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ABSTRACT: A simple physical model for the power BJTs has been developed. It is an extension of
the simple piecewise-linear bipolar transistor model, which covers, in addition, the quasi-saturation
phenomena - the major observable difference between the characteristics of a power transistor and
those of a logic level transistor. To simulate the transient behavior, the charge-control equation is in-
cluded; Simple analytical expressions for the switching times are derived. The model requlres only
four parameters and the parameter extraction procedures are straightforward,
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1. INTRODUCTION

The need for a high voltage capability in the off state and a high current capability
in the on state means that a power BJT must have a somewhat different structure than
its logic-level counterpart. The modified structure eads to certain differences in the I-
V characteristics and in the transient behavior of the two types of devices. The major
observable difference is the appearance of a quasi-saturation region in the I-V char-
acteristics of the power BJT, as depicted in Fig. 1. The purpose of this paper is to de-
velop a simple and completely defined quasi-static model, describing the static and
dynamic behavior of the power BJT in the forward active, quasi-saturation and hard
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Fig. 1. Common emitter output characteristics Fig. 2. Common emitter configuration of the
of a power bipolar transistor power transistor structure

saturation regions. The breakdown effects and the effects of variation of the common
emitter current gain within the forward-active region are not included. For simplicity,
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we ignore the effects of the junction capacitances and take Vg, =0 for hard satu-
ration. To the best of our knowledge, such a model has not been reported s0 far.

2. QUASI-SATURATION REGION

Consider the power transistor structure in a common emitter configuration, as
shown in Fig. 2. Assume fixed base current 7 and a collector-emitter voltage Ucg de-
- creasing from some value in the forward active region. Let U’cz denote the potential
of the lowest part of the collector drift region. K ' '
At the beginning, the pn’- junction denoted by Jc is reverse biased. There is no ex-

. cess carrier charge in the collector drift region (see Fig. 3-a). When the operating

point arrives at the forward-active/quasi-saturation boundary, Jc becomes forward bi-
“ ased and we have injection of holes from the base into the collector drift region. Be-
cause of its very low equilibrium majority concentration , the part of the collector
drift region in the vicinity of Jc goes quickly into high-level injection. The excess car-
rier profile obtaines the form given in Fig. 3-b. Assuming low-level injection in the
base and high-level injection in the collector drift region, one can write:
on' : on'
I.=-q,AD,—%  =-2q,AD,—*
8 1 ? 5)6 [x=0' 4 ox !x:O“
where D, is the ambipolar diffusion constant of the collector drift region and 4 is the

_ transistor cross-section. The apparently linear distribution of the excess carriers in the
collector drift region is a consequence of the assumption that the collector region is in
high level injection and that the hole component of the collector current is negligible.
Note that the excess carrier charge located in the base and emitter regions decreases
as we move from Fig. 3-a to Fig. 3-b and then to Fig. 3-c. This is understandable
since in the quasi-saturation zone a part of the base current is spent to support the ex-
cess carrier chafge within the collector region (see Fig. 4). The smaller becomes the
excess cartier charge in the base region, the smaller will be the slope of the excess
carrier concentration in the base and this implies smaller collector current. The ex-

. cess carrier profiles given in Fig. 3-c correspond to the moment when the operating
point reaches the quasi-saturation/hard-saturation boundary. After the moment we
enter the quasi-saturation region, the potential of the lowest part of the collector drift

“region, i.e. U's;=U, — Uy , becomes approximately equal to zero, as both junc-
tions, Jp ‘and Jc, are forward biased. Therefore, if we denote by R, the resistance of

the collector drift region and ignore the voltage drop on the modulated part of the
collector drift region, we can use the following approximate equation for U, within

the quasi-saturation zone:

w, — X
Ug = . R.=R,;1I; )

M

d
where R', is the resistance of the unmodulated portion of the collector drift region

~ (see Fig. 4). Obviously, the slope of the line that separates the forward-active zone
from the quasi-saturation zone will be equal to 1/ R, (see Fig. 1).
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3. MODEL DEVELOPMENT
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The following assumptions will be p's
made: _ /\« . A
e independent of position excess carriers n e (e,
life-times 1z, 13 and 1¢ in the emitter, .o
base and collector regions, 2% ,
B . . nc
o low-level injection in the base and b
emitter and high level injection in the I
_collector drift region during quasi- g G
saturation, g n'e 1
e the excess carrier concentration ] k9.
E L ! ] ] —
n', (07) at the base/collector boundary L N\ R
can be ignored as relatively small so  -(wetws) ws 0 We=wy
that (1) reduces to: Fig.3 Excess carrier profiles of the power BJIT
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It can be shown that for large surface E g | ¢
recombination velocity s at the emitter i
contact, as is usually the case, the excess Nl
carrier charge in the emitter-region will be
givenby: | Paiw
w
cosh—£-~1 j
_ LPE ' Wy W ’
QE = ALPqu —"""‘;‘V_p}z (_WE) C) (g twy)
sinh —£- Fig. 4. The base current components and excess
PE carrier distribution under quasi-saturation

On the other hand, the excess carrier charges in the base and collector regions within
the quasi-saturation zone will be given by:

0, = fv_véqo_?;,;_(_—_@ )
0. ;ﬂ%io_l ©)

