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[57] ABSTRACT

The impurity density profile of p-n junctions in
semiconductive devices is modified at localized re-
gions of the junctions. This is achieved by a controlled
oxidation process that causes a selective redistribution
of impurities at such regions of the junctions. The
process is particularly useful in the manufacture of
reverse bias regulator diodes since it enables a con-
trolled adjustment of the breakdown voltage with con- |
siderable precision. When the process is used in the
manufacture of low voltage regulators, sharp reverse
voltage breakdowns and other desirable electrical pro-
perties are obtained.

11 Claims, 7 Drawing Figures
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METHOD OF CONTROLLING THE REVERSE
BREAKDOWN CHARACTERISTICS OF
SEMICONDUCTORS

This is a continuation of Ser. No. 730,743, filed May
21, 1968, now abandoned.

DEFINITIONS

5

For purposes of clarity in this specification, the fol- 1

lowing definitions are established and used.

The term “slice” is used to mean a thin disc that has
been cut from a crystal of a semiconductive material.

The term “wafer” is used to mean a small discrete
body of semiconductive material that has been subdi-
- vided from a slice.

The term “fringe” refers to a unit of linear measure
based upon a fringe of sodium light approximately
equal to 0.0116 mil or 2,940 Angstrom units.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to semiconductive devices,
and especially to improved p-n junctions that have
steep impurity gradients and to methods for their
manufacture. In a preferred specific embodiment, the
invention is concerned with a method for adjusting the
breakdown voltage of voltage regulator diodes during
their manufacture. Advantageously, low voltage regu-
lator diodes manufactured by this method are charac-
terized by their sharp voltage breakdowns, low break-
down impedances, high current carrying capacities,
and other desirable physical and mechanical proper-
ties.

2. Description of the Prior Art

Diodes comprised of semiconductive materials may
be adapted for use as voltage regulators when given a
reverse bias. At a determinable reverse voltage, “-
breakdown” occurs and the reverse current sharply in-
creases.

This “breakdown” of the p-n junction is generally at-
tributed to the “avalanche” effect. When properly
designed, provided only that the current is limited to a
value which will not dangerously overheat the diode,
the voltage across the diode will be constant and vir-
tually independent of the reverse current flowing
through the diode. For this reason, they make excellent
and inexpensive voltage regulators. Diodes that are
designed to operate in this manner are frequently
referred to as *‘zener diodes.”

Ideally, a zener diode should have a sharp break-
down voltage. By this is meant that when the critical
breakdown voltage is reached, the slope of the reverse
current curve will abruptly shift from approximately
zero to approximately infinity. This is referred to as a
*“sharp knee.” If the transition between the two slopes
of the reverse current curve is- less abrupt and
somewhat more gradual, the zener diode is said to have
a “‘soft knee.”

Above about 10 volts, the avalanche breakdown
characteristics of zener regulators produce very sharp
knees and, accordingly, provide for good voltage regu-
lation. However, when designing low voltage break-
down devices, that is, having voltage breakdowns
below less than about 10 volts, semiconductive materi-
als that have comparatively low resistivity (e.g., in the
range from about 0.003 to 0.012 ohm-cm. for silicon)
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must be used as the base material. in order to obtain
such low resistivities in semiconductive materials, the
materials must be doped quite heavily with impurities.
Unfortunately, such high concentration of impurities
may result in field emission and tunneling at the p-n
junction and will generally cause the diode to have a
soft knee.

Zener regulators having voltage breakdowns above
about 10 volts are manufactured from semiconductive
materials of somewhat higher resistivity than the low
voltage zener.regulators, and thus do not require as
high doping with impurities. For this reason, it is com-
paratively easy to obtain avalanche breakdown and
sharp knees in higher voltage zener regulators.

However, in the manufacture of higher voltage zener
regulators, as is also the case with low voltage zener
regulators, it is difficult to control process conditions to
obtain a given reverse breakdown voltage. Since the
breakdown voltage is generally dependent upon the
concentration and concentration profile of the impuri-
ty diffused into the slice to form the p-n junction, a
given breakdown voltage is obtained by treating a slice
at a time and at a temperature sufficient to establish the
required concentration and concentration profile of
the impurity. The electrical properties of the slice are
then measured, and if the breakdown voltage is too
low, the slice is returned to the oven for a period of
time to approximate the desired breakdown voltage
more closely. However, if the slice is left in the oven for
too long a period of time, the concentration or steep-
ness of the concentration profile of the impurity may be
reduced to less than that necessary to obtain the
desired breakdown voltage. If this occurs, the slice will
be spoiled for its intended function and must either be
scrapped or used for another purpose. For these
reasons, it is difficult to manufacture a zener regulator
and selectively obtain a preselected breakdown voltage
with any degree of precision. This problem is particu-
larly acute when it is desired to match a regulator with
the electrical parameters of a given circuit.

