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MODELLA—A New Physics-Based Compact Model
for Lateral p-n-p Transistors
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and J. Barton Foley, Member, IEEE

Abstract—A new lateral p-n-p compact model, suitable for
computer-aided circuit design purposes, is presented. In this
formulation, called MODELLA, the equivalent circuit topol-
ogy, analytical equations, and model parameters are derived
directly from the physics and structure of the lateral p-n-p.
MODELLA incorporates current crowding effects, substrate
effects, and a bias-dependent output conductance and it uses
the approach to lateral p-n-p high injection modeling whereby
the main currents and charges are independently related to bias-
dependent minority-carrier concentrations. Model-specific as-
pects of the parameter determination strategy are discussed;
the Ning-Tang resistance determination method, for example,
is shown to be highly suitable for lateral p-n-p devices. The
effectiveness of this strategy and the improved performance of
this physics-based formulation become evident in comparisons
between MODELLA and the standard SPICE Gummel-Poon
model using measured device characteristics.

I. INTRODUCTION

N THE DESIGN of bipolar analog integrated circuits,

greater flexibility is often achieved when both n-p-n
and p-n-p transistors are incorporated in the circuit de-
sign. The type of p-n-p structure used will depend on the
performance required, but many present-day bipolar pro-
duction processes use the conventional lateral p-n-p (see
Fig. 1) as the standard p-n-p structure. Because the lateral
p-n-p avails itself of the p-type base of the vertical n-p-n
transistor to form its emitter and collector regions, no spe-
cial masks or extra processing steps are required in its
manufacture. It is therefore a cost-effective p-n-p imple-
mentation, which is relatively simple to manufacture and
does not increase process development time. Careful de-
sign of these devices can produce transistors with a cutoff
frequency up to 100 MHz, and a current gain of 100, while
maintaining an Early voltage of 20 V. This is often quite
adequate for analog applications such as buffers, current
mirrors, level shifting circuitry, current sources, and sig-
nal amplifiers.
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Fig. 1. Schematic cross section of a lateral p-n-p transistor showing the
physical origin of the series resistances used in the equivalent circuit of
MODELLA. The two-dimensional collector current /. is shown to consist
of two components: 1. I;,—a purely lateral flow originating from the
emitter-base sidewall and 2. I;,.,—a flow along curved trajectories origi-
nating from under the emitter. The internal nodes from the circuit diagram
in Fig. 2 are indicated.

In spite of their widespread use, however, literature on
lateral p-n-p compact modeling for computer-aided circuit
design purposes is not very abundant [1]. Today, circuit
designers are faced with the following' choice of lateral
p-n-p compact models:

e the standard SPICE Gummel-Poon [2] vertical
p-n-p model; )

¢ subcircuits incorporating three SPICE Gummel-
Poon models (representing one lateral p-n-p and two
parasitic vertical p-n-p’s) providing a prediction of
substrate effects;

¢ in-house hybrid models adapted from one-dimen-
sional vertical n-p-n formulations.

Because these models are often inaccurate, the use of lat-
eral p-n-p transistors has been somewhat hampered since
they cannot be accurately represented in a simulation en-
vironment. Furthermore, because these models neglect the
complex two-dimensional (2D) nature of the lateral
p-n-p, they are semi-empirical in nature and therefore lack
the superiority of a truly physics-based formulation. As
well as being more accurate than semi-empirical models,
physics-based formulations possess the following advan-
tages:

¢ model parameters have a physical significance lead-
ing to easier, more reliable parameter determination;
¢ to derive geometrical scaling rules;
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® to assess the influence of process variations on de-
vice behavior,

¢ to facilitate realistic statistical modeling by physical
correlation between model parameters.

This does not mean that all parameters are purely physi-
cal: for the depletion capacitances, e.g., the standard
semi-emperical formula is used.

In this paper, we present a new compact model, called
MODELLA, for the lateral p-n-p (oxide or junction-iso-
lated) which is largely based on device physics. The basic
modeling principles, the derivation of the main currents
and charges, and the equivalent circuit topology are given
in Section II. Model-specific aspects of parameter deter-
mination are discussed in Section III and this is followed
in Section IV by results and discussion of comparisons
between MODELLA and SPICE Gummel-Poon (GP)
using measured device characteristics. Conclusions are
given in Section V. A fully worked-out scheme for geo-
metrical scaling rules, process dependence, and statistical
modeling is beyond the scope of this present paper.

