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Analysis of the Kirk Effect in Silicon-Based Bipolar
Transistors With a Nonuniform Collector Profile

Raymond J. E. Hueting, Member, IEEE, and Ramses van der Toorn

Abstract—In this paper, the Kirk effect has been analyzed for sil-
icon-based bipolar transistors (BJTs) with a nonuniform collector
profile. We show that, for any arbitrary collector doping profile,
the Kirk effect starts when the electron concentration equals the
average doping concentration in the depletion region. We present
a basic guideline for determining the collector current density at
the onset of Kirk effect ( ) for any collector doping profile and
simple expressions for and the electrical field in the collector
drift region for the case of a linearly graded collector drift region.
These analytical expressions are verified with device simulations.
The Kirk effect for this kind of transistor is substantially different
from that presented previously for transistors having a uniform
collector drift region. For example, the possibility of the onset of
the Kirk effect in a partially depleted collector occurs, while in a
uniform collector profile the effect can only occur in a fully de-
pleted collector. Our expressions can be used to do approximate
analytical calculations for optimizing future BJTs.

Index Terms—Heterojunction bipolar transistors (HBTs), high-
frequency (HF) amplifiers, power semiconductor devices, silicon
compounds, simulation.

I. INTRODUCTION

BASE WIDENING into the collector drift region of a
bipolar transistor (BJT) is well known to be the cause of

the falloff of the cutoff frequency at high current densities.
For an npn silicon bipolar transistor with a uniformly doped
drift region this so-called Kirk effect was found [1] to begin
when the collector current density reaches a critical value,
i.e., the critical current density

(1)

where is the elementary charge, is the dielectric constant,
is the doping concentration in the collector drift region, is
the carrier saturation velocity, is the applied voltage and
is the collector drift length.

For the derivation of (1) the abrupt depletion approximation
was used, and (1) was found as the current density for which the
electric field at the base-collector junction takes the value zero.
An essential assumption was that the electron velocity saturates
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toward the value cm/s, in which case, the electron
concentration at can be described by [1]

(2)

and hence it was assumed that the electron concentration is con-
stant in the collector drift region. This is applicable for silicon
based bipolar transistors when the electric field is larger than

V/cm.
In [2] we have shown that by using the reduced surface field

(RESURF) effect in a BJT, the Kirk effect is suppressed for a
specific off-state breakdown voltage BV . For obtaining this
Resurf effect, we used a field plate in a trench located along a
linearly graded collector profile, as was originally proposed for
lateral power devices [3]. Since record BV and BV
values can be obtained from this device concept it is of interest
to examine the Kirk effect for BJTs containing linearly graded
drift regions. Note that during the investigation of this concept
[2], our simulation results indicated that the field plate along
the drift region hardly affects the current flow for collector-base
voltages less than the BV , because of its thick dielec-
tric (typically around 0.1 m). Therefore, in this device concept
the current flow has a one-dimensional (1-D) behavior at low

.
However, in [2] we did not analyze the Kirk effect in de-

tail. Therefore, in this paper the Kirk effect has been analyzed
for silicon-based bipolar transistors (BJTs) with a nonuniform
collector profile and in particular a linearly graded collector
profile. We show that the Kirk effect starts when the electron
concentration equals the average doping concentration in the
depletion region of any arbitrary collector doping profile. To
our best knowledge, in the literature the difference between the
Kirk effect for bipolar transistors having a uniformly doped col-
lector on the one hand, and transistors having e.g., a linearly
graded collector on the other hand, has not yet been recognized.
The published results for the uniformly doped case are not valid
for the linearly doped case.

In Section II, we come up with and explain a new situa-
tion for bipolar transistors with a nonuniform collector profile:
The partially depleted collector at the onset of Kirk effect.

In Section III, we propose a basic guideline from which an
expression for can be derived for a BJT with any collector
profile. By using this guideline we derive two simple expres-
sions for applicable to the linearly graded profile, the first of
which is valid when the collector drift region is fully depleted
and the second of which applies to the partially depleted col-
lector drift region.