For low-level injection in the emitter and base regions (as assumed), the ratio
Py (—wy)/n'y (—w,)will be independent on the operating conditions. The same

must be true for Q. /Q,. Thus:
Q. =m'Q, . (N

where the constant 7' is easily found by using the Boltzmann junction law:
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‘Combining (3) and (6), one obtains:
Ax*q,Dgn,'(—w
0 = 28 Duss W) _ 90, .‘ ©)
4D, w, _
" where:
2 .
X
— 10
n'(x) = = D [ J | ‘ ‘ | (10)
The base current consists of three components and is given by:
1~
] '--[PB +IPE +IPC QB QE /( }/) QC (11)

Tp T Tc

where y =sec h(wE /L pE) is the ratio between the hole current at the emitter contact

and the hole current at the emitter/base-junction. By introducing a time constant T,
whose meaning will becomme clear later, one can define the quantity:

0=0, =+ S0 Dm0, Tl meno] (12)
where _
m=lTe g =n(n e (13)

l—y 7, T

and use it as an equiuvalent excess carrier charge of the transistor. Thus in
accordance with (11) and (12) is:

I, -2 ' ‘ 14)
T L
From (3) and (5), for the collector current one obtains:
2
IC:&, Tpaz&zﬂ_ : (15)
z-po IC 2DnB
or ‘
I = % 2_p< (16)
Tll+m+n(x)] T :

where B is the common emitter current gain within the quasi-saturation region, with
maximal value S, at the forward-active/quasi-saturation boundary and minimal

value f, at the quasi-saturation/hard-saturation boundary, i.e.:

A= e e

T,,(l+m) rpo[1+m+n(wc)]
Combining (2) and (16), one arrives to the following equation:

T

(17)
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2
£ +[§—”——1]LIC —%Ci) =18 ~Q—? for 0SUg < IR, (18)
B a T

which relates the colisctor current I, the effective excess carrier charge O and the
collector to emitter voltage U, within the quasi-saturation region. Equations (14)
and (18), together with

I.= ﬂHg—, for Ugy > IR, | (19)

“Ug =0, for Q/t21./p5, _ (20)
form the required static model of the power BJT.
To obtain a quasi-static dynamic model for the power BJT, we will simply replace
equation (14) by the well known charge control equation, i.e.:
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Fig. 6. Turn on transients of an resistively leaded
inverter (8, =23.110, 8, =14.298, R;=0.385 ohm,

=10ps), Ve =50V, Rc=1 ohm Ip/=4A

Fig. 5. CE output characteristics of the developed
model: 5, =23.110, §, =14.298, R,~0.385 ohm

Figs. 5 and 6 are a kind of verification of the developed model. For the sake of
comparison, the shape of the output voltage U, = U,,(t) corresponding to an
equivalent transistor without quasi-saturation region is included. Note that O=Ipi 7.

The presence of the quasi-saturation zone can have considerable effects on the
switching times of the power transistors. Basically, it increases the first transition
time ¢,, reduces the storage time #, and increases the last transition time f; defined in
Fig. 7. Having in mind that Q(%) is an exponential function of time, with time constant
T, one can write:

(=) - 0()

=rlp=—-=1, o) =1, 22
ST Q) - 0, Qe=La® )
t,=tln Q)= 0(;) Q(e0) =17, Ot;)=1pT (23)

0()-0(t,)
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Q(e0) — Q(f)

24
O() - 0(t;)° )

Qo) =—1p,7
where Q( ) is the limit of Q) for t . The values of Q(t;), fori=1,2,4and 5
are easily found by by noting that U, =V, —I.R., I =V / R, by using the
definitions in Fig. 7 to find Io(z) and by using the appropriate relation from (18 —
20) to determine the value of Q(I¢ ) at the corresponding moment t;. In the case of the
academic definition is:

tf—rln

\

U 81 Is
t, =t —r—— p Iss (a)
» I B I oM / /BL )
t —Tln_!_“—-*—{f_]___ * lp>>T > i ;
Iy + 1oy 1 By . &
Loy + 10/ ¢ o
t,=tln __BZ___Q_".’_EL_ (25)
I B2 N
Note that ¢,, =¢, +¢, is not influenced 4 b ot g !
by the quasisaturation region. : T VAT
7R ® s 7
The proposed power BJT model I
requires a total of "4 * parameters: ¢ 0-94cu
By,B,,Ryand 7. The first two, ie, 01z
. P " 2ECM
B, and B, can be obtained by measuring t‘ ; . : z-” >
. 2 3 4
the base and collector current in the for- ,:"]*t—’ — e
ward-active region and at the quasi- © t‘ g

saturation/hard-saturation boundary, re-
spectively, and R, can be determined

from the CE output characteristics. To

Fig.7. Definitions of the switching times of resis-
tively loaded inverters. (a) Input signal; (b) Aca-
demic definition of the switching times; (c¢) Practi-
cal definition of the switching times

find 1, one can use of expressions (22) or
24).

4. CONCLUSIONS

A simple, physically based quasi-static model, which simulates very successfully
the operating characteristics of the power BJTs within the quasi-saturation region, has
been developed. It offers a clear, and somewhat simplified insight in the internal pro-
cesses and can be used to assess the influence of the various geometrical and physical
parameters. In addition, it is characterized by a trivial parameter extraction procedure.
As such it is very suitable for educational purposes, as well.
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