II. MobDEL DERIVATION

In the derivation of MODELLA'’s analytical equations
and equivalent circuit, the following modeling principles
are used:

® basic model equations can be obtained from 1D anal-
yses;

® 2D aspects of lateral p-n-p physics can then be in-
corporated by modifying these basic equations and
the equivalent circuit to include the effects of series
resistances, most notably current crowding.

Here 1D analyses refer to a 1D lateral p-n-p (obtained by
taking a horizontal cross section just below the surface of

the device shown in Fig. 1) and a 1D parasitic vertical -

p-n-p (obtained by taking a vertical cross section through
the emitter contact on the left-hand side of the device
shown in Fig. 1). The use of 1D formulations to model
lateral p-n-p physics was shown to be valid by comparing
these analytical predictions with the results of 2D numer-
ical device simulations. By selectively increasing the ma-
jority-carrier mobility to very high values, it was possible
to eliminate ohmic voltage drops in the simulations,
thereby facilitating such a comparison. These compari-
sons proved, for example, that the collector current flow
pattern exhibited no significant 2D high-injection effects,
implying that the main 2D hole current density between
emitter and collector could be accurately described at all
injection levels by muitiplying the hole current density of
the 1D lateral p-n-p device. The multiplier from the 1D
case to the 2D case depends on the device geometry, but
not on the current level.

In the next few sections, a detailed derivation of MO-
DELLA’s main currents and charges for the forward ac-
tive case will be presented, with the reverse active case
following from symmetry. When applicable, these deri-
vations will reflect the two modeling principles just out-

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 39, NO. 11, NOVEMBER 1992

lined, i.e., a 1D derivation followed by a modification to
incorporate 2D ohmic effects.

A. Collector Current and Early Effect

For lateral p-n-p compact modeling, we have adopted
a physical approach to modeling the injection in the quasi-
neutral epitaxial base region. The collector current /, is
related directly to the bias-dependent minority-carrier
concentration p(x), in the epitaxial base region of the 1D
lateral p-n-p (c.f. [3], [4]). Because the hole distribution
varies almost linearly with distance at all injection levels
[5], we can assume that p(x) varies linearly from a max-
imum value of p, (a function of the emitter base voltage
V,,) at x = O near the emitter-base junction to a value
zero at x = X, near the collector-base junction. X, is the
width of the neutral base region. Furthermore, we assume
that a suitable average value for p(x) in such a distribution
is p./2 so that our effective hole diffusion coefficient D,
is defined in the center of the base region. Assuming a
constant base doping (N.,), quasi-neutrality (n = p +

) N,y and no recombination (J, = O and hence F = V, *

n~' - dn/dx), we can derive that [6]
2P + Nepi dp
Jp = =Dy ——— =~
Pe + Nei e
~ gD, ———2 P
pe/2 + Nepi Xb

The minority-carrier concentration follows from the pn
product at x = 0

pe(pe + Nepi) = ni2 €Xp (Veb/Vr)

2
pe 1 " i
Nei 2 {\/1 T4 (Nepi> exp (Ve / V) 1}. )

Some manipulation then leads to an expression suitable
for compact modeling

M
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4
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I
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A.g is the effective emitter area, V, is the thermal voltage,
and the two model parameters 7, and I, represent the high
injection knee current and the saturation current, respec-
tively [6]. Compared to the exact solution [7] of the dif-
ferential equation in (1), the maximum deviation of (3) is
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only 4%. This is in contrast to a maximum deviation of
15% with the expression of Chou [8] (who chose p, as the
average hole concentration instead of p, /2) and a maxi-
mum deviation of 13% with the Gummel-Poon expres-
sion [9].

