjunction (> 5un): Mg = 1/3)
Fc forward capacitance switching coefficient, default 0,5
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Determination of the CV parameters:

For ssimplicity, we only use the measurement data from the negative bias.
The logarithmic conversion of (CV-44) yields:

In(CSBE) = In(CJE) - MJE In[l - VBE / VJE ] (CV-S)

This equation can be interpreted as a linear function according to the ideas of linear regression
analysis:

y = b + m X
with
y = In( CSBE) (CV- 68.)
b =1n(Cyp (CV-6h)
and
m=- Mg (CV-6c)

X =1In[1l-v [ Ve ]
BE JE (Cv- 6d)

Linear regression means to fit aline to given measurement points. Therfore, the three main
equations of alinear regression are b=f(xi,yi) and m=f(xi,yi), together with afitting quality
factor r2=f(xi,yi,m,b). For agood fit, r2~0.9...0.9999. See a so the appendix.

How to proceed:

the measured values of Cgg~ arelogarithmically converted according to (CV-6a).
Following (CV-6d), the stimuli data of the forcing voltage vgg are nonlinearily converted
too. Thisis done using a starting value for the unknown parameter V 5 (e.g. 0,2V). These two
arrays are now introduced into the regression equations (see appendix) as corresponding ;-
resp. X;-values. A linear curve isfitted to this transformed ‘cloud’ of stimulating and measured
data. Thus we get the y-intersect b(V ) and the slope m(V jg) for the actual value of V 5.
In the next step, this procedure is repeated with an incremented V 5z, and we get another pair
of m(V 3g) and b(V je¢). But now the regression coefficient r2 will be different from the
earlier one. |.e. depending on the actual value of V jg, the regression line fits better or worse
the transformed data 'cloud’. Once the best regression coefficient is found, the iteration loop is
exited and wefinally get V 3¢ opt aswell asthe corresponding b(V ;¢ opt) and

m(V 3 opt)-
Thus we get from (CV-6¢):

Me = - mMV3E opt)

and from (CV-6b):

Cie = exp [ b(ViE opt) ]

Validity of this extraction: The parameter extraction for the space charge capacitor isvalid
only for stimulus voltagesvgg below Fo* Ve, Fo gefaut = 0.5
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WHAT TO DO IN IC-CAP:

Sincethisisour first parameter extraction step, we first reset all parameter values to default,
see IC-CAP Window: 'Model Parameters

Otherwise, we might end up with amix of parameter values obtained during our last transistor
modeling and today!

open setup "/gp_classic_npn/cv/cbe_bhi"
( means modeling of Cg, with Base contact at high voltage pin),

perform a measurement,

click abox into plot "cvsv" (capacitance vs. voltage) to select the measurement data
used later for extractions. Click '‘Copy to Variables under 'Options in that plot.
Thiswill cause IC-CAP to save the box cornersin the 'cbe _bhi' Setup Variables
X_LOW, X_HIGH, Y_LOW, Y_HIGH

perform transform "br_CJE_VJE_MJE" (box regression). Thistransform applies a
data transformation and regression analysis to the data inside the box.

Then simulate with the extracted parameter values, using simulation or the substitute
transform calc_cv.

do the same for the capacitor CBC in setup 'cbc_bhi'.

NOTE: try also macro 'extract_n_opt_CV'

Some comments on CV-modeling

In practice thereis aways an overlay of this capacitance with some parasitic ones, e.g.
package or pad capacitances. If they are not known and therefore cannot be de-embedded
(calculated out of the measured data), the extracted CV parameter values may have no
physical meaning. This may happen especidly to V j- and MJc.

If there are resolution problems with fF-capacitances and CV meters, a network analyzer can
be used instead of the CV meter aswell. In this case, the Base is biased and Emitter and
Collector are grounded. The measured S-parameters are deembedded, converted to Y
parameters and the CV traces can be calculated out of their imaginary parts.

See IC-CAPfile: 1 gummel_poon/more files/s to_cv.mdl for more details.
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MODELING THE RESISTORS

CONTENTS:
Extraction of RE
Extraction of RC
Extraction of RBM from DC measurements

An alternate method to cal culate the ohmic parasitic resistors
from s-parameter measurements

The methods given below are considered as standard extractions. But the parameter values are
pretty often merely a'first guess. Also, the other model parameters are still not yet knwon.
Therefore, no simulation or optimization is performed in the setups of DUT prdc in file
gp_classic_npn.mdl

Instead, these parasitic resistor parameters are finetuned in the setups dc/fgummel and

dc/rgummel. In the Gumme plots, they are tuned in order to fit the ohmic regions: RE in the
forward Gummel plot (ic andig vs vgg) and RCinthereverseplot (i andig vs vge).
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MODELING THE EMITTER RESISTOR

Extraction of RE

M easurement setup: Measurement result:
VCE(mV)

50

(_).
1l
o

TTTT

;

%)
3

10

10 20
iB(mA)

\

transformed measured data:

get RE from flat range at high IB

RE 2.2 | ——— | ——— ‘ L — ‘ L — ‘ L —
- ‘ S R E—
L [
L I I |
ol 1 __ [ [ Lo
— L | I | |
@ L | | | |
[ L I I I I
= B I I I I
| | | |
& e-e T T T T
I I I I
| I I | |
> I I I I
n | | | |
"z -1.9 —— -t - === |- ——— = -—-—== +— ===
> I I I I
I I I I
I I I I
| | | |
| | | |

2.2
2.9 2.9 4.8 5.9 8.@ 19.9

Measurement of the open Collector voltage (‘flyback method’)
and the transformed measurement data in the RE domain (delta(vCE) / delta(iB))

Extracting the parameters:

The ohmic emitter resistor is physically located between the internal Emitter E' and the
external Emitter pin E. When we apply a Base current and have the Emitter pin grounded, we
get avoltage at the open Collector that is proportional to the Base current through this Emitter
resistor. If we derivate vCE with respect to iB, we get the equivalent RE for each operating
point. The value of RE is then the mean value of the flat range in this plot.
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3 G-P. REERC,RB -3-

WHAT TO DO IN IC-CAP:

- measure the setup rb_re

- run transform visu_RE and enter '1' (data transform)
thiswill derivate the measured data and display the
calculated effective RE against the stimulusiB.

- click abox around the most constant range of measured data and click ‘ Copy to Variables
- re-execute transform visu_RE to extract the RE value (enter '1' for this operation mode).

Do not simulate or optimize this setup, since

- the other DC model parameters are not known yet

- the Gummel-Poon model cannot represent * unconventional’ measurement conditions like
the actual flyback method. The values of the ohmic parasitics will be fine-tuned later in the
Gummel-Poon plots
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Extraction of RBM from DC measurements

RBM  min.Base resistance at high current

There are several methods to determine the Base resistor: either the constant part of it (RBM)
from pure DC measurements, or the non-linear RBB' = f(RB,IRB,RBM) from asl1 plot or
from noise figure measurements.

Applying these three methods to the same transistor ‘will generate typically three different
values for the Base resistor (!).

An interesting method to determine RBM isto use the RE-flyback method, with additionally
measuring VBE /T.Zimmer/. This method is applied now.

(vBE-vCE)
iB 100_||||||||||||/||

iC=0 r

- .

60 i

o | -
T 12&455 vCE

A e RBM=27 Ohm —a |

iB ZkaE .|||||||||||||||
y 40 80 120

1/iB

[E+©]

[u]
|

|

|
L
|

|

|

|

vi su RBM

iB
M easurement setup and determination of RBM out of transformed measured data.

The theoretical values of the measured voltages are:

VCE = VT * In(1/Al) + iB* RE
Al: reverse current amplification in common Base

and vBE iB*RE + iB* RBM + VB F

Subtracting these equations and dividing by iB yields:
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3 G-P. REfRC,RB -5

i.e. aregression analysis applied to these transformed measured data will give the y-intersect
RBM.

In afinal step, we then apply aloop to these data, in which alineisfitted to two adjacent
points, and the y-intersect is calculated. The incremental y-intersect is then displayed against
the stimulus iB.

NOTE: when RB becomes measurable DC-wise (the 'ohmic' range in the Gummel-Poon plot),
itsvalueistypicaly aready lowered to the value of RBM. This means, parameter RB (the
higher Base resistor value for lower Base bias), cannot be determined by this method.
Therefore, we simply set RB=RBM.

NOTE: See aso the appendix chapter ‘direct visual parameter extraction'

WHAT TO DO IN IC-CAFP:

- the measurement of setup rb_re isre-used

- run transform visu_RBM and enter '1' (data transform)
thiswill calculate the local Base resistor for each bias point, as described above,
and display the RBM value against the stimulusiB.

- click abox around the most constant range of measured data and click ‘ Copy to Variables
- re-execute transform visu_RBM to extract the RBM value

Again, do not simulate or optimize this setup, since the other DC model parameters are not
known yet

NOTE: If asensitivity analysis for a Gummel-Plot shows a reasonable impact of the Base
resistor to the forward and reverse Base current, an optimizer run on these two curves
simultaneously might make sense to obtain a guess on the actual value of RBM.
However, thisis usually not the case.
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MODELING THE COLLECTOR RESISTOR

For the extraction of RC, the same flyback method like for RE is applied. The only difference
isthat the Collector pinisgrounded, and the Emitter pin isleft open and its voltageis
measured.

WHAT TO DO IN IC-CAP:

- measure the setup rc

- run transform visu_RC and enter '1' (data transform)
thiswill derivate the measured data and display the
calculated effective RC against the stimulus iB.

- click abox around the most constant range of measured data and click ‘ Copy to Variables
- re-execute transform visu_RC to extract the RC value.

Again, do not ssmulate or optimize this setup

Note: Try also and study macro 'extract_resistors’

NOTES:

as mentioned above, these 'classical’ extractions of the ohmic model parameters are used to get
a good estimation about the parameter values. The values will be fine-tuned later in the setups
fgummel and rgummel.

For details on alternate DC modeling methods of the parasitic resistors, see also the
publications of /Berkner/ and /MacSweeny/.

If thereis aparasitic pnp transistor present, this method will not give accurate RC values. See
the corresponding model file of thistoolkit.
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An alternate method to calculate the ohmic parasitic resistors
from s-parameter measurements

Since the fitting of the S-parametersis the goal of a good transistor modeling, it makes sense
to think about extracting the ohmic parameters from S-parameter measurements also. The
following figures sketch areliable way to do that. The basic ideais to overdrive the transistor
and to reduce its effect to simple diode characteristics (‘hot' measurement). With the known
value of the Base current, the remaining resistor values can be calculated easily.

g % T NETWORK ANALYZER
;

oooooooo

GROUND,

GROUND

Bias for Parasitic Extraction

GROUND

GROUND

GROUND
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Bias for Parasitic Ext. continued

rd << RCE g
g Ib
Lc

2
§ RC GROUND
Lb Rb rd/ 2
~ AAA AN Vc=Ve
Ib rd/2= X)t ZRe
GROUND § Le
~
GROUND
Lb Rb rd/2 Rc Lc
>t AN AN/ AN/ <
Re
Port 1 Port 2
Le
<
GROUND GROUND

Z11 442 | — | rd/2+Rb+Re+jw(Let+Lb)  RetjwlLe
221 292 RetjwLe  Rc+Re+jw(Le+Lc)

Rc= Real(Z2)) - Re Lc=Imag(Z2)/w - Le
Re= Real(Z12) Le= Imag(Z12)/w
Rb= Real(Z11) -Re-rd /2 with rd=VT/Ib Lb=Imag(Z11)/w - Le

Theresistor values are finally displayed versus frequency and their values are obtained as a
simple mean value. If there is afrequency drift, take the mean value from the lowest
frequency. The plot below gives an example:

<
N

{
3
|
{
$
}
!

0.05GHz FREQ 6.05GHz
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NONLINEAR DC MODELING

CONTENTS:
Extraction of VAR and VAF
Extraction of IS and NF
Extraction of BF,ISE and NE
Extraction of IKF
Extraction of the remaining reverse parameters NR, BR, ISC, NC and IKR

Three measurements are required in order to extract the DC parameters:
-> an output plot including both, forward and reverse operation,
-> and two so-called Gummel plots, one for forward and another for reverse mode.

These three plots have a certain context between each other. Neglecting this context can easily
lead to one of the famous, so-called 'infinite modeling loops.

This can be explained as follows:

Let's consider the forward Gummel plot. It is based on a measurement of ig and i
simultaneously, versus vgg and istypically plotted half-logarithmically. Most often, the
applied Collector-Base voltage is set to vg - = OV. The reason for thisisthat it simplifies the
modeling equations (H)...(L) drastically. However, this approach can easily lead to the 'infinite
loop' mentioned above!

IC-CAP does not need the ssimplified equations. The optimizer in IC-CAP aways uses atrue
simulator like SPICE in the background that includes the complete Gummel-Poon equations.
Therefore, while extracting the DC parameters or other parameters, there is no reason for
having vgc = 0 for the Gummel plot.