0018-9383/$20.00 © 2005 IEEE
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Fig. 1. Schematic drawings of the electron and electric field distribution at the
onset of the Kirk effect for the npn BJT containing a collector drift region with
a (a) uniform doping profile, (b) partially depleted linearly graded profile and,
(c) fully depleted linearly graded profile. The shaded areas indicate the different
space charge (� = N � n) contributions. The areas indicated by a minus
(“�”) sign are overcompensated by electrons.

Interestingly, our derivations show that analytical expressions
for the depletion layer width are complicated, but our final re-
sults for are rather simple. The analytical results for the lin-
early graded profile are compared with simulation data and are
discussed in Section IV. Finally, in Section V we come up with
conclusions.

II. NEW STATE: PARTIALLY DEPLETED COLLECTOR

In advanced SiGe:C heterojunction bipolar transistors
(HBTs) the base typically has a doping concentration of

cm or higher [4], [5] and hence these HBTs contain
one-sided (asymmetrical) p nn - junctions in which the
penetration of the depletion layer into the heavily doped base
region is negligible. Fig. 1(a) schematically shows the electron
and electric field distributions for an npn BJT with a uniform
collector profile at the onset of the Kirk effect. For this case, the
slope of the electric field through the collector drift region is
constant and hence, the collector drift region is fully depleted.

From (1) and (2) it can be seen that when , equals
plus a voltage dependent term . As we shall

show later, this voltage dependent term is actually the (positive)
charge contribution from the n collector depletion region di-
vided by , as indicated in Fig. 1(a).

For the npn BJT containing a linearly graded collector pro-
file, schematic drawings of the electron and electric field distri-
bution at the onset of Kirk effect are shown for two
different conditions: 1) the condition as shown in Fig. 1(b), a
so-called partially depleted case and 2) the condition as shown
in Fig. 1(c), a fully depleted case. For all profiles, as for the
uniform collector profile, the electron concentration in the de-
pleted collector is about constant. In linearly graded doped col-
lectors however, the field distribution has a parabolic shape; this
remains true for beyond the current density at which the max-
imum cutoff frequency is obtained. The peak electric field

Fig. 2. Simulated electric field distributions in a one-sided linearly graded pn
junction as proposed in [2] for three different collector current densities (J ):
0, 2:08 � 10 and 4:90 � 10 A/cm (V = 0 V, T = 300 K). For convenience
sake, the magnitude of the electric field is shown. The onset of the Kirk effect
is when J = J � 2:08 � 10 A/cm . The linearly graded doping profile is
shown in the same figure. The drift length W = 1:2 �m, the depletion layer
width at the onset of Kirk effect W = 0:2 �m, the slope of the graded profile
� = 9 � 10 cm and the doping at the pn junction N = 4 � 10 cm .
For clarification only a part of the doping profile is shown. The horizontal axis
is with respect to the emitter–base junction.

is located at the position where the uniform electron distribu-
tion crosses the doping profile, i.e., where the electrons pre-
cisely compensate the ionized donors. In linearly graded doped
collectors therefore, when the collector may be par-
tially depleted, a situation that is excluded in uniformly doped
collectors.

In Fig. 2 numerically calculated electric field distributions are
plotted for a partially depleted linearly graded collector doping
profile as proposed in [4] for three different collector current
densities , and A/cm , respec-
tively. The simulations indeed show at and beyond,
electric fields of more than V/cm, yielding almost constant
electron distributions across the depletion layer. Hence, (2) is
applicable for the analysis which is discussed in the following
sections.

III. KIRK EFFECT ANALYSIS

A. Basic Guideline

Following [1], we neglected the influence of hole diffusion
into the collector drift region on the onset of Kirk effect; this
approximation is further discussed in Appendix B. Furthermore,
we shall now first discuss and then adopt the assumption that the
drift velocity takes a constant saturated value .

We first derive a general formula for the critical current den-
sity for any arbitrary collector profile having a doping con-
centration , where is the distance. This is then given
as a function of the collector depletion layer width .

At the onset of the Kirk effect is not negligible
with respect to the doping concentration. Applying Gauss’s law
to Poisson’s equation while
the electric field at both the base–collector junction and at the
end of the depletion region equals zero we find

(3a)
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where is the depletion layer width for and the
electron velocity is a function of the electric field which
depends on the distance .

We can derive from (3a) a general expression for

(3b)

where is the average doping concentration in the depleted
collector region and is the harmonic average velocity in which
the low velocity values are relatively more important and tend
to reduce the average.