The Early effect [10] is modeled by including the effect
of the collector-base depletion width X,,, on the base
width X,; between the metallurgical junctions of the
emitter and collector, in the expression for the collector
current

X, _

[ ! Xb
ij - ch

I.=1 I —
¢ ¢ © X+ X0 — X

@

Here I/ is the collector current without the Early effect (3)
and X, is obtained by assuming asymmetric, abrupt, ho-
mogeneously doped junctions: X, = X.oV1 — Vo /Va
In this way, we obtain a new expression modeling accu-
rately both the high injection and forward Early effects in
a homogeneously doped base transistor (X.o << X)

I;
I = &)
Vea
1- J1- Q/<1 + =
Vs 2V,

where V,and V., are the diffusion and collector-base volt-
ages, respectively. In this equation the Early voltage at
zero collector-base bias

dI,

av, =2-V;  X/X0— D

Ve =0

Vearo = I,

is the model parameter. By including the effect of the
emitter-base depletion on the base width, this equation
may be extended further, using one extra parameter V.aros
to model the reverse Early effect.

An additional advantage of (5) is that punchthrough oc-
curs at more physical values of ¥,,. The approximate value
of V., at which X,, = X, is given by Vo, = —Vigo/(4V)
which is usually well above the avalanche breakdown
voltage with open base BV, In the conventional mod-
eling of the Early effect (I. = I¢/(1 + Vo /Veap)>
punchthrough occurs ar very low values of Vo Gee.,
V., = — Ve, which leads to numerical problems.

The modeling of 2D effects such as current crowding is
based on the influence of the series resistances shown in
Fig. 1. This figure shows how the hole current flow lines
that make up the collector current, can be roughly divided
into two distinct components: a purely lateral flow which
originates at the emitter sidewall and a flow along curved
trajectories which originates from the bottom of the
emitter. At low current levels, the sidewall component
dominates. At high current levels (not necessarily high
injection), the voltage drop across the lateral emitter re-
sistance R, leads to a debiasing of the sidewall junction
thereby reducing the contribution from this component.
The second component then dominates and current

crowding in the region under the emitter contact is ob-
served. Numerical device simulations on 2D structures
show that the larger effective base width associated with
these trajectories has important consequences for device
behavior at high current levels. The collector current and
therefore the current gain Hy, can decrease by more than
a factor of two and the Early effect is significantly re-
duced. This reduction in the Early effect is in agreement
with the experimentally observed dependence of the Early
voltage on the emitter-base voltage V., (see, for example,
Fig. 5). It is crucial, therefore, to incorporate current
crowding into a lateral p-n-p compact model and in MO-
DELLA we do this by using double-emitter diodes and
current sources to represent the sidewall (Zf1a) and bottom
(I¢ ver) components of I.. This separation of sidewall and
bottom components of I. can be seen in MODELLA’s
equivalent circuit shown in Fig. 2. Iy, and I; e are de-
scribed by means of (3) and (5), but for the emitter-base
voltage they use the internal junction voltages V., and
V,u» Tespectively, and for the collector voltage V., In
addition, different saturation current and Early voltage pa-
rameters are used in the respective expressions, reflecting
the different effective basewidths associated with the two
current paths. The saturation current I, is divided be-
tween Iriy and Iryer by introducing a parameter XIFV
which represents the fraction of the collector current orig-
inating from under the emitter (typically 10-20% ). Equa-
tion (3) is premultiplied by (1 — XIFV) to obtain Iy, and
by XIFV to obtain I; yer. At low current levels, when V,,;
= Vb I dominates due to its larger saturation cur-
rent, whereas at high current levels Ir e, takes over due to
the voltage drop across R,,,. The Early voltage parameter
associated with I e (i-€., Vearo,) will be larger than that
used with Iy i (i-€., Vearo)) thus modeling the dependence
of the Early voltage on V,,. At low forward bias, the Early
voltage, Vi, at Vi, = 0 will be approximately equal to
Veafo» Whereas at high forward bias V., will be signifi-
cantly larger and will depend on Vo,

B. Base Current

The ideal base current Izz mainly originates from elec-
trons injected into the emitter which recombine at the
emitter contact. Because these minority carriers are in-
jected from the epilayer base region under the emitter
contact, the diode Igg is located between nodes e, and b,
in the equivalent circuit. Similarly, the nonideal base cur-
rent I, depends on V,,;, because it mainly originates from
space-charge recombination under the emitter due to the
large ratio of bottom-to-sidewall areas. The equation used
for I, is derived from the standard Schockley-Read-Hall
formulation and is described in [6]. In certain processes
other origins of base current may become relatively sig-
nificant (Si-SiO, interface recombination with poor oxide
quality and bulk recombination with double-poly pro-
cesses), but except for extreme circumstances, they retain
the ideal and nonideal behavior of Igg and I ¢ and thus can
be adequately modeled.
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Fig. 2. Equivalent circuit diagram of MODELLA. Note that the emitter
resistance is split into R, and R,,, which, in combination with the double-
emitter diodes and current sources I\ and Iy .,, models current crowding.