We can take a smarter approach. We first measure the forward output characteristic and
extract VAR and VAF. Then, we |leave this setup for the moment, and measure the forward
Gummel plot. Differently from the commonly used method mentioned above, we apply avg
that is not zero, but between 2V and half the value of the maximum v ¢ of the output plot.
We do this for the following reason. Once the Gummel plot isfitted for this special voltage,
the following output plot simulation already hits the measured curves exactly in the middle of
the output characteristic. A fina fine-tuning isthen easily achieved by adjusting VAF and BF.
Otherwise, if we use vg = 0 for the Gummel plot, it can easily happen that if the Gummel
plot itself is nicely fitted, the output characteristics doesn't match and so on. Because, in this
case, if the Gummel plot fits, this means that the output characteristic fitsin the saturation
range (Veg ~ 0.2 ... 0.9V) and not int the disired linear range (Vog ~ 0.5t0 Vegma)-
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Anillustration of thisideais presented below in fig.DC-1. First, the output characteristicis
measured and VAR and VAF are extracted. Then, considering a cut through this plot for a
fixed vg (4V in the example), and using this value of v~z when measuring the Gummel-
Poon plot, we have data points that refer directly to our previous output characteristics
measurement with the corresponding vgg . The relationship between i and ig leads to the
beta plot, also plotted against linear vgg instead of the usua logarithmic i (which is the same
for i below the ohmic effectsin the Gummel-Poon plot) and again highlighting the
corresponding output data points by buttons. Therefore, if betafits, so does the output
characteristic, which we were starting from.

Therefore, if we extract the DC forward parameters from a Gummel-Poon measurement that is

biased like this, al measurementsfit together.

log(iB,iC iC
o ) A I beta

> .
VBE i A
iB
ﬁ ®
ﬁ.
-
vCE
vCE=4V

Fig.DC-1. Proposed context of the DC forward measurement setups.
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For the output characteristic, by forcing ig instead of vgg , we also prevent from measuring
thermal self-heating effects, which are not included in the standard Gummel-Poon model.
However, we should also measure the same Collector currents values with a corresponding
vgg aswell. Thisis sketched below in fig.DC-2..

Note:Such a check isimplemented in file data mgmt/BIP_ MEAS MASTER.mdl

ic A ic A
iB VBE
-
vCE vCE

Fig.DC-2: Forcing iB rather than vBE for the output characteristics prevents from obtaining
measurement curves including the self-heating effect.
Note: i is scaled identically for both plots!

Because, if the output characteristic drifts off when forcing vge ,  we should be careful when
measuring the Gummel plot, because it could be affected by self-heating as well. The ohmic
effects arein this case overlaid by the thermal self-heating, and we will either get wrong
model parametersfor RE and IKF, or no good fitting at all.

It is recommended in this case to apply avg aslow as possible for the Gummel plot (below
the thermal runaway), but well above the saturation region of the output plot.

Note: See also IC-CAPfilebip_output_char_i_or_v.mdl in the more _files directory.
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MODELING THE OUTPUT CHARACTERISTIC

EXTRACTION OF VAR AND VAF

VAR reverse Early voltage
VAE forward Early voltage

Modern fast bipolar transistors exhibit small values of VAR. Due to the simplifications of the
G-P space charge model implementation in SPICE, this may affect the other model
parameters. Thistypically happens for VAR<S5.

Therefore, the extraction of the nonlinear DC parametersis best started with the extraction of
VAR, followed by VAF. Aswill be shown in this chapter, VAR/VAF can be determined with
only little overlay of the other (actually still unknown) parameters.

After the Early voltages are extracted, and before optimizing the fit of this setup, we need to
go ahead and extract the remaining DC forward model parameters from the Gummel plot.
Only then, with the correct BF etc., the simulation of the output characteristic can fit the
measured data (!).

Therefore, we come back to this setup and fine-tune the VAR/V AF values by optimization
later.

Now, let's discuss the theoretical background of the Early voltage extraction. For an easier
understanding, we consider VAF.

measurement setup: measurement result:
iC(mA)
3 - ‘
- iB
AN - —
11456/ :
ic\/ C —
1
T
7 of
vCE ?
|B '1 1 1 1 1 1 1 1 1 1 1 1 1
A -2 2 6
vC(V)

Fig.DC-3: Measurement of the output characteristic
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The equation:
Provided that: v  =vge and vpg ¢ =vge , the Gummel-Poon model describes iC by
IS VBE \% C
ic= --- {( exp[ ----- 1 -1 - (exp[ ----- 1 - 1}
B NF vt NR vt
IS VBC
- oo {exp[ ----- 1 - 1}
NR vt
VBC
- ISC { exp[ ----- ] - 11} (DC-4)
NC vt
see equ. (H) ... (L) of the introduction chapter

with the Base charge equation
—_ qlS
NgB =—=*(1+,/1+4q
2o (141440, (o0 5)
for the modeling of non-idedlities like the Base-width modulation:
1
01 = crttetttttesssoeees (DC-3)
.. 'BE _ 'BC
VAR VAF
and the hi-level injection effect:
IS VBE I'S VBC
dps = --- { exp[ ----- 1 -1} + --- { exp[ ----- 1 -1}
| KF NF vt I KR NR vt (DC-4)

In order to handle this complex formula, we have to start with some simplifications:

We consider only the forward active region. Here, the Base Collector voltageis vge < 0V;
therefore the terms

N VT for Ny = NR resp. N = N¢
in equ.(DC-4) and (DC-4) may be neglected.

Thus (DC-4) becomes.

ic = -- expl ----- ] (DC-5)
B Ne V1
and (DC-4) :
I's VBE
Ops = --- exp[ ----- ] (DC- 6)
I kF Ne VT
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Equ.(DC-6) in (DC-5) yields:

NGB = 1 *[1+\/1+4|—Sexp( Vee jJ
v VBCJ ke N:Vq

2(1_ _BE _
VAR VAF

(DG 7)
(DC-7) in (DC-5) gives:
2% Isexp( Vee ]
i.= NeVy *(1_ Vee _ VBCJ
C
\Y Y
1+\/1+4|‘°'exp(vBE j A
ke FVr ( DC- 8)
Fig.DC-3 showed i versusvg. Therefore, (DC-8) has to be re-arranged using
VBC = VBE - VCE (DC-9)
(DC-9) in (DC-8):
Vv
2% Isexp(BE j
o= NeVr *(1—VBE( 1,1 j+VCEj
ls Ve Var  Var Var
1+ [1+4—S exp —2E-
KF nFVT ( DC- 10)
withtypicaly vgg << VAR and vgg << VAF we get:
2% |Sexp( Ve j
i = anT *(1_'_ l//CE]
1+\/1+4|Sexp( Yee j o
I KF rlFVT
or
2% exp( v, j
ic = VAF +VCE)
1+\/1+4 s exp( j Ve
(DC-11)

Thuswegot i = f(vee ip asshowninfig.DC-3, with vge = f(ip).
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Extracting the parameter:

We consider all assumptions from above valid(!!). This means that we should be sure that the
output characteristics measurement has been taken in the linear range of the Gummel-Poon
plot, i.e. with amaximum iC well below the ohmic effects. Then, the Collector current of the
output characteristics measurement (equation DC-11), becomes zero for v =-VAF.

How to proceed.
VAF isthe x-axis intersect of the tangent fitted to the linear region of the output
characteristics.

NOTE: Asyou will find out with your own measurements, VAF is rather afunction of the
bias current than a constant. The standard deviation of the valuesof VAF found by applying
tangents to all slopesin the output plot is most often very big. Depending on the type of
transistor, sigma(VAF) canrangeupto VAF/2! Thereason isthat the assumptionsin
equations (DC-5)..(DC-11) are pretty straight forward. Therefore an estimation of VAF by
using only 1 tangent may be sufficient, when an optimizer run is performed later (after the
extraction of the remaining DC forward parameters). Please note again that the IC_CAP
optimizer calls the simulator which includes the full set of model equations and therefore
finds the correct final value of VAF.

An alternate method could also be to determine VAF out of the delta of two Gummel plot
curves i(vg) for two different Collector-Emitter bias voltages. See equation (DC-18) of
the next chapter.

WHAT TO DO IN IC-CAP:

open setup "/gp_classic_npn/dc/routput”,

perform a measurement,

perform transform "br_VAR" (extract VAR)

simulate with the extracted value of VAR.
Then,

open setup "/gp_classic_npn/dc/foutput”,

perform a measurement,

perform transform "be VAF" (extract VAF)

simulate with the extracted value of VAF.

Do not be confused about the simulation result, and that the curves do not match. Because all
other DC parameters are still set to default, it is only important that the slopes of simulated
and measured curves match!

We will have a much better fitting after the extraction of the other DC forward parameters.

Have also alook into "/gp_classic_npn/dc/routput/READ_ME".
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MODELING THE COLLECTOR CURRENT:

EXTRACTION OF IS AND NF

l g transport saturation current
NF forward current em ssion coefficient

These 2 parameters, together with the already known Early voltages, are the only ones that are
dominant in the measurement setup given in the figure DC-4 below. NF determines the slope
and IS the y-intersect of the half-logarithmically plotted i~(vgEg)-

measurement setup:
) W
@ | iC @
iB

vCE=const.

VvBE

measurement and extraction principle:

O
_>
§\ §\
N -
i_
T1 -
/
[EY
~
A
Im

- /|1decade

id:ecade /2 XN E*Vt
E 2@3NPw)/

-
~
~

12 /
o t® | | | I L1 — I I I@_g I 1 I@_g 1 1 1 —
_>
VBE(V)

IIq IIIIIII| IIIIIII! IIIIII‘ IIIIIII! IIIIIIrI'IIIIITlIIIIII‘ IIIIII‘ IIIIIII1 IIIIIII1 IIIIII‘ IIIIIII1 IIIIIH 11 T

b

Vee |, Ves
—— Is(l_ +—V
AR AF

Fig.DC-4: Measurement of the Collector current vs. B-E voltage
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G-P. DC -9-

The equation:

Provided that vg g =vgg and vg ¢ =vgc , Westart again withthei - formula(H) ... (L)
from the introduction chapter:

ic = UNgB ( if - i) - i /BR - iBG gc
or:
. I's VBE VBC
ic = --7 {( expl - D - (exp[ <o 1 - D}
NyB Ne V1 NR VT
| VBC \' C
= =T {exp[ <o ] - 1} - dgc { expl ----- 1. 1)
R NR VT Nc VT
(DC-12)
with
— qlS
NGB = 2 * (1+./1+44q
2 ( =) (DC- 13)

for the modeling of the charge dependencies, especially the Base-width modul ation factor

d1g = mmmeeeeeommmmooee- (DC-14)

and the hi-level injection effect (half the lope of log(iC) vs. vBE for high iC)

i ¢ iy

Oog = ~--- + --- (DC-15a)
G G
or:
l's VBE l's VBC
dps = -o- { expl ----- ] -1} - {expl - ] o- 1)
KF Ne V1 G NR VT
(DC- 15hb)

In order to dqgmi nelg from (DC-12) for small v, i.e. no ohmic and no Iy  effects, we get
for forward biasing

VBE ~ 0, 7V << | VARl
VBC < 0V
and Ivegd << |Vagl.

Therefore (DC-12) simplifiesto:
R ( Ve j
ic= ex
© Ng P AV

Let's have a closer look to equ. (DC-13). Firstly, the formula reminds to apply the following
series approach for small values of x :

(DC- 16)
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J1+x =1+x/2

what means for our case:
NGB = g15* (1 +02s) (DC-17)

NgB from (DC-17) is split into two parts. q;q represents alowering of the Collector current
for increasing Early voltages (DC-14). This can be seen in the i Gummel plot asacurve
shift to lower Collector currents. On the other hand, the other coefficient q,5 beginsto
contribute for high Collector currents above I inforward operation resp. Iy inreverse
(DC-154), and reduces the Collector current as well.

For the modeling of 15 and Ni, we consider the lower and medium current ranges well below
the Effect of I« or the influence of the ohmic Resistor R . Therefore, (DC-16) simplifiesto:

v v v
= 1_£_£jex(_%j
¢ S( Var  Var P Nevy

or, because vBC=- vCB

iC :|S 1_ VBE +VCB exp VBE
Var  Var Neve (DC- 18)

For bigger values of the Early voltages, theterms |vg,| < |V py| can be neglected and we
obtain:

iC = |Sexp(NViJ
FVr (DC- 19)

NOTE: compare (DC-19) with the measurement result given in the figure DC-4 above.

Extracting the parameters:

Following the curve fitting techniques given in the chapter on regression analysisin the
appendix, atransformation can be applied to the measured datain order to obtain alinear
context between the measured values of i and the stimulating values of vgg in (DC-19):

A logqq conversion of (DC-19) gives:

log (ig) = log (Ig + BE l og(e)
Ng V1
or:
1
log (ig) = log (lg) +  ------------ VBE (DC- 20a)
2,3026 Np Vp
This can be considered as alinear form:
y = b + m * X (DC- 20b)
when setting: | | | |
y =1log (ig) | |
b =1og (Ig) | |
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m= 1/ (23026 Ng V)
and |
X = VBE

How to proceed:
We select a sub-range of the measured data, where the half-logarithmicly plotted data

represent a straight line. Then the logarithmically converted i~; of this sub-range are
interpreted as y- and the linear vgg; values as x-data for the regression formula. Applying
these formulas, we obtain y-intersect 'b' and the slope 'm' of the straight fitted line.

