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Transient Phenomena in High Speed Bipolar Devices
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A new numerical method is applied to the analysis of the charge partitioning in the
quasi-neutral base of a BJT. The results show that the conventional, 1:2 collector/
emitter partitioning is not valid in general. High level injection increases the collector
fraction, whilst fast switching decreases it.
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1. INTRODUCTION

As shown in [1], the charge partitioning may
significantly affect device delay times. Non-Quasi-
Static (NQS) BJT modeling [2] also demonstrates
the practical importance of such effects in modern
devices. The ever increasing speed of microelec-
tronic devices [3, 4, 7] requires the development of
more accurate models to describe transient beha-
vior.

Papers [1, 2] are based on "first order" NQS
corrections. Although the latter approaches are
significantly different, they are similar in their use
of the quasi-static approximation for the charge
partitioning factor in the quasi-neutral base
(QNB). The accuracy of the NQS method [2] is
higher since it takes into account a delay in the
QNB charge, not only in the collector current.

In the present paper we use an exact, 2D
numerical technique, for the evaluation of the
charge partitioning in semiconductor devices [5]. It
is applied here to study the partitioning of the
QNB charge (related to the diffusion capacitances
of a BJT). The numerical method allows the
separation of the charges into quasi-neutral and
space charge components, and the extraction of
the transient components of terminal currents,
responsible for changes in the device internal
charge.

Previous results, obtained for a 1D pn-diode [5],
demonstrated a dramatic change of the charge
partitioning of the charge injected into the quasi-
neutral region depending on the ramp speed. It
was shown that the injection level strongly
influenced the charge partitioning which could
exceed 0.6 of the net base charge in very high level
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injection. In contrast, in low level injection, a

partitioning of 0.33 is obtained which agrees well
with the conventional diffusion theory. A similar
trend was noticed in [2] where small-signal 1D
analysis of a BJT was performed (Cm parameter in
Fig. 4, [2]). Charge-based models e.g., those
stemming from [8, 9] are preferred to describe
transient device behavior and there has been
renewed interest in charge partitioning [1, 10- 21].
The majority of authors [1,10-21] have

addressed the partitioning problem using simpli-
fied analytic methods. Analytic models, such as
those proposed for MOSFETs [10, 11] and BJTs
[12, 13, 15, 16, 18, 19] provide charge conserving,
partitioned charge descriptions. Analytic models,
based on first or higher order, non-quasi-static,
solutions of the continuity and transport equations
have also been proposed [12, 17, 20, 21]. To obtain
closed form expressions, useful for device models,
such analysis requires a significant number of
simplifying assumptions.
A numerical techniques needed to extract the

various charge/current components, necessary to
accurately characterize the charge partitioning,
have been developed recently [5]. These techniques
were implemented in TRASIM [22] which provides
an accurate, stable, and rapidly convergent, time-
dependent, numerical solution of the two-dimen-
sional Poisson and continuity equations, for
specified, time dependent boundary conditions.
The numerical results show that there are sig-
nificant differences between the exact charge
partitioning and the predictions of the analytic
models.
Both the present and previous analytic models are

based on the conventional, drift-diffusion model for
carrier transport. The numerical analysis confirms
the validity of this approach in BJTs, since the
electric fields (or Fermi-level gradients) remain
modest, at even the highest switching speeds.

Non-the-less, the Ohmic electric fields, asso-
ciated with the removal of the neutralizing,
majority carriers, are large enough to cause major
changes in the minority carrier partitioning. Such
effects are completely omitted in analytic models.

2. DEPLETION AND DIFFUSION CHARGES

Conventional device models associate the motion
of the space-charge region boundaries with charge
storage in a "depletion capacitance.", and the stor-
age of minority carriers in quasi-neutral regions
with a "diffusion" capacitance. A conventional
numerical model provides no such distinction. The
total charge for each carrier type must be split into

a) a space-charge part, corresponding to a deple-
tion capacitance and b) a quasi-neutral part,
corresponding to a diffusion capacitance.
The extraction of the space charge and quasi-

neutral charge have been described in detail earlier
[5]. Following the methods described in [5] the
depletion and diffusion charges are found from

I sc dxdn,p P n,pJa
1 qn dxdy (1)n,p Pn,p
Ja

where f is the computational domain. The charges
defined in Eq. (1) represent only the changes in the
device charges/carrier concentrations that occur as
a result of the applied switching ramp.

3. THE PASS-THROUGH CURRENT

It is necessary to compute the "pass-through"
current [5], defined as the current that would flow
across the device if the instantaneous bias and the
instantaneous, transient internal potential distri-
bution were held constant (c.f. "convective cur-
rent" in [23]). The time dependent pass-through
current must be subtracted from the terminal
currents since it does not contribute to changes in
the stored charges.
The "pass-through" current jpt and jppt are

computed in a separate series of iterations, solving
only the steady state, non-linear continuity equa-
tions

VJPn qR; VJ qR. (2)

During a fast transient, or as a result of high level
injection, the electrostatic and majority carrier
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quasi-Fermi potential distributions p (x, y) and
p(X, y) change during the transition. It is insuffi-
cient to merely interrupt the changes in terminal
voltages and to then compute the conventional
steady-state current.
For even a very slow transient errors arise:

Although the change in the potential distribution
will be smaller, the integration time is increasing
and still leads to an erroneous calculation of the
partitioning. Unfortunately the effects of internal
p6tential variation, imply also that the conven-
tional "steady-state" part of a circuit model is no
longer adequate to predict the corresponding
terminal currents.

