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Parameter extraction is an important part in the whole process of
using a compact model. We describe a general way of extract-
ing parameters for Mextram. This includes a description of the
measurements that have to be taken.

In general it is difficult to achieve a good set of high-current pa-
rameters for bipolar transistors. We therefore not only give a pa-
rameter extraction method for these parameters, but also show
how they influence the characteristics. In this way the user has
some information that can help in case the parameter extraction
gives problems.

A separate chapter is devoted to the extraction of the parameters
that belong to temperature scaling.

Although geometric scaling is not a part of Mextram we also
present the basics for geometric scaling together with a way to
extract the corresponding parameters. Statistical modelling is
briefly discussed.

Finally we discuss how this parameter extraction strategy is im-
plemented in the program IC-CAP of Agilent.
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1 Introduction

The Philips state of the art Mextram bipolar transistor model has been put in the public
domain in January 1994. Recently a new version of this model has been made [1, 2] with
level number 504. Mextram is suitable for digital and analogue circuit design and has
demonstrated accuracy in a wide variety of applications. The accuracy of these circuit
simulations not only depends on a correct mathematical description of several physical
phenomena like current gain, output conductance, base push-out, cut-off frequency, noise
behaviour and temperature scaling, but also on a reliable, robust and unambiguous tran-
sistor parameter extraction method. The use of a very sophisticated model with poorly
determined parameters will result in a bad prediction of circuit performance. The strategy
for the extraction of the transistor parameters is an important task in the development of
a transistor model. This report forms a kind of manual for extraction of Mextram param-
eters from measured transistor characteristics.

Most parameters of the Mextram model can be extracted directly from measured data [3].
Therefore we need depletion capacitance (CV), terminal currents versus biases (like DC
Gummel plots) and S-parameter ( f1) measurements. To determine the parameters of the
temperature scaling rules part of the measurements have to be repeated at at least one
other temperature.

In this document the minimum data needed to extract Mextram transistor parameters is
treated. Of course additional measurements (e.g. small signal Y -parameters) can be car-
ried out and used in the parameter extraction method or for verification. We also do not
discuss any methods that make use of special structures: we consider only those extraction
methods that can be used with measurements on ordinary transistors.

To extract Mextram transistor parameters the extraction routines, that use simplified for-
mulas, are implemented in the IC-CAP program of Agilent. The full Mextram model
behaviour should be evaluated via an interface to a circuit simulator. Such circuit simula-
tors can also be used to extract transistor parameters or to verify simulated and measured
data not used during parameter extraction.

This report contains the following parts. In Chapter 2 we describe how one can extract
the Mextram parameters for a single transistor at a single temperature. The extraction of
the temperature parameters is described in Chapter 3. When geometric scaling has to be
done for an integrated process one can refer to Chapter 4. Note that geometric scaling
rules are not a part of Mextram itself. In Chapter 5 we give some information about the
implementation of the parameter extraction in IC-CAP.

Note that to fully understand this report one also needs the formal model definition given
in Ref. [1], where all parameters are defined and where all the model equations are given.

©koninklijke Philips Electronics N.V. 2001 1
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2 A single transistor at reference temperature

2.1 Introduction

The extraction of parameters of a single transistor at the reference temperature contains
several steps. First the measurements are done, as described in the next section. When
this is done one must calculate the initial values of (all of) the parameters. This is dis-
cussed in Section 2.3. One can then proceed to extract the parameters. We have split our
discussion into several parts. The general extraction strategy is discussed in Section 2.4.
In Section 2.5 we will discuss the extraction of the low-current parameters. This is rather
straightforward. More difficult is the extraction of the high-current parameters since in
that regime many physical effects play a role and interact. Section 2.6 is devoted to this.
In some cases the parameter extraction as described does not work. We will discuss some
alternative ways of extracting parameters in Section 2.7. This also includes the case when
there is no substrate present.

Mextram can describe SiGe transistors. In many cases one does not need to change the
way one extracts parameters. Mextram has however two extra formulations to describe
physical phenomena not encountered in pure-Si transistors. The extraction of the corre-
sponding parameters is discussed in Section 2.8. In Section 2.9 we finally discuss some
left over issues in the parameter extraction.

2.2 Measurements

In this section we will shortly discuss the various measurements that are needed for pa-
rameter extraction. In Table 1 we have given an overview of the different measurement
setups and bias ranges that can be used. We will discuss these below. The maximum
collector, base and emitter voltages in the table are obtained from DC measurements.
Therefore, and also to avoid charge storage during the capacitance measurements, it is
recommended to start with the DC measurements.

To extract reliable parameters it is important that the measurements are done over a large
range of collector, base and emitter biasing conditions. The number of data points in an
interval is of minor importance. For some measurements, like the Early measurements
and the output characteristic, we would like to have numerical derivatives. It is then
important that the the noise is low, which means that the measurement time per bias point
must be long enough.

Forward-Early measurement In the Forward-Early measurement the collector voltage
is increased while keeping the base-emitter voltage constant (see Table 1). The maximum
collector voltage Vcg max IS Obtained from this measurement as the voltage where the base
current becomes negative. This collector voltage is about BV, (Breakdown-\oltage
from Collector to Emitter with Open base). The BV is strongly process dependent and
varies from 3V battery supply up to 50V for automotive applications, or even higher.

2 O©koninklijke Philips Electronics N.V. 2001



Unclassified Report

Mextram 504 parameter extraction

May 2001 — NL-UR 2001/801

Table 1: The different measurement setups. The substrate voltage is normally setto —1V
with respect to the common in the different measurement setups (not of course in the
substrate-collector depletion capacitance measurement).

Measurement name Bias setting Meas. data
Forward-Early Vee =0.65V, Vcg=0...Veemax lc, I8
Reverse-Early Vec =0.65V, Ve =0...VeBmax IE,IB
Forward-Gummel Vec=0V, Vge=04...12V Ic, I, lsub
Reverse-Gummel Vee =0V, Vgc=04...12V le, Ig, lsub
Re-flyback Ilc ~0A, Vge=10...15V le, VcE
Rcc-active Vec =06V, Vge=0.7...13V Ic, I, lsup
Output-characteristic Ig = 7 lBset, 31Bset, IBset,

Vee =0.0... (Veg,max +1V) Ic, lsub, VBE
Base-emitter depl. cap. Ve = —VEB.max--.0.4V CgE
Base-collector depl. cap. Vec = —VcB.max- .- 0.4V Cgc
Substrate-coll. depl. cap. Vsc = —VeB.max---0.4V Csc
S-parameters Ve = VeB.1, VeB.2, VeB.3s - -

Vee =07...(~1.0V) Ic, Ig, S-pars.

This maximum collector voltage is also used in the output-characteristic measurement
and the base-collector depletion capacitance measurement, as can be seen in the table.

Reverse-Early measurement The measured base current in the reverse-Early measure-
ment should be more or less constant, although it will eventually decrease due to the
generation of avalanche and/or tunnelling currents in the reversed biased base-emitter
junction. (Note that these currents are not described by Mextram.) The maximum reverse
emitter voltage Veg max may be obtained from the measurement by looking to the point
where these effects start. Note that the maximum reverse emitter voltage is normally
much lower then the maximum collector voltage due to the high doping concentrations
in the base and emitter regions. The maximum reverse emitter voltage is also used in the
base-emitter depletion capacitance measurement.

For advanced bipolar transistors the reverse base-emitter voltage may be lower than 0.5V.
The Veg-range can then be enlarged by biasing the base-emitter junction slightly in the
forward (Veg > —0.3V instead of Vgg > 0.0V).

Forward-Gummel and reverse-Gummel measurements In the next step the forward-
Gummel and reverse-Gummel measurements are done. The forward junction bias varies
from about 0.4V up to 1.2 V. The reverse junction bias is 0V to avoid the generation of
avalanche/tunnelling currents and to prevent self-heating effects. In case of noise Igy in
the reverse measurement also I¢ should be measured (see Sec. 2.5.12).

Output-characteristic measurement The output-characteristic is measured at least at
three constant values of the base current. The value of the third base current (Igset) may be

©koninklijke Philips Electronics N.V. 2001 3
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obtained from the forward-Gummel measurement as the base current where the current
gain is about the half of the maximum gain. This maximum will be at around Vgg ~
0.8V. A somewhat smaller Igset is also possible, and is even recommended for SiGe
transistors. The value of the first base current is % Igset and that of the second base current
is % Izset- The maximum collector voltage should be about Vcg max + 1 V. In this way the
output characteristic normally exhibits sufficient quasi-saturation and/or high injection
effect to extract the epilayer parameters and the knee current I,. The collector currents
should not be far beyond the top of the ft.

Re-flyback measurement In the Rg-flyback measurement the transistor is biased in
strong saturation to obtain the emitter resistance. The collector current should be OA. In
practice, however, it is better to supply a small but finite current (< 1uA). The applied
base-emitter voltage is swept from about 1V up to 1.5V. The measured emitter current
is plotted versus the measured collector voltage. The slope at high emitter currents (about
2 mA per um? emitter area) should be more or less constant. This slope gives the emitter
resistance.

Rcc-active measurement For the Rgc-active measurement the base-collector is for-
ward biased with Vgc = 0.6 V. The base-emitter biased is then swept, also positive,
from Vge = 0.7V to 1.3V. In this case the collector current remains positive and rea-
sonably large. The voltage drop over the collector resistance makes that internally the
base-collector bias that drives the substrate current is increased even further than the ex-
ternally applied 0.6 V. We measure the substrate current and use a simple model for this
current to extract Rec.

Depletion capacitance measurements Next the depletion capacitances are measured.
The maximum reverse collector and emitter voltages are obtained from the forward-Early
and reverse- Early measurements as explained before. The maximum substrate-collector
voltage may be taken equal to the maximum collector-base voltage. The maximum for-
ward junction voltage is usually taken as 0.4V, since for higher forward biases diffusion
charges start to play a role.

The capacitances can be measured using LCR-meters. This is the most straightforward
way. Sometimes it is however time-consuming. An alternative is to determine the ca-
pacitances from special (off-state) S-parameter measurements. These measurements are
done on the high-frequency structure at fixed frequency. The bias conditions are as in
Table 1, where all biases except Vg for Cge and V¢ for Cgc and Csc are zero. After de-
embedding the S-parameters [4] and converting them to Y -parameters the capacitances
can be found as Cgc = —ImY12/w, Cgg = Im(Y12 + Y11) /@, Csc = Im(Y12 + Y22)/w.
(Note that the IC-CAP code as given by Agilent, named MEXTRAMtoc , seems to use
Cec =1/(wlm Yl‘zl). This difference does not influence the results very much.)

The disadvantage of using the S-parameters to determine the capacitances is that it is
much more sensitive to de-embedding errors or inaccuracies. Using the capacitances
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extracted from LCR-meter measurements and looking at the rising part of the fr (from
on-state S-parameters) one can see directly whether the results from both measurements
match or not (in which case at least one of the measurements or the previously extracted
parameters are not accurate).

S-parameter measurement Finally the S-parameter measurement is done in the nor-
mal forward operation regime. De-embedding should be done according to Ref. [4]. The
main quantity we need from this measurement is the cut-off frequency fr. In this mea-
surement the S-parameters are measured in the common emitter configuration. The base-
emitter voltage Vge is swept from a low value of ~ 0.7 V to a maximum. This maximum
Ve should be about the base-emitter bias corresponding the third curve (with 1g = Igget)
in the output-characteristic measurement.

We take minimally three constant DC values of Vcg. The lowest Vg value should be 0V
or lower. The highest Vcg value depends on the maximum supply voltage. it should be
below BV eo. The second Vcg-value should then be somewhere in between the other two.

As an alternative one could use three or more constant Vcg-values. When measuring more
than three curves it is then useful to also include a low collector-emitter bias value (say
Vce = 0.2V). This can help in the extraction of the reverse transit time T R.

2.2.1 What lay-out structure to be used

For a single transistor two different ways to connect to the bond-pads are in general avail-
able. Of course there is the normal structure where all four of the terminals (emitter,
base, collector, and substrate) are connected to their individual bond-pads. However, for
the high-frequency measurements a structure is needed where emitter and substrate are
connected and grounded to increase the signal-to-noise ratio of the measurements. The
disadvantage of this latter structure is that it can not be used for the reverse measurements.
So in any case two structures are needed for a full parameter extraction. This also means
that one must actually measure on two different transistors. To reduce the influence of
process spread one should use two transistors close together on the same die and wafer.

The question now is, what measurements should one do on the DC-structure and what on
the high-frequency structure.

e The measurements that have to be done on the DC-structure are the reverse-Early, the
reverse-Gummel, the Re-flyback, and the Rc¢-active measurements. Also all the capaci-
tance measurements done with an LCR-meter should be done on the DC-structure.

e The measurements that have to be done on the high-frequency structure are of course the
S-parameter measurements (and the capacitances when determined from S-parameters).

e This leaves three measurements from Table 1 that can be done on both structures. These
are discussed below.

Both Early measurements should be done on the same transistor, since these are sensitive
to the actual base profile. The forward-Early measurement should therefore be done on

©koninklijke Philips Electronics N.V. 2001 5
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the DC-structure, just as the reverse-Early measurement. When it is also measured on the
high-frequency structure, it can be used as a check on the process-spread and its influence
on the parameter extraction.

The current gain is also sensitive to the actual base doping profile. Since this current gain
is needed in the extraction of the high-current parameters (that will be done mainly on
the S-parameters and the currents that are measured along) it is logical to do the forward-
Gummel measurement on the high-frequency structure. Since it is such a basic measure-
ment it is probably best to do the measurement on both structures.

For the output-characteristic measurement, which also is used for the extraction of the
high-current parameters, the same arguments as for the forward-Gummel measurement
hold. It is useful to measure it on the high-frequency structure.

2.3 Initial parameter set

In many cases the extraction of a parameter means to minimise the difference between
a measured curve and a simulated curve. This is done with some routine that optimises
the value of the parameter. For those kinds of optimising routines the initial value of the
parameter is important. If this initial value is good, the optimising process will be fast.
Furthermore the chance of getting stuck in a local minimum with very unphysical values
for the parameters is much smaller than it would be when one started with a random set
of initial values.

In this section we describe a way to get an initial parameter set. We have to distinguish
three categories of parameters. First, some parameters like LEVEL can immediately be
given an initial value. Secondly, for some parameters the initial value can be directly
extracted from measurements, without optimising. Thirdly, some parameters can be esti-
mated on basis of physical quantities from the given process. The last category contains
all the high-current parameters and for them it is especially important that the initial val-
ues are as close to the real value as possible.

2.3.1 Parameters that can immediately be given an initial value

Table 2 gives the parameters that can be set to a constant value. Some of them are some-
what process dependent. We will discuss this below. Note that the default reference
temperature T,ef fOr parameter extraction is 25 °C.

Diffusion voltages The diffusion voltages are in general difficult to determine from the
depletion capacitance measurements. The reason is that one typically only measures up to
a forward bias of about 0.4 V, whereas the diffusion voltage is between the 0.5V and the
1V. Apart from the collector-substrate diffusion voltage Vg, these voltages determine
the cross-over between junction charges and stored charges. Fitting them would lead
to values that are generally too low. Hence one needs other ways to determine them.
Only Vg, can be determined from fitting without much harm. It should however not be

6 O©koninklijke Philips Electronics N.V. 2001
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Table 2: Parameters that can be set to a constant as initial value. The parameters for
temperature scaling are included since they might be needed when self-heating is included
in the high-current parameter extraction (see Sec. 2.6.1).

Parameter value  remark

LEVEL 504

Tref TEMP The actual measurement temperature
dT, 0 T,ef already describes the actual temperature
EXMOD 1

EXPHI 1

EXAVL 0

My s 2.0

Xlg, 0.0

Vi 0.3

Xext 0.5

ax; 0.3

Ve 0.9 Somewhat depending on process
PE 0.4

Cgeo 0.0

Cgco 0.0

m; 1.0

B -1.0 See Sec. 2.6.3

TR —-1.0 See Sec. 2.6.3

(o] = 0.0 Unless for a SiGe transistor

Xrec 0.0 Effect not included in first order
AQgo 0.3

Ag 0.0 Somewhat depending on process
Ag 1.0 Somewhat depending on process
Aex 0.5 Somewhat depending on process
Aepi 2.0 Somewhat depending on process
Ac 0.5 Somewhat depending on process
dVggt 0.05

dVggr 0.05

A 1.18

Vg 1.18

Vy; 1.18

dVgz, 0.0

As 2.0

Kt 20p Rather arbitrary

Kin 5u Rather arbitrary

Vg 0.6 Somewhat depending on process
Ps 0.3

Vs 1.18

As 2.0 Somewhat depending on process
Rin 0.0

Cih 0.0

©koninklijke Philips Electronics N.V. 2001 7
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smaller that about 0.5 V since this leads to very low (and possibly negative) values of this
diffusion voltage at elevated temperatures. (Note that a low clipping value of 50 mV is
recommended for all diffusion voltages [2].)

The emitter-base diffusion voltage V. is typically 0.8 V for less advanced processes and
0.9-1.0V for more advanced processes. This voltage is important for the determination
of fr. In principle it could therefore be determine by optimising it on the ft-curve.
However, V. and pg are strongly correlated. Changing the former means that the latter
has to be extracted again, as well as many other parameters. Optimising the diffusion
voltage would therefore lead to a very large optimising loop, which in general is not
done. Instead it gets a set value (which might be changed by hand later on).

The collector-base diffusion voltage Vg, is about 0.5V for very low epilayer doping and
can get up to 0.8 V for higher doping. It can be estimated from

(see also below).

Mobility exponents The mobility exponents Ag, - - -, Ag describe the temperature de-
pendence of the (majority) mobility in the various regions of the collector. The general
formulais [5, 6]

oty h (2.2)

From a physical point of view [7, 8] the value of A should be between zero (for high
doping levels) and 2.3 (for low doping levels). The values we have given in the table
reflect the fact that the emitter is very high doped, the base and external collector are high
doped and the epilayer is low doped. It is not always possible to extract them accurately
which means that the estimates will determine the final value. See Chapter 3 for some
more information.

2.3.2 Parameters estimated from measurements

Table 3 contains the list of parameters whose initial values can be obtained directly from
measured data. We have also shown how to arrive at these values. Some more informa-
tion about this direct extraction can be found in the sections where the extraction of the
parameters is discussed. The last three quantities in the table are help-variables and not
parameters.

2.3.3 Parameters to be calculated

At last we have some parameters whose initial values must be calculated from layout and
technology data. The quantities that are needed are given in Table 4.

8 O©koninklijke Philips Electronics N.V. 2001
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Table 3: Parameters that can be extracted without optimising.

Parm.  Way of extraction

Cic Zero bias value of base-emitter capacitance

Cic Zero bias value of base-collector capacitance

Cis Zero bias value of substrate-collector capacitance

Re Numerical derivative in Rg-flyback measurement

Ver Numerical derivative in reverse-Early measurement

Vet Numerical derivative in forward-Early measurement

B+ Maximum of forward current gain

Bri Maximum of internal reverse current gain

Is From (forward-Gummel) collector current without Early effect

Iss From (reverse-Gummel) substrate current without Early effect

te, g 1/[107 max(fr)]

IBo Zero bias value of the base current in forward-Early measurement
Ico Zero bias value of the collector current in forward-Early measurement
leo Zero bias value of the emitter current in reverse-Early measurement

Table 4: The layout and process quantities needed.

MULT  Number of transistors measured in parallel
(the extracted parameter set will be for one transistor)

Hem Emitter width (dimension on silicon)
Lem Emitter stripe length (dimension on silicon)
£n Pinched sheet resistance of the base
Npase ~ Number of base stripes
Nepi Collector epilayer doping level
Wepi Collector epilayer thickness

We need the following constants for the calculation

q
k

&

Usat

= 1.602-107%C,

= 1.374-10723 /K,
1.036 - 1079 C/Vm,
= 8.0-10*mys.

The quantities that can be directly calculated from the reference temperature are

Vr

2
nj

kTref

q
= (9.61-10%2cmCK™3) x Tyef® e Voc/ VT,

(2.32)
(2.3b)
(2.3c)
(2.3d)

(2.4a)

(2.4b)

Note that ni2 is needed for the epilayer parameters and is therefore the silicon value even
when the base is SiGe.
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From the layout data we can calculate the emitter surface and periphery

Aem - Hem'l—em»
Pem = 2(Hem + Lem).

From the layout data and the direct extraction estimates we calculate

P,
XCj. em ,
Pem + 6 Aem/um
Veor C
XCj. = XCj. = &
Vef Cjc
The resistances can be estimated as
H
RBV ;L’OD’
3 Nbase Lem
300 2 um
I:QBC == RC(: = 7'_ .
em

The initial values of the knee currents and the non-ideal base currents are
Ver (1 - XCJE) CJE

lk =
7B

ks = (50 uA/um?) x Aem,

lgt = 1001,

lsr = 1001Is.

The avalanche parameters can be given as

Wavl = Wepi ,

(2.5a)
(2.5b)

(2.6a)

(2.6b)

(2.73)

(2.7b)

(2.8a)

(2.8b)
(2.8¢c)
(2.8d)

(2.9a)

(2.9b)

Note that V4 can be expressed also as Vg, /sz, when one uses the initial values calcu-

lated below. This latter formula gives a better idea of the value Vg, should have.