From comparing (DC-20a) with (DC-20b) we know how to re-substitute the parameters out of
'b'and 'm":

| lg = 100 (DC-21a) |

and

| NE 1/ (2,3026 mVq) (DC-21b) |

Validity of the extraction:
vgg between 0,2V [nonoisg] and 0,7V [no high current effects]

WHAT TO DO IN IC-CAP:

open setup "/gp_classic_npn/dc/fgummel”,
perform a measurement,
click abox into plot "ibic_vbe" around alinear range for the IS/NF extraction
click 'Copy to Variables (check how the box bounds are exported into the
setup variables X_LOW, X_HIGH, Y_LOW, Y_HIGH)
perform transform "br_IS NF" (box regression IS, NF), which refersto X_LOW etc.
simulate with the extracted parameter val ues.
optimize with transform "bo_IS NF"

Have also alook into "/gp_classic_npn/dc/fgummel/READ_ME".
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HINT:

Transforming the measured data such that the model parameter can be displayed directly
against the stimulating voltage or current is another smart way to determine model parameters.
In the case of NF this would mean to start with

. Vv
i =l.ex ij
oo
to convert it logarithmically in order to obtain

In(ic) =In(lg) +

* VBE
FVT
Thisisthe mathematical representation of the half-logarithmic Gummel plot for i-. The
parameter NF is proportional to the slope and we have therefore to differentiate In(ic) with
respectto vgg and obtain:
aln(ic) 1

OV e v
Solved for NF gives
N F

-1
v, » nGic)
0(Vge)
Therefore, if we display the calculated NF (what is the 'effective NF for every measured data
point) versus vgg, we get

NFs'aIIIIIIIII!III!II/IIII

build the
mean value /
from this

range /
\

a.2 @.4 a.8 e.8 1.2 1.2
VBE(V)

'& TTTTTTTTTTT T[T T T T[T TTT[TTITT
>

Fig.DC-5: Direct visual extraction for parameter NF

This allows usto check, if the model is able to fit the measured data at all (if thereisa
constantly flat range) and then to easily extract the parameter as the mean value of that flat
range.

Indirectory "visu_n_extr" of thistoolkit you will find more IC-CAP model files that follow
theidea of direct visual extraction. See also appendix A for more infos.
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Some comments on 'c_measured above IKF:

Referring to many graphical parameter extraction methods and aso to fig.DC-4 above, some
more background information is given for the model curve of i, above IKF.

From (DC-17) we get neglecting the Early-effect:

ic*N
NGB = 2% [1+4:C
2 lKF

or solved for NqB:

NGB = 1+-C

KF

Let us consider the two cases:

le < Tk I le > Ikr
hereis | andhereis
I ic
Ngg ~ 1 | Ngg =~ ----
| | kF
and introducing this into (DC-16) |
givesfinaly: I | kF VBE
| i¢= --- lgexp[ ----- ]
I ¢ VT
| or
I
i~ = exp[ ----- i~ = exp[ -------
C S - Vo | c KF 'S 2 Ne V.
I

Interpreting the result:
From (DC-22b) we learn that the i,

( DC- 22b)

curve has half the slope for currents above IKF (see

fig.DC-4). In practice, however, thereisaways an overlay with the ohnmic resistor RE, and
therefore (DC-22b) is not so well suitable for extracting IKF.

However, the overlaying parameter RE is affecting basically both, thei- and theig curvein
the same way. This means that the effect of RE cancels out for the beta curve 3=i/ig. On the
other hand, parameter IKF affects only i. Therefore, IKF is commonly extracted from the

beta curve of the transistor !
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MODELING THE BASE CURRENT:

EXTRACTION OF BF, ISE AND NE

Br i deal forward nmaxi num beta
= B-E | eakage saturation current
N B-E | eakage em ssion coefficient

In the literature, the three parameters of this chapter are most often introduced with their
corresponding influence on the different ranges of theig curvein DC-6.

In practice, there is most sometimes an overlay of the influences. Thisis especially true for BF
in the beta plot (overlaid from IKF and NE). Also, modern transistors have pretty low
recombination effects for the B-E diode: the ‘famous knee' (see finger pointer in fig.DC-6) is
not visible. Therefore we will not follow the graphical extraction method, but devel op another
method instead. We will derive aformulafor the 3 parameters directly from measured data
that has been taken from the range around the 'knee'.

same measurement setup asin fig.DC-4

extraction principle:

Tlgl E , 19 — T 1 | I | I I |'
iB 1o - - 12
1z é— - - K
o . BF RE
18,7 s 5 ldecade.....|
— E— i knee! A 2,3*NF’;vt -------------------------
1879 i‘ 1@78 W/ /
R E_ | g s ——————————————
= 52T decade’ e o e
ISE .o
= 2,3*NE*vt VB(V)

Fig.DC-6: measurement of the Base current vs. B-E voltage
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G-P. DC -15

The equation:

PrOV|ded that VBI E :VBE and VB' C :VBC ,then

ig = ipe+ipgc _ _
seeegu. (A) ... (G) of the introduction chapter
' VBE VBE
= ---{ exp[ ----- ] -1} +1ge{ exp[ ----- ] -1}
F F VT E VT
I's VBC VBC
+--- { exp[ ----- ] -1} +lgc{ exp[ ----- ] -1}
Br NR VT Ne V1 (DG 23)
We assume once again that:
VBE ~ 0, 7V << |VAR|
and Vge <

This simplifies equ.(DC-23) to:

ig =--- exp[ ----- 1 + Iggexp[ ----- ] (DC- 24)
B N

Introducing (DC-19) -i.e. the Collector current i ~ with neglected high current effects-
into (DC-24) yields the pretty ssmple form:

. _ic VBE
iB=——+Igg*exp ———
°TBp ¢ p(NE*VTJ

( DC- 25)

Wewill useboth i - = f(vgp) andigp = f(vgp) fromthesimultaneously measured
currents of the Gummel-Poon measurement of fig.DC-4.

We now haveiB as afunction of VBE &S desired.

Extracting the parameters:

This equation (DC-25) is one of the few cases during the bipolar modeling, where anon-linear
transform applied to the measured data doesn't give a straight line. (At least, the author had
not sufficient intuition!). Therefore the partial derivations of the curvefitting error in (DC-
25) versus B, IgE and N have to be calculated and then set to zero. The solution of this
system of equations finally gives these 3 parameters.
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Asig rangesfrom pico- to milli-Ampere, we will have to minimize the relative error
between measured and fitted curve. Thus we get from (DC-25) after dividing by ip:

ic I sg VBE
1 = ----- + --- exp[ ----- ] (DC- 26)

iBBF iB NEVT

Equation (DC-26) is only approximately true for the real measured data ig;j, icj and vgg;-
Thereforeit is expanded by theindividual error E,q; for every datapoint of index i

1 + Be = -oncs + --- exp[ ----- ] (DG 27)
! 'Bi BrF I Bi Ne V1
or:
e I se VBEi
Eral = ------ + T expl ----- ] -1 (DC- 28)
! B Br | Bj Ne V1

Using least means square technigues we now have:

N 2 N iCi lSE VBEi 2 !
E = ZEFg =2 [ ------ + --- exp( ----- ) - 1] = M ni mum

t ot =1 i i=1 i Bi BF i Bi NE VT
(DC- 29)

It can be shown that the parameters Bp and | g can be separated out of the partial derivations
with respect to  Bp and | g with areasonable effort. Thisis unfortunately not possible for
NE . This parameter hasto beiterated - similar to VJ of the space charge capacitor - until
the sum of individual errors according to (DC-29) is minimized.

Step by step:

The partial derivation of (DC-29) versus Bgis:

1 N iCiz N iCi VBEi N iCi
--- _Z -_----2 + ISE_Z -_----2 exp( ------- ) - _Z Tt =0 (DC-30)
BF =1 IBI =1 IBI NE VT =1 IBI

and versus | SE:

---_Z-_—--zexp( ----- ) tlge 2 o exp(------ ) - Z --- exp(------ ) =0
BF =11 Bi NE VT =11 Bi NE VT =11 Bi NE VT
(DC- 31)
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(DC-30) is expanded by

and (DC-31) by

These two new equations are added and their sumis solved for | o

N 1 VBEi N iCiz N iCi N iCi VBEi
S o---- exp(------- ) S o---- - S o---- S o---- exp(------ )
ISE: ---------------------------------------------------------------------
N1 2VgE N ig?2 N g Vg 2
T -e-s exp(-e-e--- ) Eo-n - [T - exp(-----)
|:1|Bi NEVT |—1|Bi |:1|Bi NEVT
( DC- 32)
Now we can also separate B from (DC-30):
N ig*©
S oo---
i=1 ip?2
BF: ---------------------------------------------
N g N g VBEi
z ----- - lSE z ----- exp( ------- )

Validity of the extraction: vgg above measurement resolution and below high current
effects.

How to proceed:
A subset of the measured dataigj and i , i.€. the range around the 'KNEE' (see fig.DC-6) are

selected and introduced into equations (DC-32) and (DC-33). Next a suitable starting value
for Ng is selected ( e.g. Ng = 1) and the error according to (DC-29) is calculated. Ng isthen
incremented until this error becomes aminimum. Thetriplet of Ng, BE and Igg of this
minimized error isthe final parameter extraction result.

NOTE: the complexity of (DC-32) and (DC-33) illustrates that transforming measured data to
alinear context and applying linear regression techniques is often a much smarter approach
for parameter extraction.
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WHAT TO DO IN IC-CAP:
in setup "/gp_classic_npn/dc/fgummel”,
click abox into plot "ibic_vbe" around the 'knee' at low vb,
click "Copy to Variables',
perform transform "br_ISE_BF _NE" (box regression ISE, BF, NE),
simulate with the extracted parameter values.
perform transform "bo_ISE_BF _NE" (box optimization ISE, BF, NE),
you may also try the tuning function in "tune_ISE_BF _NE"

If thereis no 'knee' with your measured transistor, the Base current recombination effect does
not occur. In this case, switch off the Base current recombination effect in the G-P model.
This can be done by setting ISE to a very small value (ISE=1E-30) and the slope parameter
NE to aflat slope (NE=2).

Have also alook into "/gp_classic_npn/dc/fgummel/READ_ME".

Note:

For low values of VAR, the Collector current formula of (DC-19) inserted into (DC-25) is not
guite correct. It would lead to atoo low extracted value of BF, due to the shift of theiC
Gummel plot. Equation (DC-18), without the assumption of big Early voltages, is better in
this case. Therefore, correct the measured Collector current values to

L _ iC_mezasured
I'C_measured = v
1- YBE
VAR Note: VAR<<VAF, so this correction is sufficient

before inserting them into equations (DC-32) and (DC-33).
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MODELING THE CURRENT AMPLIFICATION AT HIGH CURRENT

EXTRACTION OF IKF

kg forward beta high current roll-off

Referring to fig. DC-4, IKF models the Webster push-out effect. This effect describes a
decrease of the proportionality of log(iC) versus vBE. Unfortunately, as already mentioned,
this effect isalso overlaid by RE. However, while RE affects mainly both, iB and iC, IKF only
affectsiC. Therefore, it can be best extracted out of 3=iC/iB.

From a modeling standpoint, the beta plot should not be considered isolated from its origin,
theiB and iC curve. Therefore, we display it always versus the same stimulus vBE, together
withiB and iC. This helps alot in better understanding the influence of the parameters ISE
and NE on the increase of beta, and of IKF for the decrease.

Iog(iC,iB,betg)

Fig.DC-7: Plotting betatogether with i~ and ig for better understanding of the context of the
model parameters

It becomes also clear why for some transistors, BF seems not to affect the maximum of the
betatrace at all: there is no parallel region between log(iC) and log(iB) in the Gummel plot, or
referring to the beta plot, IKF reduces already beta, before it can reach the value of the BF for
increasing bias. Thisis shownin fig. DC-8.
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same measurement setup as for fig.DC-4

beta *

8@.0 T T T T T T T T T T T T
60.9 /\

: / mainly IKF
. : JNE th also RE
|SE

1 1 —1 1 1 1 1 1 1 1 1 1
.2 2.4 2.8 2.8 1.2

VvBE

BF

Fig.DC-8: Betafrom the measurements of fig.DC-4 and fig.DC-3.

Note: log(f3) is plotted versus vgg . The conventional plot using log(f3) versuslog(ic) is
identical to it, provided we neglect high-current effects. But this way of plotting log(f?) is more
straightforward, because it displays a measurement result versus a stimulus and not another
measurement result.

NOTE: for best results, estimate or extract RE first!