C. Substrate Current

Any formulation to model the substrate current I,
should reflect the different types of behavior associated
with each of the hole current components that travel from
the bottom region of the emitter to reach the substrate.
The component which travels through the buried layer to
reach the substrate can be considered to exhibit an ideal
exponential dependence on V,,;, up to very high forward
bias, with its saturation current written as X, - I, In
those places of oxide-isolated devices where the buried
layer does not completely isolate the epilayer from the
substrate, and in junction-isolated devices a second com-
ponent exists. This component avoids the buried layer,
traveling through the epilayer to reach the substrate or the
isolation diffusion, and therefore stems from trajectories
through a homogeneously doped base region. The high-
injection effect occurring in this component can therefore
be modeled by the formulation derived for I.. If we denote
the fraction of I, subject to this high-injection effect as
Xpi, then the following formulation for I, is obtained:

4X'hinsube

Iy
34+ /1 +16—
I,

The model parameters are X; and X,,,. If X;; = O, then
Ly, will exhibit an ideal exponential dependence on Vesb:s
but if X;; = 0.5, for example, then the current gain of the
parasitic vertical p-n-p (i.e., I, /I,) will be seen to sat-
urate at high current levels; this is a current gain charac-
teristic often observed experimentally. The use of the
same parameter /; to model high injection in both I, and
I, can be understood by observing that they are related
to the same epilayer doping and that it is the ratio I/ 1,
that is common to both equations. Extensive experimental

L = (1 — X)Xl + ©
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use of MODELLA using one J, for high injection mod-
eling in a device confirms the validity of this approach.

D. Epitaxial Base and Other Charges

The stored minority charge O, in the epitaxial layer base
region is modeled by relating it directly to the bias-de-
pendent minority-carrier concentration, p(x), in the base
region of the 1D lateral p-n-p. Again assuming a linear
distribution for p(x), we can write

O = % aXyp. @]

which after some manipulation yields

I
Q,,=T,%</1+167’;—1> ®)

where 7, = Xi/ (2D,) is the model parameter which rep-
resents the forward transit time at low injection due to
charge storage in the epilayer. A consequence of relating
the currents and charges separately to the injected minor-
ity-carrier concentration (an approach first used in the
MEXTRAM [7] compact model) is that the base transit
time 7, = dQ,/dl.| ..o, is seen to decrease by a factor
of two at high injection levels, thereby correctly modeling
the Webster effect [11]. This contrasts with the SPICE GP
model where the use of the charge control principle yields
a bias-independent base transit time. For an inhomoge-
neously doped base 7, becomes dependent on 5 = X, -
F/V,, which is a measure for the built-in field strength F;
sec also [6]. The expression for I. (in (3)) needs no mod-
ification in this case. The consequence of current crowd-
ing and the resulting increase in effective basewidth is here
that the base transit time is seen to increase at high current
levels. This means that the fall-off in the cutoff frequency
fr characteristic at high current levels is due not only to
high injection but also to current crowding under the
emitter. In order to model this we split the minority charge
storage in the epitaxial base into two components. These
components represent charge storage under the emitter
(Qr ver) and charge storage between the emitter and col-
lector (O 1a). Of 1 and Qy ., are described by (8) because
both are proportional to p,, however, they depend on
Vs and V,,;, , respectively, and also the proportionality
constants are different, so we use different low injection
transit time parameters (7, 7¢ver). The ¥V, dependency
of the minority charge storage is modeled by adapting the
sidewall component Qs ,, to include the Early effect of
the collector-base voltage using ((X,; — X.;)/X,) as a
multiplication factor. Charge storage Qf ver under the
emitter is not affected by V. The stored charge in the
emitter and buried layer under the emitter depends on
Ve,», and shows ideal behavior

O = Tpdy (Vop) 9

with 75, as parameter. In the reverse active mode we must
define similar charges (Q, 1.1, Orvers @) With a simular set
of parameters. The depletion charges are modeled as in
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other compact models [6]; the current dependence is not
included, but the internal voltage drop is.