Integration of the solutions of Eq. (2) over the
ptdevice contacts, gives -’]Vc Jk--0. The total

charge, arriving at the k-th terminal is defined as

0.175 gm

Emitter

Epi-base

Base

p+

SEG active collector

Buried Layer n/

0.44 gm

FIGURE Simulated BJT structure.

4. SIMULATION RESULTS

The modifications described above were imple-
mented in TRASIM [22], and the modified version
of TRASIM used for transient 2D numerical
simulation of a CML BJT [4]. Depending on the
functional purpose of the transistor and the desire
to increase speed of the ECL circuit, the transistor
may operate in a high current mode, causing high
level injection. Rather few papers have been
published on the high injection behavior of the
BJT (e.g. [6]). We believe that only thorough
numerical investigation will shed light on the
highly nonlinear, transient problem.

4.1. Device Structure

The transistor structure is shown in Figure (we
follow the data and SEM photograph from [4]).
Only one half of the transistor is simulated to
reduce the computational burden. The depth of
the buried layer was 0.575gm, having Gaussian
impurity distribution with exponent of 0.1 gm and
peak concentration of 1019 cm-3. The selectively
epitaxially grown active collector has impurity

concentration of 1.8.1017 cm-3. The epitaxial base
layer has a concentration of 2.5. 1018cm-3 and
width of 70nm. The polysilicon emitter was
modeled by a surface recombination 104 cm/s,
effective p-n junction depth of 25 nm and a half
emitter with and area of 0.175gm and 0.35 x 2.6
gm2 respectively. SRH, Auger and high doping
effects were taken into account. This device shows
/ about 95 and Ic of lmA at V --0.92EB
and Vc- 2V which matches the experimental
data [4].

4.2. Charge Partitioning for Different
Injection Levels

The transients were simulated at VCB 2V with
I/’EB switched from V 0EB to 0 V with a linear ramp
of duration -r seconds. The collector charge
fraction Pc was calculated from Pc Qc(t)/
(Qc(t)+QE(t)), where QE(t) and Qc(t) are
charges recaptured at the emitter and collector
terminals respectively after time t. Figure 2 shows
the time evolution of the dynamical charge
partitioning of the QNB charge. As we see,
increasing the injection level leads to a bigger
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FIGURE 2 Charge partitioning for different injection levels
-r 0.01 ns.

FIGURE 3 Electron density profile across the current flow in
the QNB.

collector charge fraction. This effect is due to the
built-in electric field in the QNB associated with
the high injection level and the extraction of the
compensating majority carriers.

Figure 3 shows 2D effects present when dischar-
ging the base of the transistor, in low injection.
The vertical dashed line in the Figure 3 shows the
"current channel boundary". Electrons injected
outside this channel are diverted to the collector
rather than to the emitter. After switching-off the
transistor they are collected by the collector
effectively increasing the collector fraction.

4.3. Charge Partitioning for Different
Ramp Speeds

Figure 4 shows the dynamical charge partitioning
of the QNB charge for different ramp speeds at
V -0.95V. Increasing ramp speed leads toEB
smaller collector charge fraction which is consis-
tent with the earlier results for a p-n diode [5]. This
effect is due to the transient electric field in the
QNB caused by the hole current,

Figure 5 shows the vertical component of the
electron current density during transient for a slow
and fast ramps under high level injection. The
lateral electric field, caused by the fast base
discharge, pinches the electron current flowing
from the emitter to the collector, leading to a non-
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FIGURE 4 Charge partitioning for different ramps, VB
0.95V.
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FIGURE 5 Vertical current density component for a slow and
fast transient.



TRANSIENT PHENOMENA IN BIPOLAR DEVICES 479

monotonic dependence of the electron current
density underneath the center of the emitter. For
the slow transients the current density profiles
retain their shape during the transient.

CONCLUSIONS

A number of different BJT operating conditions
were simulated. Some results depend on the device
structure, nevertheless a few general conclusions
seem to be possible at this point:

i) At low level injection charge partitioning
deviates from the theoretical 1:2 collector:base
partition due to the 2D effects.

ii) In a high current mode, when high injection
occurs, the resulting electric built-in field the
QNB leads to a collector charge partition that
grows with VBE.

iii) The ramp speed affects charge partitioning in
both high and low injection level by effectively
reducing the collector charge fraction at faster
ramps.

It is not possible draw comparisons with [6]
which models a device of base width 200 microns
and zero recombination.
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