Hint:

avoid thermal self-heating effects!. For Collector currents >10...50mA, thermal self-heating
has to be taken into account. This becomes visible if the beta-plot for aforward and reverse
VBE sweep looks different at high vBE. To avoid this, DC pulsed measurements with pulse
widths about 1us should be used in this case (the HP4142 offers only pulse widths 2100us!).
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Before we start with the extraction of IKF, we are now ready to understand the following

schematized Gummel plots. They charact

erize at a glance the different effects for the Base and

Collector current in the Gummel-Poon model-

log(ic)} 1A e /
|/ _
"iC ! //IC
/ 1 Early effect
‘ ‘ shifts log(iC) vs. vBE down
Webster effect for higher VAF
reduced Io‘g(iC? vs. VBE slope
i i VAF
| - -
! ! VvBE VvBE
log(iB) | A
-/
| B Mainly RE affects the slope
i _ of both, iC and iB
| iC at higher VBE bias
\ iB |
//\ ‘
snon-ideal B-E diode |
X recombination effect |
VBE ' VBE
A
] ‘ enesniihe
3 e
@ T
8 "_iB \
]
|
be%\
|
.
vBE

Gummel-Poon Toolkit B4 DC.WPS | 17.04.01 |:| Franz Sischka



G-P. DC -22-
The equation:
The current amplification is defined as:
ic
B = ---- (DC- 34)
B
Provided that: vg g =vgg and vg o =vpgc and further
VBE << VAR
and VBC <0V
We introduce (DC-24) for ig and(DC-16) for i into (DC-34):
I's VBE
_ Nq exp[ N ]
'c B F VT
R (DC- 35)
'B I's VBE VBE
---- exp[ ----- 1l + lggexp[ ----- ]
Br NE VT E VT
We further introduce an approximation for N qB € equ.DC-18. Thisgives:
ic VBC VBE
_ (1---- --- ) lgexp[ ----- ]
c I kF VaAF F VT
R (DC- 36)
'B I's VBE VBE
---- exp[ ----- ] + lggexp[ ----- ]
Br Ne V1 E VT
Divided by
VBE
ls exp[ ----- ]
F VT
we get: _
'c VBC
_ (1---- - )
'c G Var
R e R TR (DC-37)
i B 1 | SE VBE 1 1
---- oo exp{ ----- [ --- --- 1}
Be l'g V1 Ne Ne
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Extracting the parameters:

Aswe want to consider again relative errors, we proceed as in the chapter of the determination
of theig parameters:

ic VBC
(1----
'B I kF VaF
1 e
IC 1 | VBE 1 1
TR exp{ --:-- [ -=- - == 1)
Br lg VT Ng NE

Thisformulais again more ore less true for the measured datai; and ig; with the
stimulating voltage vg . Thus we have to introduce again an individual error E,q;
for each measured data point of index i:

L. @ VBG
| Bi I kF VaF
Rl =t T T (0e39)
G BEi
cees 4 2P0 exp{ s--- R
Br l'g Vr Ne  Ne

1 'a VBCGi
N , N B G Var 2
E= ZEgic=2Z{ --- % -o--ommmiiii i - 13
--- exp{ ----- [ --- - --- 1}
Br I VT NE  Ne (DC-39)

How to proceed:

In order to keep things simple, (DC-39) is solved for abest | by iteration. Thus Iy g is
set to a starting value, e.g. 10A, and then divided by 2 in every iteration, until the total error
givenin (DC-39) is minimized. Fine-tuning is then done by the optimizer.

WHAT TO DO IN IC-CAP:

open setup "/gp_classic_npn/dc/fgummel™ and plot "ibic_vbe"
(betaisthe right-axis data), then
perform transform "e_IKF" (extract IKF) and
check the simulation result.
run transform 'o_BF_IKF_RE' for fine-tuning the parameters of this setup.

Have also alook into "/gp_classic_npn/dc/fgummel/READ_ME".

and also in some aternate methods on the IKF-extraction in the 'direct visual parameter
extraction' model file.
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EXTRACTION OF THE REMAINING REVERSE PARAMETERS

EXTRACTION OF NR, ISC, NC, BR, IKR

The reverse modeling can be performed like the forward modeling. Simply exchange Emitter
and Collector.

WHAT TO DO IN IC-CAP:

open transform README in setup "/gp_classic_npn/dc/rgummel” and follow the
modeling sequence given there

Last not least, macro 'extract_n_opt_DC' includes a suitable automated modeling strategy for
both DC forward and reverse.

Included in this exampleis also the interesting and pretty often recognizable effect, that the
reverse Early voltage is affecting the forward modeling, dueto its low value.

The strategy used in this macro covers that effect by looping a bit between forward and
reverse extraction and optimization.

This sequence may be different for your actual transistor. Just correct the macro if required.
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Note on reverse Gummel-Poon modeling

If your reverse beta curve and reverse Gummel plot look like below,

a T T T T T T T T TT T T T

s ]

1274 §

5 rbeta?
s 4.0

7
=] P i ° 1 T T I T 1 1 T T T T T T

g = af%;ge! VAR

V)‘( vBC VBC
(a steeper slope of log(ig) versus v for v < vy, something that is not included in the
Gummel-Poon model), you might consider replacing the Gummel-Poon recombination
modeling (parameters ISC and NC) by aexternal diode with its parameters IS, N and RS.

For more details, refer to file rgummel_special.mdl under directory 'more files in this toolkit

file collection.
See also the chapter on the limitations of the Gummel-Poon model at the end of this manual.
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AC SMALL SIGNAL MODELING

OVERVIEW

We are now ready to consider the basics of modeling for frequencies higher than 100MHz. It
is assumed that the measurements have been made on the pure semiconductor device without
being affected by packaging parasitics, bond pads or other parasitics. If thisis not possible, de-
embedding techniques have to be applied. This means to find the proper semiconductor
behavior out of the distorted measurement by de-embedding.

It should also be mentioned that the probe pins have to have an excellent frequency
performance within the transi stor measurement frequency range. Once again the key to
meaningful AC measurements and thus modeling is a good network analyzer calibration with
excellent standards and a correctly defined calibration kit data in the network analyzer.

If you need additional support for de-embedding, calibration and for better understanding
S-parameters, please refer to the additional toolkits for IC-CAP. Please contact the author.

Let us go first for the AC small signal equivalent schematic. It can be derived from fig.2b of
the introduction chapter as a linearization at each bias point of the transistor.

CB'C'
., RBB' Lo
B—W— —¢——wW——2C
B C' RC
=—=CC'S'
L RO ®
B'E' T L -
CB'E' gm*vB'E' S
? .
EI
RE
E

Fig.AC-1. AC small signal schematic of the bipolar transistor
NOTE: X~y €ffect neglected.
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The following equations give the values of the internal elementsin fig.AC-1.
They represent the linearized DC- and CV-equations at the DC operating point.

9BE
From equ.(B) in the introductory chapter we get from the derivative of ig versus
VB'E':
I's VB E I sg VB E
ggE = ccoee---- exp[ ------ ] o+ - exp[ ----- ] (AC 1)
B Np Vr Ne V1 Ng V1 Ng V1

where the second term can most often be neglected for operating points of i~ above 1 uA.

90

The output conductanceis:
9do = - di C / dVB' C - di B / dVB' C (AC‘ 2)
Cpp o Cp

including the delay time effect modeled by T is given in equ.(P) and (R3) of the
introductory chapter for the particular operating point voltages.
Asafirst order estimation, Cgpr simplifiesto

Cgp = Tpp -------- - TFF 9m (AG-3)

while
CB'C' or CMU (MU or p stands for 'mutual’

simplifies because of vg- <0 at forward operation to:

g = srmerereeiseeneseseoes (AC- 4)

9m
The transconductance gy, finaly is using equ. (H)
| C | C
————————— SRR (AC-5)
d VB E d VB C

Gummel-Poon Toolkit B5_AC.WPS|17.04.01 D Franz Sischka



G-P: BaseResistor -1-

MODELING THE BASE RESISTOR rgp

Extraction of RB, IRB and RBM

Ry zero bi as Base resistance
| RB curr. at nedi um Base resistance
ReM m n. Base resi stance at hi current

Itis assumed that Xy = 1, and that Bisthe DC current amplification.

This chapter explains how to model the Base resistor from S11 data.
It isorganized like this:
- derivation of the small signal schematic for the parameter extraction
- short introduction into the basics of the Smith chart
- discussing the expected frequency dependence of rBE, considering rBB' constant
- enhancing the schematic for the bias-dependent omic resistor rBB'

As an approximation to keep the equations simpler, we further assume:  vgg = vg g
and vpgc = vg ¢ - Simulations and optimizer runs after the parameter estimation will
eliminate this simplification.

The measurement setup for the rgg: characterization is given below in fig.RBB-1.

Network Analyzer

Fig.RBB-1: Measurement setup for the rBB measurement

To begin with, we refer to fig.AC-1 from the previous chapter. We simplify it to cover mainly
the imput impedance. This leads to the schematic of fig.RBB-2. Thisfigure explains the two
cases. frequency -> 0 Hz and frequency -> c Hz
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frequency -> 0 Hz frequency -> infinite,
, IBB’ . IBB'
B -—=—w——8 C | Bo—=—w——8 C
= GD e i=0
9BE CB'E' R*B gBE
E E
RE RE
E E
Fig.RBB-2:
Simplified AC Base-Emitter input impedance scheme for low and high frequencies

In order to evaluate the schematic and the device parameters of fig.RBB-2, we have to
consider the measured S11 data. Thisis best done by displying them in a Smith chart.

As areminder, a Smith chart transforms the right side of the complex resistor plane R into the
areaof acircleof radius'1' using the transform

11 = --------- with the NWA measurement
R + 50 impedance of 50 Ohm.

A

j500hm

Y

500hm

Fig.RBB-3: Note on the Smith chart transformation
(S11 = 1for R=infinite, Sy4 = 0for R=50 Ohm, S;1 =-1for R=0 Ohm)

Therefore, we can use S11 instead of H11 for the RIN modeling as well and our measurement
result should look like figure RBB-4 .

Note: In order to get familiar with the problem, we consider first the hypothetical case that

rBB' is no function of bias. In other words, the Base resistor is considered as a constant,
ohmic resistor RBB'.
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G-P: BaseResistor -3-

Complex resistor plane for the interpretation of RIN

JIMAG Rin

RBB'+RE RBB'+1/gB'E'+RE(1+R)

! REAL

frequency

and the same measurement result displayed in a Smith chart:

j

]

Fig.RBB-4: idealized input resistor curve, assuming an ohmic, bias-independent RBB'

Ideally, RIN should look like acircle.

The starting point at DC is RBB'+1/gB'E'+RE(1+03). For higher frequencies, Cgp will act
more and more like a short and eliminate the influence of resistor 1/gB'E'. For infinite
frequencies, RIN should hit the x-axis at Rgp: + R (€ffects of Cg: and R omitted!). Now
the Base-Emitter capacitance has completely shorted 1/gg: and thus the

transconductance g,,, became 0 as well. This means that the transistor has no beta any more.

S11 = Reg + R (frequency ->infinite)
/ Smith chart (RBB- 1)

As Rg isknown from DC measurements, the value of Rppg' can be estimated quite
accurately.

This method is advantageous because the estimation of the Base resistor is affected only by

the parameter R. Moreover, thereismostly Rgpg: >> R, so that the influence of a
uncertain value of Rg is minimized using this method.
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G-P: BaseResistor -4-

So far we considered rgg: to be ssmply ohmic, i.e.constant. In reality, rgg: is modeled more
complexly. One separate resistor from the outer Base contact to the inner Base contact (ohmic
Rpg\m) and abias-dependent part from the inner Base contact to inside the inner Base. This
means, the higher ig, the more i~ is extending its flow area closer to the internal Base contact
due to current crowding. This means, we expect alower Base resistor for higher bias. The
sketch below depicts that. The Gummel-Poon model combines both resistorsinto asingle,
bias dependent one.

low iB high iB
N

the voltage drop on RBint decreases the internal
voltage B'E'. The base majority carriers will

RBint tend to cross the B-E junction closer to the

RBM external base contact, where the potential is

higher. |.e. the channel moves to the base
contact and the overall RBB' is reduced to RBM.

Fig.22a: current crowding leads to a bias dependent Base resistor

Now, overlying this DC bias dependency with the frequency dependance from above, we end
up with S11 curves like sketched in fig.RBB-6.

extrapolated for infinite frequency

iMAG A l rin

rBB'+RE rBB'+1/gB'E+RE(1+R)

REAL

frequency

Fig.RBB-6: idealized input resistor curve with areal, bias-dependent Base resistor  rgpr,
effects of Cg\~ and R~ omitted.

Real-world measurement curves will look like these curves at low frequencies only. Thisis
due to the overlay of more second order effects. In order to separate rBB' with the proposed
method, we must fit circlesto the S11 curves at low frequencies and then calculate the x-
intersect from an extrapolation of the circle for infinite frequency, which is then assumed to be
equal to rBB'+RE. Thisis shown in fig.RBB-7.
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G-P: BaseResistor -5-

rBB' + RE (Ohm)

frequency -> infinite

RE+RBM -~ -

Fig.RBB-7: Idealized ohmic Base- plus Emitter-resistor versusip

Notes on some limitations of this extraction strategy:
Because of the influence of 1/gB'E’ on the range where the circle must be fitted to, iB should

be as high as possible to not dominate the r BB' - effect by 1/gB'E’ . Also, to keep the

rBB' influence dominant over RE (1+(3), iB should also be as high as possible, so that

iC > IKF, and therefore 3, is as small as possible.