Equation (3b) is valid for all types of semiconductor. In view
of the fact that vanishes for , i.e., both at and
at , the integrand in is singular at the integral’s
boundaries. At low fields, however, it generally holds that

and from Poisson’s equation it may then be derived that
for going to zero. For such spatial dependence,

the integral in is convergent, so that (3b) is meaningful for all
physical models. For the often applied model
these subtleties disappear altogether.

When, as is usually done for silicon, is modeled by
, it follows that and hence (2) is applicable.

From (2) and (3b) it then follows that at the onset of Kirk effect
the (constant) electron concentration equals the average doping
concentration in the depletion region of the collector profile

(3c)

In Appendix A we use (3c) for showing that the voltage de-
pendent term in (1) is actually the charge contribution in the
depleted n+ collector divided by .

However, for analyzing the Kirk effect, a formula for the elec-
tric field distribution is required.

From Poisson’s equation can be derived for silicon-
based BJTs

(4)

where is an integration constant and the integral term repre-
sents the average doping concentration in the depleted collector
region.

The potential distribution can be derived from the elec-
tric field as described by (4)

(5)

where is an integration constant.
The integration constants can be determined by using the cor-

rect boundary conditions.
When the Kirk effect starts, the electric field at the base–col-

lector junction vanishes [1], and hence the boundary condition

applies, then from (4) it follows that . If we
choose as a boundary condition, then from (5) it fol-
lows that .

Finally, the total collector depletion region carries the total
voltage drop and consequently . From (5) and this
boundary condition an implicit equation for , and [or,
equivalently, ; see (2)] follows. Equation (3c) is also such
an equation, so that we now have two equations with the two
variables and . As an example we now apply this guideline
to the linearly graded profile.

B. Linearly Graded Profile

A linearly graded drift doping concentration can be
described as

(6)

where is the drift doping concentration at the junction and
is the slope of the doping profile.
Analogous to the derivation of (4), from (6) we can derive

that

(7)

Again applying the boundary condition , yields
.

From (7) it can be derived that

(8)

Using (8), if we choose as a boundary condition it
follows that .

From (8) and the boundary condition , it follows
that

(9)

This expression we use for the final determination of for
both the fully depleted and the partially depleted situation.

For the fully depleted case we assume that the depletion layer
width equals the collector drift length .

Then, from the substitution of (2) in (9) an analytical expres-
sion for follows:

(10)

According to (3b) and (3c) the three terms in (10) between the
brackets represent the electron charge that compensates the av-
erage doping concentration. The third term between the brackets
in (10), like in (1), represents the charge contribution in the n
collector (see also Appendix A for the uniform doping profile).
Note that when the expression (10) reduces to the tradi-
tional expression (1) for the uniformly doped drift region [1].

As mentioned earlier, in a linearly doped collector, the elec-
tric field is parabolic and therefore, in contrast with the case of
a uniformly doped collector, the collector may be partially de-
pleted at the onset of Kirk effect . The collector will
then be divided in a depleted zone of width and a
(nondepleted) ohmic region, as indicated in Fig. 1(b).
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In this partially depleted case, the electric field at the deple-
tion layer edge vanishes, and hence, . Again, with
(7) and the boundary condition it follows that:

(11)

From (9) and (11) it can be derived that

(12)

this corresponds with the depletion layer width of a double-
sided linearly graded pn junction [6]. The explanation for this
correspondence is as follows. Since the uniform electron dis-
tribution partly overcompensates the doping in the drift region,
as schematically shown in Fig. 1(b), the space charge distribu-
tion in the collector of our one-sided junction is similar to
the overall space charge distribution in the double-sided graded,
current-less, junction. Because in both cases the voltage drop is
across a similar space charge region , the full width of
the space charge region in both cases obeys a similar formula,
namely (12).

From (2), (9), (11), and (12), an analytical expression for
can be derived

(13)

The term in (13) between the brackets rep-
resents the electron charge that compensates the average doping
concentration. When , (13) reduces to .
According to (2) then and from (7) it then follows that

, because . This state corresponds to a fully
ohmic collector in the limit of zero resistance. Hence, in this
limit (13) does not apply for a realistic situation.

