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Abstract—A two-transistor lumped model is used to describe the matn features of transistors’ two dimensional
action. The model provides a first order correction to the ideal one dimensional transistor gain due to the effect of the
emitter periphery. The correction is given in terms of a single parameter which can be experimentally evaluated for a
fixed diffusion pracess. This makes the model a practical tool in L.C. transistor layout design. Experimental
virification of the model is presented. Finally, implication to gain and cutoff frequency falloff due to lateral injection at

high current is suggested.

With the small planar dimensions used in today's
monolithic integrated circuits and transistor production,
the one-dimensional model does not describe faithfully
enough the transistor action. To illustrate, observe that
for a typical 2u diffused 1x I mil* emitter, the emitter
periphery area is as much as one-third of the planar region
areat

The influence of the emitter periphery on the transistor
action should be examined carefully. Assuming that it
draws emitter current proportional lo its relative
area[1]is oversimplification, and aggravates the periphery
contribution. On the other hand, exact numerical solution
of the two-dimensional transistor problem[2} requires
repeated use of a computer for each case and is too
elaborate for usual design purposes.

In standard integrated circuit production there is
usually a fixed diffusion procedure which is used.
Therefore all transistors have the same vertical doping
parameters, especially if they appear in the same
integrated circuit die, If these transistors could be
considered as ideal one-dimensional devices, they would
all have the same gain, cutoff frequency, and other
parameters. In practice, transistors with different planar
structure have somewhat different characteristics which
are expected in view of the three-dimensional character of
the device operation,

Because the diffusion procedure is fixed, we suggest
that it may be possible and practical to use a simple model
to describe the three-dimensional features of the transis-
tor. The parameters of this model can be experimentally
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evaluated for a particutar diffusion procedure by using a
set of test transistors. These parameters can then be
useful in planar design of transistors in integrated circuits,
providing also some control on the transistor characteris-
tics via its planar design.

A simplified model like this is described in Figs. 1and 2,
consisting of a two-transistor lumped modet[3]. The real
transistor is assumed to consist of two transistors
connected in parallel; one is the planar region which is

Te

EMITTER

BASE

COLLECTCR

L

Fig. 2. The iwo-transistor lumped model.
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assumed to be an ideal one-dimensional transistor, and the
other part is the low gain lateral region of the transistor,

We focus on calculating the gain of the lumped model
of Fig. 2. We first calculate the common gain of two ideal
n-p-n transistors with emitter area Ap, and Ag, when
they are connected in parallel (Fig. 2). The hole and elec-
tron current densities are given by:
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is the base width and L, the hole diffusion length into the
emitter, The emitter factor (Qr/D; ) is usually assumed to
saturate at some constant value[4, 5).

We use eqns (1) and (2) to calculate the commeon gain of
the two transistors. The common base gain of each
transistor is determined by the emitter efficiency y and
the transport factor er: a = yer. In terms of the o defect
§=1afl; =1 — o~ /8 one gets[10]:
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K is a parameter that determines the current distribution
between the two transistors

Je

K I_E? 4

where Je, and Jg, are the emitter current densities of the
two transistors. The parameter K is voltage independent,
since Jg, and Jg have the same dependence on the
common emitter-base voltage Vag (eqns 1, 2).

In the limit K{Ag/Ag) <1 a convenient linear relation
results from first order expansion of eqn (3):
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Expression (5), with Ag, being the planar transistor area,
and Ag, being the lateral transistor area, would be a very
rough approximation to describe the two-dimensional
operation. Since the current density across the lateral
transistor varies considerably, a single parameter K (eqn
4} is not well defined. Extension of eqn (5) leads to:

iy 6,,+[fad1K(l)(6L(l)—5,,)]j—; 6)

'p

where Lg is the emitter periphery length, d: and !
defined in Fig. 1, 8. (1) is the alpha defect of the current
tube which originates from point { (see Fig. 1) and

K= 4]
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The current injection into the lateral current tubes is much
smaller than that injected into the planar part (see eqn 2),
hence K (1)< 1. Either eqn (5) or eqn (6) can be generally

written as:
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where A; is a constant parameter, uniquely determined
for a given diffusion process.

At low current level there is significant contribution to
gain reduction by recombination at the emitter-base
junction space charge region, surface recombination, and
emitter base channeling[1]. Still, a linear relation like eqn
(6) follows straightforwardly for these cases too[l0].
However, since the base currents which are contributed
by these mechanisms have voltage dependence which is
different from eqns (1) and (2}, this leads the parameter A,
to be dependent on the emitter base voltage Ve, so in
evaluating A, experimentally one must measure the gain
of different transistors at the same emitter-base voltage,
or roughly at the same current density.

We have prepared a set of photographic masks for
fabrication of about 50 separately accessible test devices
on a single die, including differently shaped bipotar
transistors with different ratios of emitter periphery to
area Lz/Agp The test transistor array was diffused by
standard two-step diffusion processes of boron and
phosphorus into n type [100] plane silicon slices. The
emitter base and base-collector vertical junction depths
were Xgp =2p and Xac =2-7p. The measured alpha
defect (8) of the different transistors was plotted vs
Le{Az (Fig. 3). The linear relation (eqn 8) is reasonably
satisfied. The small down deflection of point Lg/Ag =
133X 10™" ™" may be attributed to the second order term
of the expansion of eqn 3 which carries a negative sign.
The alpha defect values in Fig. 3 were calculated from the
transistors maximum measured gain (§ = 1/Bua) assum-
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Fig. 3. a defect of different transistors located on the same chipvs
their emitter periphery-to-area ratio.
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ing that the maximum gain occurs at about the same
current density in all transistors.

From the slope and the intersection of the ordinate axis
(Fig. 3) we deduce the following model parameters which
are valid for the particular process used: A, =
58x 107", 8, = 0-014. The appropriate gain of the ideal
planar transistor is g = 1/§, = 71°5.

The model suggested here is a simple first order
correction to a one-dimensional model of the
transistor [9]. We demonstrated in particular its use for the
transistor gain calculation, however, we point out that
some other parameters like cutoff frequencies and hpe
and fr fall-off at high currents can also be investigated by
this model, in conditions where these “fall offs” occur
dominantly through the Van der Ziel mechanism[6].

Different mechanisms were suggested to explain the fall
off of the mentioned transistor parameters at high
currents[6,7], and they apply at different transistor
structures and different operating conditions. The
mechanism that was suggested by van der Ziel ef al.
relates this fall off o the saturation of the planar part of
the transistor at high currents, while the peripheral parts,
normally carrying less current density, are not yet
saturated. Recombination is higher and transit time is
longer along the lateral transistor current tubes (see Fig.
1). Indeed these two effects are related through([9]
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where 7 is the carrier's lifetime in the base. Since near
saturation bigger portions of excess current will flow
through the lateral parts, the overall small signal gain g
will fall (because of the reduced ar} and the cutoff
frequencies [, f and fr will fall (because of increased t,,).
Hence we suggest that these effects can be also
investigated[10] using the present simplified model of a
single measurable parameter, which must be in this case
voltage dependent &(Vag, Vo). For a fixed 1.C. diffusion
process this may allow better control over these effects in
the transistor’s design, by varying the emitter periphery to
area ratio, which determines the relative contribution of
the peripheral transistor.
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