Unfortunately, the rBB' -measurement could now be dominated by thermal effects. Moreover,
thisrange of iB typically is aso not the operating one. This contradicts general rule to always
concentrate on meaningful measurements close to the operating range for good parameter
extractions.

Finally, the trace of Fig.RBB-7 is often overlaid by the parameters TF, ITF, XTF and VTF,
which will be extracted next. Therefore, an optimization (of the S11 parameters) of this setup
should only be applied after the fitting of these transit time parameters.

The extraction strategy:

Circles must be fitted to the low-frequency sections of interest. They are centered to the x-
axis. The suitablecircleformulais::

(x - xg)2 + y2 = r? ( RBB- 2)
or
2

X + y2 = r2 - x02 + 2 Xg X

This again can be considered asalinear form (!) with

Yiin = b M Xjjp
where x2 +y2 = Yiin ( RBB- 3a)
r2 - xg2 = b ( RBB- 3b)
2xg = m ( RBB- 3¢)
and X = Xin ( RBB- 3d)
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G-P: BaseResistor -6-

This means: The measured data x; and y; are introduced into equ.(RBB-3a). Next the
y|in(i) areplotted versusthex; ; ,(i ) and astraight line regression is applied. From the
slopem, using (RBB-3c), we get:

Finally the left circle intersection with the x-axis (for the frequency -> infinite) for our
rBB'-extractionis:

I'BB'+RE= Xg - T

After al these pre-considerations, we are now able to generate the trace of RBB out of the
measured S-parameters. This means we are now ready to consider the formulafor RBB in the
Gummel-Poon model:

The equation:
The nonlinear Base resistor is described in the Gummel-Poon model as.
tan(z) - z
rBBB = RBM + 3[RB- RBM -------------
z tan*2(z) (RBB- 4)
with

2 .
1+(12) E -1
P/ IRB

(e

see model equations (M) and (N) of the introducion chapter.

Fig.RBB-8 shows the plot of this equation:

Gummel-Poon Toolkit B5 RBB.WPS | 17.04.01 D Franz Sischka




G-P: BaseResistor -7-

rBB' (Ohm)

IRB iB(A)

Fig.RBB-8: Base resistor curve asimplemented in the model

This means: after we got rgg: from the measurement, we now have to fit the model curve
from fig.RBB-8 to the measured data of fig.RBB-7 (after subtraction of Rg).

How to proceed:
When iB->O then z->0 andtherefore

[tan(z) - Z]

—————————————— ->1/3
z tanz(z)
We get from (53) solved for RB:
RB = Igp [ ig->01], zero bias Base resistance

When iB - > infinite then z->Pl/2 and

3 [tan(z) - Zz]
---------------- -> 0

what gives from equation (RBB-4) solved for RBM:

RBM =rgg [ ig->infinite] , mn. Base resistance at hi current

Finallywhenig = Ipg then z=121. Thus
I BB =RBM +[RB- RBN] 0,51 (RB+RBN) /2

That's why

| RB is the current where the Base resistor is half its max.val ue

RBM+ (RB- RBN) ! 2
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G-P: BaseResistor -8-

WHAT TO DO IN IC-CAP:
first of al, the network anayzer hasto be calibrated.

Y ou should then remeasure your SHORT-OPEN-LOAD-THRU calkit standards using the IC-CAP
DUTs 'CAL_xxx' for documentation.

Then, an OPEN structure on the wafer, resp. an empty package, has to be measured for the de-
embedding of the inner transistor from the outer parasitics. Thisis both done by IC-CAP DUT
'nwa_meas. Here, the setup 'dummy_open' is used to measure the OPEN structure, while
setup 'freq_n_bias is used to measure all datafor the HF modeling. The de-embedding is then
performed in setup 'de_embed' and transform 'S_deemb'. PLease note that the stimuli must be
identical in all these setups, i.e. the same 'freq, 'ib’ and 'vc' Inputs must be used.

Finally, the de-embedded data are exported from this setup and re-imported partially
(depeding on the required sub-data for the individual modeling steps) into the setups of DUT
‘nwa_extr'.

after the de-embedding, the modeling steps are:

- open setup "/gp_classic_npn/nwa_extr/rbb",

- import the data from the . mdm file,

- simul ate the setup with the so far determined DC and CV parameters

- perform transform "calc_RBB" to convert the measured S-parametersto rBB'
(set model variable DEMO=0 in order to obtain the check of the upper frequency
limit for the rBB extraction)

- check the plot "rbbvsib" (rbb versusib)

- perform transform "e_RB_IRB_RBM"

- simulate with the extracted parameters.

- optimize after you are finished with the TFF parameter extractions.
(see proposed optimization sequence given there).

see aso transform READ_ME

NOTE: Asyou might experience, it can be quite complex to obtain areasonable S11 plot from
which argg: curve like that one in fig.RBB-8 can be derived. If despite all of these efforts the
transformed measured data do not match the curve of fig.RBB-8, set RB=RBM and model the
Base resistor bias independent.

Note: avoid thermal self-heating (esp.when measuring packaged devices). Thiswill show up if
the fitting of the forward Gummel plot of iB for high vBE becomes worse when the fitting of
the S11 plot isimproving during fine-tuning of RE and RB. If this occurs, reduce the bias for
both the rBB and forward Gummel setup. If you need these high bias values, consider using
pulsed measurements (DC bias pulse width around 1us).
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6 G-P. Transit Time -1-

TRANSIT TIME MODELING

CONTENTS:
Modeling the diffusion capacitance CDBC
Section1: Extractionof TF, ITF, and XTF
Section 2:  Extractionof VTF
Extraction of PTF

Extraction of TR

Modeling the Diffusion Capacitor CDBC

Section 1: Extraction of TF, ITF, and XTF

TE ideal forward transit time
XTg  coefficient for bias dependence of T
ITE high-current parameter for effect on Tg

For forward active operation of the transistor, the AC behavior is modeled by Cg - and Cgg
(see equations O ... Sin the introduction chapter). In this operating mode, the aready CV-
modeled CSBC dominates over Chpgc i!’l equ. (P), whilein equ.(R), the more important term
is CppgE- This chapter covers the modeling of ChgE-

CDBE is described by the bias-dependent transit time T in equ.(R), and T is modeled
with the formula:

T =Tp{ 1+ X%l ---------- 1 exp ( ---------- )}

see (S)

with the ideal forward Basecurrent i from equation (C).

Tg istheideal forward transit time modeling the ‘excess charge'. The parameters X, and
|7 cover the operating point dependence from the DC bias i ~ i, while Vg describesthe
dependence from v ~ Vg
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6 G-P. Transit Time -2-

Preconsiderations concerning the measurement:

Like in the previous chapter, the parameter estimation is again performed using asimplified
model, whereas the parameter fine-tuning is finally done during an optimizer run using the
full set of SPICE model equations.

Referring to appendix B, it can be shown that the transistor's ho4 (f)-parameter behaves
frequency wise like alow-pass filter with the transfer function

1-p/ po1licVvep)

1+p/ ppilicvep with p=j * 2P * f

Typically, thereis pOl > ppl. Therefore we can neglect the zero p01 against the pole ppl, and
thetransit frequency for |ho4(f)|=1 issimply

1
2*PI*Teelic.Vee)  (spe (10) of appendix B)

fTprdeGC1VCE):

or inverted:

1
2* P *le—poIe(iC!VCE) (TFF-1)

TFF(iC’VCE) =

wheref 11_ o ¢ isafunction of the bias current i - and the bias voltage v

Note:
In many publications, like e.g. /Sinneshbichler p.106/, it is mentioned that the transit time after
equ.(TFF-1) is

1
2*PI*fr 1_pote ic.Vce)

In this case, the TFF used for modeling is RC* CBE smaller than the value converted from fT.

-RC*CBC

Teelic,vee) =

In some other publications, thisformulais extended to
1

2*PI*f1 1-pole ic.vce
or after /B.Ardouin, p.198/

Teelic,Veg )= )—(RC+RE+RB/8)*CBC

1
2*PI*fr 1_poje (ic. Ve

Teelic,vee) = )—(CBE+CBC)[-I\_’l—(ch+RE)[<[:Bc

Ic

In practice, however, with the goal of a direct extraction of the TFF parameters followed by a
post-optimization, the additional terms can be neglected and the simple equation (TFF-1) is
sufficiently correct.
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6 G-P. Transit Time -3-

Now back to the parameter extraction:
We will first consider the extraction of the parameters Tr, |yg and X1g. Vg Will be covered

later. This means, a special measurement for f+(ic) and later for (i, Vop) isneeded. As
we assume a 1-pole low-pass for hy4, the gain-bandwidth product is a constant. Thereforeit is
sufficient to measure a hoq (i, Vo) a afixed frequency higher than the the -3dB
frequency.

In other words, this fixed frequency should be from a -20dB/decade range of

MAG[hy(freq, i, vop)] - This measurement frequency can be found when transforming the
measured rgg: S-parameters to H-parameters (using the TwoPort function). From the dB-
plot of ABS(hy1(f)) versuslog(frequency) we determine afrequency where the slope fits a-
20dB/decade roll-off.

NOTE: if your MAG[h21] does not follow the -20dB/decade law, there is probably a so-called
over-deembedding. This means more parasitics are subtracted than present in reality. The
opposite de-embedding problem, under-deembedding, does not affect the slope, but it can
show up like a second -20dB/decade slope shifted in frequency.

Thisfrequency is now used as afixed frequency f _20dB for the S-parameter measurements of
this setup. The underlying DC bias values are a swept i ~ and a constant and small value of
vcE (to neglect the VTF effects). Then, these S-parameters are converted into H-parameters
and we get for the constant gain-bandwidth product of this assumed one-pole low-passfilter:

1*fy 1—po|e(i C’VCE) = |D21(i c'VcE )|* f _20d8
or

frapoielic:Voe) =z fic,vee ) 200 (TFE- 2)

le—poI e after equ.TFF-2isvalid for al DC bias conditions, i.e. for the whole bias-dependent
array of hyq. Thisnew array f 11_ o) ¢ isthen introduced into (TFF-1), what givesthe bias-
dependent array of T to befitted.

Fig.TFF-1 showslog|hy1 | as a two-dimensional function of the Collector current i~ and the

frequency freg. It showsthe transit frequency with and without simplification (Appendix B).
The dependence of v~ is neglected for simplification.
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6 G-P. Transit Time -4-

A .
thisis the log | h21(freq, iC) |

DC beta curve!

T e (10) f

log (iC) jea

Fig.TFF-1: log |n21| asafunction of log (i) and log(f) for vop=const.

Usually, fy isplotted against i~ . Thisisthe typica diagram published in many data sheets.
Fig. TFF-2 shows such acurve, aso including the dependence of f1 from v .

log (fT) A 1
R vCE

2*PI*TFF

log (iC)
Fig. TFF-2: frasafunctionof ic and vep

Note: for acorrect modeling, check the f1 curve at low i for so-called self-biasing!

This effect occursif the RF signal power at the Base isin the range of the DC bias power.
Under this condition and considering the non-linear diode characteristic at the Base of the
transistor, the rectified AC signa will contribute to the DC bias! A flat trace of the f+ curve at
low Collector current isan indicator for that effect.

For more detailed examples about how the RF power level might affect the f+ curve, see
literature P.v.Wijnen, chapters 3 and 4, and the IC-CAP examples on non-linear RF modeling,
available from the author.
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6 G-P. Transit Time -5-

Preconsiderations concerning the model equation:

As cited at the beginning of this section, we start with:

T = TR +#Xp [ -oomemoes ] exp [ ---------- 1} (TFF-3)

with theideal Collector current i from equ.(C).
vgc aswell asvgg in (C) are the DC bias voltages at the operating point.

Inthisequation, i ; istheideal Collector current. If we consider currents below IKF ,we can
setis = i, . After the extraction of the parameters of this section, we will use afinal
optimization on the S-parameter curves, which will eliminate this small error.

Therefore the curve-to- befitted is:

TrE=Tp{ 1+ X [ ----------- ] exp [ ---------- 11}

ic +ITF (TFF-4)

Validity of (TEF-4): i <I «¢ and linear forward operating point with vCB~0 or as small as
possible.

Performing the measurement:
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6 G-P. Transit Time -6-

M easurement setup:

Network Analyzer
set to a constant frequency
at the -20dB/decade roll-off of |h21|

portl port2
BIAY |
== ’\
iB_DC @ VCE_DC
constant
and small
(~1V)

Fig. TFF-3: measurement setup for the TFF parameter measurement

First the network analyzer is set to a constant frequency on the -20dB/decade roll-off of
Ih>4 (f)|- The used test frequency had been estimated from the S_to_H parameters of the RBB
measurement. More details were given above.