E. Summary

MODELLA has 42 parameters and 6 internal nodes
which make it more complex that the SPICE GP model.
However, due to the symmetry of its equivalent circuit,
which reflects the symmetry in the physical structure of
the lateral p-n-p, and due to the explicit nature of its equa-
tions, MODELLA'’s equivalent circuit is quite straight-
forward to solve, requiring no additional iterative proce-
dures. The symmetry referred to here also applies to the
equations and parameters used in the reverse active case.
MODELLA therefore provides reverse active modeling
with the same level of accuracy as the forward active case.

The modeling of current crowding has led to the sepa-
ration of the sidewall and bottom parts of the emitter-base
and collector-base junctions. This has the beneficial ef-
fect that the location of elements in the equivalent circuit
can reflect the location of the underlying physical mech-
anisms in actual devices. The emitter-base depletion
charge Qgy, for example, is located in a more physical
way under the emitter rather than at the sidewall.

III. PARAMETER DETERMINATION

The strategy chosen for the determination of the 42
MODELLA parameters is based on the least squares op-
timization of parameters from measured device character-
istics, augmented by the calculation of a small number of
parameters from process information. Because MO-
DELLA is a physical model, all parameters are closely
related to and can be expressed in terms of the underlying
physics. This greatly enhances the reliability of calculated
values for parameters and the physical plausibility of opti-
mized parameter values can be verified. In this section,
we discuss some key points in the strategy which are of a
model-specific nature. Again the forward active case will
be discussed, with the reverse active parameter determi-
nation following from symmetry. Although in this paper
measured data are used for parameter extraction, similar
results can be obtained by using computer device simu-
lations as input for the parameter extraction.

A. The Ning-Tang Method

In MODELLA the base resistance R,, consists of a con-
stant part R, and a conductivity modulated part R,,. The
low injection value of R,, is easily calculated from a
knowledge of the epilayer resistivity and geometrical con-
siderations. Now, R,,. and the emitter contact resistance
R, can be optimized by fitting the emitter current /, at
high forward bias. However, this method is undesirable
because a prerequisite is a perfect model prediction of the
fall off in the current gain Hj,.

The method of Ning and Tang [12] measures the volt-
age deviation 8V of I, from the ideal I, versus V,,;, char-
acteristic at high current levels in order to extract emitter
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and base resistance parameters. For the lateral p-n-p we
can write

8V = LR, + IRy, (10)
where
Ie = IE + Ib + Isub
Re = Reex
Rbe = Rbec + va'
Therefore
5V Isub va Re + Rbet
LA 420 g e 2 (11
I Rm<1 I ) H, H, (11

Normally I, /I, << 1 and therefore it may be neglected.

If we make the assumption that R, /Hy, is constant at
all injection levels, then a plot of 8V /1. versus Hp, !yields
a straight line (see Fig. 3) which has as its slope R,,, +
R,.. and as its extrapolated y-axis intercept R, +
Ry, /Hy,. Because we have already calculated R,, at low
injection, we can easily determine R,,, and R,,. using this
curve.

The correct interpretation of the curve is dependent on
the validity of the assumption that R, Hy, is constant. This
assumption is rarely valid in vertical n-p-n transistors for
the following reasons.

1) Current crowding at the emitter-base sidewall is
usually present. This leads to a dramatic reduction in Rp,,
but has relatively little influence on Hp,.

2) The influence of quasi-saturation on Hj, increases
the ratio.

Because of these effects and the difficulty in quantifying
them, the interpretation of the curve is often rather du-
bious in the case of the vertical n-p-n transistor. With the
lateral p-n-p these points can be effectively circumvented
so that only high injection of the homogeneously doped
base region in the lateral p-n-p remains. This has the de-
sired effect of maintaining an approximately constant ra-
tio between R, and H;, because it lowers both Hp, and Ry,
by means of charge storage and conductivity modulation.

The conclusion is that the method of Ning and Tang is
highly suitable for the lateral p-n-p, the only prerequisite
being that the condition I, /1, << 1 be satisfied. In prac-
tice this method has yielded remarkably consistent results
in the determination of R, and Ry,.. The accuracy, how-
ever, is influenced by the calculation of Ry,.