Now we turn to the various quantities that are related to the collector epilayer. The mo-

bility in the epilayer can be calculated from [9]

Mmax — Mmin

1+ (Nepi/Nref)O"

where for NPN’s we have

Ko = Kmin +

pumin = 52cm?/Vs,

pmax = 1417cm?/Vs,
Nt = 9.7-10%cm=3,
o = 0.68,

(2.10)

(2.11a)
(2.11b)
(2.11c)
(2.11d)
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and for PNP’s we have

tmin = 45cm?/Vs, (2.12a)
wmax = 471cm?/Vs, (2.12b)
Nt = 2.2-10% cm™3, (2.12¢)

a = 0.72. (2.12d)

We also need some spreading parameters for the epilayer [10, 11]: «; is the spreading
angle at low current levels (Ic < Inc) while ap is the spreading angle at high current
levels. These quantities are process and geometry dependent. We can use the following
values if we are only interested in generating an initial parameter set:

taney = 0.5, (2.13a)

tanay = 1.0, (2.13b)
1 1

SFi = tana) Wep (—-I——), (2.13c)
Hem Lem

Sk = 2t Woy (4 1 2.13d

Fh = 3 an on Wepi H + L . ( : )

em em

The latter quantity is the current spreading factor for high injection, and is a parameter
used in the high-current avalanche model (only when EXAVL = 1). We can now calculate
the epilayer parameters

Voo = Vr In(NZ;/nd). (2.14a)
Wepi 1
RCV = s 2 (214b)
quoNepiAem (1 + Skr)
lhe = dNepiAemvsat (1 + Sk1)?, (2.14c)
w2 1

SCRey = 35— , 2.14d

v 2evsgtAem (1 + Sgn)? ( )
2¢V

Xo = |t (2.14e)

q Nepi

Xp = Xdo/Wepi, (2.14f)

pc = 03/(1—Xp), (2.149)

mec = (1-Xp)/2, (2.14h)
w2,

p1 .

i = ) 2.14i

Fepl 4po V1 (2.141)

— XCj. .

TR = (TB+ Tepi) ch (2.14))

The value of Xp should not be larger then 0.4. We refer to Section 2.6.3 for some more
information about the initial values of the base, epilayer and reverse transit time.

©koninklijke Philips Electronics N.V. 2001 11



NL-UR 2001/801— May 2001 Mextram 504 parameter extraction Unclassified Report

Table 5: A typical grouping of parameters in Mextram that can be used in the extraction
procedure. The extraction procedure for each group is discussed in Section 2.5.

Base-emitter depl. cap. Cic, Pe, (V4e)
Base-collector depl. cap. Cic» Pc, Xp
Substrate-emitter depl. cap. Cjg, ps, (Vdg)
Forward-Early Waui, Vavi
Reverse-Early Ver
Forward-Early Vet
Forward-Gummel ls
Forward-Gummel Bs, g, My¢
Re-flyback Re
Rcc-active Rece
Reverse-Gummel Iss, (Iks)
Reverse-Gummel Bii, Ier, Vir
Output-characteristic Rin, Ik
Forward-Gummel Rev, (Vde)
Cut-off frequency SCRcy; Ihes TE Tepis (T, Ax)
Reverse-Gummel Xext

2.4 Parameter extraction strategy

The general strategy for parameter extraction is to put the parameters in small groups (typ-
ically 1-3) and extract these parameters simultaneously out of measured data sensitive to
these parameters. The composition of each individual group depends on the technology.
However, it is possible to give general guidelines. A typical grouping of Mextram param-
eters is given in Table 5.

For many of the extractions one needs previously extracted parameters. This can only
been done when one is careful about the sequence in which the extractions are performed.
The sequence in the table is such that this has been taken care of.

In the next sections we will describe in detail how the parameters in each group should
be extracted. We start with the depletion capacitances. Then we consider the other low-
current parameters. Next the high-current parameters are extracted, taking self-heating
into account. The self-heating capacitance is discussed separately later on.

2.5 Extraction of low current parameters

The extraction of the low current parameters (including the capacitances) should be no
problem at all for any process. The depletion capacitances are fairly standard and can be
extracted in almost any case from an almost ideal capacitance curve (with variable grading
coefficient and possibly a constant part). Avalanche is straightforward and so are the Early
voltages. The saturation current and forward current gain are also fairly standard. The
reverse current gain and substrate saturation current need a bit more care, but are also not
difficult. The collector series resistance extraction can be done without influence of other
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parameters. For the emitter series resistance several methods are available, of which the
flyback measurement (Giacoletto method) is probably the one most independent of other
parameters.

For each step in the extraction we also show an example in a figure.

2.5.1 Base-emitter depletion capacitance

The measured base-emitter capacitance Cgg consists in principle of three contributions:
a depletion capacitance, an overlap capacitance and a diffusion capacitance. As long as
the base-emitter voltage is not too far in forward we can neglect the last contribution. We
will therefore concentrate on the other two.

The base-emitter depletion capacitance can be calculated by adding the intrinsic and side-
wall contributions of the depletion charge and taking the derivative w.r.t. the base-emitter
voltage. Since no currents are flowing there is also no voltage drop over any resistors.
The capacitance can be approximated by the (almost ideal) formula

C.

Cge ~ e Caeo. 2.15
BE = L= Ve Voo e + Caeo (2.15)
The constant capacitance Cggp describes any overlap (peripheral) capacitances between

base and emitter.

The expression above is an approximation of the base-emitter capacitance. The full ex-
pression is

se Cj. (1-se) G
Cge = + +C . 2.16
(1—Vje/Vao)Pe (1= Vpe/VgPe o0 (210

This formula describes a transition from a normal depletion capacitance (first term, when
sg = 1) to a constant capacitance (second term, sg = 0). The constant part is a fac-
tor aj. = 3 larger than the zero-bias capacitance. In practice however one should not
reach this constant part in the extraction of the depletion capacitances, because it only oc-
curs when there is already a considerable amount of current flowing. Then the diffusion
capacitance is already more important than the depletion capacitance.

The transition between the ideal and the constant part is described by the quantity sg
given by

1
SE =

o 1+ e(VBE—VFE)/O.lVdE : (217)

The point where the transition takes place is given by Veg. Itis defined using the quantity
aj. discussed before: Veg = Vg (1 — aj_El/pE) >~ V.. The voltage Vj. that is actually
used in the equation for the capacitance is

Vije = VBe +0.1Vq. Insg. (2.18)
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Figure 1. Measured (markers) and simulated (line) base-emitter depletion capacitance.

Note that se = dVj. /dVge. We then have the two cases

Sg ~ 1, VjE >~ VBE, when Vge < VdE» (2.1961)
Sg >~ 0, Vije >~ Vg, when Vgg > Ve (2.19b)

The parameters that can be extracted directly are the zero-bias capacitance Cj. and the
grading coefficient pg. It is in general not possible to extract the diffusion voltage V4.
from the capacitance. Therefore in most cases one must choose a reasonable value (like
Vge = 0.9V). This diffusion voltage might however have an influence on the top of the
fr curve.

The overlap capacitance Cggo can be extracted simultaneously. Better is however to
extract it from special structures, and take geometrical scaling into account.

Sometimes the zero-bias capacitance is extracted directly from the measurement at Vgg =
0 (using for instance the IC-CAP-function MXT _cjO ). The grading coefficient is then ex-
tracted from the full curve. Although this is conceptually correct it has two disadvantages.
First it is very sensitive to noise in the measurement at precisely Vgg = 0. Second it does
not give the best fit overall. We therefore prefer not to do it this way here or for the other
capacitances.

Extracted parameters . Cig, Pe, (CgEO, V)
IC-CAP-function : MXTcbe
Equations used from Ref. [2] : (4.110)—(4.115)
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2.5.2 Base-collector depletion capacitance

The extraction of the base-collector depletion capacitance is similar to that of the base-
emitter capacitance. Now however the capacitance in Mextram has its own constant part
(determined by the parameter Xp). This constant part describes the fact that the collector
epilayer has a finite thickness and hence the depletion region might run into the buried
layer. The simplified expression now is

N (1—Xp) Cj.
~ (1 —VBc/Vd.)Pe

Cic +Xp Cj. + Caco- (2.20)

To get the more correct expression we must take the complete expression for the base-
collector depletion charge and take the derivative. We can assume that the current is
much smaller than I, which simplifies the expressions. We have aj. = 2.0.

bic = @jc —Xp)/(L —Xp), (2.21a)
Vec = Vg (1—b /P, (2.21b)
= L 2.21
T I eV VR0 /01Ve, (2.21¢)
Vic = Vesc+0.1Vq.Insc, (2.21d)
sc 1—Xp) Ci.  (L—sc) (1—Xp) Ci

(1 —Vjc/Vdac)Pe (1 = VEFc/Vq)Pe

The extraction is again straightforward. But due to the extra parameter X, the constant
part is overdetermined. Only by determining Cgco from special structures or estimating
it in some way one can make the extraction unambiguously. One can of course also take
Cgco = 0. The diffusion voltage V4. can again not be determined from the depletion
capacitance. At this moment one needs to estimate it. Vq. does have a very strong
influence on the hg roll-off in the high current regime. So it can be extracted later in the
extraction procedure, but it will change only by a small amount. This means that for the
extraction of the capacitance parameters an initial estimate for Vq_ or an estimate from a
previous extraction run suffices.

Extracted parameters : Cjer Pcy Xp, (Cecos V)
IC-CAP-function : MXTcbc
Equations used from Ref. [2] : (4.116)—(4.135)

2.5.3 Collector-substrate depletion capacitance
The extraction of the collector-substrate capacitance is very similar to that of the base-

emitter capacitance. The only differences are the names of the biases and the parameters
and probably the range of the bias. The equations to use are (with aj; = 2.0)

-1
Ves = Vgg(1—a;"P), (2.22a)
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Figure 2: Measured (markers) and simulated (line) base-collector depletion capacitance.

1

= 1 + e(Vsc=VFs)/0.1Vqg (2.22b)

Vis = Vsc +0.1Vg Inss (2.22c)
Ss Cj (1 —ss) Cj

Cse = Vs B+ Cpes. (2.22d)

(1 —Vjs/Vds)Ps (1 — VFs/Vgs)Ps

One can extract Cj, and ps directly. The diffusion voltage Vg is again difficult. But since
it is not used in any other part of the model the combined extraction with the other param-
eter is no problem. It should however not be smaller that about 0.5V since this leads to
very low (and possibly negative) values of this diffusion voltage at elevated temperatures.
(Note that a low clipping value of 50 mV is recommended for all diffusion voltages). The
parasitic capacitance Cp cs, which is not part of the Mextram model, is included only
for convenience in the case of de-embedding problems. (For the base-emitter and base-
collector capacitances one can use the overlap capacitances when needed.)

Extracted parameters . Ciss Ps, (V)
IC-CAP-function : MXTcsc
Equations used from Ref. [2] : (4.136)—(4.138)

2.5.4 Avalanche

The low current avalanche parameters are extracted from the base current in the forward-
Early measurement. As long as there is no avalanche this base current is independent of
the collector-base bias (for exceptions, see Sec. 2.8.2). When the collector-base bias gets
larger avalanche becomes important and the base current drops (possibly to below zero).
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Figure 3: Measured (markers) and simulated (line) collector-substrate depletion capaci-
tance.

The difference between the base current at Vcg = 0 and at higher V¢ is the avalanche
current. Hence we can extract Wy, and Vg by fitting the measurements to the expression

lg = Igo — lavi- (2.23)

Here Igg is a help-variable. We need it because we have not extracted any parameters that
could give us the correct base current at Vcg = 0. And even when we would have ex-
tracted the corresponding parameters, we need a very accurate description of this base cur-
rent at zero Vcp to extract the avalanche parameters. The full model will not always give
this accuracy, even after a full extraction. Therefore we make use of this help-variable.

The avalanche current itself can be found from the full expressions for this current with
the approximation that the collector current is negligible. In that case the value of the
model flag EXAVL is not important. We can express the avalanche current as

Ey — Vge + Ves + 2 Vay Vge + Ves (2.242)
Waui Vde + Ve + Vau'’ '
VVavI2

Ap = E 2.24b
D 2oy M ( )

An Bn Bn Waui
G = — EmAipiexp|— | —exp|———11 , 2.24c
EM 5. EM D{ p[ EM] p[ Em( + . )“ ( )
lasi = Ic Gewm. (2.24d)

As one can see the avalanche current is proportional to the collector current. For the ex-
traction of the avalanche parameters we use the measured collector current. The constants
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Figure 4: Measured (markers) and simulated (line) base current in the forward-Early
measurement for the extraction of the avalanche parameters.

A, and By, are physical quantities (and also model constants) that depend on the polarity
of the transistor (NPN or PNP). When the temperature of extraction is far from 300 K one
needs to take the temperature rule of B, into account.

The most important contribution to the avalanche current is the first exponential term,
which is determined by the maximal electric field. For large collector-base biases this
electric field is almost equal to Vcg/Way. Therefore the effective thickness Wy, over
which the electric field is appreciable is the most important parameter. The second pa-
rameter Vg, only determines the curvature of the avalanche current as function of bias.

Extracted parameters © Waul, Vavi
Help-variable . Igo
Approximations tlc < 0.01 Iy
IC-CAP-function . MXTveaf _ib

Equations used from Ref. [2] : (4.66)—(4.74) and (4.79)—(4.83)

2.5.5 Reverse Early effect

In Mextram the forward and reverse Early effects are bias-dependent. The parameters Ve,
and Vs are the values of these bias-dependent Early voltages when both the base-emitter
and base-collector bias are zero. In that case we cannot measure anything. Therefore the
bias dependence has to be taken into account in the extraction.

The reverse Early voltage parameter Ve, is extracted from the reverse-Early measurement.
We are not yet interested in the absolute value of the currents, but only in the variation
with bias. We therefore need a help-variable Igg which is the emitter current at Vgg = 0.
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The emitter current can then be written as

(2.25)

The quantities Vi, and Vi are directly related to the base-emitter and base-collector de-
pletion charges. Therefore the parameters we extracted for the capacitances also influence
the curvature of the actual Early voltages.

Furthermore, we can see that the emitter current depends also on the forward Early voltage
parameter Vgs. This means that to do the extraction for Ve, properly one needs to have a
reasonable good estimate of the V. We do this by extracting the Early voltages twice:
first extract the reverse Early voltage, then the forward Early voltage, then redo the reverse
Early voltage and at last redo the forward Early voltage. Normally one such iteration is
enough. For the first time one can use the initial values that we discuss below.

For the calculation of the normalised charges Vi, and Vi, we again neglect the voltage
drop over the resistances. We make use of previously given quantities and have

V
Vie = . _dE)E |:1 —(1- VjE/VdE)l_pE] + aj. (Ve — VjE). (2.263)
Vyg -
+%p Vec. (2.26b)

Note that the overlap capacitances Cgegpo and Cgco should not be included. Since the
Early effect is present in many of the characteristics we will need Vi, and Vi, also in
some of the following sections.

Apart from the emitter current it is sometimes also useful to look at the actual Early
voltage. This is given by

e\t Cj Ver Vie Wi
VRev— = | =€ = (14 —FE4+ L), 2.27
Rev—Early E (aVEB> CBE ( + Ver + Vef ( )

To determine the actual Early voltage from the measurements one must do a numerical
differentiation. For comparison with the model one can use the equation given above,
where one needs to use the full Cgg as given in Eq. (2.16) but with Cggo = 0. It
is however more practical to use the same numerical differentiation on the Ig given in
Eqg. (2.25).

For the optimisation routine it is better to have a good initial estimate of the quantities it
needs to optimise. lgg can be estimated as the zero bias value of the measured Ig. Ver
can be estimated as the zero bias value of the actual Early voltage calculated from the
measurements (i.e. using a numerical differentiation of the first two points).
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Figure 5: Measured (markers) and simulated (line) emitter current in the reverse-Early
measurement for the extraction of the reverse Early voltage.
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Figure 6: Actual reverse Early voltage by numerical differentiation of the measured
(markers) and simulated (line) emitter current in the reverse-Early measurement.
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Figure 7: Measured (markers) and simulated (line) collector current in the forward-Early
measurement for the extraction of the forward Early voltage.

Note that one must stay clear of any base-emitter breakdown effects at high Vgg. These
are not modelled in Mextram.

Extracted parameter . Ver
Help-variable I
IC-CAP-function . MXTvear _ie , derivative

Equations used from Ref. [2] : (4.53), (4.56), (4.112), (4.127), and (4.128)

2.5.6 Forward Early effect

The extraction of the forward Early voltage parameter V¢ is similar to the extraction of
Ver. Here the forward-Early measurement is used. The approximation for the collector
current one can use is

+ Igo — Is. (2.28)

The voltages Vi and Vi, are defined as before, Eq. (2.26). We have added Igo— Ig = lavi
to account for the avalanche current. The base current is best taken as the measured base
current.

Again we can calculate the actual Early voltage:

dlc -1 Cijc Vet Vi Vi
VEorw— = =—C = 1+ 54+ S). 2.29
Forw—Early C (8VCB> Cac + Ver + Vef ( )
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Figure 8: Actual forward Early voltage by numerical differentiation of the measured
(markers) and simulated (line) collector current in the forward-Early measurement.

Again one can compare the numerical derivatives. When one wants to use the model Cgc
is given in Eq. (2.21), taking Cgco = 0.

To do the extraction properly one should not include the high collector biases where
avalanche becomes important. A practical range over which to optimiseisO. .. %VCB,maX.
When plotting the results we include avalanche to get a better idea of how correct the re-
sults are.

As before we can give estimates for the quantities we need to optimise. Icg can be esti-
mated as the zero bias value of the measured Ic. Vs can be estimated as the zero bias
value of the actual Early voltage calculated from the measurements (i.e. using a numerical
differentiation of the first two points).

Extracted parameter © Vet
Help-variable s leo
IC-CAP-function : MXTveaf _ic , derivative

Equations used from Ref. [2] : (4.53), (4.56), (4.112), (4.127), and (4.128)

2.5.7 Collector saturation current

We can now extract the saturation current Is of the intrinsic transistor. A non-ideality
factor is not needed since we have a good description of the Early effect. For the extrac-
tion of Is we need the forward-Gummel measurement at small values of the base-emitter
voltage (0.4 < Vg < 0.65). At these small bias values high-injection, quasi-saturation
and series resistance effects may be neglected. This gives us the simplified expression for
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Figure 9: Measured (markers) and simulated (line) collector current in the forward-
Gummel measurement for the extraction of the saturation current.

the collector current

l. @VBE/VT
lc = —> . (2.30)
Vie Vie
1+ —4+ —
Ver Vef

Here VT = kT /q is the thermal voltage, which needs to be determined accurately from
the actual absolute temperature. Vi and Vi. have been defined in Eq. (2.26).

The initial estimate of I is simply using the first point of the measurement and writing
ls = Ic e~ VBE/VT /MULT.

Extracted parameter s
IC-CAP-function . MXTforward _ic
Equations used from Ref. [2] : (4.51), (4.53), and (4.56)

2.5.8 Forward current gain

The parameters of the forward base current are extracted from the base current in the
forward-Gummel measurements. We prefer to compare the current gain hse from mea-
surements with a calculated hse because one can then better see how accurate the fit is.
We use the same (measured) collector current for both.

The forward base current only depends on the internal base-emitter voltage Vg,g,, ne-
glecting the voltage drop in the variable base resistance (for exceptions, see Sec. 2.8.2).
When we take the internal bias equal to the external bias Vgg, like we did before, we
must be sure that resistance effects are not important. For the optimisation of the forward

©koninklijke Philips Electronics N.V. 2001 23



NL-UR 2001/801— May 2001 Mextram 504 parameter extraction Unclassified Report

current gain B¢ we would like to be able to use the current gain hge up till the point where
high-injection effects and quasi-saturation start (around Vgg = 0.8...0.9V). We must
then correct for the resistances. This is done by using Eq. (2.30) for the collector current
to calculate the internal bias:

| C Vt E Vtc

=Vt In|—=(14+—4+—1)]. 2.31
VBzEl T n[ls( +Ver+vef>:| ( )

The external biases are used to calculate V. and Vi. given in Eq. (2.26). The ideal and
non-ideal base currents are given by

I

lp, = — eBE/VT, (2.32a)
Bt

lg, = It (GVBzEl/m”VT — 1) + Gmin (VBe + VBe)- (2.32b)

The minimal conductance G yin is needed in the circuit simulator to improve the conver-
gency. It does have an influence on the low-bias current gain and therefore it is included
here. The current gain now is

Ic

__ €< 2.33
Ig, + I, (2:33)

hfe

where we use the measured collector current.

Normally the forward current gain S at zero base-collector bias is somewhat larger than
the maximum of hg. This is due to the reverse Early effect (neglecting Ig,):

Bt

Vig -
1+ =
Ver

hfe ~

(2.34)

As an initial guess for B¢ one can therefore take the maximum of h¢. In almost all cases
one can take m s = 2. Only when the current gain increases slowly for several decades
of current one might consider taking another value of my¢ (possibly close to 1). The non-
ideal base current Ig, will then describe the base current over the whole bias range. 1g, is
no longer needed and B will become large.

As an initial estimate for Igf one can take 100 Is.

Extracted parameters © Bs, lgs, Myt
Approximations : No high injection/saturation effects in I¢
IC-CAP-function . MXTforward _hfe

Equations used from Ref. [2] : (4.57)—(4.59)

2.5.9 Emitter series resistances

One of the simplest way to extract the emitter resistance is from the Giacoletto method
[12, 13]. We use the dedicated Rg-flyback measurement. The collector current is kept
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Figure 10: Measured (markers) and simulated (line) current gain hg in the forward-
Gummel measurement for the extraction of the forward base current parameters.

zero and the base-emitter bias is increased. The collector-emitter voltage can be estimated
as

Vce =~ le Re + VB,E; — VB,cy- (2.35)

We must use the emitter current here and not the base current as originally described
[12, 13], since in an IC-process the base current also contains the substrate current.

When we take the derivative of the collector voltage w.r.t. the emitter current we get the
resistance

9
R = IVee
e

(2.36)

The emitter resistance R is the value of R for the highest emitter current (multiplied with
MULT).

In general R will decrease as function of Ig. If it has reached a plateau, the value of R
there will be the emitter resistance. If the plateau is not reached one will over-estimate
Re. This is one of the disadvantages of this method. Another disadvantage is that it
extracts Rg for very high currents. When the emitter resistance is current dependent this
might not be the value one would like to have.

The emitter resistance extracted from the Giacoletto method can be used directly. We,
however, prefer to use it as input for the following method. The most simple way to
correct for series resistances is based on the observation of Ning and Tang [14] that there
is a deviation in the base current (or collector current) from an ideal exponential curve
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Figure 11: Measured (markers) and simulated (line) collector voltage in the Rg-flyback
measurement for the extraction of the emitter series resistance.