Next the transit frequency for a 1-pole low-pass model is calculated as given in (TFF-2):

fri-polelicVvee) = Ihpi(icvee!l * f.20d8 (see TFF-2)

Thenwecalculate Tpp = 1/(2 Pl f11. o) ) @thebias-dependend total transit time.
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6 G-P. Transit Time -7-

Extracting the parameters:

Figure TFF-4 highlights the theoretical trace of T of equation (TFF-4). This figure shows
the theoretical curve in addition to the measured one to make things more clear. Therea
measured curve is overlaid by the space charge capacitor effects for low collector currents.
This can be seen aso from equation (CV-1) in the chapter on CV modeling. For a detailed
description of this effect, see /Berkner 1993/

TFF(psec) *

120.0 171 LI B L R Y L B B |
TF(1+XTF) — : .
- \ measured curve
s0.0 - \ﬁect of the space charge capacitors)
SB.B_ \ ITF
TF 42.2_ \7 .........
ol
theoretical curve |[
(fromtheTFFformuIal)a_z‘l L T T >
2.8 2.8 4.0 6.0 8.2 18.
- > IC
isothermically measurable range

Fig.TFF-4:  Thetheoretical transit time T (bold) asafunction of i~ for veg =0
compared to the theoretical trace.

Due to these overlay and measurement problems, it had been found that a pretty ssimple and
straight-forward extraction technique can be applied that gives nevertheless quite reasonable
results. This method is explained below. There exist some more complex strategies, but the
extraction results may be not much better. As sketched in fig. TFF-4, thisis mainly because it
is not possible to force such a high Collector current that the trace of equ.(TFF-4) can be
obtained from measurements without being overlied and distorted by thermal self-heating
effects.
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6 G-P. Transit Time -8-

How to proceed:

TF

is extracted as the minimum value of Tgp.

Note that a prerequisite isvBC=0, i.e. select avCE ~ 1V for the extraction, and no Collector
voltage in quasi-saturation!

XTE
The behavior of T was given in fig. TFF-4. It is difficult to measure for a higher Collector
current due to thermal limitations. So X1 is estimated from the trace of TF at max.
applicable Collector bias current under the assumption that it would be TFF at infinite current:

or

XTF = - ------- -1 (TFF- 5)

This usually gives a pretty good first-order estimation. Due to the Collector current
limitations, an estimation correction like Xrp=10*Xtr( equ. TFF-5) canimprove the starting
conditions for the optimizer.

For more details, see the optimizer strategy at the end of this chapter.

'TF

Referring to the same measurement restrictions as above, a good first-order estimation of I+
isrelated to the max. Collector current measured:

ITF = MA\X(I C_rreas) / 2 (TFF- 6)

Again, since the end of the TFF trace is often not measurable, correct this estimation by
L TF=5" TF(equ. TFF-6) -

NOTE: this ITF extraction method follows the idea of the Base resistor IRB parameter
extraction!

WHAT TO DO IN IC-CAP:
the extraction of the parameter TF, ITF and XTF is performed simultaneously with
parameter VTF in asingle extraction routine.

See next chapter
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6 G-P. Transit Time

Part 2 - Extraction of VTF

-9

VTF

Finally, we consider also the v~ sweep.

voltage describing the vBC dependence of TF

M easurement setup:
Network Analyzer
set to a constant frequency
at the -20dB/decade roll-off of |h21|

portl port2
BIAY

BIAY | TEE

TEE ’\

iB_DC :) VCE_DC
swept

TFF(psec) [

40.

20.

VTF
11 1 11 i 1 1 1 1 1 1
. .
IC(ma)

Fig. TFF-5 The transit time T asafunction of i and vep
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6 G-P;. Transit Time -10-

Vg can be obtained from (TFF-3) for afixed value of iC:

~VCB
TFF = [donst [&1-44VTF

or
Trrn o0 [vem [ LA ViRl YR Yo
TFr2 exp [ -vego /1,44 Vygl 1,44 Vg
Thisgives:
g JFFLy o Vo2 VomL
== 1,44 Vyg
and finally:

VTE=_vCB2 ~VCBL

a4+ m[TF'iJ
TFF,

(TFF-7)

After the extraction of these four parameters for Cphg , we will next run an optimization to
improve the fitting of the f+ plot. However, it is very important, that we do not forget to also
optimize the S-parameter fittings for all bias conditions after that (setup rbb).

Notes:

From the pre-considerations given above, the plots RBB vs. iB and TFF vs. iC represent
curves which had been extrapolated from the S-parameters. So, the S-parameter measurement
is"the real world" and the fitting should be optimized in this domain !

Again, al the AC extraction methods need absol ute clean measurements and elimination of
parasitics by de-embedding techniques. Otherwise no curve fitting might be possible or the
parameters obtained might make no physical sense.

Gummel-Poon Toolkit B6_TFF.WPS|30.11.01 D Franz Sischka




6 G-P. TransitTime -11-

WHAT TO DO IN IC-CAP:
open setup "/gp_classic_npn/nwa_extr/tf_ib_vch",

select a-20dB/decade frequency from the plot ‘'mag_h21vsf' of setup 'rbb'
(middle mouse click)  and enter it to model variable F20dB

import the de-embedded data of this -20dB/decade frequency into setup 'tf_ib_vcb'
from the exported .mdm file of setup 'nwa_meas/de_embed'

perform transforms"S to H", "calc_ft", "calc_TFF" and "ic"

check the plots "ftvsic" and "TFF" (TFF versus calculated Collector current i)
perform transform "e_TF_ITF_XTF_VTF"

and simulate with the extracted parameters

for optimization, see below.

HOW TO OPTIMIZE THE S-PARAMETER SETUPS IN IC-CAP:

for the data supplied with the file 'gp_classic_npn.mdl’,
this S-parameter sequence is best:

1) insetup"/gp_classic_npn/nwaltf_ib_vchb", run the optimizer transforms
"o_TF_ITF_XTF" to optimize for the smallest vp bias,,
then, execute "o_VTF" to opotimize the fitting for the biggest vg bias
finaly, cal "o TF _ITF_XTF_VTF to optimize all bias points"

2.) go back to setup "rbb" and optimize the S-parameter fitting of the RB, IRB and
RBM setup by running "o_RB_IRB_RBM"

3.) inthe same setup, executefinaly "o TFF", what optimizes all TFF parameters at
all bias conditions of setup "rbb".

see also macro "extract_n_opt NWA"

NOTE: Depending on the device type, it has been observed that the f-fitting affects
also the rB_B-fitti ng.
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6 G-P. TransitTime -12-

Extraction of PTF

PTF excess phase at frequency 1/(2PI1 * TF)

Implemented into the model as a 2nd order all-pass Bessel-function, this parameter can be
used to add some extra phase to the RF simulation curves. It can be obtained when plotting
the phase of hy1 of the TFF measurement from above (fig. TFF-5)versus vg e /T.Zimmer/. As
alimitation of the method, the measurable range is again only covering a small part of the
desired curve. Therefore it is advisable to use an optimizer run in order to get the value of

PHASE(th) B T T T T T T T T T g T T T ) |x,.l T
. simulated -
-140
- ﬂsured ---------
_160 i 11 1 11 1 1 1 L1 1 L1 1
700m 800m
—
VBE

Fig. TFF-6: Measured and simulated phase(h21) before optimization.
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6 G-P. TransitTime -13-

Extraction of TR

TR ideal reverse transit time

The reverse transit time of the Gummel-Poon mode! is modeled by one parameter only, Tg.

TR can be obtained from an hy1 measurement versus frequency at atypical reverse operating
point. An optimizer run on the S-parameters of this setup is used to obtain the parameter value
from atypical starting value, e.g. Tg* 100.

}

MAG(th) _IIIIIIIIIIIIIII

.
- \\
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
—
log(freq)

Fig.TFF-7: Thereversetransit time Tr,.

NOTE:
After /Sinnesbichler/, TR can be optimized in the S22 and S12 plot of the reverse biased
S-parameters.

NOTE: the reverse biased S-parameter can be measured for these example DC bias levels:
1st order DC sweep: VCE = -1 ... -5V
2nd order DC sweep: vBE = -0,7 ... -1V

NOTE: Tk can also be obtained from pulse measurements using an oscilloscope. In many
cases, TR isthe dominant parameter in such a setup, often more important than TFF and the
junction capacitances. Therefore, for the modeling of transistorsin digital applications, the
Trmodeling is amust.
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7 G-P. XCJC Modding -1-

MODELING OF THE PARAMETER XCJC

This parameter distributes the CCB junction capacitance between the inner and the outer Base
contact. Its default valueis XCJC=1, meaning the CCB capacitance is tied completely to the
inner Base. For XCJC=0, the capacitance is between the outer Base and the Collector.

This parameter is difficult to determine from CV measurements. However, if the geometry of
the device is known, it can be calculated pretty easily after

XCJC=1-AE/AB,
where AE is the Emitter area, and AB the total area of the Base, including the Emitter area.

Usually, this parameter is fine-tuned after the other HF parameters have been determined. The
following S-parameter figures show the effect of XCJC for device modeling.

Shift of Sxx vs. increasing XCJC
i (XCJC=0 -> XCJC=0.5)

S desmb.m. |1 5 deemb.=.11 5 desmb.m.22 5 deembd,=.22

+
-
]
]

Shift of Sxy vs. increasing XCJC
(XCJC=0 -> XCJC=0.5)

2.8

21:
cJC

FL stz S
Lo levia oy aliiaal
_GIE:..E —-1.d —a.5 XC\]C a.5 1.8

FREAL CE+B3

S daamb . m. 12 5 daarb.e.12 5 daamb.m.2] S daanb.e.21  IMAG [EH3]

Generally speaking, if S12 becomes 'big’ for high frequency, it is either Re or X CJC!
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7 G-P. XCJC Modding -2-

Note: fmax may also be used to model the effect of X CJC, as depicted below:
Although thereis no efect of XCJC on ft, fmax is heavaily affected.

Plot GFP_EXTRACT_NPN-rnwa_mdlg-tf_vbe_ _vce-ftvsic (OmD

D
H * i i ‘ l ‘

C | | .4~ XCJC=0
] ‘ S 4 - ____
: - | A
g | B ! ! / ~\ h
oG ‘ L L ___ [ AN 1

u 1 0 xcae=1
na - | AR v o
< - mc?c/ﬁi‘?\’ —————
¥] : L : :////%/\ \k\\\\\\
s | SRR R WL NN
ol - Y SN
— B l 4 /. Y N
5 R Rt 7. AR NNy
% | S AN
E’E : 71—46%51 R ‘ I I ‘ L
u | a. sz a.7e o_sa a.az =T

ko CE+O32

A final remark on the S-Parameter Extraction and Optimization Strategy

When you run into problems when fitting both, the transformed rBB' and TF curves, you
should try to optimize what you have measured, i.e. S-parameters rather than the rBB' or the ft
and TF plots. Thisisthe real world and the fitting there might be more important than the
fitting of the rBB" plot with all its limitations (extrapolated Sy at infinite (!) frequency) or the
f1 plot (again extrapolated from Hy4 from S-to-H parameter transformation).

Of course, the best modeling result is agood fit in all domains, the S-parameters and the
transformed rBB' and TFF curves.
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MODELING OF THE TEMPERATURE EFFECTS

The parameters given below are modified when the selected simulation temperature TEMP is
different from the extraction temperature TNOM. (Temperaturesin 'K).

used auxiliary variables:

k TEMP
VT = ====--
q
7.02 E-4 TEMP?
Eg = 1.16 - ------mmmmmon-
TEMP + 1108
TEMP 1.5 q Eg  1.1151
N = 1.45 E10 ( ---- ) exp[ ---- (- e A memen- ) 1
TNOM 2k TEMP  TNOM
temperature dependant modeling parameters:
TEMP XTI Eg TEW
| S(TEWP) = 1g(TNOY ( ---- ) expl <-or (c--- - 1) ]
TNOM VT TNOM
TEMP  XTB
BF(TENP) = BF(TNO\/) ( -
TNOM
TEMWP  XTB
BR(TEW) = Bg(TNOV) ( ----
TNOM
TEMWP - XTB 1/ Ng
| ge(TEMP) = I gg(TNOM)  ( ---- ) [ 1g(TEMP) / Ig(TNOW ]
TNOM
TEWP - XTB 1/ Ng
| go( TEMP) = I go(TNOW)  ( ---- ) [ 1g(TEMP) / Ig(TNOW ]
TNOM
TEMP 1. 45 E10
VJE(TEIVP) = VJE(TNGV) ( ---— ) + 2 VT I'n [ --------- ]
TNOM N
TEMP 1. 45 E10
Vi TEMP) = V3(TNOVW)  ( ---- ) + 2V In [---mnnmn- ]
TNOM N
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Limitations of the Gummel-Poon Model

OHMIC EFFECTS:
The Collector and Emitter resistance parameters are constant and not functions of current
or voltage. They have no temperature coefficients.

FORWARD DC MODELING
The parameter |« £ models the begin of the decrease in beta. As alimitation of the model
the slope of 3 above the knee current I has afixed value of "-1" on alog-log scale.
However, thisis most often overlaid by RE.