Equation (13) holds when the length of the collector drift re-
gion is larger than or equal to . In the case of
using (10) and (12) it can be verified that (10) and (13) are
equivalent.

Equation (13) was derived under condition that the voltage
drop across the ohmic region is negligible. If it is not, i.e., if a
voltage drop across the resistance of the ohmic part
of the collector has to be taken into account at the onset of the
Kirk effect, it can be derived that

(14)

where is a function depending on , ,
and ; it is a third order function of . Further, for the
following expression can be derived:

(15)

Fig. 3. Electric field distribution for a fully depleted one-sided linearly graded
pn-junction for three different biases: V = 0, 0.5 and 1 V corresponding with
J = 3:31�10 , 3:69�10 , and 4:10�10 A/cm , respectively. The magnitude
of the electric field is shown. The open symbols are simulation data and closed
symbols represent the analytical data (7). The drift length W = 0:14 �m,
the slope of the graded profile shown is � = 10 cm and the doping at
the pn junction N = 10 cm . The horizontal axis is with respect to the
emitter–base junction.

where is the electron (majority) mobility and is in (15) as-
sumed to be independent of the doping.

The combination of (14) and (15) makes the derivation of a
practical expression for difficult, perhaps even impossible.
Therefore, for the partially depleted drift region we only ana-
lyzed cases in which is negligible, and compared predictions
based on (7), (10), and (13) with simulation data in Section IV.

IV. RESULTS AND DISCUSSION

A. Device Parameters

In order to verify the analytical expressions described in
Section III, simulations with MEDICI [7] were performed for
1-D npn BJTs. All our device structures contain a highly doped
base region with a doping concentration of cm and
a total width of 15 nm [3]. The collector drift region contains
a linearly graded doping profile in which , , and are
varied. Generally, the collector drift region is much lower doped
than the base, and hence a one-sided pn junction is appropriate
here. In this paper the doping close to the base–collector junc-
tion varies in between and cm , and hence the
built-in voltage varies between 0.93 and 0.97 V. Since
this parameter does not affect the results so much (up to 2%),
we approximated in our analytical data with a constant
value of 0.95 V. This value was used in our analytical data
via , where is the applied collector–base
voltage. For various values of , , and , the theo-
retical electric field distributions at were compared
with device simulations, for both a fully and partially depleted
collector drift region.

B. Fully Depleted Case

In Fig. 3 open symbols show the simulated electric field dis-
tributions at for the fully depleted case for three dif-
ferent : 0, 0.5 and 1 V. Like Fig. 2, the plots show that the
field has a parabolic distribution. For this device structure the
device parameters were cm , cm ,
and m. Using (10) it could be calculated that

V , V and
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Fig. 4. Electric field distribution for a fully depleted one-sided linearly graded
pn-junction for three different slopes: � = 10 , 10 , and 5 �10 cm . The
magnitude of the electric field is shown. The current densities J are 2:52�10 ,
3:31�10 , and 6:42�10 A/cm for V = 0V, respectively. The open symbols
are simulation data and the closed symbols represent the analytical data (7). The
drift lengthW = 0:14�m and the doping at the pn junctionN = 10 cm .
The graded profile is shown for � = 10 cm . The horizontal axis is with
respect to the emitter–base junction.

A/cm V . Using (2) and (11) we verified that
the condition for full depletion was indeed satisfied.
For comparison, the analytical field distribution data are shown
by closed symbols as described by (7) in which we used (10)
for determining the electron concentration. A good agreement
with the simulation data is found. The discrepancies are due to
the hole diffusion charge from the pn base–collector junction
which was not taken into account in the analytical expressions
(7) and (10). The hole diffusion is discussed in Appendix B.
Next, in order to show the influence of , in Fig. 4 the field
distributions are plotted for several values of , while

cm , V and m, were fixed. For
the values of , , and cm were taken re-

sulting in , and A/cm ,
respectively. As can be seen, for a small the field distribution
shows the well-known triangular shape [1] while for large the
field distribution is parabolic. The analytical data show the same
trend, again with small differences. However, according to the
simulations for cm we enter the regime of partial
depletion and there is a larger difference between the analytical
solution (which still assumes full depletion) and the simulated
electric field.