Re(€2)

0 | | | | | |
000 001 002 003 004 005 0.06 0.07
—le(A)

Figure 12: Derivative of the measured (markers) and simulated (line) collector voltage
w.r.t. the emitter current in the Rg-flyback measurement for the extraction of the emitter
series resistance.
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that can be used to extract the resistance. The external base-emitter bias is a sum of the
internal junction bias and the voltage drop due to various series resistances:

VBe = VB,E;, + VB;B, + I8 Rec + (Ic + 18) Re + Vo Rob- (2.37)

The internal junction bias Vg,, is solved iteratively using the measured base current and
Eq. (2.32).

The voltage drop over the pinched resistance gives only a small contribution, but we
do want to include the variation of the resistance due to charge modulation and current
crowding. However, we must make some approximations. The charge modulation can be
written as

RBV

Rmod = ) (2.38)
as

where g is the normalised base charge. It is the same correction that is present in the
collector current:
o — It —Ir s exp(VBye,/VT)
ds ds '
This is true only under the assumption that quasi-saturation is not very important which
means that we can neglect I,. (It is also not true when dEg # 0, see Sec. 2.8.1). We
also assume that the non-ideal base current is negligible, which means that we can write
Is = I¢/B¢. The voltage drop is then

I8 Rmod =~ lc Rev/Bs- (2.40)

To include also some current crowding effect and the fact that a part of the base current
might go through the side-wall we write

Reyv Ic (1 — XIBl)>
Bt V1 '

The last non-trivial contribution is Vo rp Which is a small but constant offset voltage
added to correct for the difference between Vg and Vg,g, at medium values of the base
current. This difference may be due to the presence of the non-ideal base current and the
approximation of the variable part of the base resistance. This offset voltage is optimised
together with Rg.

(2.39)

Va,g, = Vr In (1 + (2.41)

In theory the base resistance could be extracted in this way when the emitter resistance is
known. However, in practice the influence of the emitter resistance is a factor hg larger
(since the collector current goes through the emitter resistance). Any error in the emitter
resistance will then heavily influence the extracted base resistance.

Some alternative methods are given in Refs. [15, 16]. A comparison between different
methods is made in Ref. [17]. We think that these methods depend too much on the
model one uses to be of general use.

Extracted parameter : Rg
IC-CAP-function : derivative  /MXTforward _vbe
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Figure 13: Measured (markers) and simulated (line) base-emitter bias as function of the
base current in the forward-Gummel measurement for the extraction of the emitter series
resistance.

2.5.10 Collector series resistances

The collector series resistance Rgc can be extracted from the substrate current in the
dedicated Rc-active measurement. The substrate current can be described as

2 lss eVeicy/VT

Isub = . (242)
1+ [1+4 I_S eVeicy/ VT
Iks
The value of the intrinsic base-collector bias can be found from
VB,c; = Vec — Ree Ie (+Rege Is). (2.43)

Here the currents are from measurements. The last term describes a (small) correction
for the constant base resistance. It should only be used when a reasonable estimate of the
resistance is available.

The collector series resistance can now be found from the comparison of the simulated
and measured substrate currents (as long as the measured one is above the noise level).
The substrate saturation current Isg must be used as a help-parameter. Later it will be
tuned to get the reverse current gain correct. Also the substrate knee current Is must be
fitted along. (Note that Is must already be known.) This knee current can be kept fixed
from here on, or it can be tuned to describe the absolute values of the reverse currents
later on.
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Figure 14: Measured (markers) and simulated (line) substrate current in the Rc-active
measurement for the extraction of the collector series resistance and possibly the substrate
knee current.

Extracted parameters : Ree, (Iks)
Help-parameter :lss
IC-CAP-function : MXThard _sat _isub

Equations used from Ref. [2] : (4.61)

2.5.11 Substrate saturation current

The substrate saturation current Igg is obtained from the reverse-Gummel measurement.
In principle one can extract Isg directly from the equation

lsub = lss gVee/Vr, (2.44)

We will however not do this, because it might not give the correct total reverse current gain
htc.tot. This reverse current gain is the ratio of the emitter current and base current hfc 1ot =
Ie /1g. The base current consists of the intrinsic base current and the substrate current. In
most cases the latter is dominant. The emitter current from Mextram is already determined
by parameters that have been extracted before. When the reverse Early modelling is not
very accurate the modelled emitter current might differ from the measured emitter current.
So when we extract Isg directly from the substrate current, we might have a less accurate
current gain. To get the total current gain correct we will optimise both

|
Nic.sub = —— (2.45)

9
|sub

and Ig /I intr (Se€ next section).
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Figure 15: Measured (markers) and simulated (line) h¢ syp in the reverse-Gummel mea-

surement for the extraction of the substrate saturation current.

The emitter current in the reverse-Gummel measurement at small values of Vgc (not in-
cluding high injection effects) is

|« eVBc/VT
lg = —> . (2.46)
1 + E + &
Ver Vef
Substituting the expressions for Isy, and Ig in the current gain we get
I
> (2.47)

hfc sub = .
’ Vi Vi
| 14+ —E 4 €
S8 ( * Ver * Vef)

The external biases are used to calculate Vi and Vi, given in Eq. (2.26).

The substrate saturation current should be extracted from the low bias regime, where the
current gain is constant.

The initial estimate of Isg is simply using the first point of the measurement and writing
lss = —lsup €7VB¢/VT /MULT. Note the minus sign which implies a substrate current
coming out of the transistor.

When hg sup 1S plotted as function of Ig also an estimate for Iys can be given: it is ap-
proximately the emitter current where hgc syp Starts to rise.
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Extracted parameter ©lss
Approximations : No high injection effects in 1g and Isyp
IC-CAP-function : MXTreverse _hfc _sub

Equations used from Ref. [2] : (4.52), (4.53), (4.56), and (4.61)

2.5.12 Reverse current gain

The extraction of the reverse base current parameters is done in mainly the same way
as for the forward base current. We compare the measured h¢. and calculated h¢.. In
the reverse-Gummel measurement the base-collector is forward biased. This means that
the external base current contains not only the internal base current but also the substrate
current. To calculate the internal current gain we must correct for this. Hence we get from
the measurements

|
he = EL (2.48)
18] — Ilsubl

One needs to be careful with the signs of the currents here, hence the absolute signs.
Since one is subtracting two currents the result can be noisy. Some smoothing is perhaps
necessary.

The internal base-collector bias Vg, ¢, is calculated using Eq. (2.46) as

V,c; = V1 In |:I—E (1 + —+ —>:| . (2.49)

ls

The external biases are used to calculate V. and Vi. given in Eq. (2.26). The ideal and
non-ideal reverse base currents are given by

[
loy = — e¥BiCi/VT, (2.50a)
ri
eVBlCl/VT

‘e = lor eVB1C1/2VT | oVir/2VT + Gmin (Vee + Vie)- (2.50b)

The simulated internal current gain then is

le

htc = ————,
IEX + IB3

(2.51)

where the measured emitter current is used.

Again one needs to concentrate only on that part of the current gain below the point
where high-injection and quasi-saturation effects start. When the current gain shows a
clear low level plateau, an increase, a high level plateau and a drop (for increasing bias)
the parameter V|, should get the value of Vgc where the initial plateau ends. Otherwise
it should have a low value (and it doesn’t need to be extracted anymore).
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Figure 16: Measured (markers) and simulated (line) intrinsic current gains in the reverse-
Gummel measurement for the extraction of the reverse base current parameters.

Sometimes the low current part is very noisy. One of the main reasons for this noise
is the noise-floor of the substrate current. This might be higher than that of the other
currents, due to the background noise of the whole wafer. This is especially so when the
substrate current has a long path between intrinsic transistor and substrate bond-pad, for
instance due to deep trench isolation. To reduce this noise one might try to calculate the
substrate current from all other currents: lgyp, = —Ic — Ig — Ig (note that I¢ and Ig
as measured have a different sign). If this does not help the parameters Ig; and V|, can
be extracted directly from Ig if the non-ideal part is large enough (i.e. Ig must be large
enough compared to lgyp).

An initial value for the reverse current gain B, is the maximum of hg.. As an initial
estimate for Ig, one can take 100 Is.

Extracted parameters * Bris Iery Vir
Approximations . No high injection effects in Ig and lgyx
IC-CAP-function . MXTreverse _hfc

Equations used from Ref. [2] : (4.60) and (4.63)—(4.65)
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2.6 High current parameters

The extraction of the high-current parameters is not so straightforward as that of the low
current parameters. This section is therefore ordered in another way.

First self-heating is discussed. Note that for taking self-heating into account one must
have the values of the temperature parameters, or at least some good estimates. The
extraction of these parameters is treated in Chapter 3.

Next we show how one can calculate the collector current for the Gummel plot or output-
characteristic and how we calculate the cut-off frequency. Then we discuss quasi-satura-
tion, what parameters influence it, and how we can observe this in the measurements.
This discussion will be focused on parameter extraction.

Only when we have done that we turn to the parameter extraction methodology of the
high-current parameters. We close with the extraction of Xex: from the high currents in
reverse.

2.6.1 Self-heating

To be able to extract the high-current parameters correctly, it is important to take self-
heating into account. This means that one must determine the thermal resistance Ry,. We
believe that one must do this, even when one does not plan to include self-heating in the
circuit simulations for design. This is the only way to ensure that one does not try to
explain certain physical effects (self-heating) with parameters that are meant to describe
other physical effects (quasi-saturation).

It is important to realize that the thermal resistance for a transistor in a packaged device
can be much lower than the thermal resistance measured on-wafer. Here we will of course
only consider the one relevant for parameter extraction.

Due to self-heating the temperature of the transistor will rise with an amount given by
AT =Ry (I VBe + lc Vee). (2.52)

The collector part is obviously the most important contribution to the self-heating. Typical
values of Ry, are 100-500 °C/W but higher values are becoming more common due to
oxide isolation instead of junction isolation and due to SOI processes.

The thermal resistance is extracted from the base-emitter voltage in the output-characte-
ristic measurement, for which the base current is constant. For negligible self-heating a
constant base current implies a constant internal base-emitter voltage. (For exceptions in
SiGe processes, see Sec. 2.8.2). When self-heating can not be neglected the saturation
current ls increases with increasing power dissipation. The base-emitter voltage then
decreases to keep the base-current constant. From this decrease we extract Ry.

For high currents we have approximately

lg ~ ST oVee, /Vr (2.53)
Bt
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from which we calculate the internal junction voltage Vg,g,. This leads to an external
base-emitter voltage of

Is Bfr
sT

Vee >~ V1 In + lc Rer, (2.54)
where one can use the measured currents. Note that from here on we use the parameters
after temperature scaling [2], denoted by an extra subindex T.

Since RE is also present in Eq. (2.54) we need to know its value accurately. Since this
is not always the case it is better to consider Rg a help-parameter here and extract it
together with Ry,. So before the extraction one must remember the old value of Rg, then
do the extraction which gives Ry, and Rg, and then set Rg to the previously extracted and
remembered value. (As an alternative, one can of course decide to extract Rg just from
this measurement [18]. It does not have all the disadvantages of the Giacoletto method.)
More elaborate ways to extract Ry, have been given in Refs. [19, 20].

For better accuracy of Eq. (2.54) one needs to take other effects into account also. The
most important effect is that of the non-ideal base current Ig,, but also the voltage drop
over the base resistances can be calculated. When including these effects it is no longer
possible to calculate the quantities directly: one has to solve the internal junction volt-
ages, as calculated for the output characteristic (see next subsection). Details are given in
Section 5.1.21.

The temperature parameter that has the most influence on this extraction is Vg, which
determines the temperature behaviour of Is. When this parameter is not extracted yet, at
least an estimate should be given. The value of Ry, will depend only slightly on V.

Extracted parameter " Rin
Help-parameter : Re, (Vgg)
Approximations : Noavalanche (lay < Ig)
. No hard saturation (lex, lsup < 1)
IC-CAP-function : MXTic _vce

Equations used from Ref. [2] : (4.57)—(4.59), (4.37) and others.

2.6.2 Output-characteristics and forward-Gummel

In this section we will only discuss how one can calculate the collector current in the
output-characteristic measurement. In the same way we can calculate the collector current
in the forward-Gummel measurement, or in the forward Gummel results that are also
measured along with the S-parameters. The actual parameter extraction procedure is
discussed in Section 2.6.5.

Up till now we have calculated the Mextram simulation results using simplifications of the
full Mextram equations and without iteratively solving internal biases. This was possible
since high-current effects could be neglected, which from now on is no longer true. We
also need to take more of the Mextram equations into account (either all those belonging
to the forward mode, or all those of reverse mode). This also means that we need to
actually solve for some internal biases, since we can no longer use the external ones.
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Figure 17: Measured (markers) and simulated (line) base-emitter voltage in the output-
characteristic measurement for the extraction of the thermal resistance. Note that in the
left-part of the figure auto-ranging is used, which makes the value of the calculated Vgg
equal to the minimum of the measured Vgg.

The most straightforward way to do this is making use of a circuit simulator. For the
output-characteristic this is a good option. We will see that it is not so good an option for
the cut-off frequency (see also Sec. 5.3). Furthermore, not everyone has a link to a circuit
simulator. Therefore we will now describe how one can calculate the collector current.
Some of the details are given in Section 5.1.21.

We need to calculate the collector current as function of the base current Ig and the
collector-emitter bias Vcg. When we have done this, we can use it not only in the output-
characteristic, but also in the Gummel plot. The advantage of using I instead of Vg is
that the internal base-emitter voltage Vg,g, is then much better determined (it does not
depend on the emitter resistance for instance). This gives a better description of Ic when
the resistances are not very well known.

The first step is to calculate the internal base-emitter bias from the base current. Since the
non-ideal base current can become dominant even for higher base currents (e.g. when my ¢
is close to 1), we need to solve a non-linear equation

Ig = Ig,(VB,E,) + I8, (VB,E,)- (2.55)

The assumption here is that the avalanche currents and reverse base currents can be
neglected. This also means that it is not possible to include the part of the output-
characteristic where avalanche is important.

The internal base-collector bias can now be calculated as
VB,c, = VB,E; + Ic Reer + (I + Ic) ReT — VeE. (2.56)
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Here we use the measured currents Ig and Ic. The error we make here is not very large,
especially when the simulated and measured collector currents are close to each other.
The advantage is that the procedure is more robust.

Next we have to solve for Ic,c, using the equation

eVBE /VT _ eV§2C2/VT

IC1C2 = 1IN =lst . (257)
Us

The internal base-collector bias Vg . can be calculated from the current Ic,c, and the
bias VB,c, by calculating first xj/Wepj and p;. The base charge gg can also be given
once Vg,g,, VB,c,, and Ic,c, are known (also ngcz will be needed.) So Eq. (2.57) is a
non-linear equation in I, c, that can be solved iteratively. The (external) collector current
is then of course equal to Ic,c,.

In the approach above we first calculate Vg,g, from the measured base current and next we
iteratively solve Ic,c,. This has the disadvantage that the expression for the base current
can not depend on the collector current Ic,c, (either directly or indirectly via V;ZCZ).
This means that neutral base recombination (see Sec. 2.8.2) and avalanche can not be
included. To include both effects one needs to solve Vg,g, and Ic,c, simultaneously from
Egs. (2.55) and (2.57). For more detail see Section 5.1.21.

IC-CAP-function : MXTic _vce
Approximations : No hard saturation (lex, lsup < 1)
Equations used from Ref. [2] : (4.51)—(4.59), (4.94)—(4.104), T -scaling and others

2.6.3 Cut-off frequency

In this section we will discuss how one can calculate the cut-off frequency ft from mea-
surements and from simulations. The actual parameter extraction procedure is discussed
in Section 2.6.5.

The cut-off frequency is defined as the frequency where the current gain hs becomes
unity. In almost all cases the current gain as function of frequency f shows ideal-first
order roll-off up to fy or even beyond:

hfe 0
hfe = — . 2.58
1T hteo f/fr (2:59)
The current gain itself can be expressed in terms of Y -parameters as
Y21
hie = hoy = Vo (2.59)
11

We want to have the cut-off frequency as function of collector current. Normally not for
every bias point a complete frequency sweep is done. Hence we need to determine fy at
a single frequency point.
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There are two ways to calculate the cut-off frequency. The first one is simply
fr = f |hgl. (2.60)

This is correct only at sufficient high frequencies such that hge o f/fr > 1. In practice
the ideal form in Eq. (2.58) is no longer correct close to ft. Since hye o is of the order of
100, this leaves only a limited frequency range where this method is accurate. When ft
varies as function of collector current it is important to make sure that the frequency at
which one does the measurement is in this range for all currents.

A better method is

f

= T (2.61)

fr

This method can also be used for intermediate frequencies. The only limitation is that
the frequency must be sufficiently high to measure this imaginary part accurately. (Hence
hte,o f/fr must be measurable accurately compared to 1. It doesn’t need to be much
larger.)

It is instructive to use both methods and see what the difference is in practical cases.
The simulated cut-off frequency is determined in another way:

1 dQ

o fr ' dic

: (2.62)

Vce

Here 77 is the total emitter-collector transit time. It is related to the differential charge
dQ that has to be supplied by the base and to the differential current dlc, both under the
restraint of a constant collector-emitter bias Vcg. Note that also the depletion charges
between base and collector add to the total differential charge, as well as the overlap
charges related to Cggo and Cgco.

The calculation is now done in three steps. First we must determine the DC operating
point, just as we did for the output-characteristic. This means iteratively solving for the
three independent quantities Vg,g,, VB,c,, and Ic,c, (where the last simply equals the
given collector current.)

Second, we must determine the small signal variations. This means that we must cal-
culate for instance the variation of Iy as function of variations in the three independent
quantities. By using the fact that Vg is constant and that we have current conservation
(IN = IClcz) we find

dVcE dVcE dVce
dv = dy — dY —dlI =0, 2.63a
CE Voo, B,E, + Vorc, B,C; + T CiCy ( )
ol N ol N el IN
diy = dVBzEl T dVBzcl Rl d|C1C2 = d|C1C2' (2.63b)

0VB,E, 0VB,c; dlcic,

By solving these two equations we can calculate dVg,g, /dlc,c, and dVg,c, /dlc,c,, both
under the condition that Vg is constant.
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The third step is to calculate the transit time using Eq. (2.62). The differential charge can
be calculated similar to differential voltage and current above:

0Q 00 0Q
= dVeg; + —— dVB,c; + ———
aVBzEl = aVBzcl o 8ICICZ

dQ

d|C1C2' (2.64)

In this way we can calculate the cut-off frequency fr as function of the collector current
Ic and the collector-emitter bias Vcg. Again it is useful to use the collector current as
input, rather than the base-emitter voltage. The collector current gives a much more
direct way to determine the internal biases of the transistor. Using the external base-
emitter voltage would make one very dependent on the series resistances, which are not
always accurately known. So, even when the absolute value of the collector current as
function of bias is not very good described (yet), it is possible to give a good description
of ft as function of Ic.

Initialisation of parameters Just as for the other parameters, we need an estimate of
the initial values of the transit time parameters (see also Sec. 2.3). For the emitter and
base transit time we can use the maximum of the measured ft:

1
—g=— 2.65
TE=TB 107 max(fr) ( )
For the transit time of the epilayer and the reverse transit time we can use

W2,

epi
R , 2.66a
Tepi 4o V7 ( )

XCj

TR = (Tt Tepi) chc € (2.66b)

In the implementation of the calculation of ft that we use (see Sec. 5.1.22), we have an
extra feature that makes use of the physical relation of various parameters. Whenever one
of the three parameters tg, Tepi, and Ty is set to a negative value, its value in further
calculations will be given by the following initialisation formulas:

Ver (1 - XC]E) CJE

T = (2.67a)
I
ls I Rey? V. /VT
Tep = Tp OV eVac/VT, (2.67h)
4V2
1 - XC;
TR = (T + Tepi) 7XCJ'C e (2.67¢c)

These formulas are based on the derivation of the charge contributions [11] at the ref-
erence temperature. (For SiGe transistors the formulas do not hold. They should be
corrected for bandgap narrowing in the base. But there is no parameter available for this.)
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The use of these automatically calculated initial values has several advantages.
e It is the first order extraction, since using these values leaves only g to be extracted
on fr.

o It makes it possible to extract other high-current parameters even when the transit times
are not yet optimised.

e When the extraction is overdetermined, it gives the possibility to fix one or more of the
transit time parameters in a physical way. The others can then be optimised.

Of course, the actual parameter value, and not the negative dummy value, must be given
when using a circuit simulator since negative t’s are not physical and are therefore not
allowed in the simulators. The actual value that is used can be found, for instance, using
the function MXTshow _parms .

IC-CAP-function : MXTHft
Approximations : Noavalanche (lay < Ig)

. No hard saturation (lex, lsup = 0)
Equations used from Ref. [2] : Many, including the temperature rules.

2.6.4 Quasi-saturation

The extraction of high current parameters is not always easy. It helps if one has an un-
derstanding of the physics behind the transistor behaviour. Quasi-saturation is one of the
more difficult physical effects. We will discuss it now.

In the normal forward mode the base-emitter is forward biased. Externally the base-
collector is reverse biased. The base-collector junction should therefore not be open.
There is however a voltage drop between the external collector and the internal collector.
This drop is a result of the constant collector resistance R and, even more important, the
voltage drop over the collector epilayer. When the internal base-collector bias! Vg,c, is
forward biased due to the voltage drop, we speak of quasi-saturation. To be more specific,
with forward biased we mean a forward bias of around Vg or more.

There are two physical effects that can lead to quasi-saturation. The first effect is simply
an ohmic voltage drop over the epilayer due to its resistance. We call this ohmic quasi-
saturation. This resistance is modelled with the parameter R¢, (the variable Collector
Resistance). The second effect is well known under the name Kirk effect. The volt-
age drop is now not due to an ohmic resistance, but due to a space-charge resistance.
This resistance is modelled with the parameter SCR¢, (Space Charge Resistance of the
Collector, also variable). In general the space charge resistance is a few times the ohmic
resistance: SCR¢y, > Rcy. The cross-over between the two regimes is governed by the
parameter Iy (hot carrier current).