B. The Early Parameters

The optimization of the forward Early parameters
Vearo, and V,ypo, associated with Iz and I, respec-
tively, proved to be quite problematic. This was because
a realistic optimization of Vo, required a high forward
emitter-base bias in order to induce current crowding un-
der the emitter whereby I, constituted most of the col-
lector current. The usual approach of optimizing the Early
parameters to fit /. as a function of reverse collector-base
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Fig. 3. Characteristic curve obtained using the method of Ning and Tang.
The straight line extrapolation is indicated.

bias at constant V,, was unreliable because of the follow-
ing factors:
1) At high current levels, the Early voltage V.., de-

fined as
dv,
Vea = IC/ d]cb

Veb = constant

is overestimated due to ohmic voltage drop across R,,,
which compensates the increase in I, due to V,,, variation.
. 2) Incorrect interpretation of the Early effect as a result
of internal heating caused by dissipation. At constant V,,
the temperature rise will cause a large increase in I, be-
cause of the temperature dependence of the collector sat-
uration current [ ,.

By defining the Early voltage at constant base current,

ie.,
dv .,
Ve = I‘/ dl.

Ip = constant

the first problem is eliminated and the second problem is
drastically reduced since the temperature dependence of
the forward current gain Hy, is much less than that of /.
Using the nonsaturation region of the I, versus V,. char-
acteristic to optimize the Early parameters therefore al-
lowed us to determine reliable values for the Early param-
eters at low and high forward bias.

C. Charge Parameters

The two low-injection transit time parameters 7, and
Tfvers associated with Oy, and Qy,.,, respectively, were
optimized together by fitting the cutoff frequency fr versus
I. characteristic. Since these charges have quite different
sensitivities to ¥V, (Qyv.r is not affected by V., but Qs
is, see Section II-D), the reliability of these optimizations
was greatly enhanced by simultaneously fitting two or
more fr characteristics having different V,, values.

D. High Injection and Current Crowding Parameters

The seemingly intractable problem of separating the ef-
fects of high injection and current crowding from mea-
sured device characteristics was solved using a somewhat
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heuristic approach. An advantage of using a physics-based
approach to model high injection in the lateral p-n-p is
that only one parameter [, is required to indicate the onset
of high injection in I, and I, (forward active) and also in
I, and I, (reverse active). See also (3) and (6). There-
fore, the value of I, obtained by fitting, say, the initial
fall-off in the forward current gain characteristic, could
be checked to ensure compatibility with the reverse cur-
rent gain characteristic or the forward and reverse Iy, /1,
characteristics. In this way, a quite reliable value for I is
always obtained. Once a value for I, is established the
current crowding parameters X/FV and R,,, are then opti-
mized by fitting the remaining fall-off in the Hj, charac-
teristic at high forward bias. A good initial guess for XIFV
can be provided by analytical expressions derived from
approximating the 2D hole current trajectory pattern in
the epitaxial base region by quarter circles and straight-
line segments. With this approximation the saturation cur-
rent per unit stripe length for I, becomes [8], [14]

D, - n} Yopi — Y.
=u——'ln<l+7rep———e>. (12)
T‘Nepi Xb

ISU
For the lateral current we have (see also Fig. 1)
q: Dp . "f v
Nepi ° Xb <

So XIFV can be calculated from XIFV = I, /(I + I).
For the example in Section IV we find then XIFV = 0.43,

Isl = (13)

" which is close to the value found from optimization (0.5).

Because of the sensitivity of the Early voltage, V., as a
function of V,, to current crowding (see Section II-A),
curves of Vs versus V,,, provide a qualitative verification
of the plausibility of XIFV and R,,, values.

Our experience has shown that an almost totally auto-
mated parameter determination strategy for MODELLA
can be used with the vast majority of devices. In cases,
though, where problems arise, the type of heuristic meth-
ods outlined above yield a solution which only a physics-
based compact model can provide.

IV. RESULTS AND DISCUSSION

In order to illustrate some important aspects of MO-
DELLA’s performance, a comparison was made between
MODELLA and the SPICE GP p-n-p model [2]. The
SPICE GP model was chosen because it is probably the
most widely used compact model, either on a stand-alone
basis or as part of a subcircuit. Since SPICE GP does not
model substrate effects, the reader is referred to (9], [13]
for a comparison between MODELLA and an extended
GP model which does contain substrate effects.

