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Avalanche Breakdown Calculations for a

Planar p-n Junction®

Abstract: A mathematical analysis is presented on the avalanche breakdown voltage of a planar p-n junction. This analysis
takes into consideration junction curvature, as encountered near a diffusion mask edge. Three different impurity atom profiles
are considered: abrupt, linearly graded, and diffused. For an asymmetrical abrupt structure, it is shown that regions of junc-
tion curvature exhibit either an increase or a decrease in avalanche breakdown voltage. It is also shown that similar regions
in a linearly graded junction exhibit a combination of these abrupt junction mechanisms; thereby, their breakdown voltage is
little influenced by junction curvature. In addition, the diffused planar junction can be designed to exhibit nearly the same
breakdown voltage as a corresponding mesa structure, or, instead, it can be designed to exhibit a substantially lower ava-

lanche breakdown voltage.

Introduction

Planar transistor technology has become universally ac-
cepted in the fabrication of high frequency devices. How-
ever, it has been found that junctions produced by planar
techniques usually exhibit a lower avalanche breakdown
voltage than corresponding mesa junctions. The purpose
of this paper is to present a mathematical analysis of
junction curvature, one of the mechanisms contributing
to the reduced avalanche breakdown voltage encountered
in planar structures. This subject has been discussed by
many authors,'™® yet insufficient information is available
for practical engineering purposes.

Avalanche breakdown voltage calculations for a mesa
p-n junction are available in the literature,*™® although
this work is only partially applicable to structures of planar
geometry. In fact, it will be shown that the avalanche
breakdown voltage of a diffused mesa junction represents
an upper bound for the breakdown encountered in a
diffused planar junction. This situation arises from modi-
fications of the space-charge electric field near a diffusion
mask edge. In this region, the breakdown voltage of a
planar junction depends not only on the physical con-
stants of the semiconductor, but also upon its radius of
curvature.

1t is often shown®’ that a diffused p-n junction can be
designed to exhibit characteristics similar to a linearly
graded junction or, instead, it can be designed to exhibit

* The analysis presented in this paper was supported in part by the
Air Force Cambridge Research Laboratories, Office of Aerospace Re-

characteristics similar to an asymmetrical abrupt junction.
This situation is again encountered in a mathematical
analysis of avalanche breakdown in diffused planar p-n
junctions. For this reason, the present analytical investiga-
tion has been divided into separate discussions on the
avalanche breakdown characteristics of asymmetrical
abrupt and linearly graded p-n junctions. Thereafter, the
characteristics encountered in these two types of structures
are shown to exist simultaneously within a diffused planar
device. This combination of avalanche breakdown charac-
teristics is used to explain why some diffused planar
junctions exhibit a substantially lower breakdown voltage
than corresponding mesa structures, while others exhibit
essentially the same avalanche breakdown voltage as a
corresponding mesa structure.

The impurity atom distribution in a diffused
planar junction

Figure 1 illustrates the mathematical model used in this

Figure 1 Analytical model of a planar p-»n junction.
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investigation. Assuming a diffusion mask upon the semi-
conductor surface, an opening is first made in this mask,
and thereafter impurity atoms are diffused into the semi-
conductor material. Throughout this analysis diffusion is
assumed to take place from a constant-density impurity
atom source residing upon the semiconductor surface.
Figure 1 is a two-dimensional illustration of the semi-
conductor material after completing this junction fabrica-
tion process.

In a previous investigation,® the impurity atom dis-
tribution in a diffused planar p-n junction was shown to
be characterized by an infinite series,

Clr, 6, 1t) = Co{l —7% :‘: sin (s,6)
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Figure 2 illustrates theoretical p-n junction profiles, from
Eq. (1), in the immediate vicinity of a diffusion mask edge.