The onset of quasi-saturation It is important for a compact model to accurately pre-
dict where the onset of quasi-saturation is. In Mextram quasi-saturation starts when the

HIn Mextram 504 the actual value that should be used is not Vg,c,, but Vg,c, [1, 2. The difference
between the two is of no importance for the present discussion and will therefore be neglected.
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Figure 18: The current lqs Where quasi-saturation starts as function of the voltage drop
over the epilayer Vgs = Vg, — VB,c,. The low-voltage limit Iqs = Vqs/Rcy and the high-
voltage limit Igs = Vqs/SCRcy + constant are also shown (dotted). The values used are
Ilhc Rev =2V and I SCRey = 10 V.

epilayer current is equal to lqs, given by

Vgs = Ve — VB,cy» (2.68a)

Vgs  Vgs + Ihe SCR
lgs = gz Yas & e St Rey, (2.68b)
SCRCV Vqs + Ihc RCv

In Fig. 18 we show how lys varies with Vqs. How do we interpret this equation? When
quasi-saturation starts the internal base-collector bias Vg,c, equals Vg, as mentioned
before. This means that Vqs = Vg,c, — VB,c;, = Vc,c, is the voltage drop over the
epilayer, at the onset of quasi-saturation. For low external base-collector bias (low Vs)
the current that runs through the epilayer is then lqs = Vgs/Rcy, just Ohm’s law. For
high external base-collector bias (high Vgs) we have simply lqs = Vqs/SCRcy. This is
also Ohm’s law, but with a different resistance. We now see that as long as there is no
quasi-saturation, i.e. Ic,c, < lgs, the resistance of the epilayer is somewhere between
Rcv and SCRcy, its value depending on whether Ic,c, is smaller or larger than Ipc.

How do we observe this onset of quasi-saturation in measurements? When the transistor is
in quasi-saturation, the performance degrades dramatically. This can be seen in the current
gain hse and the cut-off frequency fr, which start to decrease. As an example we look
at Vcg-dependence of the current gain in Fig. 19. We took the ratio between SCR¢, and
Rcy rather large. For small Vcg the resistance is low which means that the points where
the current gain starts to drop are far apart. For higher Vcg the space charge resistance
becomes more important. The curves are now closer together. Basically the same holds
for the cut-off frequency (see Fig. 20). For lower Vg the curves are further apart then for
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Figure 19: The current gain as function of the base-emitter bias for Vcg = 0, 2, 4, 6,
8, and 10V for a hypothetical transistor to show the Vcg-dependence of the onset of
quasi-saturation. The parameters used are the default parameters from Ref. [2], but with
Vi =08V, Ik = 1A, Ihe = 20mA, Rey = 150 2, and SCR¢y = 2k€2, to enlarge the
effect. The dotted lines are with a more realistic knee current of I, = 0.1 A for the lowest
and highest Vcg.

higher Vcg. The maximum of f1 depends very much on the point where quasi-saturation
starts. Again one can in general observe that the maxima are closer together for higher
Vce. The same holds when the cut-off frequency is plotted versus the collector current,
which is normally done.

It is also interesting to know that in general the top of the f1 is around or even before the
point where the current gain starts to decrease (see Figs. 19 and 20).

The transistor in quasi-saturation We also need to know how we can influence the
behaviour of the model when the transistor is in quasi-saturation. One of the parameters
that has the most influence on the decrease of the current gain is the diffusion voltage
Va.. We will therefore extract this parameter from the current gain. Another parameter
that has influence is Rgy,.

For the decrease of the cut-off frequency the parameters that are important are related to
the charges that are present only in quasi-saturation. These charges are Qgc (with main
parameter Tg) and Qepj (With main parameter z ). It depends somewhat on the process
which parameter has the most influence. Note however that the top of the fy is mainly
determined by tg and again Tg. In practice we therefore have one parameter too much. In
that case one should fix one of them (for instance using the initial values of Section 2.6.3).
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Figure 20: The cut-off frequency for the same simulation as in Fig. 19.

The influence of the knee current The more advanced bipolar transistors are getting,
the higher the base doping level and therefore also the knee current Ix. In many cases Iy
becomes even larger than the hot-carrier current Inc. In older compact models like the
much-used Gummel-Poon model quasi-saturation is not modelled and as a consequence
the knee current is used to describe current gain degradation. In Mextram performance
degradation is mainly described by quasi-saturation effects. Nevertheless, a knee current
Ik is present in Mextram. Its influence is of minor importance, since current degradation is
described already. The value of the parameter is therefore not always good defined, nor is
it always as physical as one would like. The influence of Iy can be seen in Fig. 19 (dotted
lines). It decreases the collector current a little bit, just at the point where the current gain
starts to decrease. It can therefore be extracted from the forward-Gummel measurement or
from the current gain measured in the S-parameter measurement. Alternatively Iy can be
extracted from the collector current in the output-characteristic measurement, especially
at higher collector voltage where quasi-saturation is not important.

The knee current I, does not have a large influence on the cut-off frequency versus bias
(or versus collector current), as can be seen from the dotted lines in Fig. 20.

Quasi-saturation in the output-characteristic For ideal ohmic quasi-saturation, e.d.
without velocity saturation and Kirk effect, the output characteristic looks like the one in
Fig. 21. The quasi-saturation region is the one between hard-saturation, where the current
rises steeply, and the almost flat region at higher collector voltages.

In this ohmic case Ic < Ipc mainly the parameter I, determines the level of the flat
region. The parameter Iy has only a small indirect influence via the current dependence
of the base-collector depletion charge. The parameter R, determines the onset of quasi-
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Figure 21: Output characteristic for the ohmic case where is no velocity saturation and
Kirk effect. Three regions can be clearly observed: hard saturation, quasi-saturation and
normal region. The dotted line (l4s) shows the transition between the latter two regions.

saturation, i.e. the transition from the flat region to the quasi-saturation region, which
is given by lqs (dotted line in Fig. 21). The parameter Vy. determines the slope of the
current in the quasi-saturation region.

In practice the transition from one region to the other is not as clear as in the example.
This is due to the influence of the Kirk effect. The output characteristic is almost the
same, but the transitions are more rounded. For I¢c > I mainly SCR¢, determines the
onset of quasi-saturation. The slope is now determined by both R¢, as well as V.. This
illustrates that these two parameters are correlated (see next section).

2.6.5 Extraction of high-current parameters

In the initialisation part of the parameters we have calculated initial values for Iy, Rey
and SCRcy. The initial values of I,c and Rcy are stored and called I¢rit and Repi. During
parameter extraction these quantities are used to define lower and upper bound values for
Ik, Ihe, Rey and SCRc,,. First Iy is extracted from the collector current at high Vcg using
the output-characteristic measurements. At sufficient high Vcg the transistor comes out of
quasi-saturation and therefore the epilayer resistance becomes of minor importance. The
maximum allowed collector voltage is limited by avalanche multiplication. By extracting
first Iy the average absolute value of I¢ should be correct. The output conductance (bias
dependency with Vcg) may be still bad. When I, becomes unrealisticly large (upper
boundary is set to 100 Iit) the initially calculated collector series resistances may be too
large.

In the next step the ohmic resistance R¢, is extracted from the decrease of the current
gain in the forward-Gummel measurement (or from the Vcg = 0 curve measured along
with S-parameters). In Mextram the decrease of the gain due to quasi-saturation is also
affected by the diffusion voltage V. of the collector and both parameters Rcy and Vg are
strongly correlated. It is therefore difficult to extract these two parameters simultaneously.
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Figure 22: Measured (markers) and simulated (lines) forward current gain as function of
the measured base current in the forward-Gummel measurement for the extraction of the
high-current parameters.

In practice we fix the diffusion voltage Vg, based on the doping level of the epilayer. For
advanced transistors with a thin and highly doped epilayer R, becomes small and its
precise value is of minor importance and the initial calculated value may be sufficiently
accurate.

Now we repeat the extraction of Iy because R¢, changes the absolute value of I¢ in the
output characteristic. The output conductance should be modelled now much better and
can be still improved during the following steps. It is important to have the final value of
lx before we start with the extraction of the transit time parameters. The reason is that in
general we do not extract the base transit time tg and the reverse transit time tr. Then
the value of both parameters depends on Iy, see Section 2.6.3.

In the final step we extract the remaining transit time and epilayer parameters simultane-
ously from the fr measurements. The maximum fr at high Vg is used to set the emitter
transit time tg. From the degradation of fr with increasing Ic and decreasing Vcg we
extract Tepj, Inc and SCRc,. The smoothing parameter ay, mainly effects the lower Vcg
curves. In many cases, however, the influence is not sufficient large and the correlation
with the other parameters too strong to extract ay,. The fr drops more abruptly with de-
creasing ay,. The lower limit of ay, is about 0.1 to keep the characteristics monotonic and
the maximum realistic value is about 0.5.

The three steps above are repeated at least once to reach the final parameter values. The
output conductance should now be modelled sufficiently accurately.

Normally process spread should not be very large. One can imagine however that for the
extraction of the high-current parameters one would like to have all measurements that one
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Figure 23: Measured (markers) and simulated (line) collector current in the output-
characteristic measurement for the extraction of the high-current parameters. The dotted
line is lgs, the current at which quasi-saturation start (which is almost independent of the
base current).

needs to be done on the same device. In that case the Gummel plot of the S-parameters
should be used instead of the one done on the DC-structure. Also the output-characteristic
measurement should be (re-)done on the high-frequency structure.

The use of the output-characteristic measurement for the extraction of the high-current
parameters has a disadvantage: it is normally measured at currents that are higher than
where the top of the ft is. This might be beyond the region of interest. An alternative
way to extract the high current parameters is to use only the currents as measured in the
S-parameter measurement (these are Gummel measurements). The advantage is that all
parameters are now extracted using the same bias conditions. The disadvantage is that we
have less control over the output conductance due to the larger influence of self heating.
(The output-characteristic measurement is done at constant base current which reduces
the influence of self-heating. The S-parameters are voltage controlled measurements.)
The extraction is then done by optimising simultaneously I, and Ry, from the Gummel
plot. In the next step T, Tepi, Inc and SCRcy are extracted from fr.

In all description above g is calculated from other parameters and m; is kept constant
(and equal to 1). Only when the results from the extraction procedure gives cause for a
different approach should one consider to fit g and m; along.

Extracted parameters . Rcy, (Vdc), ks SCRcv, (Inc), TE, Tepi, (TB, axiy M)
IC-CAP-functions : MXTic _vce and MXTft

©koninklijke Philips Electronics N.V. 2001 45



NL-UR 2001/801— May 2001 Mextram 504 parameter extraction Unclassified Report

fr (GHz)

. || |||||||3 |||||||2
107 107 107
Ic(A)

Figure 24: Measured (markers) and simulated (line) cut-off frequency in the S-parameter
measurement for the extraction of the high-current parameters.

2.6.6 Avalanche at high currents

Extracting the high-current spreading parameter for avalanche is only necessary when in
the final parameter set extended avalanche is used (EXAVL = 1). One must fully realise
that this can have consequences for the convergence of circuits in a circuit simulator.
Hence this should only be done with a special purpose in mind. This purpose would then
also lead to an idea in what kind of bias-setting the extended avalanche is needed. It seems
therefore logical to let that purpose define how one should extract Sgp.

In general one can of course extract Sg,, from the collector current in the output-characte-
ristic measurement at high voltages and high currents. Only there Sgy, will have an influ-
ence. All other high-current parameters should have their final value before one starts to
look at high-current avalanche. (Note that self-heating is very important in the same bias
regime). Even then, one should not spent too much time extracting this parameter.

Extracted parameter . Skn
IC-CAP-function : MXTic _vce
Equations used from Ref. [2] : Almost all equations for forward mode.

2.6.7 Reverse currents at high injection

When all the high-current parameters have been extracted it is possible to extract Xext
from the absolute values of the reverse currents Ig, Ig en lsypext in the high-current
regime (the subindex ‘ext’ is used here to denote the difference between the external

substrate current and the substrate current in the Mextram model between nodes B, and
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Figure 25: Measured (markers) and simulated (line) collector current in the output-
characteristic measurement for the extraction of the high-current spreading parameter
Sk for avalanche.

C1). Xext can only be extracted if EXMOD = 1, because otherwise the currents do not
depend on EXMOD. This also means that Rg. must be known, since it is the resistance
over which the reverse base-currents are split in a part with Xey: and a part with (1 — Xext).

The reverse currents have to be calculated iteratively. As a free variable we use Vg,c,.
We then calculate Vgc as shown below and optimise Vg,c, such that the calculated Vgc
matches the input. We start with the internal base emitter voltage that can be given as

VB,E; = VBE + IN ReT — (lex + lsub + 183) RaeT, (2.69)

where Iy, lex and lgyp are currents from the Mextram model that have been calculated in
the previous iteration. (The input I is used in the initial estimation.) Note that Vg,g, = 0
since in reverse mode there is no current flowing from B, to By, because all reverse base-
current components are positioned at the extrinsic base-collector junctions. Since the
current is not yet known, we neglect the current modulation in the base-collector depletion
charge (i.e. we take lcap = 0). This has only a minor influence on the final curves. The
main current can then be found from

eV82C2/VT
In = | . 2.70
Nt g (VB,E;» VB,C,) (2.70)

Next we need to solve (iteratively) the junction voltage Vg,c, = VB,c, using the relation

lc,c,(VB,cys VB,c,) = IN, (2.71)
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Figure 26: Measured (markers) and simulated (line) reverse emitter (filled markers) and
base currents (open markers) in the reverse-Gummel measurement for the extraction of
the external region splitting parameter Xex: and possibly the substrate knee current. Note
that no non-ideal reverse base current is present in these measurements.

where in reverse Ic,c, is a relatively simple function of the biases (Mextram uses the Kull
model in reverse). We can now calculate the currents ley, lsun, and Ig, from the equations
in Ref. [2]. The last junction voltage we need is

Vic, = VB;c; + (lex + Isun + IBg) Recr, (2.72)

which is used for the calculation of Xlgx and Xlgp.

With all the results we can calculate the external base-collector bias Vec = Vsc, + (Ig; +
lex + Xlex + In) Rcer. As mentioned before the internal junction bias Vg,c, must now
be iterated such that the calculated external base-collector bias equals the bias as given in
the inputs.

When the iteration loop is finished, we find the following currents

le = InN, (2.738)
Ig = lex + Xlex + lsup + Xlsup + I,, (2.73b)
Isub,ext = —lsub - Xlsub~ (2-730)
Extracted parameters - Xext, (Iks)
Approximations : No current modulation in BC-depletion charge
IC-CAP-function : MXTreverse _currents

Equations used from Ref. [2] : (4.60)—(4.65), (4.153)—(4.163) and others.
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Figure 27. Measured (markers) and simulated (line) substrate current in the reverse-
Gummel measurement for the extraction of the external region splitting parameter Xext
and possibly the substrate knee current.

2.6.8 Reverse transit time

For an accurate determination of the reverse transit time Tr one should have measure-
ments of the ft inreverse. This is not normally done because it requires special structures
on silicon (with collector and substrate connected).

The reverse transit time does have an influence on the fy measured in normal forward
operation for low Vcg (say below 0.5V). Extracting Tr from the forward fr however is
inaccurate since the inaccuracy of the other parameters has a large influence. In practice
it is best to calculate T from Eq. (2.67).

2.7 Some alternative ways to extract parameters
2.7.1 No substrate present

In some cases there is no substrate present (discrete transistors, transistors in SOI pro-
cesses). One can then use the three-terminal version of Mextram. As an alternative one
can set Iss = 0 and Cj; = 0, which has the same effect. All the extractions for the sub-
strate part are then no longer needed. The extraction of the collector resistance is however
more difficult. We discuss this next.
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2.7.2 Collector resistance when no substrate is present

When there is no substrate present, and hence no substrate current, the extraction of the
collector resistance from the Rc.-active measurement is no longer possible. One then
needs to do something else. There are three options.

First, one can extract the collector resistance in the same way as the emitter resistance,
using the Giacoletto method (Rcc-flyback). Now however the transistor has to be op-
erated in reverse. New measurements have to be performed, similar to the Rg-flyback
measurement. This means taking Ig ~ 0, Vgc = 1.0...1.5V and extracting R from
the derivative of Vgc versus Ic.

Second, one can optimise the collector resistance together with Xeyx; from the high cur-
rents in the reverse-Gummel measurement. These high currents are sensitive to both
parameters.

Third, one can extract R from the on-resistance in the output-characteristic measure-
ment (saturation region). To do this an accurate modelling of the reverse gain is important.
The simulated data can only be obtained via an interface to a circuit simulator.

2.7.3 Reverse Early voltage without reverse measurements

The high frequency S-parameter measurements are performed on a structure where emit-
ter and substrate are shorted. This is done to reduce the noise-limit of these sensitive
measurements. The reverse measurements are not possible on this structure. When no
other structure is available, one must work with only the forward measurements.

Some of the parameters can not be extracted. The reverse current gain By is one of
them. Also the collector resistance is difficult (see previous section). The most important
parameter that we normally extract from the reverse measurements is the reverse Early
voltage Ver. We need this parameter, since it influences many forward characteristics as
well. Its extraction must then be done on the collector current in the forward-Gummel
measurement, together with Is (see Sec. 2.5.7). To see the result of the extraction it is
useful to plot I¢ /(Is 8261/ VT which looks similar to the current gain hse (but is a factor
Bz lower). Note that no correction for series resistance, quasi-saturation or high injection
effects is taken into account.

2.7.4 Grading coefficients from Early measurements

As mentioned before it is very difficult to extract the overlap capacitances Cggpo and
Cgco from a single transistor. There is a way of doing it, but it might not be the most
accurate one. To extract them in an accurate way one needs to look at geometric scaling
(see Chapter 4).

The Early voltage is not constant as function of bias. The voltage dependence is de-
termined by the voltage dependence of the depletion charge (either Q. or Qt.). This
voltage dependence is mainly determined by the grading coefficient (pg or pc). It is
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therefore possible to extract the grading coefficient from the curvature of the Early volt-
ages. In practice the collector and emitter current in the reverse-Early and forward-Early
measurements are used to fit the model.

Once the grading coefficients are known one can turn to the capacitance measurements.
Since the grading coefficients are fixed, the only parameter left to extract is Cj. (or Cj.),
together with the overlap capacitance Cggo (or Cgco). It might be clear that the result
does not necessarily give the correct physical value of the overlap capacitances, due to the
rather indirect determination.

2.7.5 Base and emitter series resistances

Although there are various ways to extract emitter and base series resistances, these re-
sistances are notoriously difficult to extract, especially from measurements at only one
transistor. We will say something about the extraction methods here, although we will not
go into detail. For geometric scaling of the resistances see Section 4.3.11.

The extraction of the emitter resistance was already discussed in Section 2.5.9. We will
only discuss the emitter resistance here in as far as it has influence on the extraction of
base resistances.

For the determination of the base series-resistance we think it best to determine it from
calculations based on known process parameters. The variable base-resistance is the ef-
fective resistance of the pinched base. One must take care to take geometrical effects
into account. This includes the numerical factor that describes the fact that not all of the
current needs to go through all of the base. For a single sided base contact, for instance,
with the emitter width Hey, much smaller than its length Len, this factor is 1/3 since we
have

Hem

— M, 2.74
3oy P (2.74)

RBv
where p_ is the sheet resistance of the pinched based. It is important to realize that when
one tries to calculate the base resistance from geometrical considerations, also the emitter
plug effect has to be taken into account.

The external part of the base resistance can also be calculated, depending very much
on the technology, and is modelled with the constant resistance Rgc.. The methods we
describe below are meant as various ways to check the calculated resistances (if possible
for different geometries). If there are no big differences one can keep the calculated
values. If the differences are larger one is probably not taking all resistances into account
(possibly due to problems in the technology).

One of the ways to check the results for the base resistances (as well as the emitter resis-
tance) is given in Ref. [21]. The (total) base resistance can be calculated as function of
bias using both the two-port method and the circle impedance method. Note that in con-
trast to common believe the last method can also be used when the measurements have
been done only at one frequency (together with some DC results). It is not necessary to do
a frequency sweep. Results from the S-parameter measurements can therefore be used.
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In order to get reasonable accurate values of the total base resistance one must be careful to
correct for the emitter resistance. Also an alternative way to extract the emitter resistance
is given in Ref. [21], based on the DC-curves, just as in Section 2.5.9. The results should
be almost equal. Note however that the measurements are possibly done on different
structures (DC-structures versus high-frequency structures) and the probes one uses might
also be different. It is easily possible to get a difference in the emitter resistance of 1 2
due to these effects.

It is well known that the base-resistance is important for the determination of the noise
figure of a bipolar transistor. It seems therefore logical to extract the base-resistance also
from noise measurements [22, 23]. This does have a few problems however. First of
all noise is difficult to measure. When the measurements have been done it is important
to have a very good idea of the total circuit that is measured [24] (including the exter-
nal sources, the wires to the device, the parasitics of bond-pads and finally the transistor
itself). It is therefore difficult to interpret the results. As is the case of base-resistance de-
termination from S-parameters, one must carefully correct for the influence of the emitter
resistance (which is also difficult to determine).

2.8 SiGe parameter extraction

The most important remark we have to make here is that in many cases the extraction of
a SiGe transistor can be done in the same way as that of a pure-Si transistor. The two
extra features discussed below might not be needed. One must realise, however, that the
modelling of the bias-dependency of the Early voltages will not be as accurate as for pure
Si-transistors.

What changes in parameters can we expect? One of the parameters that might change is
ay;. For SiGe transistors it might be smaller, due to the abrupt degradation of the cut-off
frequency and the current gain. Also the collector diffusion voltage V4. might be larger
for the same reason. The emitter resistance might be larger when an emitter epilayer is
present between the high dopes of the emitter and the base.

2.8.1 Gradient in the Ge-profile

For some SiGe processes the Ge-profile is graded. Mextram contains a special formu-
lation to describe this. The parameter dEg of this formulation is the difference of the
bandgap over the neutral base (as it is for zero bias):

dEg = Eg¢(0) — Eg(Wpg). (2.75)
This results in a difference of intrinsic electron concentrations

2
(W) _ dEg/kT.