The device chosen for comparison purposes is a typical
junction-isolated lateral p-n-p where the mask base width
X, = 4 pm (3 pum in silicon) and the collector completely
surrounds the square 8 X 8 um? emitter. The junction
depth of both emitter and collector ¥, = 0.7 um, the
epitaxial base doping concentration is 3.5 X 10" cm™>
and Y,,; = 1.4 pm (see Fig. 1). The forward Gummel plot
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Fig. 4. Reverse active Gummel plot of the junction isolated device. The
solid lines represent MODELLA and the points are measured data: X—
substrate current; O—emitter current, A-—base current.
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Fig. 5. I, versus V., characteristic at three different values of base current.
The solid lines represent MODELLA, the dashed lines the SPICE GP
model, and the points are measured values.

is not shown as both models provided good agreement
with measured data (the SPICE GP model provided no
prediction of the substrate current though). Again, the re-
verse Gummel plot showed no major difference in model
predictions of I, and I,. However, Fig. 4 shows that the
substrate current is now the largest current, and MO-
DELLA predicts very well. In Fig. 5 MODELLA pro-
vides a much better prediction of the saturation region of
the I, versus V,. characteristic due to its improved resis-
tive network and the reverse I, modeling.

With the GP model the Early voltage, V., has a neg-
ligible dependence on ¥, and as shown in Fig. 6 is com-
pletely independent of V.. MODELLA, on the other
hand, shows excellent agreement with measured data due
to the physical modeling of both basewidth modulation by
V., and current crowding under the emitter. This bias de-
pendence of V,, is often a critical aspect in lateral p-n-p
compact modeling, e.g., in circuit applications involving
lateral p-n-p current sources.

The improved modeling of the fr characteristic by MO-
DELLA in Fig. 7 is due to a) the inclusion of the Webster
effect, b) the fact that the fr fall-off at high current levels
in MODELLA is a function not only of high injection,
but also of current crowding, and c) the way in which the
stored base charge is divided into two components with
differing V,, dependencies. An inconsistent SPICE GP
charge model, in which the substrate is connected to the
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Fig. 6. Comparison between MODELLA and SPICE GP predictions of
the measured Early voltage, V.., as a function of V. The Early voltage
is defined as

dv,
dl.

= Ve

Ip = constant

Vear = 1

The two I, values correspond to V., = 0.7 V and V,, = 0.94 V, respec-
tively.
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Fig. 7. Comparison between (a) MODELLA and (b) SPICE GP model
predictions of the measured cutoff frequency fr as a function of I at dif-
ferent V,, values.

collector, leads to even greater differences in the two fr
characteristics.

Finally, a comparison between the H, predictions of
MODELLA and SPICE GP is shown for another junction-
isolated device which exhibited a high-temperature effect.
The generation current of the reverse-biased substrate-
base junction can become large enough with increasing
temperature to compensate the terminal base current. In
this situation, the current gain increases dramatically in
the low forward-bias region. A set of physical tempera-
ture scaling rules has been derived for MODELLA’s pa-
rameters and Fig. 8 shows how the temperature-scaled
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vice. The points are measured data, the dashed line SPICE GP, and the

solid line MODELLA.

generation parameter of the substrate-base diode I, pre-
dicts this compensation effect.

With regard to the circuit simulation environment, ex-
tensive test simulations have shown that MODELLA ex-
hibits excellent convergence behavior on a parwith the
SPICE GP model. In terms of C.P.U. time, MODELLA
is a factor of 1.5-2.0 slower than the SPICE GP model
while the number of iterations required for convergence
is roughly equal.

V. CONCLUSIONS

This paper describes the first truly physics-based lateral
p-n-p compact model incorporating high injection effects,
current crowding effects, and a bias-dependent output
conductance. MODELLA’s performance is significantly
better than the SPICE GP model especially with respect
to reverse active and saturation modeling, and the bias
dependencies of the cutoff frequency and the Early volt-
age. The physical significance of MODELLA'’s parame-
ters leads to easier and more reliable parameter determi-
nation. Furthermore, the realistic incorporation of a lateral
p-n-p compact model into integrated systems, linking pro-
cess, device, and circuit simulation, should now be pos-
sible.
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