Fig. 5 shows simulated s as a function of for the three
BJTs of Fig. 4 and again the values obtained from (10) are
indicated. It can be seen that is reached beyond the

values at which the peak s are obtained. Besides, for uni-
formly doped collector profiles the peak s correspond often
with the situation in which a uniform field is obtained. For lin-
early graded doping profiles however, a uniform field is never
obtained as can be seen in e.g., Fig. 2. In the inset, simulated

s as a function of the base–emitter voltage are shown.
In the same plot the values are indicated which indeed cor-
respond with the point of transition from the diffusion regime
(60 mV/dec) toward the base widening regime (120 mV/dec).

Fig. 6 shows the analytical data of from (10) as a func-
tion of for a drift length varying between 0.05 and 0.2 m.
In the same plot the values are indicated which were veri-
fied with simulations. As expected, the figure shows that indeed

Fig. 5. Cutoff frequency f as a function of J for three device structures
having each a different slope: � = 10 , 10 , 5 � 10 cm (see Fig. 4). The
J values calculated by (10) are indicated by open symbols, showing that they
are beyond those J values at which peak f s are obtained. The drift length
W = 0:14 �m and the doping at the pn junction N = 10 cm . In the
inset the collector current density J as a function of the base-emitter voltage
V is shown for the three devices (V = 0 Vand T = 300 K).

Fig. 6. Analytical current densities at the onset of Kirk effect J (10) as
a function of the slope � for various drift lengths W (= 0.05, 0.1, 0.14 and
0.2 �m; fully depleted collector drift region). The open symbols indicate the
J values for which the analytical and simulated field distributions were
compared. Some typical results are shown in Fig. 4. The doping at the pn
junction N = 10 cm . (V = 0 V, T = 300 K). For � below
10 cm the slope is so small, that it has nearly no influence.

the is more dominated by when increases and con-
sequently more parabolic field distributions are obtained at the
onset of the Kirk effect.

C. Partially Depleted Case

We also evaluated the simulations for the case when the col-
lector region is partially depleted.

For this condition in Fig. 7 the simulated electric field dis-
tributions for a BJT are shown for three different applied bi-
ases :0, 0.5 and 1 V. For this device structure the device pa-
rameters were cm , cm and

m. With (13) we calculated that
V , V and A/cm
V . From (2) and (11) we find that for all

cases at hand, so that the collector is partially depleted but such
that the collector resistance is not important, as assumed.
For comparison the analytical field distribution data are shown
as described by (7) in which we used (13) for determining the
electron concentration. A good agreement with the simulation
data is observed.
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Fig. 7. Electric field distribution for a partially depleted one-sided linearly
graded pn-junction for three different biases: V = 0, 0.5, and 1 V
corresponding with J = 2:09 � 10 , 2:26 � 10 , and 2:43 � 10 A/cm ,
respectively. For these current densities the depletion layer width W varies
between 0.2 and 0.25 �m. For convenience sake, the magnitude of the electric
field is shown. The open symbols are simulation data and closed symbols
represent the analytical data (7). The drift length W = 0:3 �m, the slope
of the graded profile shown is � = 9 � 10 cm and the doping at the
pn junction N = 4 � 10 cm . The horizontal axis is with respect to the
emitter–base junction.

Fig. 8. Collector current density J as a function of the base–emitter voltage
V for the SiGe HBT and Si BJT (Fig. 5) each having three different collector
profiles: � = 10 , 10 , and 5 �10 cm . The J values calculated by (10)
are indicated by open symbols. The drift lengthW = 0:15�m and the doping
at the pn junction N = 10 cm (V = 0 V, T = 300 K).

While in the cases discussed above, does not have signif-
icant influence, in other cases it could. The chance that it does
increases if becomes longer, because if increases, the
voltage drop across the neutral collector drift region would in-
crease. In Fig. 2 for instance, the simulations show that the elec-
tric field has a constant value of V/cm at m for
the situation when A/cm . Using (7) for

we obtained a 20% lower peak field compared with
data shown in Fig. 2. The fact that we have an ohmic collector
region is an essential difference with a uniform collector profile
since the latter is fully depleted for the situation when the Kirk
effect occurs.