In Fig. 2, the junction curvature cannot be rigorously
described by an elementary mathematical equation. The
junction penetration depth under a diffusion mask (along
the semiconductor-diffusion mask boundary) is less than

Figure 2 Calculated contours of constant impurity atom
density at the edges of a planar p-n junction.
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Figure 3 Circular cylinder approximation for the edge of a
planar p-n junction.

the junction penetration depth perpendicular to the semi-
conductor surface (at the center of the diffusion mask
opening). This difference of junction penetration becomes
particularly evident when a small difference exists between
the impurity atom density within the bulk material,
C,, and the concentration of impurity atoms upon the
exposed surface, C,.

A detailed calculation of the impurity atom distribution
in Fig. 2 has been discussed in a previous publication.®
It was shown that Eq. (1) describes a complementary
error function type of distribution in a direction perpen-
dicular to the semiconductor surface (at the center of the
diffusion mask opening). Furthermore, the impurity atom
distribution along the semiconductor-diffusion mask
boundary can be approximated by a complementary error
function from which a constant is subtracted. Although
this description is admittedly an approximation, it provides
a qualitative explanation for the existence of a constant
impurity atom concentration gradient within a planar
junction space-charge layer while, simultaneously, its
metallurgical junction is not a constant distance from the
exposed semiconductor surface.

The present analysis is based upon a simple approxima-
tion for the junction profile encountered in a practical
planar structure. It is assumed that the edge of a two-
dimensional planar junction can be approximated by a
circle (Fig. 3), thereby neglecting breakdown mechanisms
occurring at the diffusion mask corners. In this mathe-
matical model, the radius of junction curvature r is set
equal to the maximum junction penetration depth in a
direction perpendicular to the semiconductor surface.
Furthermore, in this simplified model, the impurity atom
distribution in a diffused planar structure is approximated
by Eq. (1) along the diffusion mask-semiconductor inter-
face.*

* A similar impurity atom distribution was used in the calculation
of avalanche breakdown in diffused mesa p-n junctions (Ref, 5). It is
now recognized that this previous calculation is applicable to struc-
tures containing a substantially different impurity atom distribution,
provided a known impurity gradient exists at the metallurgical junction.




Carrier multiplication in an infinite cylindrical

p-n junction

The depletion layer theory of a p-n junction® provides a
relatively uncomplicated picture of the mechanisms en-
countered in this device. At large values of reverse biasing
voltage, the space-charge region is assumed completely
depleted of mobile charge carriers (holes and electrons).
This approximation implies that the electrostatic potential
within a cylindrical p-n junction (of infinite length) is
fully described by a one-dimensional form of Poisson’s
equation,

TE4 1 _ Lo, )
where C(r) represents the distribution of ionized impurity
atoms along a radius vector r.

At large values of applied biasing voltage, the electric
field within this space-charge region becomes sufficient
to cause impact ionization of the semiconductor lattice
by mobile charge carriers. If we assume an identical ioniza-
tion rate, «;, for holes and electrons, the total carrier
multiplication M within a p-n junction becomes

l w
- = f ) dr, )
where w is the space-charge layer width, «;(r) is given by
the equation*

al(r) = a exp (—b/|E(r))), (6)

and E(r) is the space-charge layer electric field.

The theoretical avalanche breakdown voltage is estab-
lished in a similar fashion for all types of cylindrical p-n
junctions (abrupt, linearly graded, and diffused). Poisson’s
equation (4) is numerically solved throughout the struc-
ture under consideration; thereby we obtain its space-
charge electric field distribution, E(r). This electric field
distribution, in combination with Egs. (5) and (6), provides
a means for calculating carrier multiplication M within a
given p-n junction, at a specified space-charge layer width
w. The space-charge layer width is thereafter iterated
until a value w’ is attained that satisfies the equality

1= f a;(r) dr.
0

At this point the calculated carrier multiplication M
becomes infinite, and a condition of avalanche breakdown
exists within the structure under consideration. The ava-
lanche breakdown voltage ¥V, is established by calculating
the total junction potential resulting from this space-
charge layer width w'.