20 (2.76)
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We assume a linear profile of the Germanium concentration. For the case of no Ge at the
emitter and a high concentration of Ge at the collector dEg is positive. Another thing to
note is that dEg should be given in electron-Volts. This implies that for calculations we
need to correct with a factor 1.6 - 10~1°, the value of the unit charge in Coulomb. In the
formal documentation we therefore find q dEg/kT = dEg/ V7 instead of dEg/KT .

The most direct way to determine dEq is by using process knowledge. In this way dEg
gets a fixed value. This can be done before any other parameters are extracted.

There is also another way of extracting this parameter [25], although we have no ex-
perience here. Two dedicated measurements are needed. We take a forward bias Vg,
preferably the same as used in the forward-Early and reverse-Early measurements. The
first measurement consists of measuring the collector current I¢ ¢+ and the forward out-
put conductance gout.f = dlc/dVce as function of temperature at fixed Vgg = V. The
second measurement consists of measuring the emitter current Ig  and the reverse output
conductance goyt,r = dlg/dVeg as function of temperature at fixed Vgc = Vg. This is
the reverse measurement of the first measurement, at the same forward bias.

The bandgap difference can now be found from the relation

| C
dEq = kT (m Joutr 5 n ZEL BE‘) . (2.77)
Qout,f Ic, ¢ Cege,t

Note that dEg should be given in electron-Volt for the parameter list. The last term
with the capacitances is an extra correction term. The base-emitter depletion capacitance
should be measured together with the reverse measurement, the base-collector depletion
capacitance with the forward measurements. In practice it is rather time-consuming to
measure them. As an alternative one can use the capacitances as predicted by Mextram
(once these are known).

When one extracts the parameter in this way the result is not quite the bandgap difference
over the neutral base in zero bias, but rather AEg = E4(0r) — Eg(Wg, ), where the actual
boundaries of the neutral base are used. The error is small however.

It is important to check afterwards if the value taken for dEg is not too high. If it is, the
collector-bias dependence of the cut-off frequency as given by the model is too large. One
should then decrease dEg and redo the extraction of the other parameters. Note that the
actual Early voltages can be much larger or smaller than the corresponding Early voltage
parameter when dEg # 0.

Although the model formulation was intended for graded Ge-profiles only, we found that
it can be useful also for other Ge-profiles. (dEg might even become negative.)

Extracted parameters . dEg
IC-CAP-function : None
Equations used from Ref. [2] : None
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2.8.2 Neutral base recombination

When recombination of electrons and holes in the base leads to a significant contribution
of the base current, one must make use of an extra feature of Mextram that describes this
effect. The corresponding parameter X,ec can be extracted from the same measurement
as the avalanche parameters: the base current in the forward-Early measurement. The
base current at small Vcg will no longer be constant. Instead it will decrease with Vcg.
At higher collector-base voltages the decrease will be even more pronounced. This latter
effect is, as before, due to avalanche. The parameter for the neutral base recombination
therefore has to be extracted from the smaller Vcg’s [26]. The equation for the base
current that one can use is

V,
le, = lgo {1 + Xrec (1 — Xlg,) V—t] — la. (2.78)

ef

This equation must be used in e.g. MXT_veaf ib and MXT_forward_hfe

The extraction has to be done after that of the Early voltages, since Vet is needed. The
base current Igg at Vcg = 0 is the same help-variable that has been used for the extraction
of the avalanche parameters.

When the forward base current depends on the collector voltage, some of the assumptions
we made for the extraction of some other parameters are no longer valid. In some extrac-
tion routines this has been taken into account, in other routines it has been neglected.

Note that in quasi-saturation Xec also influences the forward base current, which can be
seen in the Gummel plot. When the effect as modelled is too large, one must reduce Xyec.

Extracted parameters : Xree, (Wavl, Vaul)
IC-CAP-function : MXTveaf _ib
Equations used from Ref. [2] : (4.173)

2.9 Some left over extraction issues
2.9.1 Thermal capacitance

The thermal capacitance can only be extracted when either time-resolved or frequency
dependent measurements are performed. We will discuss both ways, although we do not
have experience in either method. It is important to realize that having only a single ther-
mal resistance and thermal capacitance means having only one time-constant. The actual
response of the transistor will in general be more complicated (more time constants). To
model this one needs to make use of the node dT of the thermal network [2] and model
the thermal behaviour externally. Of course the extraction will become more difficult.

The first method is the time-resolved measurement [19, 20]. In a similar way as we
used to extract Ry, we can make use of the base-current and the emitter-base bias to
make a temperature sensor: for fixed Vge the base current will increase as function of
temperature. When we now use a time-dependent measurement where the base-emitter
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Figure 28: Base current in the forward-Early measurement for the extraction of the neu-
tral base recombination parameter X,ec. Markers are Medici simulations, lines are Mex-
tram simulations. Normally avalanche would be present also, but this has not been in-
cluded in the Medici simulations. Xec is in this example still small (~ 0.05).

voltage is stepped abruptly to a high value, the base-current will increase as function of
time due to self-heating. After some time it will saturate. The corresponding time constant
of the rise of Ig is the thermal time constant Ry, Cy,. It will be of the order of 1 us. The
experiment can be done for various collector-emitter biases.

The alternative way of determining the thermal capacitance is by doing frequency depend-
ing output-conductance measurements. This is the same technique as used for MOSFET’s
[27, 28]. The collector current in the output-characteristic measurement increases with in-
creasing Vce. This is the Early effect. When self-heating is important this increase will
be larger (or in some cases smaller, depending on the temperature behaviour of h¢). Also
the derivative of the collector current w.r.t. Vce will therefore be larger. This derivative
is the low-frequency output conductance. For higher frequencies the self-heating effect is
too slow to follow the variations in bias. The temperature of the device will therefore be
constant. The high-frequency output conductance is then the derivative of the collector
current at the fixed but elevated temperature. It only contains the Early effect. In gen-
eral it will be smaller than the low-frequency output conductance. Measuring the output
conductance as function of frequency will therefore show a certain value at low frequen-
cies, followed by a smaller value at high frequencies. The transition frequency is directly
related to the time constant Ry, Cy,. By comparing measurements with simulations and
using the known thermal resistance we can extract the thermal capacitance.

©koninklijke Philips Electronics N.V. 2001 55



NL-UR 2001/801— May 2001 Mextram 504 parameter extraction Unclassified Report

2.9.2 \Verification of Y -parameters

For the verification of the Y -parameters it is necessary to measure the Y parameters also
over frequency. One can then plot the real and imaginary parts of all the Y -parameters
and compare these to the results of the Mextram model. (To do this an external simulator
is needed.)

In Fig. 29 we show a general small-signal circuit for bipolar transistors. This circuit can
be used up to intermediate current levels and frequencies to get an idea what parts of the
model are most important for the various Y -parameters. When we take the lowest two
orders in the frequency expansion of the four Y -parameters (and assume gm rg/B8 < 1)
we get

Y11 = 0m/B + jo[Cex + Cin + Cgel], (2.79a)
Y21 = 0m — Jo[Cex + Cin(1+gmrs) + Ce gmre] (2.79b)
Y12 = —0?rgCin[Cin+CgE] — jo [Cex + Cin], (2.79c)
Y22 = Qout + jo [Cex + Cin(1+gm re) + Csc] - (2.79d)

One can therefore find the different capacitance contributions from the Y -parameters at
low frequencies. For higher frequencies the circuit of Fig. 29 can still be used but the
equations above have to be modified. For higher currents, however, the full equivalent
circuit of Mextram has to be taken into account.

Note that it is very important that the actual operating point of the measured and simulated
transistor are the same. In practice this means that the collector currents must be the same.
This is not always the case when the transistors have the same external biases and the
modelling of the resistances is not completely accurate.

[l Cex [l CSC
[l [l
[l Cin
[l

wn°

00

Om VB,E

Jout

Figure 29: Small-signal equivalent circuit describing the approximate behaviour of the
Mextram model at small currents. Note that in the S-parameter measurement the nodes S
and E are connected.

One of the other things that needs to be taken into account is the fact that the link be-
tween emitter and emitter bond-pad contributes a self-inductance. This self-inductance

56 O©koninklijke Philips Electronics N.V. 2001



Unclassified Report Mextram 504 parameter extraction May 2001 — NL-UR 2001/801

should be de-embedded using the short structure [4]. This structure is however not al-
ways present. The self-inductance then adds effectively to the emitter resistance. The
inductance can be estimated by multiplying the length of this link by 1nH/mm. This
extra impedance has an influence on the Y -parameters at higher current levels, as well as
on the base-resistance extraction.
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3 Temperature scaling

In this chapter the extraction of the parameters in the temperature scaling rules are treated.
The Mextram model has 14 parameters dealing with temperature scaling. There are 43
electrical parameters to describe the characteristics at the reference temperature of which
16 are temperature independent. So there are more electrical parameters that scale with
temperature then there are parameters for that.

To extract the parameters and to verify the scaling rules measurements should be done
preferably both at lower and higher temperatures with respect to the reference tempera-
ture. One should include the temperatures at the limits of the specifications (say —40°C
and 125°C). On-wafer measurements are, however, difficult for temperatures below freez-
ing. For high temperatures (> 125°C) one must realize that due to oxide formation be-
tween probe tips and contact pads the contact resistance will increase rapidly with time,

3.1 The temperature parameters and their influence

In Table 6 the cross reference between the temperature parameters and the electrical pa-
rameters is listed. As is clear from this table certain temperature parameters, especially
those related to the active base like Ag,,, Ag and Vg, occur in many other electrical
parameters. This implies that a one way extraction of the temperature parameters is not
possible. Furthermore, not all temperature parameters, especially those of the series re-
sistances, can be accurately extracted from transistor characteristics. We need to keep this
in mind while doing the parameter extraction.

Table 6: Summary of the occurrence of the temperature parameters in the temperature
scaling rules of the electrical parameters. Especially temperature parameters related to
the intrinsic base occur in many electrical parameters.

1| AQg |Ver Vet Is Bt Rpy 8 TR lks dEg
2| Ae Re Br

3| As Rev Bt Is Ik T 718 TR Iks
4 Aepi Rey Tepi TR

S | Aex Rac

6 | Ac Rce

7 dVgﬂf B

8 dVgﬂr ﬂri

9|Vge |ls Ci Vi Ver ls

10 | Vg, Cic Vdo Xp lgr Vet

11| Vg | et

12 dVgrE TE

13| Vg, |lss s Ci Vae

14 | As lss ks

The resistances normally increase with temperature. Their dependence is mainly deter-
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Figure 30: The mobility exponents A versus doping concentration for majority electrons
(solid line), majority holes (dashed line), minority electrons (dotted line), and minority
holes (dashed-dotted line). The numbers have been found by fitting the model of Ref. [8]
to u = T ~* over a temperature range between T = 200°C and T = 500°C.

mined by the doping level of the corresponding region. The doping level determines the
mobility temperature coefficient A which is needed to describe the mobility as function
of temperature: u ~ T ~A. When the doping levels of the emitter, base and collector re-
gions are known one can obtain from literature the mobility temperature coefficients Ag,
Ag, Acpi, Aex, Ac and Ag. This procedure to determine the mobility coefficients signif-
icantly reduces the amount of extraction work. Results based on Ref. [8] are presented
in Fig. 30. In most cases the majority mobility exponent needs to be used. The mobility
exponent Ag is used for both majority and minority mobility in the Mextram description.
An intermediate value is then an option.

All the remaining temperature parameters, except dVg, ., can be extracted from transis-
tor characteristics measured at small and medium current levels. The extraction of the
Mextram low current parameters like the Early voltages Ver, Ve, the saturation currents
s, Iss and Igs is simple and in most cases accurate values can be obtained at the various
temperatures. Also the temperature dependence of the forward and reverse current gain is
clearly seen from measurements.

The extraction of the high current related parameters like I and the collector epilayer pa-
rameters Rcy, SCRcy and I is hampered due to self-heating. To be able to account for
self-heating we need to know the temperature rise. This temperature rise can be calculated
from the dissipated power and the temperature dependence of the collector and base cur-
rent. As argued before the temperature dependence of both the collector and base current
can be extracted from measurements at small current level over temperature. Therefore
the best place to extract the temperature parameters is before starting with the high current
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Table 7: Extraction sequence to obtain the temperature parameters. The third column
indicates the preferred choice from the list of electrical parameters to extract accurately
the temperature parameters. In brackets some alternatives are indicated.

1 AQBO Ver (Vef)
2| Vgs | s

3 Vgc I Br (CJC)
4|Vg | lgg

6 dVg/_‘ir ﬂri

8 Vgs ISS

parameter extraction. Then we have accurate temperature parameters to take into account
self-heating at high current densities.

There are more electrical parameters then temperature parameters (see Table 6). There-
fore, for each temperature parameter, we choose an electrical parameter from which we
will extract the temperature parameter. (This is easier than doing a fit over all the elec-
trical parameters and it gives more control.) The sensitivity of the electrical parameters
with respect to temperature (large sensitivity gives an easy extraction) and the importance
of some characteristics define the choices. The advised choices are listed in Table 7.

The bandgap voltages of the base, collector and substrate can be extracted from the in-
crease of the saturation currents s, Igs, Igr and lsg with temperature. Due to the large
sensitivity of a saturation current with temperature an accurate extraction is possible. The
extraction of the non-ideal reverse base current parameter Ig, may be difficult when the
substrate current dominates the total reverse base current. As an alternative the tem-
perature dependence of the base-collector depletion capacitance Cj. at zero bias can be
used. Because depletion capacitances only slightly increase with temperature accurate
capacitance measurements are needed to extract reliable bandgap voltages from those
measurements. (This is also true for Cj. and Cj;. Their bandgap voltages can, however,
be accurately obtained from the temperature dependence of Is and Iss.)

The temperature coefficient Ag,, for the neutral base charge Qg can be extracted from
the reverse and/or forward Early voltage. The temperature dependence of the forward
and reverse current gain is given by dVggs and dVgg,. Usually the cut-off frequency fr
decreases with temperature and this can be characterised by dVg..

3.2 Different extraction procedures for temperature parameters

Different extraction over temperature procedures are possible for IC transistors and dis-
crete transistors. In an IC process one has transistors with different dimensions and the
electrical parameters at the reference temperature are calculated using geometric scaling
rules. The temperature parameters are always taken geometry-independent. Therefore
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only for one transistor (the reference transistor) the temperature parameters are extracted.
No attempt is made to have the best fit for all geometries over temperature. This of course
reduces also considerably the measurement effort.

For a discrete transistor one has just one geometry and therefore it is more viable to strive
for the best fit over temperature. This will of course lead to a less than optimal result at the
reference temperature itself. All electrical parameters now have to be extracted at each
temperature. Both the parameter value at the reference temperature and its temperature
scaling parameter are extracted from the all measurements. For temperature independent
parameters the average value over temperature can be taken.

Different methods can be used to extract temperature parameters depending on the desired
accuracy.

1. The simplest way to extract temperature parameters is to use only a limited data
set at one elevated temperature, together with the data at the reference temperature.
First we extract the parameters at the reference temperature. Then we repeat the
extraction at a high temperature (e.g. 100°C). Instead of extracting the electrical
parameter (column 3 in Table 7) from the measurements at the elevated tempera-
ture, we extract the corresponding temperature parameter (as shown in column 2 in
Table 7). The main advantage is that no additional software is needed because we
can use the standard extraction routines of the single transistor which contains the
temperature scaling rules for all electrical parameters.

As an example we look at the saturation current Is and its temperature parameter
Vg Both are extracted from the collector current in the forward Gummel plot. |s
is extracted using the measurement at the reference temperature. Using the already
extracted saturation current Is and the temperature scaling rule of Is, we extract Vg,
from the measurement at the elevated temperature. The extraction conditions for
Vg, are the same as for Is (no high injection, no quasi-saturation, negligible voltage
drop over base and emitter resistance).

Because we use only one high temperature the accuracy of this method depends
upon the reliability of the extraction at this temperature point (i.e. it must not be an
outlier).

The temperature parameters are extracted before the extraction of the high current
related parameters, because we can then accurately correct for self heating due to
power dissipation. The extracted parameters at the reference temperature are copied
to the file containing the high temperature measurements. Here we do the extrac-
tion of the temperature parameters as depicted in Table 7. When we are finished
the parameter list is copied back to the file with the measurements at the reference
temperature and we can proceed with the extraction of the high current related pa-
rameters and the cut-off frequency fr.

2. We can improve the overall accuracy of the previous method by using the charac-

teristics at all temperatures for which data is available. The main advantage of this
procedure is that one can check the correctness of the temperature scaling rules by
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looking at the plots with extracted and simulated parameters as function of temper-
ature. This procedure is accurate for the extraction of the temperature parameters
in an IC process. We need additional software containing the Mextram temperature
scaling rules to convert the parameter set at the reference temperature to all other
temperatures. Also additional extraction and plot routines for the parameters over
temperature are required.

We start with the extraction of the capacitance and the low and medium current
levels related parameters at the reference temperature. We use this parameter set to-
gether with initial temperature parameters to create the parameter sets for all other
temperatures. In all of these generated parameter sets we put the reference tempera-
ture T,ef to the elevated device temperature TEMP. For each of the temperatures we
then do the extraction for the electrical parameters mentioned in Table 7. Since they
all have there reference temperature equal to the actual temperature, the tempera-
ture scaling rules of the extraction routines are not used during these extractions.
Note that the temperature independent electrical parameters are the same for all
temperatures when the above procedure is followed, because we have set them to
the values extracted at the reference temperature, and have not extracted them at
elevated temperatures.

Next the extracted electrical parameters as function of temperature are collected
as target data for optimisation. The value of the electrical parameter at the refer-
ence temperature and its temperature parameter as listed in Table 7 are optimised
together. By extracting simultaneously the electrical parameter and temperature
parameter we get the correct slope with temperature. The value of the electrical
parameter should then be set back to the original extracted value at the reference
temperature (the value that will ultimately be determined by geometric scaling),
before continuing with the extraction of the high-current parameters.

Next we proceed with the high current related parameter extraction at the reference
temperature including the cut-off frequency. After finishing the extraction at the
reference temperature the parameter set is converted to all other temperatures and
copied to the respective files to extract the last temperature parameter dVg, .. From
the maximum of the cut-off frequency ft the neutral emitter transit time parameter
T IS extracted for all temperatures. Finally the extracted values of Tg are plotted
versus temperature to extract dVg...

. In the third method we try to find the best fit for all measured data over temperature.

This can be an extraction strategy for a discrete transistor.

One way to achieve this is by simultaneously optimisation of all data over temper-
ature. This is not recommended for reasons we now discuss. Look for instance at
the base-emitter capacitance. One can extract Cj. and pg using the data from all
temperatures. While doing this we keep V. and Vg, (estimated before from Is) at
their predefined values. The extracted parameters Cj. and pg then yield the mini-
mum error between measured and simulated data. The disadvantage of this method
is that we do not extract the individual parameters at each temperature. When there
are unexpected differences between the Mextram model simulations and measured
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data you do not know whether it is due to shortcomings in the electrical model (bias
dependency) or in the temperature model (temperature dependency). Also we are
not sure that the best physical parameter set is found. For instance, suppose that we
extracted for each individual curve a constant grading coefficient pg = 0.5. The
capacitance at zero bias, however, does not follow properly the scaling rule of Cj..
To compensate for this non-ideal behaviour of C_ a grading coefficient unequal to
0.5 will be extracted when doing the optimisation of all temperatures as mentioned
before. Mainly for these two reasons we will not optimise simultaneously all data.

The method we prefer, is to do a complete parameter extraction at each temperature
as performed at the reference temperature. As done in the previous method the
total parameter extraction procedure is split into two parts. In the first part the
capacitance parameters, the parameters at low and medium current levels and the
temperature parameters are extracted. In the second part the parameters from the
high current regime and the cut-off frequency fy are considered. The extracted
parameters are plotted versus temperature. There are three possible cases:

e A parameter has a temperature scaling rule and the corresponding tempera-
ture parameter should be extracted using this rule (e.g. Vg, from Is). These
are the parameters listed in Table 7. We extract simultaneously the electrical
parameter at the reference temperature and the temperature parameter. These
parameters should be extracted first to have accurate temperature parameters
for the following case.

e A parameter has a temperature scaling rule and the corresponding tempera-
ture parameter is not extracted using this rule (like Vg, and Cj. and the series
resistances). Now we extract only the electric parameter at the reference tem-
perature to get the best fit over temperature.

e A parameter is temperature independent. In this case we take the average
extracted value over temperature.

At this stage we have a first parameter set. This set still needs to be improved.

e We repeat the extraction of pc from the base collector capacitance with a
predefined value for X, according to the scaling rule. The reason is that pc
and X, are correlated.

e The avalanche parameter Wy, is extracted with a constant value for V4, over
temperature. Because Vg, is constant also the extracted values for Wy, will
vary less with temperature.

e The forward and reverse Early voltage extraction is repeated because pg, Xp
and pc slightly effect Ve and Vegt.

e The extraction of the parameter value at the reference temperature has to be
repeated for pc, Wayi, Ver and V.

Now we proceed with the extractions of the knee current Iy, the epilayer and the
transit time parameters at each temperature. The over temperature scaled parameter
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set is used instead of the initially extracted parameters. Self heating of the device
can taken accurately into account because we know already all temperature parame-
ters except dVg... The thermal resistance Ry, may be extracted at each temperature
or a constant average value can be taken. Note that Mextram does not have a scaling
rule for it.

After finishing this parameter extraction the obtained parameters are plotted ver-
sus temperature. The parameter value at the reference temperature is extracted to
achieve the best fit over temperature for Iy, Rcy, SCRcy, lhe, Tepis T, TE and
dVg:.. Then we recompute all the electrical parameters and repeat the optimisa-
tion of fr with only tg as parameter to improve the dependence of the maximum
of fr with temperature. In the final step g and dVg, are refined from the new ¢
values.