D. Application to SiGe Devices

We also compared simulation results of three fully depleted
device structures, with graded collector similar to the devices
as discussed for Fig. 4, but which contain a 20% uniform Ge
profile across the base extending 20 nm into the collector drift
region. The peak electrical fields obtained with (7) showed dif-
ferences of at most 20% with these simulation data, caused by
the heterojunction barrier induced field in the collector drift re-
gion. Fig. 8 shows for the SiGe heterojunction bipolar tran-
sistor (HBT) having the same doping profiles as discussed for
the BJT (Fig. 4). For comparison the simulation data of the Si

BJT considered earlier (Fig. 5) are repeated in Fig. 8. As dis-
cussed in [8], the onset of Kirk effect in the SiGe HBT is more
pronounced than in the Si BJT. The analytically calculated
values are indicated in the same plot, showing that (10) can still
be used as a rule of thumb for determining the onset of the Kirk
effect. Note that the is more than doubled when increases
from to cm .

V. CONCLUSION

In this paper, we have shown that the onset of Kirk effect
for silicon-based bipolar transistors with any arbitrary collector
profile starts when the electron concentration equals the average
doping concentration in the collector depletion region. The Kirk
effect for bipolar transistors containing a one-sided pn junction
with a linearly graded doping profile has been analyzed using
simulations and analytical calculations. We have shown that at
the onset of the Kirk effect for these transistors two conditions
could occur in which the collector drift region is either 1) fully
depleted or 2) partially depleted. We proposed a basic guide-
line for determining the collector current density at the onset of
Kirk effect for any collector doping profile and, as a result, we
found two simple expressions applicable to the linearly graded
collector drift region which can be used as a rule of thumb for
optimising future bipolar transistors.

APPENDIX A

In order to show that for the uniformly doped collector drift
region [see, e.g., Fig. 1(a)] the term in (1) corre-
sponds to the contribution of the depleted n+ collector charge,
we start with a description for the collector profile

(A1)

where is a step function that equals unity if , and
equals zero otherwise, and is the doping concentration of
the n+ collector.

From (3c) and (A1) it can be derived that for the electron
concentration it holds that

(A2)

where and is in fact the contribution
of the depleted n+ collector to the average doping concentration
of the total depletion region . The approximation applied in
(A2) is only valid when (or ).

The potential distribution at can be derived by sub-
stituting (A1) in (5). Using the boundary condition
this results in [see also (8) and (9) for ]

(A3)

Substituting (A2) in (A3) and assuming (or
) results in

(A4)
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Fig. 9. Electric field and charge carrier concentrations at the onset of Kirk
effect in a one-sided linearly graded pn junction as proposed in [2] for J =
J � 2:08 � 10 A/cm (see also Fig. 2). The linearly graded doping profile is
shown in the same figure. The drift length W = 1:2 �m, the depletion layer
width at the onset of Kirk effect W = 0:2 �m, the slope of the graded profile
� = 9 � 10 cm and the doping at the pn junction N = 4 � 10 cm .

Next, using (A2) and (A4) in (2) results in the critical current
density according to (1).

Hence, according to (A4) the term in (1) is ac-
tually the (positive) charge contribution from the n collector
depletion region divided by .

APPENDIX B

In this Appendix, we briefly discuss the neglect of the hole
contribution in for instance (7) and (8). As is well-known, at the
onset of the Kirk effect the positive space charge in the drift re-
gion is overcompensated by electrons and the electric field at
the base-collector junction becomes low. As a result, the hole
distribution in the base is expanding or in fact diffusing into
the collector. In Fig. 9 the charge carrier concentrations and the
electric field are shown for the device structure proposed in [2]
when A/cm (see also Fig. 2). The peak
field at the junction is V/cm, rather than 0 V/cm as as-
sumed in our analysis and also in [1], which corresponds to an
integrated carrier concentration of cm . This peak
field at the junction is due the hole diffusion. In the same figure
we see that the diffused holes expand in the collector drift re-
gion. If we focus on the part of the electric field distribution
that we compared with our analytical data, and locate the min-
imum field at m, we see that the hole concentration
is about 20% with respect to the electron concentration. Hence,
this value cannot be neglected and as a result (7) and (8) do not
represent the complete physics and discrepancies occur between
the presented theory and simulation data. This hole diffusion is
always present irrespective of the base and collector profile. So
far a maximum error of about 10% has been obtained in our re-
sults because of the neglect of the hole diffusion.
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