* The constants (¢ and b) in this expression have been previously
discussed by the authors in Ref. 6. For purposes of this analysis, in
germanium ¢ = 1.65 X 107 and b = 1.422 X 108, while in silicon ¢ =
1.47 X 10% and b = 1.875 X 109,
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Figure 4 Cylindrical, asymmetrical, abrupt p-n junctions:
(a) infinite electrical conductivity outside cylinder; (b) in-
finite electrical conductivity inside cylinder.

Asymmetrical abrupt p-n junction of
cylindrical geometry

The avalanche breakdown characteristics of a diffused
planar p-n junction can be explained by first considering
the breakdown characteristics of an asymmetrical abrupt
junction of cylindrical geometry (Fig. 4). For this pur-
pose we shall consider only ideal asymmetrical abrupt
structures containing an infinite electrical conductivity on
one side of the metallurgical junction (r;) and a finite
electrical conductivity on the other side. This type of
analytical model permits us to separate the two types of
space-charge layer distortion resulting from junction curva-
ture: One type occurs when the space-charge layer resides
inside the circular cylinder bounded by the metallurgical
junction (Fig. 4a), and a second type occurs when the
space-charge layer resides outside the cylinder (Fig. 4b).

First, let us consider the space-charge layer character-
istics of an abrupt p-n junction containing an infinite
electrical conductivity outside the cylindrical region under
consideration (Fig. 4a). This type of structure restricts the
space-charge layer to the region inside the cylinder.
It should be observed that a junction of this particular
configuration (circular cylinder) exhibits what could be
called a maximum avalanche breakdown voltage. At some
externally applied reverse biasing voltage, the space-charge
layer will penetrate to the center of this cylinder, and the
entire cylinder thereby becomes a space-charge region.
Because this cylindrical junction has been adopted to
approximate the edge of a planar structure, junction
mechanisms are of little interest when they occur at a
biasing voltage above this cylinder penetration voltage. If
the space-charge layer of a cylindrical junction (Fig. 4a)
penetrates to the center of the cylinder, it is implied that
the space-charge layer of a corresponding planar junction
has penetrated to the semiconductor surface.

From a general solution of Eq. (4), the space-charge
layer electric field within an abrupt cylindrical junction is
given by

dy _ _qC (" — K ) (8)

B = =0 = T
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where K is an arbitrary constant. If we next assume this
electric field is zero at r = 0, Eq. (8) becomes
aC
Ef) = —F—
0) = -5, ©)
and for the total difference of potential across this p-n
Jjunction we obtain

C
Vir) = Z—“—I; P, (10)

Equation (9) can now be substituted into Eq. (7),
yielding an expression of the form

1= a f exp {—b/q—z%;L [ — (r/r,.)]} & (11)

From Eq. (11), we can establish the space-charge layer
width (and hence the junction radius of curvature since
w = r;) at which avalanche breakdown occurs. A Taylor
series expansion is used to simplify the exponent in Eq.

an,

>~ a_/; exp[ —___C,,rjq/xeo (1 + - + P dr. (12)

After solving Eq. (12) for the space-charge layer width,
and thereafter determining the implied breakdown voltage
V,, we have

v, 9b2/(4qcb/’<€o) .
= V3/27ra2 ( \/Z )]}2
{ % Lb(Cra/ne)” ¢ \2(gC, ¥, Jren)

(13)

From a previous investigation of avalanche breakdown,’
we can readily interpret the foregoing analysis. If a bulk
impurity atom density of C,/2 (instead of C,) is substituted
into Eq. (13), this equation becomes identical to the
avalanche breakdown voltage of an abrupt mesa (r = «)
p-n junction. From a physical point of view, this situation
implies that junction curvature of the type illustrated in
Fig. 4a increases the avalanche breakdown voltage of an
asymmetrical abrupt p-n junction. Furthermore, this in-
crease of avalanche breakdown voltage will continue (with
a decreasing radius of curvature) until the junction space-
charge layer extends throughout the entire cylindrical
structure. This maximum avalanche breakdown voltage is
identical to the value obtained in a mesa junction (r = «)
containing an impurity atom density of C,/2, rather
than C;.