The modeling of the saturated region in the output characteristics (V g < 0.5V) lacks of
specific parameters. Therefore the model cannot cover modern transistorsin this range
(quasi-saturation).

No reverse breakdown effects are included in both Base-Collector and Base-Emitter diode.

REVERSE DC MODELING:
The reverse DC modeling suffers from a separate parameter |g. Thus Ny sometimes hasto
be mis-used for better fitting the reverseig versusvg plot.

Likein the forward region, the slope of 3 above the knee current I« s has afixed value
of "-1" and also the output characteristics saturation range is modeled inflexible.

AC MODELING:
The TF modeling, especially versus VCE, is not physical and often not accurate
The TR parameter is not afunction of current or voltage like TFF.

TEMPERATURE MODELING
The TNOM value of VJE, VJC and VJS must be greater than 0,4V to insure convergence
for temperature analysis up to 200'C.

APPLICATIONSIN INTEGRATED CIRCUITS
There is no parasitic transistor inncluded in the model

Conclusion: disregarding these limitations, the Gummel-Poon model is a good compromise
between accurate modeling and a limited amount of parameters. It isstill very useful
especially when enhancing it with external parasitics like inductors, parasitic diodes or lateral
pnp transistors.

Currently, new models like the VBIC or the HiCum come more and more into play.
Ask the author for the corresponding toolkits.
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APPENDICES

CONTENTS:
Linear Curve Fitting: Regression Analysis
About the Modeling Dilemma
Verifying the Quality of Extraction Routines
Direct Visual Parameter Extraction of BF, ISE and NE

Calculation of h21 of the Gummel-Poon Model
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LINEAR CURVE FITTING: REGRESSION ANALYSIS

IC-CAPFile:
$ICCAP_ROOT/examples/demo_features/4extraction/basic PEL_routines/1fit_lin.mdl

Let's assume we made 'N' measurements y; at the stimulating points x;. |.e. we obtained the
aray {X;j,Y;}. Subsequently, these measured values were plotted.

A curve Y (x) shall befitted to this array of measured data points using least square
curve-fitting technique. Referring to an individual measurement point, the fitting error is:

E :Y(Xi) =Y (2)

and for all data points:

e~ Bt - Elve ) c

This error shall be minimized.

The fitting will be done by varying the coefficients of the fitting curve of equation (2). The
minimum of the total error E depends on the values of these coefficients. This means, we have
to differentiate E partially versus the curve coefficients and to set the results to zero. We
obtain a system of equations, solve it, and get the values of the coefficients for a best curve fit.
Thisis known as regression analysis.

NOTE: Thisregression analysisis simple for astraight line fit. But in general, measured data
isnon-linear. Unfortunately, a non-linear regression analysis can be quite complicated. This
problem can be solved if we use a suitable transformation on the measured data. This means
that the measured datais transformed to alinear context between the y;- and the x;-values.
Aswill be seen in the diode example later, thisis a pretty smart way to get the curve fitting
parameters easily without much calculations.

Provided we have got an array of N measured data points of the form {x;,y;} .
A linear curve with the equation

y(x)=mx+Db ©)]

shall befitted to these points. This situation is depicted below.
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YA
fitted line
yi y=mx +b
/
b |- * data points
. [
Xi X

Fig_1: linear regression applied to measurement points

The error of the i-th measurement is:
EE =[ mx; + b1l -
Using the least means square method following equ.(2) yields:
N N !

E = ZEi2 = Z[mxi + b - yi]2 = M ni num
i=1 i=1

Partial differentiation versus slope'm’ gives:

N
2 2 [ m Xj + b - Yi ] Xj = 0
i=1
and versus y-intersect 'b":
N
2 2 [ mx; + b - y; ] = 0
i=1
We obtain from (5) after are-arrangement:
N N N
m 2 Xj 2 + b 2 Xj = 2 Yi Xj
i=1 i=1 i=1
and from (6):
N N
m 2 X; + NDb = 2 Yi
=1 i=1

(4a)

(4b)

(5)

(6)

(7

(8)

Multiplying (7) by -N and (8) by X; and adding these two equations alows the

elimination of the coefficient 'b', and we can separate the slope 'm':
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N N N N N
mi(2x)2 - NZx2] = Zx 2y - NZx vy (9)
i=1 i=1 i=1 i=1 i=1
or:
N N N
> Xj 2 Yi N_z Xi Yj
=1 i =1 i=1
[ L (10)
N N
( 2 X )2 N 2 x,2
i=1 i=1

and from (8) for the y-intersect 'b".

N N

b = [ Zy; - mZx ] /N (11)
i=1 i =1

with 'm' according to (10).

With equations (10) and (11), we determined the values of the two coefficients of the linear
curve which fits best into the 'cloud' of measured data.

Finally, a curve fitting quality factor r2 is defined. Its value ranges from {0 < 2 < 1}. The
closer itisto 1, the better isthefit of the linear curve.

2
N 2 1(N )
> oxf - ¥ x;
. N .~ |
2 _ 2 i=1 i=1

2
N 1 N
z yiz_N_(Z yi)
i=1 i=1 (12)

with 'm' from (10)
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About The Modeling Dilemma

Using IC-CAP for the extraction of model parameters offers alot of flexibility in terms of
creating user-defined models and implementing the corresponding extraction routines.

But when developping a new extraction strategy, we may run into two major problems:
do the routines extract the parameters correctly?
and isthemoded ableto fit the measured device at al?

This appendix proposes a method that allows us to
- verify the quality of the extraction routines
- check thefitting of our model to the measured data
and to perform the parameter extraction simultaneously.
This model-fit-check method is also called 'Direct Visual Parameter Extraction’

Both issues are pretty important in order to obtain reliable parameters and thus satisfying
simulation results of the complete circuit.
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Verifying the quality of extraction routines

Let's start with the first problem: assumed, we would know the parameters to-be-extracted in
advance, it would be easy to check the validity of the extraction routines!

Using IC-CAP, it is simple to perform such a check. Thetrick isto 'synthesize' quasi-
measured data out of a set of parameters and to apply then the extraction routines to these
data. This can be done asfollows:

1 Define a measurement setup in IC-CAP, for which the extraction routines shall be
tested. Example: an output characteristic for an Early-voltage extraction.

2. Select a'typical’ set of parameters (no default values like 'zero' or 'infinite’, but instead
real redlistic values!)

3. Change the 'Output’ datatypeto 'S (simulated only). The array behind that output is no
longer one-dimensional, i.e.no measurement data any more, but only simulation data.

4, Simulate this setups using these parameter values.
5. Change the 'Output’ data type back to type 'B'.

|C-CAP doubles now the data field to measurement and simulation data. Thus the
simulated data of step 4. is now converted to measured datal

6. Reset the model parameters by clicking 'Reset to Defaults' and simulate the setup using
the default parameters.

7. Apply the extraction routine-under-test and check the quality of the extracted
parameters.

Provided we get the parameter values back within a good tolerance, we can be sure that the
extraction works correctly. If we now apply the extraction to real-world measured data, we
should obtain the right parameters. Thisistrue if the measured data have the same shape like
the model equations! If not, we might have to choose another model or go for subcircuit
modeling. And this leads usto the second part of this paper:
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Direct visual parameter extraction of BF , ISE and NE

or: Checking if themodel can fit the measured data at all

Thistask can be solved by transforming the measured data to a domain where the parameter
itself can be displayed against the measurement stimulus. As an example, we know that the x-
intersect of lines fitted to an output characteristic of a bipolar transistor should hit always the
same point, the Early voltage. If we apply an IC-CAP PEL (parameter extraction language)
program to calcul cate the x-intersect of aline that isfitted to two adjacent measured points,
and if we display the result of this operation versus the collector voltage (first order sweep),
we will obtain aplot of the 'equivalent’ Early-voltages of adjacent measurement points.

The advantage of using this method is that we can see clearly, if the model is able to fit the
measured data at al. We only have to check if thereisaflat region in the transformed data
domain or not. If it isthere, we can extract the parameter very simply by calculyting the mean
value of theflat region. And we know at the same time, in which range the parameter is
dominant and can therefore be used for fine-tuning with the optimizer. If thereis no flat range,
the model cannot fit the measured data. We could vary the parameter as much as we like and
would not achieve afit of the smulated to the measured datal

For the application of this method, we start with some basic equations that refer to figure 1.
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y A
y2 FE ;..
yl... ...................... ;, .
// : ,
//m
///
.77| o
-
x0 x1 x2

X

Fig_1: on the definition of some basic equations for the direct visual parameter extraction

Assumed we have
y = nmx + yO0
Thenitis;
X0 = -b/m
and:
y2 - yl
m= ----=-=-=--
X2 x1

Some more usefull formulas to calculate

x-intersect x0

starting with y2 yl
x0+x2 x0+x1
we get: x1ly2 - x2yl
X0 = me e e e mmeaao -

y2 -yl

where m: slope

y0: y-intersect
y-intersect yo:
y2-y0 yl-yO0
X2 x1
x2yl - xly2
yO e
X2 x1

These equations are implemented to the model files of directory "visu_n_extr".

The following plots give some examples on how to apply this ideato the parameter extraction
of abipolar transistor using the Gummel-Poon model. It should be mentioned that this method
can be applied to all the parameters of this model, as well as to other models like Statz,

Curtice, BSIM etc.
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RE measurement setup:
iC=0
-
A
\23/ vCE
iB
d(vC
E= (. ) 1
d(iB) _
RE-Flyback Method et RE from flat voroe et oo 1o
RE ..

Ve.m [E-3]

Be RE.M [E+0]

-2.8
2

Ik [E—31

Fig_2: RE isthe derivative of the flyback measurement
the "visualized" RE isthe y-intersect of two
adjacent data points from that flyback plot.

RC measurement setup:

AU

I
A vee

ov
RC=—CE -Rg

alc
— RC-Flyback Method get RC from the flat range at high Ic
EEZ:\\\\1\\\\1\\\\1\\\\1\\\\ RC 1_47““““““““““““

[E+@]

Be RC.M
©

Fig_3: RC can be calculated from measured vC at stimulated iB and iC
the "visualized" RC isthe y-intersect of two adjacent data points
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RBM
(after the method of /Zimmer/, see fig.10 of the chapter on the DC resistor modeling):
measurement setup transformed measurement result:
(vB-vC)
B 100 -
iC=0 i
<_

60

! (Z‘EVCE 5
+ . 1 RBM=27 Ohm —a
E'BS-/VBE
40 80 120

Next, the y-intersects of two adjacent data points in this transformed data plot are drawn
versus 1/iB again. From the curve above, we might expect aflat range, but in reality we get a
curve like the left one below: In our example, RBM ranges from 5 to 12 Ohm. In this case,
we might display the visualized data versusiB, and interprete the result smular to fig.24 in
the rBB chapter in order to estimate not only RBM but also IRB and RB (see plot on the
right).

1iB

[E+@]
[E+0]

Be RBM. M
Vi su_RBM

- | | | | 4. I R B I I I I
sl b b b 2. 4. 5. 8
0.2 Lo2. 2 159.9 200.0 250.0 300.0

Fig_4: visual extraction of RBM and to estimate IRB and RB possibly.
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VAF
measurement setup:

o

iB

vCE

I Determine VAF out of the x-intersect of aline through two adjacent measurement points:

X=vc
Y=ic.M

-
VHLE | < SI ZE(Y) -1
VAF[ i ] =ABS(X[ i +1] * Y[ i - 1] - X[i - 1] *Y[i +1] )/ / (Y[i +1] - Y[i - 1])

i =1 +1
Output Characteristics
— s [T T T T VAF 40.8 117 (R — T T T
m L I I I L
C | | | - L | | |
- s ol — — _ _ [ Ry S L | | |
e | | L | | |
C/ | | | — wol— _f 1 _ _ _ _ 1 _____L_____]
F/ I I I — ? L I I |
o 4.0 0- i el e L L T T T
- H/ | | | = L | | |
];“ | | | | | |
[ | | Lo [ | | |
3.eH— ————— — — — - el |-
U ] i 2e.e | 1 T
H/ I I | r I I |
i | | | &L r | | |
I L s B = - | | |
o | | | | = | | |
I/ I I I 2 1.0 — 41— — - === 4 - -
| | | S | | |
B I e e L | | |
| | | L | | |
| | | L | | |
ol L1 1 v v v v v 2.2 e e b
2.8 1.8 2.8 3.2 4.8 e.e 1.2 2.8 3.8 4.2
ve CE+33 vc CE+33

Fig_5: the Early voltage is cal culated from the x-intersect of aline through two adjacent data
points
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Let's study also the application of the "visual" method for the Gummel-Poon plot:

measurement setup: measurement result:
Gummel-Poon Plot

[LOG]

@ e
| \_/ °
12

\12&455/ i iC o
—8

\ 12
iB _—
vCE=const. e
VBE

&

o [T HHHH‘ HHHH‘

interpretation of the Gummel-Poon plot for parameter extraction:

ol
IB 1=

//// /1decade 2.4 2.6 2.8 1.9
2,3*NE*vt’ vB(V)