In summary three different extraction strategies for the temperature parameters are ex-
plained. The first method can be used for a fast but less accurate temperature parameter
extraction, the second method can by applied to an IC transistor, and the third method to
a discrete transistor.

3.3 Experimental examples

In this section experimental results of the extracted and simulated electrical parameters
listed in Table 7 are shown as function of temperature.

The temperature coefficients of the series resistances are difficult to extract from transistor
characteristics. Usually the sheet resistance of a certain layer is obtained from special test
structures. The same structures can be used to determine the temperature coefficient. In
this example we take Ag = 0, Ag = 0.9, Aex = 0.5, Ac = 1 and Ag = Agpi = 2.5.

In Figs. 31 and 32 the reverse and forward Early voltages Ver and Vgt are plotted. The
temperature parameter Ag,, may be extracted using both Early voltages. The parameters
Vg and Vg, to be extracted in the following steps have only a slight influence on the
extracted value of Aq,,. Therefore reasonable initial values for Vg, and Vg, are in general
sufficient. The extracted value for Ag,, is 0.131.

From the forward Gummel plot the collector saturation current Ig, the non-ideal base
current Igf and the forward current gain B are extracted. The plots are shown in Figs. 33,
34 and 35. The saturation currents are strongly temperature dependent and therefore the
corresponding temperature parameters are easy and accurate to extract. The extracted
values are: Vg, = 1.15V, Vg = 1.07V and dVggs = 25.8mV. As seen in Fig. 34
the parameter value at the reference temperature Bs is extracted simultaneously with the
corresponding temperature parameter dVygs to get the correct temperature dependence.
Would we have fixed Bs at the reference temperature the temperature dependence would
have become too small, due to the low value of Bsat T = 25°C. Afterwards B¢ may be set
back to the original value as extracted at the reference temperature. The same procedure
is followed in the other cases.

From the reverse Gummel plot the substrate saturation current Isg, the reverse gain g, of
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Figure 31: Extracted (markers) and simulated (line) values of the reverse Early voltage.
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Figure 32: Extracted (markers) and simulated (line) values of the forward Early voltage.
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Figure 33: Extracted (markers) and simulated (line) values of the collector saturation
current.

130
125 " _
T _ _
Q& — -
120+ . _
115 i | | | | | ]
0 25 50 75 100 125 150

Temp (°C)

Figure 34: Extracted (markers) and simulated (line) values of the forward current gain.
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Figure 35: Extracted (markers) and simulated (line) values of the non-ideal forward base
current.

the intrinsic NPN transistor and the non-ideal reverse base current Ig, are used to deter-
mine the reverse temperature parameters. The plots are shown in Figs. 36, 37 and 38. The
extracted parameter values are: Vgo = 1.17V, Vg. = 1.18V and dVgg, = 24.6 mV.

From the maximum of the cut-off frequency fr the emitter transit time parameter tg is
extracted and the results are shown in Fig. 39. The cut-off frequency slightly decreases
with temperature. The extracted parameter value for dVg, . is 36 mV.
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Figure 36: Extracted (markers) and simulated (line) values of the substrate saturation
current.
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Figure 37: Extracted (markers) and simulated (line) values of the reverse current gain of
the intrinsic NPN transistor.

68 ©Konink|ijke Philips Electronics N.V. 2001



Unclassified Report Mextram 504 parameter extraction May 2001 — NL-UR 2001/801

10 10

10—11

Ibr(A)

10—12

10—13

107 | I I | I
25 50 75 100 125
Temp (°C)

(e
[
a1
o

Figure 38: Extracted (markers) and simulated (line) values of the non-ideal reverse base
current.
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Figure 39: Extracted (markers) and simulated (line) values of the emitter transit time.
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4 Geometric scaling

In I1C design it is important to have a geometrically scalable transistor model. The Mex-
tram model has a sound physical base and describes the various physical parts of the
transistor. Therefore the parameters of Mextram scale excellently with geometry. Using
this physically based geometry scaling it is possible to introduce statistical modelling [ 6].

A very simple MULT-scaling is present in the model. This scaling is accurate when
transistors are put in parallel. All current and capacitance parameters are multiplied with
MULT and the resistances are divided by MULT.

For IC transistors with different emitter dimensions the MULT-scaling is not very accu-
rate especially for narrow devices. Therefore we will provide geometric scaling rules for
the main electrical parameters for use in an IC process. Note that these geometric scaling
rules are not part of the Mextram model. What we will show is a simple way to describe
the geometry scaling of Mextram. It can act as the basis of a scaling model. A complete
scaling model is only possible if the actual process is know, since number of base and col-
lector contacts and precise design (the number of emitter fingers for instance) determine
the eventual model. It is for this reason that Mextram itself does not contain a scaling
model.

Many of the Mextram parameters scale with an area component and one or two sidewall
components. The scaling parameters are then the specific value per unit area or per unit
sidewall length. To be able to extract reliable scaling parameters it is important to have
transistors available with a large aspect ratio between the emitter area and perimeter.

In general the parameters describing the high collector current regime and degradation
of the cut-off frequency fy are correlated in some extend and therefore it is difficult
to discriminate these parameters unambiguously for a single transistor. Especially the
geometric scaling rules of the collector epilayer parameters gives additional information
to discriminate these parameters.

This chapter of the report is organised as follows. In the following section we discuss
the general procedure for geometric scaling. We discuss the effect of the difference A
between the mask dimensions and the dimension in silicon. A method to determine A of
the emitter is given. Next the selection of transistor geometries to be used is treated in
more detail. Then the geometric scaling of most of the Mextram parameters is presented.
Finally, we briefly discuss statistical modelling.

4.1 General procedure

Many of the Mextram parameters scale with an area component and one or two sidewall
components (corner components can be included if necessary)

P=P°HL+2P(H+1L). (4.1)

Here P is the actual parameter, PP is the bottom component, P* is the sidewall compo-
nent, and H and L are the effective width and length (these might be the emitter dimen-
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sions, or the base dimensions, etc., depending on the parameter). Note that the so-called
unity parameters [6] P, PP and PS¢ all have different units. The expression (4.1) holds for
non-walled emitters. In the case of walled emitters a difference must be made between
oxide sidewalls and silicon sidewalls. We will not discuss this case here.

To determine the bottom and sidewall components we we plot from our extraction results
P/(H L) versus the aspect ratio 2 (H + L)/(H L). This should give a straight line. The
bottom component PP is the intersection with the vertical axis. The slope of the line gives
the sidewall component PS.

Some other parameter do not scale with an area. The formula we use then is Eq. (4.1)
divided by the area:

2 2
P=PypPS({Z4+2). 4.2
+7* (5+7) @2
The bottom and sidewall components are now determined by plotting P itself versus the
aspect ratio2/H +2/L.

In many cases the complete layout of the transistor (i.e., the dimensions of all the masks),
is determined by the emitter width Hem and length Leyn. The dimensions of the base
(Hpase @and Lpase), the collector, the isolation etc. are then given as function of the emitter
dimensions. In such a case there are only two dimensions that can be changed indepen-
dently.

The possibility to determine more unity parameters for a single electrical parameter de-
pends on the number of independent geometric dimensions. The base-collector depletion
capacitance, for instance, depends on base dimensions, but also on the emitter dimen-
sions. It is, therefore, useful to be able to vary the base dimensions independently of the
emitter dimensions. One possibility is to make use of different layout styles, like having
either one or two base contacts, one or two collector contacts, or multiple emitter fingers.
(Again, since the possible variations are endless, geometric scaling is not an integral part
of Mextram, but must be done outside the model.)

4.1.1 Mismatch between mask and electrical dimensions

In some cases we do not only need the value of the parameter (like Cj.) but also the ratio
of the sidewall component and the area component (needed for instance for XCj.). It
is then important to know what the actual sidewall component is. The extracted value
depends however very much on the dimensions we take in Eq. (4.1), as we will show
below.

In general we can write for the effective lengths

H = H™—AH, (4.3a)
L = L"—AL, (4.3b)

with H™ and L™ the mask dimensions and AH and AL the difference between the mask
dimensions and the real (or electrical) dimension. These differences might be due to out-
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diffusions, oxide spacer etc. Normally we know only the mask dimension H™ and L™,
while AH and AL are unknown.

Note that in most cases it is not useful to have botha AH anda AL. From a process point
of view there should often be no difference. Furthermore, the A is most important for the
smaller dimension (H) and has already less influence on the other dimension.

When we plot from our extraction results P/(H™ L™) versus the aspect ratio 2 (H™ +
L™ /(H™ L™) we get a straight line in which PP is the intersection with the vertical
axis and Pg; the slope of the line. The extracted area component of the parameter is
independent of the assigned difference between mask and effective dimension. However,
the sidewall component is strongly affected. Substitution of Eq. (4.3) into Eq. (4.1) with
AH = AL = A gives

P = PP (H™L"— A (H™+L") +A%) +2P% (H" + L™ - 24)
~ PPHM™LM™ 42 (H™+L™) (P°—1PPA). (4.4)

We see that the effective sidewall component is given by P& = PS — 3PP A. So the
actual sidewall component P* one finds depends directly on the A one uses. Note that
the effective sidewall component can take any value (positive or negative). For most
parameters it is not very important which A one chooses. For a parameter like XCj. we
need the actual sidewall component P* and not the effective one. To extract PS accurately
in this case one needs to know the value of A.

4.1.2 Determination of the effective junction lengths

There is no direct and obvious way to determine the length offset A from electrical mea-
surements. The easiest way to give at least a reasonable value is by looking at the process
and determining a physical value for A. This value (or the one found below) should then
be used for all parameters that scale with emitter geometry. The same can be done for
other dimensions.

As an alternative for finding A using electrical measurements one can consider the collec-
tor current in the forward-Gummel measurement. This can be done at a given base-emitter
bias of, say, Vgg = 0.7 V. The main contribution to A is due to the oxide L-spacers and/or
out-diffusions. To determine A the collector current is defined as

IC = ICb (Hen;n — Aem) (Lg]m - Aem) s (45)

where we did not include the sidewall contribution. The parameters ch and Aeq are
obtained from a least square fit to the data measured for various geometries.

For the collector-base junction the mask dimension of the base region may be used and
for the collector-substrate junction the mask dimension of the buried layer (BN). These
junction areas are usually much larger than the emitter area and therefore a correction with
Apase O Acoy is less important. For simplicity we will neglect those in the following (i.e.
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we take Apase = Aconn = 0). Note that taking another value for these offset values will
result in other values of the scaling parameter for the sidewall components, as discussed
before. But again one should use the same Apase OF Aco for all parameters.

Once we have effective widths and lengths Hem, Lem, Hbase, Lbase €tC. we use these for
all Mextram parameters related to the emitter-base, base-collector or collector-substrate
area.

4.1.3 Choice of scaling parameters

From the previous discussion we see that there are actually two different ways of including
sidewall components. One can either use Eq. (4.1), once the dimensions H and L are
given, or one can use

P=P°(H-A)(L-A). (4.6)

(This second method can not be used in the case we need the actual ratio of sidewall and
bottom components, as discussed before.) In the first case the two fitting parameters are
PP and PS. Inthe second case they are PP and A. Using however all three parameters PP,
PS and A as fitting parameters is not very sensible, since P* and A have almost the same
effect. Hence we recommend to fix A and use Eq. (4.1) with the correct dimensions. If
one needs a third fitting parameter one can include a corner contribution P¢ in Eq. (4.1).

4.2 Selection of transistors

To be able to extract reliable unity parameters it is important to select transistors with a
large aspect ratio. The aspect ratio is defined as the ratio between perimeter and area

aspect ratio =

2L _(2,2) )

HL H L
The aspect ratio of the largest (square) transistor should be sufficiently small (H = L =
10...20 um) to extract accurate floor components. This is especially important for the
depletion capacitances, avalanche currents, Early effect and the saturation currents of
collector, base and substrate. These large structures can not be used for the high current
related parameters due to self-heating and current crowding in the active base region.

It is recommended to have at least one row of say five transistors with constant lateral
emitter width and various emitter stripe lengths and one row of transistors with constant
emitter stripe length with various lateral widths, all having the same transistor layout.
This means that we need at least nine transistors.

Next devices with different layout styles (one or two base contacts, one or two collector
contacts etc.) may be added. For comparison purposes it is convenient that the emitter
dimensions of these devices also exist in the two standard rows.
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For a good extraction the selected devices should also be available with a short between
the emitter and substrate terminals. These structures are needed for the high frequency
S-parameter measurements.

4.3 Geometric scaling of Mextram parameters

In the following sections the geometric scaling of the various Mextram parameters will
be treated. The extraction of the geometric parameters should be done parallel with the
extraction of the electrical parameters. This means for instance that after the extraction of
the capacitances one should first do the geometric scaling of the capacitances before going
on with the extraction of the other electrical parameters. In the subsequent extraction
steps one must then not use the originally extracted values of the capacitance parameters,
but rather the scaled values. In this way extraction noise and correlation between the
parameters can be reduced. (For instance, if the value of pg shows some optimiser noise,
this will affect the value of Ve, since these are correlated. By taking the value of pg
after geometric scaling, this correlation will have no effect when one does the geometric
scaling of Ver).

4.3.1 Base-Emitter depletion capacitance

The base-emitter depletion capacitance Cgg has three parameters: the zero volt capaci-
tance Cj., the diffusion voltage V4. and the grading coefficient pg. (We will discuss the
overlap capacitance in the next section.) It is assumed that Cj. is made up by a bottom
component ijE and a sidewall component CJPE. For simplicity we neglect a corner con-
tribution. It may be important for the minimum size transistor. However, the capacitance
of this transistor is difficult to measure accurately due to the small size (relatively large
spread). Therefore we have as a simple geometric scaling rule

E

Cje = C% Hem Lem, (4.8a)
CJPE = ZC?E (Hem + Lem) . (4.8b)
f P
Cie = Cje +Ce: (4.8¢)
Cje
XCJE = C—.. (4.8d)
J

The Mextram parameter XCj. is the fraction of Cj_ that belongs to the sidewall.

The bias dependency of the capacitance is given by the diffusion voltage and the grading
coefficient. We assume that the bottom and sidewall part have their own bias depen-
dency. Then the bias dependency of the compound capacitance is approximated with the
weighted sum of bottom and sidewall component of the capacitance

Vo = (1—XCj) Vg, +XCic V. (4.92)

E

pe = (1—XCj) pL + XCj. p. (4.9b)
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Because Vy. and pg depend on ijE and ijE we have to optimise them after Cj.. The
advantage of the above formulation is that for any geometry the diffusion voltage and
the grading coefficient always lie between the value specified for the bottom and sidewall
component. This can not be guaranteed when a first order approximation is used e.g. for
the grading coefficient

p 2 (Hem + Lem)

b
4-10
PE PE Pe Hern Le ( )

For a negative value of pE (as is usual the case) the grading coefficient decreases with
aspect ratio and may become negative for large aspect ratio’s.

The diffusion voltage Vq. of the base-emitter junction is relatively high and difficult to
extract from measurements. It is also strongly correlated with the grading coefficient.
Therefore we often make the diffusion voltage geometry independent (deE = VdSE).

4.3.2 Base-Emitter overlap capacitance

The extraction of the overlap capacitance is not an easy one. This is due to fact that there is
some ambiguity between the overlap capacitance and the grading coefficient: both can be
used to describe the same measurement. Our first remark is, therefore, that in many cases
it is very well possible to do without it (i.e., setting Cggo = 0). It is almost impossible
to see the difference between having part of the base-emitter capacitance in the overlap
capacitance or having all of it in the depletion capacitance.

The next best thing one can do is try to calculate its value from process knowledge and use
that value. (As mentioned in the introduction we do not discuss any extraction methods
related to special structures.)

If one really wants to do the extraction of the overlap capacitance from measurements on
normal transistors one must start with some approximations to reduce the ambiguity. As
mentioned before it is best to start with a geometry-independent diffusion voltage. But
also the grading coefficient should be made geometry independent. Its value should be
chosen as the grading coefficient of the bottom (as extracted above): pg = pE. For the
total capacitance we use the relations

Cgeo = 2Clsé,Eo(Hem‘l—|—em), (4.11a)
Cee(Vee) = Ct(VBe) + Cgeo- (4.11b)

The latter relation is basically the same as Eq. (2.16). Now one must determine the bottom
part and the side-wall part, in the way discussed before, if possible for every bias point.
The relation for the bottom part is

. C® Hem Lem
cl —=__JE .
BE ™ (1 — Vge/Vg,)PE

(4.12)
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Once the bottom part is known, the grading coefficient can be extracted. Given the grading
coefficient one can make a distinction between the overlap capacitance and the side-wall
part of the depletion capacitance using the side-wall component of the total capacitance:

Cs
P _ JE s

The bias dependence of the first part is fixed. Hence the bias dependence of the total
sidewall component can be fitted by optimising C?E and C3o.

4.3.3 Base-Collector depletion capacitance

The base-collector depletion capacitance can be treated in the same way as the base-
emitter depletion capacitance. However for an advanced bipolar transistor with a selective
implanted collector (SIC) the bottom capacitance is not homogeneous over the floor area.
Therefore the base-collector capacitance may be treated in a somewhat different way than
the base-emitter capacitance.

We start with the simplest implementation, in which it is assumed that C;_ scales with
the area of the SIC (which is the mask dimension of the emitter) and with the length of
the peripheral of the base-collector junction. Also the bottom area besides the emitter is
treated as sidewall.

The diffusion voltage V. and the grading coefficient pc are treated in the same way as
for the base-emitter junction.

f
Cjc = Cj. HimLam. (4.14a)
ijc = ZC?C (Hpase + Lbase) (4.14b)

f p
Cic = Cj. +Cj.. (4.14c)
cf

XC. = =&, (4.14d)

Cic

Vae = XCjg Vi + (1 —XCj) V¢, (4.14e)
pc = XCj. pg + (1—XCj.) p, (4.14f)
Xp = geometry independent,

Mc = geometry independent.

In the Mextram model the diffusion voltage V¢ has a strong impact on the output con-
ductance in quasi-saturation. It has a minor impact on collector capacitance. Furthermore
V. is also correlated with the grading coefficient pc. From experiences in modelling
quasi-saturation we found that a geometry independent Vq_ gives satisfactory results in
most cases. Due to current spreading for small devices (i.e. large aspect ratio) V4. might
decrease slightly with increasing aspect ratio. The main effect of current spreading for
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small devices has to taken into account by the collector resistance parameters being R¢y,
SCR¢y and Ipc.

The last two parameters X, and mc of the collector capacitance may vary with geometry.
However, these parameters are not always easy to extract and a geometry independent
value normally meets the needs. The minimum of the unity capacitance of the collector
beneath the emitter is approximately e/Wepi. The parameter X, accounts for this min-
imum [Xp = e/(CE’C Wepi)]. The effect of mc is mainly seen in the variation of the
increase of fy for different Vg, for currents up to the top of the f1. A small value of m¢
gives a larger variation of f1 with V¢ than a large value of m¢. It should not be larger
than, say, 0.5.

More components of the zero bias capacitance can be added if needed. Note that these

extra components can only be determined if there enough independent geometric dimen-

sions (as discussed in Sec. 4.1). In such a case one can for instance use an equation like
Ci

¢ = CRPHI L +2C5 (Hn + L,

ic

+ CJBCb Hbase Lbase + 2 CjBCS (Hpase + Lbase) (4.15)

4.3.4 Base-collector overlap capacitance

The same arguments that we have given for the base-emitter overlap capacitance also hold
for the base-collector overlap capacitance. However, the situation for the base-collector
capacitance is more complex, because there is more variation in geometry possible. At the
same time this added complexity helps to discriminate between the various components
(again only if there are enough independent geometrical dimensions available).

The basis of the extraction must again be a general formula for the total base-collector ca-
pacitance. Equation (4.15) can act as a starting point. Given the layouts that are available
one change or add terms to Eq. (4.15), based on a physical idea of the various contributing
elements. The overlap capacitance is one of them. We can give no general expression for
the geometry dependence of the various contributions. Once this formulation is ready one
can optimise the unity parameters from the available measurements.

4.3.5 Substrate-collector depletion capacitance

The scaling of the collector-substrate capacitance is treated in the same way as the base-
emitter capacitance. The capacitance is assumed to scale with the dimension of the buried
layer (BN) area:

ijs = C® Heon Leoll (4.163)

C. = 2Cj (Heoll + Lo, (4.16b)

Cg = Cj+CP (4.16¢)
Cjs

XCjs = C. (4.16d)

S
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Vas = (1—XCj) Vi, + XCjs Vdg, (4.16¢)

S

ps = (1—XCj) p2+ XCj, ps. (4.16f)

In many cases the sidewall component is much larger than the floor component and there-
fore the floor component is difficult to extract directly from C-S capacitance measure-
ments. Because the contribution to the total capacitance is then small an estimated value
based on the substrate doping level is sufficient. For the same reason taking V4, and ps
independent of geometry is sufficient in most cases. Note that XC j, is not a parameter of
Mextram itself.

4.3.6 Avalanche parameters

The avalanche parameters Wa, and Vg, are more or less constant in a certain process.
The weak geometry dependence can simply be described with a first order term

b s 2 2
Wai = Wy + W | 0— +— ), (4.17a)
Hem Lem
Vav = geometry independent,
2 2
St = S% (—+—) 4.17b
T e Lem (.170)

The avalanche current is mainly determined by the effective thickness of the epilayer
parameter Wa,, and the applied collector voltage. The punch through voltage V deter-
mines the curvature of Ig with Vcg. Because of the weak dependence of both parameter
with geometry the avalanche parameter Vg, can be treated as a constant. The current
spreading factor Sgy modulates the electric field distribution at high current densities
(Ic > Inc). This feature is activated with an on/off switch EXAVL. The value of S,
is about Wy,,/3 assuming that the spreading angle is 45 degrees.

4.3.7 Reverse and forward Early effect

The reverse Early voltage Ve, and the forward Early voltage Vs are slightly geometry
dependent and in most cases a first order scaling is sufficient:

2 2

Ver = V2 4+VE <Hem + L_em) : (4.18a)
bos [ 2 2

Vef = Vef + Vef H—em —I— L—em . (418b)

The Early voltages Vebr and Vet; are for an infinitely large area.