Substantially different avalanche breakdown character-
istics are encountered in abrupt cylindrical junctions of
the type illustrated in Fig. 4b. In this structure, a decrease
of avalanche breakdown voltage is obtained by a decrease
in radius of curvature. This reduction of avalanche break-
down voltage has no apparent theoretical limit. A con-
tinuous decrease in the radius of curvature results in a
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continuous decrease of the breakdown voltage, until
other breakdown mechanisms dominate and carrier
multiplication is therefore no longer an important factor.

The foregoing avalanche breakdown characteristics
imply an important physical property of cylindrical junc-
tions. In a given p-n junction, avalanche breakdown occurs
at an approximately constant magnitude of maximum
space-charge layer electric field, regardless of the radius
of curvature. Therefore, if a change in radius of curvature
results in a change in avalanche breakdown voltage, it
must be concluded that significant modifications occur in
the junction space-charge layer width. For example, in
the p-n junction illustrated by Fig. 4a, a decrease in radius
of curvature increases the avalanche breakdown voltage;
thereby, an increase is implied in its space-charge layer
width. Similarly, the structure illustrated in Fig. 4b under-
goes a decrease in avalanche breakdown voltage with a
decrease in radius of curvature; this situation implies a
decrease in space-charge layer width. These qualitative
conclusions have been verified by a detailed mathematical
analysis of the problem.

Figures 5 and 6 illustrate the numerically calculated
avalanche breakdown voltage for asymmetrical abrupt
p-n junctions (cylindrical geometry) in silicon and germa-
nium, respectively. Each illustration contains the cal-
culated breakdown voltage for the two structures shown
in Fig. 4. The contour r = « (in Figs. 5 and 6) presents
the breakdown voltage for a junction of infinite radius of
curvature (for example, an abrupt mesa junction). All
breakdown voltages lying above the r = o contour
apply to asymmetrical abrupt junctions of the type shown
in Fig. 4a. Breakdown voltages below the r = o contour
are applicable to asymmetrical abrupt junctions of the
type shown in Fig. 4b. Further, all contours lying above
r = o have been terminated at the cylinder penetration
voltage.

Linearly-graded p-n junction of
cylindrical geometry

A linearly graded junction of cylindrical geometry simul-
taneously exhibits the avalanche breakdown characteristics
outlined for both types of asymmetrical abrupt p-n junc-
tions (Fig. 4). A decrease in radius of curvature modifies
the avalanche breakdown space-charge width on both sides
of a linearly graded junction. Inside the circular cylinder,
the space-charge region undergoes a substantial increase
of width at avalanche breakdown (with a reduction in
radius of curvature), and this increase contributes to an
increase in the breakdown voltage. Simultaneously, the
space-charge region lying outside the cylinder undergoes
a decrease of width (with a decrease in radius of curvature),
and this modification contributes to a reduction of the
avalanche breakdown voltage. This simultaneous increase
of space-charge layer width on one side and decrease of
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Figure 5 Calculated avalanche breakdown voltage for a
cylindrical, asymmetrical, abrupt p-n junction (silicon).

Figure 6 Calculated avalanche breakdown voltage for a
cylindrical, asymmetrical, abrupt p-n junction (germanium).
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width on the other side reduces the influence of junction
curvature upon the avalanche breakdown voltage. For a
linearly graded junction of cylindrical geometry, only small
variations are observed in its calculated avalanche break-
down voltage, with a change in radius of curvature.

At some specified reverse biasing voltage, the space-
charge of this linearly graded junction will penetrate to
the center of the cylinder; the entire cylinder thereby
becomes a space-charge region. It is emphasized that this
cylindrical geometry has been adopted to only approxi-
mate a linearly graded planar structure. For this reason,
junction mechanisms are of little interest when they occur
at biasing voltages above this condition of cylinder penetra-
tion. If the space-charge region penetrates the entire
cylinder, the space-charge of a corresponding planar junc-
tion has penetrated to the semiconductor surface.