”

I1 Illllllllllll‘ IIIIII‘ IIIIII‘ IIIIIII1 IIIIIIr[IIIII‘ IIIIII‘ IIIIII‘ IIIIIII1 IIIIII1 IIIIII‘ IIIIII‘ III‘II‘ 11T

Fig_6: atypica Gummel-Poon measurement and its interpretation.
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NF
click around the flat range
NF 8.0 L L S B B A
r | | |
L | | |
| | |
= | | |
]
— L | | |
~ | | |
T - | | |
H L | | |
il T . L]
L B | | |
| L | | |
0 | | |
M — | | |
9 I T VA
L | | |
1 L |
NF = - L !
7 00nGc))
a(VBE) vk L[E+O1

Fig_7: NF can be obtained from the inverse derivative of the iC-Gummel-plot

1S

IDetermine IS out of the y-intersect of aline through two adjacent measurement points:

X=vb
Y=l 0g10(ic. M

.-
VA LE | < SIZE(Y)-1
USE[i ] =(X[ i +1] *Y[i-1]-X[i-1]*Y[i+1])// (X[i+1]-X[i-1])
1oE 2
END WHI LE

c 1< around the + lat range

[E+@]
\

Be IS
\

[

8.2 a.4 8.6 8.8 1.8

v [E+933

Fig_8: IS from the y-intersect of aline through two adjacent measurement points
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NE
cli1c<x arounc the +lat ranmnge at min.vbk
NE -
S
L 2.2
L
< 1.5
[0}
m
1 .
NE = L
a(In(i
NI TY)
o(vgE)

Fig_9: NE as obtained from the inverse derivative of the iB-Gummel-plot

| SE
Determine ISE out of the y-intersect of aline through two adjacent measurement points:

X=vb
Y=l 0g10(i b. M

-
VH LE | < SIZE(Y)-1
USE[i]=(X[i+1] *Y[i-1]-X[i-1]*Y[i+1])//(X[i+1]-X[i-1])
LS TS(X
END VIHI LE

click arocound the flat ranmnge a2t min.vb

ISE .

[E+0]

Be ISE

v CE+&213

Fig_10: ISE from the y-intersect of aline through two adjacent measurement points

As can be expected from an inspection of fig_6, the measured data does not show abig
recombination effect on the ib(vbe) curve. This means that the parameters ISE and NE will
not contribute alot to the curve fitting and may be difficult to extract. Thisis exactly the
meaning of the transformation resultsin fig_9 and fig_10!
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IKF

In order to be able to visualize the effect of IKF (see fig.6 in the introduction chapter), we
have to 'strip-off' the effect of RE on the Gummel-Poon iC curve:

! this extraction assunes that RE is already extracted properly. It
elimnates the effect of RE on the Gunmel -Plot, such that |KF can be
extracted fromthe 'knee' of the 'stripped-off' ic-Gumrel-plot!

!strip-off the effect of RE onthe Gunmel - pl ot

'i Crpas = | S*exp(VBE yt/ (Vt*NF) = | S*exp((VBEgy¢ - (i C+i B)*RE-i B*RB) / (vt *NF) )
' i.e. multiplying 'Crrea by exp((VvBEgyt - (i CHi gﬁ*RE—iB*RB)/(vt*NF))

' will give i C without tﬁelnfluence o%< RE and RB !'!

X =ABS(vh)
Yi c=ABS(ic. M
Yi b=ABS(i b. M

! calculate the stripped-off Gunmrel Pl ot
tmp = Yic*(exp((MAIN. RE*(Yic+Yib)+MAI N. RBMYi b)// (MAI N. NF*VT)))

I calculate the ideal ic Gummel curve
I as a reference
tmpl= MAIN. | S*(exp(X// (MAI N. NF*VT)))

RETURN t nmp+j *t npl

Gummel-Poon Plot of iC for high vB

[LOG]
2

19 T T ‘\\ T ‘\ T \‘\ T \‘
1 E ideal iC curve,

- calculated out of ISand N

2 L ‘ | | iC meas.curve
g | | | \stripped-off from RE

I e TR Z I
w? L Z~=""original iC meas.curve
T | | |
o’ e R AR
1 —4 7\\ L1 ‘\ L1 I L1 I ‘\ L1

.79 B8.75 v.80 g.85 ©.399 Bv.395 1.00

v [E+-g]

Fig_11a off-stripped effect of RE on the Gummel-Poon iC curve
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NOW CALCULATING IKF

ABS( vb)
| MAG(strip_off RE)*(REAL(strip_off RE))"-1
1 = REAL(strip_off_RE)

X
Y
Y.

i =SI ZE(Y)-1
index = 0
WH LEi >0
IF Y[i] < SQRT(2) THEN
index =i
i =0
END | F
i =i -1
END WHI LE

PRI NT i ndex

! calculuate I KF out of i C(vBE) at that index
MAI N. | KF = Y1[i ndex]

vB(IKF): when deviation (ideal / off_stripped) = SQRT(2)

then:
goto iC(vBE) and get IKF=iC(VB(IKF))
2.2 L B B B B
[ [ | |
| | |
— | | |
2. 90— --—--——- R A m =
L | | |
L | | |
| | |
L | | [
= Lo O [
| | |
1<) : | | | /,’
s 19 - | | A
5 I N R S [
3,18 | | |
L | | I /
| = Yo T T ;*iﬁ"" SQ ()
g 4([7) L | | L/
| | |
2 {5 B I fo // *******
el [ ! ! Ll !
D.2 @.4 D.56 ?.8 1.0

Fig 11b: calculating IKF from theratio ideal iC_curve/ stripped-off iC
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BF

theideais to strip-off the base charge effect (NgB) from the beta plot and then apply the often
cited "max. beta" extraction for BF:

ICal cul ation

vbe =v
vbc =v
beta =

wi t

BF=ic//i

RETURN BF

beta

b-ve
b-vc

ABS(ic) / ABS(ib)

ngb
h ql
q2

VT :

b*ngb

of

with some sinplification is:
beta ~ BF/ ngb
= ql//2*(1+SQRT(1+4*q2))
~ (1-vbe// VAR-vbc/ VAF) ) ~- 1
~ 1S/ 1 KF*exp(vbe// (NF*VT))
tenp. vol tage (a nodel variable)

(1-vbe// MAI N. VAR- vbc/ / MAI N. VAF) A- 1
MAI N. | S// MAIN. | KF*exp(vbe// ( MAI N. NF*VT))
ngb=ql// 2* (1+SQRT(1+4*q2))

get BF from the off-stripped curve from arange where beta is max.

600

400

200

beta, stripped-off from NgB

<4— beta

.8

— VvBE

Fig.12: beta plot and beta off-stripped from base charge effects NgB for BF extraction
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This method of direct visual parameter extraction can be applied to all Gummel-Poon
parameters. For more examples see the IC-CAP filesin directory "visu_n_extr".

Let us conclude with an example of a PEL program used for this method. It isthe VAF
transform of fig_5. The program performs either the data transformation (SW TCH=1) or
performs the parameter extraction (SW TCH=- 1):

X=vc I link to stinulus data
Y=ic. M I link to nmeasured data
Y = SMOOTH3(Y) ! smooth measured data
SWTCH = - SW TCH I a nodel variable

LI NPUT "data transform (1) or extraction(-1) ’> SW TCH, dummy
SWTCH = dumy

PRI NT "cal culating the x_intersect
tmp = Y ! a lousy array declaration
i=1

WHILE i < SIZE(Y)-1
tpli]=ABS(X[i+1] * Y[ i-1]-X[i-1]*Y[i+1])//(Y[i+1]-Y[i-1])

=i +1
END WHI LE
tmp[ 0] = tnp[1] ! watch-out for the array bounds
tp[ SI ZE(t np) - 1] = t np[ SI ZE(t np) - 2]
IF SWTCH == -1 THEN ! sumup all paranmeters within the box
i =0
N=20

result =0
VWH LE i < SIZE(X)
IF X[i] > X LOWAND X[i] < X_H GH THEN
result =result + tnmp.Mi]
N = N+1
END | F
i =i+l
END WHI LE
MAI N. VAF = result//N ! export paraneter val ue
PRI NT "MAI N. VAF = ", MAI N. VAF
ELSE
MENU_FUNC(" Vi su_va","Di splay Plot")
LINPUT "click a box and re-run this transformto extract VAF", dumy
RETURN t nmp
END | F

NOTE:

Included in your "bipolar toolkit" isadirectory called "visu n_extract” that contains
IC-CAP model files with suggestions on direct visual extraction for most of the Gummel-
Poon parameters.

Literature:

HP-EESOF, Characterization Solutions Journal, Spring 1996.
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Calculation of h21 of the Gummel-Poon Model

We start from the small signal equival.schematic of fig.9, using some small simplifications:

| [jcB C | iC
B L | B | <--- C
------ O----|____|----O-------- |IB 0O---------0-----
I r BB' I | V I I
_l_ I I _l_ I
L N T
\ CBE ----- | |rBE Vo
/R / \1lic=RiB | C
\_/ |iB \ Vv | C
I
I

Note: Collector is AC-wise shorted, sinceh21 =iC/iBforRL=0

The equations:
Input:
vB =iBrBB + vB --0 iB=vB/ rBB - vB / rBB
(1)
Output:
0 = (iC- RiB) / pCBC + VB (2)
Internal 1.
VB = (iC- BiB +iB) rBE (3)
usi ng rBE = rBE// CBE
Internal 2:
iB =vB / rBE (4)
This gives the matrix
i C vB i B vB |
___________________________________________________ I_________
(1): 0 1/ rBB 0 - 1/ rBB | iB
I
(2): 1/ pCBC 0 - B/ pCB C 1 | 0
I
(3): -rB'E 0 R rBE 1 | iBrBE
I
(4): 0 0 -1 1/ rBE | 0
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Solved for iC:
| iB 1/ rBB 0 - 1/ rBB|
I 0 0 - B/ pCBC 1 I
IiBr_B'E 0 BB E 1 I
I 0 0 -1 1/ rB'EI
G = m e e e e
| 0 1/ rBB 0 - 1/ rBB|
Il/pCB'C 0 - B/ pCBC 1 I
I -IB'E 0 BRIBE 1 I
I 0 0 -1 1/rB'EI

| 0 - B/ pCBC 1 |

| |

- 17/ rBB |iBIBE R IBE 1 |

| |

| 0 1 1/ rBE |

|C = e e e e e e e e e e e e e e e e e e e e e e e mmmm e e e e -
|1/ pCB C - R/ pCBC 1 |
| |
- 1/ rBB | -IBE RIBE 1 |
| |
| 0 1 1/ rBE |

| - B/ pCBC
- iBrB E |
| -1
T ==
|1/ pCcB C 1]
-(-1) | | +1/ rBE
| -IB'E 1
givesfor h21:
3
- IBE{ - --------------
iC pCB C rB E
h21 = ---- g
i B 1 1
------ + rBE + -------
pCB' C rB E
R/ rBE - pCBC
1/ rBE + pCBC

1 I
1/ rBE|
|1/ pCBC - B/ pCB C
-IBE R IBE |
- (-1)}
RIBE RIBE
pCB' C pCB C
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Finally re-substituting

1/ rBE=1/ rBE+ pCBE

yields
B/rBE - pCB C
h21 = @ e
1/ rBE + p(CB C+ CBE)
or
B- pCB C rB'E
h21 = ceei e (5)

1 +p(CBC+ CBE rBE

what is depicted below:

log | h21 |
A

-20dB/decade

-40dB/decade

-

|
|
|
|
|
|
|
| *
1 3 log (2P1*freq)

(CB'C'+CB'E')*rB'E' CB'C' *rB'E'

Now we are ready to calculate the transit frequency fT:

from (5) followsfor h21 =1

1+ 4PI2fT2(CBC+CBE2r2BE = R2 - 4PI2fT2 C?BCr?BE
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or:
¢ = OBE \/ B2 -1
-
2P (CB'C ¥ CB'E)2 ~Cac (6)
with
di B' i B
gBE = ------- ~ e (7)
dvB E NF VT
CB'C ~ CSBC(VBO) (8)
and:
TFF
CBE ~ -------- iC (9)
NF VT
SIMPLIFICATION:
In order to keep things alittle ssmpler for parameter extraction, equ.(5) is modified a bit,
neglecting the zero (at high frequencies) against the pole(low frequencies):
3
N2 ~ oo (10)

1 +p(CBC+ CBE) rBE

Calculating again the transit frequency for this simplified h21 yields:

B2 = 1+ 4PI2f2Tl-pole (CBC+ CBE?Z 2B E

le—pom " opl

CBE>CBC B
R>1 2 Pl CBErBE
(9) B
(7) TFF NF VT
2P ------ iC -------
NF VT i B
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since 3=1iC/iB', we get the pretty smple form

1
fT1-pol e ~ e (11)
2 Pl TFF
Or solved for TFF;
1
TFF =  cceeccnccaaaons (12)

2 Pl fT1-pole

what is the well-known formulafor the TFF parameter extraction.
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