From the unity depletion capacitances (C®_, C?.) and the Early voltages (Vgy, V) we
can find the approximate doping level and pinched sheet resistance of the base. For pure
silicon transistors (no SiGe base) the products C°_ V% and C%_ V. have to be more or less
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equal to each other. This relation can be used to check the extraction results. The value
thus found is the (area component) of the neutral base charge Q%O. Assuming asymmetric
junctions we can roughly estimate the doping level of the base from the base-emitter
capacitance and the doping level of the collector epilayer from the collector capacitance:

2(Ch)H2vy,
Na = ———Jﬁa——fi, (4.19a)
£
2 (CP )2y
Nepi :-—%%—i. (4.19b)

Again these values can act as a check on the extraction results.

From the base doping level Na and the neutral base charge Q%O we can estimate the
pinched base sheet resistance pg. A simple mobility model for the p-doped base can be
used

b 1

P (4.20)
. C?E Vetl)’ Mp

where up is the mobility in the base, which can be calculated from Egs. (2.10)-(2.12)
of Section 2.3.3. The actual pinch sheet resistance may be considerable lower due to the
emitter plug effect. This makes the scaling of Ve, Vet and Rgy, very difficult.

4.3.8 Collector currents
The collector saturation current Is and the knee current I, scale with the emitter area

ls = 12 Hem Lem + 215 (Hem + Lem) . (4.21a)
ke = IIE) Hem Lem + 2 1 (Hem + Lem) - (4.21b)

The extracted value for the sidewall component ISSC will be small and may be either pos-
itive or negative. As mentioned in Section 4.1.1 the value of the sidewall component
strongly depends on the difference A between the mask and electrical dimension of the
emitter. The value of A can be extracted from the collector current, see Eq. (4.5), where
the sidewall component of the collector current is assumed to be zero. This does not im-
ply that also the sidewall component of collector saturation current I is zero. Due to the
forward and reverse Early effects we still can find a small positive or negative sidewall
component for I3, .

The physical interpretation of Ilf’ and 1¢ should not be misunderstood. The extracted
value If for the bottom part may be small due to DC current crowding. Then the main
part of the emitter floor area does not contribute to the total collector current at high
bias. Often I, only scales with the perimeter of the emitter. This means that 1 is not the
physical knee current of the sidewall collector current, but rather the dependence of the
total knee current on the perimeter.
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4.3.9 Base currents

The total base current consists of an ideal and a non-ideal component. The parameter of
the ideal base current component is B+. We will not scale B¢ directly but use the base
saturation current Is; = Is/Bs. It is assumed that also the non-ideal base current scales
with the emitter area

ls; = 12 Hem Lem + 21, (Hem + Lem) (4.22a)
lgr = |Bf Hem Lem + 2 |§f (Hem + Lem) » (4.22b)
I
Br = —. (4.22¢)
Isg
215 (Hem+ L
Xlg, = SB (Hem em)’ (4.22d)
Isg
Mmys = geometry independent.

From the scaling of the ideal base current we can compute the Mextram parameter Xlg,,
which is the fraction of the ideal base current that belongs to the sidewall of the base-
emitter junction. At high current levels the base-emitter bias at the sidewall is somewhat
higher then the internal base-emitter junction bias due to the voltage drop in the base
resistance. This result in an additional decrease of the forward current gain. We need the
correct forward gain for the extraction of some high current parameters. For this reason
we must make sure that we use the scaled value of Xlg, when we do further parameter
extraction.

The slope of the non-ideal base current mg¢ should be taken as geometry independent
otherwise the scaling of Ig; becomes cumbersome.

The internal reverse base current of the NPN transistor is the difference between the total
reverse base current and the substrate current. As with the forward base current also
the (internal) reverse base current consists of an ideal and a non-ideal component. The
parameter of the ideal part is B, and the parameters of the non-ideal part are Ig, and V.
The transition voltage V|, sets a minimum for the gain Ig/(lg — lgyp) at small current
levels. Instead of scaling B,; directly we use again the saturation current ls;, = Is/Bii.
Both the saturation current of the ideal and of the non-ideal reverse base currents are
assumed to scale with the base area

lsg, = |sbBr Hpase Lbase + 2 |SsBr (Hbase + Lbase) » (4.233)
lgr = |gr Hpase Lbase + 2 |§r (Hpase + Lbase) (4.23b)
|
Bi = I—s (4.23c)
SBr
Vi, = geometry independent,
XS (H L
Xoyi = oxt (Hbase + Lpase) (4.23d)

Hbase Lbase + X(Sext (Hbase + Lbase).

The cross-over voltage V|, should be taken geometry independent otherwise the scaling
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of lIsg, will be disturbed. The partitioning factor Xex: is the ratio between the sidewall
area and the total area of the base-collector junction.

4.3.10 Substrate current

The substrate current has two parameters, being the saturation current lsg and the high
injection current lys. High injection effects are seen already at relative small currents due
to the low doping level of the epitaxial layer which is part of the base of the PNP tran-
sistor. The substrate current parameters scale with the dimension of the base-collector
area. However the contributions from the different sidewalls need not be the same (de-
pending on the process). There might be four different components: an area component
Igs Hpase Lpase, @ component from the sidewall where the collector plug resides Isle L pase,

one from the opposite sidewall without collector plug ISLS2 Lpase, and a component from
the two other sidewalls 2 Is'g Hhase. Since the knee currents corresponds to high-injection
effects, these effects will be largest where the doping is smallest. Hence the ISLS2 L pase IS
the most important term. The scaling rule of the substrate saturation current lsg and its
knee current I,g may then read

lss = |§’s Hpase L base + Ncoll |5L51 L base + (2—Ncoll) |5L52 L base + 2'5‘1 Hpase, (4.243)
lks = (Ncon —1) <||P5 Hpase Lbase + 2 Ikle Lbase) +
(2 — Neon) |kL52 L base + 2 |kH5 Hpase, (4.24b)

where Ncoy is the number of collector contacts (Ngo = 1 or 2). The saturation current
contains the four terms described above. The contribution of bottom component ( Igs)

and the sidewall where the collector plug is (ISL;) are small and might be taken the same

L b
|351 = |55 Hbase-

The physical interpretation of the coefficients of the knee current lyg of the substrate is
rather difficult, just as in the case of the intrinsic transistor. For a transistor with only
one collector plug high current effects are dominated by the low-doped regions (and the
knee current of the BN is very high and must be neglected). The main contribution is
then IkLS2 Lpase- In the case of two collector contacts the knee current is much higher. It
therefore has a different functional dependence. Note that in processes with deep trench
isolation there will in general not be a low doped n-region between base and substrate.
The formulas for 2 collector contacts must then be used, independent of the actual number
of contacts.

4.3.11 Series resistances

The extraction of the base and emitter resistance from high frequency Y -parameter mea-
surements is described in detail in [21]. In this section we will first outline the separation
of the base resistance Ry in a constant part Rg¢ and a bias dependent part Rgy. Then the
geometric scaling of both parameters is treated.
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We can not simply add the Mextram base resistance parameters Rgc and Rgy to get the
total base resistance as extracted from the measurements. The variable part? decreases
due to base width modulation and DC current crowding. To separate the total measured
base resistance Rg in a constant and variable part it is assumed that Rg, varies in the
same way as the DC current gain

Ic R
Rg = Rge + — — (4.25)

lg Bt~

in which B; is the Mextram parameter of the ideal forward current gain. For each transistor
we take the measured total base resistance Rg, the collector current Ic and the base
current Ig at the maximum of the cut-off frequency for Vcg = 0V. For one transistor we
can not separate Rg¢ and Rg,. However, when we apply a geometric scaling rule for Rgc
and Rg, we can discriminate between both parameters.

The constant part R takes into account the resistance between the base terminal and the
sidewall of the emitter

pBE HBE Rlink

Rgc = .
¢ Nbase Lbase 2 (Hem + Lem)

(4.26)

The first contribution is from the p™ poly layer with length Lpase, @ width Hgg, and a
sheet resistance pgg. Npase IS the number of base stripes (Npase = 1 or 2). The second
contribution is from the base link region and this resistance decreases proportional with
the perimeter of the emitter. The parameters to be extracted are pge and Rjink.

For non-walled devices the (zero-bias) resistance of the variable part Rg, is reduced due
to the end regions of the emitter. For a four sided contacted square emitter the resistance
is approximately p2°'/28, independent of the emitter dimension, where p2* is the actual
pinched base resistance. For non-square emitters it is assumed that we can apply the well
know 1D relation to the middle region. Then both resistances are placed in parallel. The
scaling rule of Rg, for non-walled devices then becomes

act

0
Ri = = 4.27a
1 25" ( )
/OaCt H

Ro = —52 — (4.27b)

3 Nbase (Lem - Hem)

R1 Ry

R - - < 4.27¢
Bv Rl n R2 ( )

The resistance of the middle part R, depends on the number of base contacts. However,
we have found that for a non-walled device with a silicided base poly the resistance around
the emitter might be small enough to make the potential at the two sides of the emitter

2As in the model documentation [2] the variable part of the base resistance is loosely denoted by R g.,
although it is described in the model by a current source | g, g,. The corresponding parameter is Rpy.
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almost equal, even if there is only one base contact. This means that for the calculation
of R, the number of base contacts is then effectively 2, instead of 1.

This simple approach gives reasonable results compared with numerical simulations of
Rpgy for emitters with different aspect ratios. In reality we have to account for the dif-
ference in pinch resistance between small and large devices due to emitter plug effects.
A useful way to measure this is to use the reverse Early voltage. It is assumed that the
variation in the reverse Early voltage is mainly caused by the variation in base charge.
The pinch resistance is directly related to the base charge. The actual pinch resistance of
a device then becomes

Vb
P = o g (4.28)
er
where Ve is the scaled reverse Early voltage as derived in Section 4.3.7 and V2 the
reverse Early voltage of an infinity large device. The parameter to be extracted for Rg, is
the p_, the pinched base sheet resistance of an infinitely large device.

The total base resistance then becomes:
Rg = Ro + Rg¢ + Rgy. (4.29)

A constant resistance Rg is added to account for probes, wiring etc., but in general it
should be very small if de-embedding is done properly [4]. In total we have 4 parameters
(pBE, Riink, o and Ro) to be extracted. Often p_ and pgg are known from the process
and therefore only the resistance of the base link region Rjink (and possibly Rg) has to be
extracted. This procedure may also be used to verify the total measured base resistance
when all process parameters are known in advance. Since it is difficult to extract accurate
base resistance parameters from only one transistor a cross-check with known process
parameters is important.

There are at least three methods to obtain the emitter resistance. Straight forward is the
flyback method (open collector, and measure the collector voltage versus the emitter cur-
rent). Because we know already the base resistance we can also use the forward Gummel
plot to extract Rg. The emitter resistance can also be extracted from small signal Y -
parameters [21]. It is assumed that Rg scales with the emitter area, but we add a constant
resistance to account for wiring etc.

PRg

Rg = RS + "
E " Hem Lem

(4.30)

In the particular case of emitter resistance taking a different A might improve the fit, since
the emitter area in the active device is not always the same as that within the emitter plug.

The collector resistance R¢c depends on the the sheet resistance and the dimension of
the buried layer. The distance between the collector plug and the last emitter stripe is
denoted as Hc,. Underneath the emitter(s) the lateral collector current decreases. A
linear decrease of the collector current over a distance Hc, is assumed. For one emitter
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stripe Hc, = Hem and for multi emitters Hc, is the distance between the first and last
emitter stripe plus 2 Hem. Taking also into account the resistance of the collector plug and
a constant series resistance the scaling rule for R reads

RRIV He, + He, /BN
Cc + OBN Cq Cg/( CO||) ’ (431)
NcoII I—base NcoII I—base

RCC = Rgc +

whereas Ncoi is the number of collector stripes. The contribution of Hc, for single emitter
stripes is small. The contributions of the buried layer and the collector plug both scale

with Neoil Lpase and therefore the parameters pgn and Rg'gg are strongly correlated. It
helps when at least one of them is known from the process.

4.3.12 High current parameters

The epilayer parameters Rc,, SCRcy and I, may be calculated using an effective dope
Nepi, thickness Wepi and spreading factors at low and high current levels [10]

R = , 4.32a
v Rov qNepi 1o Hem Lem (1 + Sﬂ_)2 ( )
W2, 1
SCRey = Cscr a , (4.32b)
& 2 & vsat Hem Lem (1 + Sﬂ_')2
2
lhe = Cip. ANepi Hem Lem vsat (1 + SfL) ) (4.32c)
where
S = , 4.32d
v= 2 (et ) (4.320)
S = . 4.32¢
fH 3 (Hem ” Lem) (4.32¢)

The mobility 110 and some other constants can be found in Section 2.3.3. Multipliers Cy, _,
CRre, and Cscrg, are put in front of the hot carrier current I, the ohmic resistance Rcy
and the space charge resistance SCRc, respectively. They should be close to one. In this
way you can easily see how ”physical” the extracted epilayer parameters are.

4.3.13 Transit time parameters

The next parameters to scale over geometry are the transit times. The scaling rules for the
transit time parameters may read

2 2
T = 'Cltz_) + 'L'lsz (Hem + L_em> R (4333.)
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Ver (1 - XCj) Cj

IB = CTB Ik ) (433b)
2 2
Tepi = febpi + Tespi (H_em + L_em> ; (4.33c)
Hem Lem
TR = (TB + Tepi) (1 — m) s (433d)

m; = geometry independent,
Ay geometry independent.

The total transit time is the sum of the emitter, base and collector transit times. At the
maximum of ft the contribution of the collector transit time is well known, because it is
mainly determined by series resistances and depletion capacitances. Then the remaining
minimum transit time is given by the sum of tg and zg. The shape of the fr curve in
quasi-saturation is affected by many other parameters like T ¢pi. Therefore an unambigu-
ous determination of Tg and T is cumbersome. The solution is to calculate Tg from
the reverse Early voltage Ver and the base-emitter depletion capacitance parameters Cj.
and XCj.. A pre-factor may be used (the same for all geometries) to adjust the obtained
parameter value of g. In this way a proper scaling of Tg over geometry is achieved. One
can then extract the other parameters needed to describe fr.

It is recommended to take m, and ay, as geometry independent parameters. Parameter
m. has a strong impact on the scaling of ¢ and ay; on the scaling of z¢p. So to make
scaling more easy one should keep them constant over geometry.

To get good scaling equations it is probably best to fix one of the scaling equations to-
gether with its parameters after the first optimisation run, and then re-optimise the other
parameters. Then the next parameter gets fixed over geometry, etc.

To achieve an accurate description of the (maximum of the) cut-off frequency fr over
geometry it is desired to repeat as a final step the extraction of just g while all other
Mextram parameters have there geometric scaled value (including the other transit times).
After this has been done for every transistor, one can rescale g itself over geometry.

Usually the reverse fr is not measured and therefore the reverse transit time tg can not
be extracted. A first order value and scaling may be obtained using zg, Tepi and and
the surface ration XCj. = Hpase Lbase/ Hem Lem. If for some reason XC;. has a slightly
different scaling rule, one should still use the ratio of the active base and emitter areas for
the scaling of 7.

4.3.14 Noise parameters

In general it is difficult to extract the flicker noise parameters, since specialised mea-
surements have to be done, and since it is difficult to get from the measurements to the
parameters. Furthermore, flicker noise can vary from one device to the other. Never-
theless, scaling should not be a problem. We use the fact that having MULT devices in
parallel implies that the total noise density is MULT times the noise density of a single de-
vice. This is also used in MULT-scaling [2]. Flicker noise therefore scales with a surface,
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which we call As. Which surface one should use depends where the noise is generated in
the specific process (e.g. the interfacial oxide between the poly and mono silicon of the
emitter, or some other surface area with lots of traps). The parameters then scale as

Ar \ 1A
K¢ = Kf,ref( ) , (4.34a)
Af,ref
As 1-[2(my—1)+As(2—my4]
Kin = KfN,ref( ) , (4.34b)
Af,ref

where Ky ref and Kin ref are the parameters belonging to the arbitrary reference sur-
face Af ref.

4.3.15 Scaling of thermal parameters

The scaling of the thermal parameters Ry, and Cy, depends very much on the kind of
process and the way in which the dissipated heat is removed from the transistor. The most
simple scaling is

Rin = Rtsh/(Hem Lem), (4.35a)
Cih = Cg Hem Lem. (4.35b)

We refer to Ref. [19] for more details. In practice Ry, might not decrease as fast as shown
(i.e. proportional to the emitter area). A modified scaling formula then has to be used.
From dimensional considerations [11] scaling Ry, with the (inverse of the) square root of
the emitter area might be a good idea.

4.4 Making use of special structures

Sometimes one has special devices available for the extraction of geometric scaling pa-
rameters. As this is in general not the case we do not want to say very much about this.
However, we will make one general comment.

Let us look at the base-emitter capacitance as an example. Suppose that we have two
large structures available to measure specifically this capacitance. One of them has a large
surface area and a relatively small perimeter, while the other has a large perimeter and a
relatively small area. Using these structures we would like to do the geometric scaling.
We can do this in the same way as before. However, a more logical way to do geometric
scaling is using the measurements of both structures and calculate the area and sidewall
components of the capacitance as weighted averages, using the actual area and sidewall
length of the structures. Having done this for every bias point, one can then extract the
parameters corresponding to the area and to the perimeter separately. So instead of first
extracting parameters, and then scaling these, using the special structures one can actually
scale the measurements and then extract the parameters.
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In principle one can do the same thing with the many transistor results as used before. This
means that one has to do a scaling on the measurements for every bias point. Only after
the scaling one extracts the scaling parameters for area and sidewall components. The
disadvantage is that one cannot simply calculate the two values of the area and sidewall
components, using all the measurements, since one has many geometries and only two
scaling parameters. One must do an optimisation for every bias point. This is not only
very time consuming, it is also very prone to noise. We therefore do not recommend this
method.

4.5 Statistical modelling

The unity parameters mentioned in Sec. 4.1 and used throughout this chapter depend on
the process steps and are strongly related to certain process quantities, characterised my
measured (or simulated) PCM data. Once the statistical variation of a selected number
of the PCM parameters is known, one can calculate the statistical variation of the elec-
trical parameters. More detailed information about statistical modelling can be found in
Ref. [6]. It is important to realise that statistical modelling, even more so than geomet-
ric scaling, depends on the process or the applications and their sensitivity to statistical
variations. A good statistical model can, therefore, only be made by those doing pro-
cess characterisation. The implementation of statistical modelling into a circuit simulator
depends very much on the simulator and will not be discussed here.

To establish the relations between the PCM data and the unity parameters we must rely
on device physics. The basis for this is both a physical model, like Mextram, as well as
physical geometric scaling rules, described in this chapter.

For statistical modelling the aim is to select a minimum number of process quantities that
are preferably statistically uncorrelated. This minimum number, however, must be large
enough to determine all the involved unity parameters one wants to model statistically.
We then vary these quantities over a certain range that covers all expected variations. In
this way we create a matrix batch, consisting of a set of process variations where each set
contains a number of geometries. Such a matrix batch can be made in real silicon or it
can be composed by computer simulations. The relations between the unity parameters u
and the process quantities p1, pz, ... can usually be written in the form of

u=a pi’l pgz, (4.36)

where a is a pre-factor and by, by, ... are powers. Dependence on more than two process
quantities is very rare in practice.

To be able to find the correct relations one must correlate the PCM data to extracted elec-
trical parameters. To do this one must be sure that the electrical parameter can be extracted
fairly easy. This includes most low-current parameters. For the high current parameters,
however, parameter extraction is to complicated to determine good correlations. For these
it is better to use directly the geometric scaling relations to determine the influence of the
variation of a PCM quantity on the variation of the parameter.
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Sometimes it is easier to determine the statistical variation of an electrical model param-
eter directly, without using a related PCM quantity. This is especially so when there is
no PCM quantity available that correlates directly to the electrical parameter one wants to
model statistically.

Table 8: An example of a list of process parameters for which statistical knowledge is
available and the parameters they (might) influence. Gen stands for the emitter Gummel
number. For the electrical parameters given in brackets it is a good idea to verify the
correlation with the process parameter before using it in the statistical modelling.

process parameter Electrical model parameter

pgase ls, Cjc, Bt (Ver, Vef)

Gem Bt

Nepi |h01 RCv

Wepi lhe, Revs SCRey, St (Wavl)
Nre Re

Neje Cic

Nejs Cis

In Table 8 we have given an example of a number of ‘process’ parameters and the elec-
trical model parameters these influence. We do not give the precise relations between
the two. These can be determined either from the physical relation between the process
parameter and the electrical parameter, or from correlation measurements. The last three
quantities in the list give an example using the statistical variation of an electrical param-
eter directly. In the process-parameter column we have given a multiplier. One can then
write, for instance, Re = Nye x Rgo, to include the statistical variation.
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5 Implementation in IC-CAP

In this chapter we give a short description of the use of IC-CAP of Agilent for parameter
extraction of Mextram. For more documentation and example files we refer directly to
Agilent.

5.1 Usage of the built-in C-functions

In this section we describe the use of the IC-CAP built-in C-functions that can be used
for extraction. Note that this document is not the official documentation, since we do not
have control over the precise implementation. Furthermore, not all details of the code are
understood by us. However we think it is a good idea to include some of the information
in this document.

The functions are based on Chapter 2 of this report.

We will try to give for any function the inputs and outputs. Most of the inputs are used for
the calculation of the output (obviously). The rest is only used for checking the validity
of the approximation made in the formulas (checking for instance whether the substrate
current is not too large for the approximation to work). Especially the difference between
these two kinds of inputs is badly documented at the moment, and therefore only scarcely
known.

For all transforms and functions the parameters used are those of the ambient temperature,
unless otherwise stated.

5.1.1 The function MXT_show_parms

This function prints all the Mextram parameters at the actual ambient temperature, as
they are used in the functions. This includes the initialisation features described in Sec-
tion 2.6.3.