In this analysis, the simultaneous occurrence of ava-
lanche breakdown and surface penetration represents a

limiting condition that can be mathematically established.
Poisson’s equation for a linearly graded cylindrical junc-
tion has the form

2
Lo oty (14)
where @, is the concentration gradient of ionized impurity
atoms, and r; locates the metallurgical p-n transition from
n-type to p-type material. In addition, the parameter r;
represents the radius of curvature for this cylindrical p-n
junction. After assuming the electric field E(r) is zero at
r = 0 (implying that the junction space-charge extends
throughout the entire cylinder), we obtain from Eq. (14)

B = L a5~ In). (19)

From Eq. (15), the total difference of potential across this
linearly graded cylindrical junction is

_2 4% »

V = .
48 K€p i

(16)

Equation (15) can now be substituted into Eq. (7),
yielding an expression of the form

3r;/2 —b
= f exp {aoquﬂ/s) - (rr,-/Z)J/Keo} ar. (17)

After a change of variables in Eq. (17), and a Taylor series
expansion of the exponent, we obtain

~ ri/2 __—:b—_ é E‘i]}
= j—ri P {q@o’?/@(éo [1 T r; + r,z- dg. (18)

From the solution of Eq. (18), the space-charge layer
width (r;) at avalanche breakdown is given by

exp (11n°/36)

" (Nral2m) [erfe (50/6) + etfo (an/) )
where
. _ 18

- qaor?/’ffo (20)

In combination, Egs. (16) and (19) establish the junction
biasing voltage at which avalanche breakdown occurs
simultaneously with cylinder penetration by the p-n junc-
tion space-charge layer.

Figure 7 illustrates a numerical solution of Egs. (4), (6),
and (7) for the avalanche breakdown voltage of a linearly-
graded p-n junction (cylindrical geometry) in both silicon
and germanium, This calculation shows that a cylindrical
junction should exhibit a slightly larger avalanche break-
down voltage than an equivalent mesa (r = ) junction.
In Fig. 7, the individual contours of constant radius of
curvature r have been terminated at the simultaneous
occurrence of cylinder penetration and avalanche break-
down.
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Figure 7 Calculated avalanche breakdown voltage for a
cylindrical, linearly graded p-n junction.

Figure 8 Calculated avalanche breakdown voltage for a
diffused planar p-n junction (silicon).
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Diffused p-n junction of cylindrical geometry

In a previous publication,” it was shown that the basic
design of a diffused mesa p-n junction has a significant
influence upon its avalanche breakdown voltage. At small
values of impurity atom gradient, a diffused mesa junction
exhibits the same avalanche breakdown voltage as an
equivalent linearly graded structure. If, instead, a large
impurity atom gradient is used in the design of this same
device (maintaining constant doping levels throughout),
its avalanche breakdown voltage decreases to a value com-
parable to that of an abrupt asymmetrical junction. For
the diffused mesa junction, the theoretical avalanche break-
down can be approximated by a linearly graded model, an
asymmetrical abrupt model, or by a structure lying be-
tween these two elementary models.

This situation arises again in the design of a diffused
planar p-n junction, and it has a profound influence upon
its avalanche breakdown voltage. It is a universal practice
to design planar junctions from the theoretical breakdown
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Figure 9 Calculated avalanche breakdown voltage for a
diffused planar p-n junction (silicon).

characteristics of diffused mesa junctions (using, for ex-
ample, Ref. 5). This practice can lead to planar junctions
that exhibit the same calculated breakdown voltage as an
equivalent mesa structure, or, instead, it can lead to planar
junctions that exhibit a substantially lower breakdown
voltage.

Consider, for example, the breakdown characteristics
of a diffused planar junction intentionally designed (from
the breakdown properties of a mesa junction®) to exhibit
the avalanche breakdown voltage of an equivalent linearly-
graded structure. For purposes of simplification, we assume
the radius of curvature in this planar junction is not
sufficient to cause space-charge penetration to the semi-
conductor surface. From the breakdown properties of a
cylindrical linearly graded junction (Fig. 7), regions of
curvature in the planar structure exhibit a larger avalanche
breakdown voltage than the region parallel to the semi-
conductor surface (see Fig. 1). This situation implies that
comparable junctions of mesa and planar geometry (con-
taining a small impurity atom gradient) exhibit the same
theoretical avalanche breakdown voltage.

A substantially different situation arises in diffused
planar junctions containing a large impurity atom gradient.
For illustrative purposes, the magnitude of this gradient
is established from the calculated avalanche breakdown
properties of an equivalent junction of mesa geometry.
In an equivalent mesa junction, this impurity atom gradient
should be sufficient to have little influence upon the ava-
lanche breakdown voltage; therefore such a device can be
approximated by an asymmetrical abrupt p-n junction.
Planar junctions containing a large impurity atom gradient
exhibit the qualitative avalanche breakdown character-
istics of an asymmetrical abrupt (cylindrical) junction,
of the type illustrated in Fig. 4b (large impurity atom
density inside the circular cylinder). Regions of curvature
in this planar junction exhibit a lower breakdown voltage




than the region parallel to the semiconductor surface.
This situation implies that junctions of planar geometry
(containing a large impurity atom gradient) exhibit a
substantially lower theoretical avalanche breakdown volt-
age than equivalent devices of mesa geometry.

Figures 8 and 9 present the calculated avalanche break-
down voltage for a diffused planar p-n junction. In these
illustrations r represents the radius of junction curvature
near a diffusion mask edge, C, is the impurity atom con-
centration density within the bulk semiconductor material,
and @, is the impurity atom concentration gradient at the
metallurgical junction. In practice, the radius of junction
curvature is equivalent to the maximum junction penetra-
tion depth in a direction perpendicular to the semicon-
ductor surface. For a particular junction, ®, is readily
calculated from diffusion parameters characterizing the
junction fabrication process.’

During these calculations (Figs. 8 and 9) it was neces-
sary to terminate each contour of constant radius r when
the junction space-charge region extended to the semi-
conductor surface. Junctions designed to operate beyond
this point of termination exhibit surface penetration before
avalanche breakdown. For practical engineering purposes,
Fig. 10 presents calculations pertaining to the minimum
radius of junction curvature, r,,, to ensure that avalanche
breakdown occurs at a lower voltage than surface penetra-

Figure 10 Minimum radius of curvature in a diffused planar
p-n junction (silicon).
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tion. This calculation is based upon the same mathematical
model used for avalanche breakdown.

These calculations of minimum junction radius (Fig. 10)
resulted in an examination of the design parameters for
numerous planar p-n junctions. It was observed that
practical laboratory techniques have inadvertently elimi-
nated problems of space-charge penetration. A decrease
in junction diffusion depth (and hence a decrease in radius
of curvature) is usually accomplished at a constant im-
purity atom surface concentration; thereby an increase is
obtained in the concentration gradient ®,. For this reason,
very shallow planar junctions contain a large impurity
atom gradient, and their space-charge regions exhibit ava-
lanache breakdown before penetration to the semicon-
ductor surface.

It should be noted that Figs. 8 and 9 partially explain
a phenomenon observed in the development of diffused
planar transistors. For a given transistor, it has been
shown that collector junction avalanche breakdown will
occur at approximately 3.5 times its open-base breakdown
voltage.'* Measurements indicate frequent deviations from
this rule-of-thumb. Some planar transistors undergo open-
base breakdown at 759, of their measured collector junc-
tion avalanche breakdown voltage. The present calcula-
tions (Figs. 8 and 9) indicate that different regions of a
planar junction surface can display avalanche breakdown
at substantially different voltages. For example, the region
of a collector junction under the emitter could be designed
to undergo avalanche breakdown at 350 volts, while the
edges of this same junction will exhibit breakdown at
130 volts. Calculations indicate that this same junction
transistor should exhibit open-base breakdown at 90 to
100 volts.
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