Some extra information is also given. For some SiGe transistors (when dEg # 0) the
effective Early parameters Ve, | and Ve, are not equal to the actual Early parameters Vs
and Ver. The Early effect (of the collector current, hence the subindex 1) can be modelled
by a factor q;. For small biases this factor is

VBE n Ve ]_1
Ver,l Vef,l ’

G ~ {1 + (5.1)

which uses the effective Early parameters, rather than the standard expression ¢; =~
1/ [1 + Vee/Ver + Vec/Vei]. The same correction is used in MXT_VERind MXT_VEF
When dEg = 0 there is no difference.

For the high current parameters we show not only R¢,, SCRy and Iy but also (within
parenthesis) the critical voltage for velocity saturation Viin, = Ihc Rey and the punch-
through voltage Vpt = Ihe SCRgy.
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Also for the transit time more than just the parameters are given. The transit time parame-
ters as calculated from Eq. (2.67) are also given (within parenthesis). In this way one can
see whether the actual parameter values still have a physical relation w.r.t. each other.

5.1.2 The function MXT_cbe

Used in section: 2.5.1

Input: Vee

Output: Cgg

This function calculates the total base-emitter depletion capacitance Cgg using Egs. (2.16)—
(2.18).

5.1.3 The function MXT_cbc

Used in section: 2.5.2

Input: Vac

Output: Cpgc

This function calculates the total base-collector depletion capacitance Cgc using Eq. (2.21).

5.1.4 The function MXT_csc

Used in section: 2.5.3

Input: Vsc

Output: Csc

This function calculates the total substrate-collector depletion capacitance Csc using
Eqg. (2.22).

5.1.5 The function MXT_cjO

Used in sections: 2.5.1-2.5.3

Inputs: Vy, C;

Choice of outputs: E/C/S

Sets the value of: Cj_ / Cj. / Cjg

This function calculates the value of the capacitance at zero bias. This initial value is then
used to set the corresponding parameter (Cj., Cj., Cj;). The total bias range needs to
include V = 0, but it is not necessary that one of the V; values is indeed zero.

The capacitance values C; are smoothed, according to Section 5.2.2.

5.1.6 The function MXT_jun_cap

Used in sections: 2.5.1-2.5.3

Input: Viun

Choice of outputs: E/C/S

Output: Cgg/Cpc/Csc

This function combines the functionality of the three functions MXT_cbe, MXT_cbc,
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and MXT_csc . By choosing one of the outputs one gets the corresponding capacitance
formula. (Note that the formulas for the three different capacitances are somewhat differ-
ent, since for instant Xy has to be taken into account for the base-collector capacitance.)
The value of Vjy, is one of Vgg, Vac or Vsc.

When AUTO_SELECTas a positive value than the variables start and stop are set
to the values of the first and the last point of Vjyn.

5.1.7 The function MXT_I0

Used in sections: 2.5.4-2.5.6 and 2.8.2

Input: lgata

Choice of outputs: E/C/B

Sets the value of: IEO /I1CO /1BO .

This very simple function uses the array of current data lgsa and takes the first one of
these. It then sets the value of the variable IEO , ICO, or IBO . This function can be used
in the forward-Early and reverse-Early measurements to get a first estimate of the offset
of the current.

5.1.8 The function MXT_VER

Used in section: 2.5.5

Inputs: Veg, Ig

Sets the value of: Ve,

This function gives an estimate of the reverse Early voltage and sets the parameter Vg,. It
does so by using the equation

oV
Ver = I (Vge=0) x —=. (5.2)
dlg
The derivative is approximated by taking the first and the third point in the curve.
When the parameter dEg # 0, we need to make a correction. We then use
oV, dEgy/V
Ver = |E(VBE:O) X ot g/ ! (5-3)

dle  1—exp(—dEq/ V1)

We see that the parameter Vg, is larger than the actual reverse Early voltage.

No correction is made when the actual temperature is different from the reference tem-
perature Tet.

5.1.9 The function MXT_VEF

Used in section: 2.5.6
Inputs: Ve, Ic
Sets the value of: Vgt
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This function gives an estimate of the forward Early voltage and sets the parameter V.
It does so by using the equation

Y
Vet = Ic (Vec=0) x achC' (5.4)

The derivative is approximated by taking the first and the third point in the curve.
When the parameter dEg # 0, we need to make a correction. We then use

dVsc dEg/Vt

Var = | =0 .
et = le(VBe=0) x =, = X o p(dEg/ Vi) — 1

(5.5)

We see that the parameter V¢ is smaller than the actual forward Early voltage.

No correction is made when the actual temperature is different from the reference tem-

5.1.10 The function MXT_veaf ib

Used in sections: 2.5.4 and 2.8.2
Inputs: Ve, Ic

Output: Ig
This function calculates
Ig =1BO — Ic Gem(Vcp), (5.6)

where Ggy is the generation rate as defined in Eq. (2.24).
When the parameter X;ec # 0 the formula is extended, according to Eq. (2.78).

5.1.11 The function MXT_veaf ic

Used in section: 2.5.6

Inputs: Vcg, Ve, I

Output: I¢

This function calculates the (forward) current given by

Ilc = lco (5.7)

V, Vi’
1+£+£
Ver Vef

where V. and Vi are given in Eq. (2.26).
The value of Vgg is assumed to be constant.

The input Ig is only used for auto-ranging (see Sec. 5.2.1). The function starts at low Vcg
and keeps account of the (running) average of Ig. When a certain value of Ig is below
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0.99 times this running average avalanche is assumed to be important, and the equation
above should be corrected for avalanche. This can be done as in Eq. (2.28). Auto-ranging
is then not necessary. Furthermore, when X;ec # 0 this auto-ranging does not work.

5.1.12 The function MXT _vear _ie

Used in section: 2.5.5

Inputs: Veg, VcB

Output: Ig

This function calculates the (reverse) current given by Egs. (2.25) and (2.26).

The value of Vg is assumed to be constant.

5.1.13 The function MXT_forward _ic

Used in section: 2.5.7

Inputs: Veg, Vee, Ic

Output: I¢

This function calculates the almost ideal forward collector current from Eqg. (2.30).

Auto ranging is done on Ic (see Sec. 5.2.1): When, due to series resistances or satura-
tion effects, the logarithm In Ic becomes less that 0.98 its running average the function
assumes that Eq. (2.30) is no longer valid. Optionally this In I¢ is smoothed before hand
(see Sec. 5.2.2).

Noise filtering (see Sec. 5.2.3) is done by removing (i.e. setting the final results to zero)
those points where [3%In Ic /9V3g| > 10.0.

5.1.14 The function MXT _forward_hfe

Used in section: 2.5.8

Input: Veg, Vee, Ic

Output: hse

This function calculates hye, according to Egs. (2.31)—(2.33).

Auto ranging and noise filtering is done on the collector current (In I¢) in the same way
as is done in MXT _forward_ic

5.1.15 The function MXT_forward_vbe

Used in section: 2.5.9

Inputs: Ic, Ig, Ves

Output: Vgg

This function calculates the total voltage drop between the external nodes E and B, ac-
cording to Eq. (2.37).

In various functions we must calculate the internal junction from a given base current. We
will describe this here. The base current can be written as a function of Vg,g, :
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IB = g(VBgEl) = IBl(VBzEl) + IBz(VBgEl)- (58)

Knowing Ig we must solve for Vg,g,. This is done by a Newton-Rhapson method on
Ing(VB,e,) — In Ig. This means that we start by an initial value, which is either 0.5V or
the result from the previous point. Then we calculate a new value of the voltage using

VB,E, = Ve, — (INg —Inlp) gg (5.9)

and repeating this until the step Vg, g, is smaller than 1 V. Here g’ is the derivative of g.

Auto ranging is again done on In I¢c, as in MXT_forward_ic  (and here the input Vgg
is used).

5.1.16 The function MXT_hard_sat _isub

Used in section: 2.5.10

Inputs: Vgc, Ic, Is

Output: Igyp

This function calculates the substrate current in hard saturation from Egs. (2.42) and (2.43).
When the input I is set to zero, the influence of the base current is not taken into account.

5.1.17 The function MXT _reverse_isub

Used in section: —

Input: Vsc
Output: Igyp
This function calculates the substrate current for low reverse conditions:
lsub = lss (eVBC/VT — 1) . (5.10)

Auto ranging and noise-filtering is done in the same way as in MXT_forward_ic . Now
however not In I¢ is used, but In lgyp.

This function could be used for the extraction of Isg, but we recommend another method
(see Sec. 2.5.11).

5.1.18 The function MXT_reverse_hfc_sub

Used in section: 2.5.11

Inputs: Veg, Ve, IE, Is

Output: hec sub

This function calculates the substrate to emitter current gain hy syp from Eq. (2.47) (using
only Veg and Vcg).

Auto ranging and noise-filtering is done in the same way as in MXT_forward_ic . Now
however not In I¢ is used, but both In Ig and In Is are monitored.
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5.1.19 The function MXT _reverse_hfc

Used in section: 2.5.12

Inputs: Vcg, Veg, lE

Output: hg

Choice of outputs: Substrate y/n (‘n’ is the default)

This function calculates the reverse current gain hs, given by Eq. (2.51):

le

_ ’ (5.11)
lex + B,

hfc

where lex and g, are given by Egs. (2.49) and (2.50). When the substrate current should
be included we use instead

le

th = )
lex + IBs + lsub

(5.12)

where lgyp is given in Eq. (2.42).

When neutral base recombination is present (X;ec 7% 0) we must also take the forward
base current into account, which can be simplified to

| v
lg, = ﬁ—sf (1 — Xlg,) Xrec (1 + V—t:f) (e"Blcl/VT - 1) . (5.13)

It will add to the base current, but it makes the emitter current smaller. Hence this is taken
it into account when calculating Vg, c, from the measured emitter current.

Auto ranging and noise-filtering is done in the same way as in MXT_forward_ic . Now
however not Inlc is used, but Inlg. Auto-ranging is useful only when the substrate
current is not included.

5.1.20 The function MXT _reverse_currents

Used in section: 2.6.7

Input: Vac, VBE, Ie

Outputs: Ig/lg/lgyp

Choice of outputs: E/B/S

Given the voltages Vgc and Vgg this function calculates in an iterative way the (reverse)
currents Ig, Ig or lgyp, including the high-current behaviour, as described in Egs. (2.69)—
(2.73).

The base current that is due to neutral base recombination can be added in the same way
as in MXT_reverse_hfc  (using Vg,c, instead of Vg,c,), but we will still neglect the
voltage drop over Rgy.

Auto ranging is done in the same way as in MXT_forward_ic . Now however not In I¢
is used, but In IE.

©koninklijke Philips Electronics N.V. 2001 95



NL-UR 2001/801— May 2001 Mextram 504 parameter extraction Unclassified Report

5.1.21 The function MXT _ic_vce

Used in section: 2.6

Inputs: Vcg, Ig, Ic, VBE, lsup

Output: Ic/Vee

Choice of outputs: 1/V and avalanche (n/y)

This function calculates the collector current I¢ as function of the voltage difference Vg
and the base current Ig. It uses Ic only to correct for resistances. Vgg and Is are used for
initial values, checking the results, and auto-ranging only.

The collector current is calculated as described in Sec. 2.6.2. We will not give all the
equations used, since many equations are needed. They can be found in Ref. [2]. This
includes the temperature rules since we take self-heating into account, using Eq. (2.52).
Two internal quantities, Vg,g, and Ic,c, need to be solved. The internal bias Vg,c, is
calculated from Eq. (2.56) using Vg,g,, Vce and the measured currents. Then V;ZCZ and
other internal quantities can be calculated. This means that in principle all quantities can
be written as function of Vg,g, and Ic,c,. The following two equations need to be solved
iteratively

|B,m = IB,f(VBgEl» |C1C2) - Gem(VBgEl» IC1C2) IC1C2’ (5143-)
IN (VBZEI’ IClCZ) = IC1C2 [1 - Gem(VBgEl» IC1C2)]- (514b)

Here Ig m is the measured base current, Ig s is the sum of all forward base currents (Ig,
including neutral base recombination, |§1 and Ig,) and Gen is the generation rate of the
avalanche current (we assume Gnax — 00). The equations are solved using the Newton-
Rhapson method for two variables.

The routine by default does not take avalanche into account (i.e. Ggyy = 0). It is an
optional feature. This has been done to prevent possible convergency problems that might
arise close to BV¢eo.

When the internal voltages are known it is possible to calculate Vgg according to
VBe = VB,E, + VBB, + I8 Rect + (Ic + 18) ReT. (5.15)

This is needed when not the current but the base-emitter bias needs to be calculated by
the routine. The voltage drop Vg, g, can be estimated as

(5.16)

R Ig (1 —XI
Ve,s, = Vi log <1 L Revr Is ( Bl)) ’

Vr qS

using the known internal voltages to calculate the normalised base charge qg .

The input Vg is used only for initial guesses and to do a check afterwards to make sure
that Vg,e, < Vee. This is needed especially when the measurements of the low currents
are noisy.
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Auto ranging is done in two ways. In both cases the function tries to determine whether
the transistor is in hard-saturation (where the assumptions made no longer hold) or not.
The first way of auto-ranging monitors the base-collector bias Vg,c,, given by Eq. (2.56).
The transistor is assumed to be in hard-saturation when Vg,c, exceeds 0.8 Vqy.. The
precise value can be changed by using the variable HARD_SAT_MARKvhich is by default
0.8). The second way of auto-ranging monitors the substrate current for the curve which
has the highest substrate current (at highest Vcg). Then a running average of Igyy for
this curve is calculated, assuming the the first points are at the highest Vce. When the
substrate current grows more than a factor NORM_LIMIT (which is 1.2 by default) than
the running average, the transistor is assumed to be in hard saturation. This second way of
testing for hard-saturation is probably not necessary. Furthermore, it is rather sensitive to
noise in the substrate current. This might lead to auto-ranging effects (making the output
zero) in bias-regions where this is certainly not the case. Using an arbitrary but constant
value for lgyp in the input resolves this problem.

Note that for Vg the auto-ranging routine does not make the result zero when the function
is no longer valid. Instead the minimum of the measured base-emitter voltage is used (see
Fig. 17). In this way the vertical axis remains small enough to see details.

Auto-ranging is always done in this routine, independent of the value of the variable
MXT_AUTO_RANGE

5.1.22 The function MXT _ft

Used in section: 2.6
Inputs: Ic, Vee, VcE
Output: fr

This function calculates the cut-off frequency fr as function of Ic, Vge and Vcg.

The first step is solving in an iterative way Vg,g,. When in an iteration Vg,g, is known,
the other internal biases can be calculated by calculating the voltage drops over the re-
sistances, using the given collector current and the base current as calculated from Vg,g, .
The voltage drop Vg, g, is calculated just as in MXT_forward_vbe . (The influence of
voltage drops over the base resistances is small. So the fact that Ig is not completely
correct is negligible. For that reason we assume dEg = 0 and we neglect neutral base
recombination.) When Vg,c, has been calculated (using Vac), the bias Vg -, can be
found. All the internal voltage differences are then known and the main current Iy can be
calculated. The bias Vg,g, is now found in an iterative loop by demanding that Iy = Ic.

In the calculation above, we keep track of all the derivatives. Using the two equations

0VCcE dVCcE 0VCcE
dV, = ——dVy + ——dV + ———dI =0, 5.17a
CE Vo.r, B,E; Vo, B2y + c.c, C1Cy ( )
diy = N gy N g N e = (5.17b)
N = Vorr, B,E; Vorc, B,C; TS cic, = dlc,c,, (5.
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we can then find dVg,g, /dlc,c, and dVg,c, /dlc,c,, both under the condition that VcE is
constant.

Next we need to calculate all the (derivatives) of the charges. Again these derivatives are
taken w.r.t. Vg,E,, VB,c, and Ic,c,. This leads to the variation of the charge
0 0
dQ = Q Q

dVe.E, + ——
VB,E; 2L 9V,c,

dVBzcl + d |C1C2' (5.18)

ad
dlcc,
The transit time can now be given as

_0Q dVBZE1+ 0Q dV5201+ 0Q
0VB,E, d|C1C2 0VB,C, d|C1C2 3|Clcz’

T (5.19)

and finally the cut-off frequency is givenas fr = 1/(2m 7).

Note that just as in the case of the extraction of the parameters of the depletion capaci-
tances the overlap capacitances Cggp and Cgco are included.

Auto-ranging is done in almost the same way as in the function MXT _ic_vce . When
the transistor is in hard saturation (when Vg,c, exceeds 0.8 V) the assumptions are no
longer valid and result will become zero. (The variable HARD_SAT_MAXan be used
here also.) No noise filtering is used.

5.1.23 Changes w.r.t. Mextram 503

For some of the functions mentioned above the name or the input/output variables have
been changed. When IC-CAP can not find a function or a variable name this can lead to
a crash. When rewriting a Mextram 503 modelfile to a Mextram 504 modelfile one needs
to take care of the following changes.

MXT _ic_vce : The input Vg has been changed into Vg g, which is the correct expression
when Vg # 0. Note that IC-CAP will crash when no input for Vgg is given. Furthermore,
a choice whether to include avalanche or not has been added.

MXT _is_reverse has been renamed to MXT_reverse_isub  for clarity and confor-
mity. Note that this function is not used in the way we presented the parameter extraction.

MXT_veaf _ib : The input Vgg has been removed since it is not used.

MXT _fwd_hfe : It is no longer possible to get the output Ig. To calculate Ig one must
use Ig = Ic/hnte, With Ic the same I¢ that goes as input into the function.

MXT_fwd_vbe : The input Vcg has been removed, since it is not needed.

5.2 Parameters that influence C-functions
5.2.1 Autoranging

Some of the functions have the possibility of auto-ranging. This means that the function
uses some extra input to determine the validity of the approximations made. (For instance,
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the substrate current may not increase too much, or the transistor may not be in hard
saturation.) The auto-ranging feature is only used when MXT_AUTO_RANGE 1 (except
for the functions MXT _ic_vce and MXT _ft that always do auto-ranging). When the
function decides that it is out of the range of its validity, the value of the result will be set
to zero.

The general way this auto ranging works is as follows. An extra quantity is monitored
while stepping through the various points of the inputs. The average of this extra quantity
is calculated using all previous (bias) points (but not those to come). This is called a
running average. When the new point of the extra quantity differs from this running
average by some given amount (given by the quantity NORM_LIMIT, the function is
assumed to be out of its range. Note that not for all of the functions the actual variable
NORM_LIMITis used. Sometimes a fixed internal value is used.

5.2.2 Smoothing

Smoothing is sometimes used to avoid that the result of the function flips more than once
between some real value and zero (due to auto-ranging). Smoothing is done per curve.
Each curve consists of a number of values xj, wherei = 0,..., N — 1. The smoothed
version of this curve is defined by

Xésm) — o (5.20a)
Xl(\TTi = XN_1. (5.20Db)
Xi(sm) — %(Xi—l + Xi + Xit1) forO <i <N -1 (5.20c)

This smoothing is done only when the variable MXT_AUTO_SMOOT$ket and has the
value 1 (so the default is no smoothing). The function that does this smoothing is the
internal function smooth_data

5.2.3 Noise filtering

For some functions the noisiness of the data is checked. This is controlled by the variable
MXT_NOISE_FILTER When the data is too noisy, the result is put to zero, just as for
auto ranging.

5.2.4 Type of transistor

All functions must of course work both for NPN and for PNP transistors. To this end a

system variable can be used named POLARITY which can either be “NPN’ or ’PNP’ (or
without capitals ‘npn’ or ‘pnp’). The default is NPN.

©koninklijke Philips Electronics N.V. 2001 99



NL-UR 2001/801— May 2001 Mextram 504 parameter extraction Unclassified Report

5.3 Optimisation using some simulator

The parameter extraction we have sketched in this document makes use of built-in func-
tions of e.g. IC-CAP. As an alternative one can make use of an external simulator to
calculate the response of the Mextram model. However, making use of built-in functions
has a few advantages we will now discuss.

Every parameter extraction strategy has a certain order in which the parameters have to
be extracted. This order is such that one does not need to know parameters that will be
extracted later. This also means that one can not always use all the points of a measure-
ments for the extraction of a certain parameter: for low-current parameters one can not
use data-points in the high-current regimes. For extracting the current gain parameter for
instance, one must not use the points where the gain is dropping due to high-injection ef-
fects. The functions reflect these approximations. From Fig. 10 it is clear that one should
not use points beyond Vge = 0.8 V. So the built-in functions help judging which range to
take for the parameter extraction.

Some of the parameters, like the Early voltages and the avalanche parameters can be
extracted without correct modelling of the absolute value of the current. For these ex-
tractions dummy parameters are optimised together with the Mextram parameters. For
instance the extraction of the avalanche parameters needs the correct base current at zero
Vce. This is more difficult when using a simulator. As dummy parameter one must then
use for instance Is or B¢ to get the zero bias current correct (unless of course the model
is perfect). After the optimisation one must then reset the dummy parameter to its value
extracted from other measurements. (Note that this is only necessary when one of these
optimisations is re-done, not when it is done for the first time. Unfortunately in practice
it is hardly impossible to get away with only one run through all the parameters.)

One of the other reasons for not using a simulator is that it is much easier to correct for
resistances. Look for instance at the calculation of the forward current gain. This gain is
calculated for a given collector current. This current determines the internal base-emitter
bias, which is then used for further calculations. This is more accurate than taking the
external base-emitter bias, especially in the region where resistances start to influence
the results. The collector current is a much better indicator of the internal state of the
transistor than the bias. For the calculation of fy this is even more important since the
currents are much higher. The effect of the external resistances is then also much higher.
When these resistances are not completely correct at the given bias, the ft plotted versus
Vee Will be off. When plotted versus I¢ it will still be correct.

Another reason for not wanting to optimise f1 using an external simulator is the fact that
(at least at the moment) it takes a very long time, because using the simulator is much
slower than using the built-in functions.

We discussed before that self-heating must be taken into account for the extraction of the
high-current parameters. At the moment self-heating is not available in (all) simulators.
When the simulator cannot handle self-heating, a good parameter extraction using only a
simulator is very difficult or even impossible. The built-in functions take self-heating into
account (where needed).
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