It has been recognized for some time that the reverse
breakdown voltage of a p-n junction can be altered if a
steep impurity gradient is established at a p-n junction.
It is also known that such steep impurity gradients sig-
nificantly contribute to the establishment of sharp
knees in low breakdown voltage devices. The prior art
does not, however, suggest any practical method for
selectively controlling the impurity gradient at local-
ized portions of the p-n junction, either to adjust the
breakdown voltage or to provide diodes with sharp
knees.

SUMMARY OF THE INVENTION

Accordingly, it is an object of this invention to pro-
vide methods for modifying the impurity density profile
of p-n junctions.

Another object of this invention is to provide
methods for obtaining steep impurity gradients at local-
ized regions of p-n junctions.

Another object of this invention is to provide
methods for selectively and accurately adjusting the
reverse voltage breakdown of zener-type diodes.

Another object of this invention is to provide a
method for adjusting the reverse breakdown voltage of
zener-type diodes that will permit re-establishing a
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higher breakdown voltage if the desired treatment end
point is exceeded.

Another object of this invention is to provide low
voltage zener-type diodes that have sharp knees.

Another object of this invention is to provide zener-
type diodes for low voltage regulation that have low
breakdown impedances.

Another object of this invention is to provide low
voltage zener-type voltage regulators that have com-
paratively low ohmic resistance and comparatively high
current-carrying capacity.

Briefly, these and other objects of this invention are
achieved by establishing a p-n junction with at least one
impurity for which the elemental semiconductive
material and its oxide have a different affinity, at a tem-
perature such that the rate of oxide growth is greater
than the rate to which the impurity diffuses in the
semiconductive material, and continuing such treat-
ment until a desired impurity density profile has been
obtained. In a preferred method of practicing this in-
vention, the p- and n-type impurities will migrate in op-
posite . directions with respect to the growing oxide
layer, thus causing the density of one impurity to be in-
creased at the junction and the density of the other im-
purity to be depleted at the junction, which will result
in a particularly steep impurity density gradient.

DESCRIPTION OF THE DRAWINGS

Other objects, advantages and features of the inven-
tion will be set out in the following detailed description
of specific examples and embodiments of the invention
when read in conjunction with the drawings, wherein:

FIGS. 1 through 6 are highly schematic representa-
tions, in cross section, illustrating various stages in the
preparation of a diode in accordance with this inven-
tion; and

FIG. 7 is a series of curves illustrating the effect of
time and temperature, during oxidation of the surface
of a p-n junction, upon the breakdown voltage of a low
breakdown voltage diode.

DETAILED DESCRIPTION OF THE DRAWINGS

In FIG. 1, there is illustrated a semiconductor slice
11. The slice 11, which in the preferred embodiment of
this invention is comprised of silicon, has been heavily
doped with an n-type impurity, such as antimony, to
provide low ohmic resistance, i.e., less than about
0.012 ohm-cm.

The surface of the slice 11 is oxidized (FIG. 2) at
elevated temperatures in a wet oxidizing atmosphere to
provide a silicon dioxide layer 12 over the slice 11.
(Actually, it will be understood that the silicon dioxide
surface will form on all surfaces of the slice 11. How-
ever, for convenience herein, and in the drawings, only
the top surface is considered.)

After the oxide layer 12 has been established over
the surface of the slice 11, a window 13 is opened in the
oxide layer by using standard photoresist techniques
(FIG. 3). A p-type impurity, such as boron, is then dif-
fused into the surface of the slice 11 where the window
13 has been opened. This forms a highly doped p-type
region 14 FIG. 4. Preferably, excess glassy impurities
are removed from the p-type impurity region 14 and
the slice is raised to temperatures that are sufficiently
high to give some mobility to both the p- and n-type im-
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purities. At the same time, the slice is exposed to a wet
oxidizing environment to cause a layer of silicon diox-
ide 15 to grow over the surface of the slice 11. As'is
best illustrated in FIG. 5, this treatment results in the
formation of a thin layer 16 below the silicon-silicon
dioxide interface that has a high impurity concentra-
tion (n-type), and a thin layer 17 below the interface
that has a low impurity concentration (p-type).

By establishing the layer of high impurity concentra-
tion 16 and the adjacent layer of low impurity concen-
tration 17, a steep impurity gradient is obtained at the
p-n junction which enables adjustment of the break-
down voltage and/or the manufacture of a diode with a
low reverse voltage breakdown and a sharp knee. As
will be discussed in more detail hereinafter, the break-
down voltage can be controllably altered by the time
and temperature at which the slice is treated.

Subsequent to the redistribution of the impurities,
standard techniques are utilized to complete the manu-
facture of the diode such as by opening another win-
dow in the second oxide layer 15 and depositing a
metal contact 18 in the window (FIG. 6). A conductive
surface, such as of silver, can be applied to the reverse
side of the slice, and then, using standard diamond
scribing techniques, the slice is divided into many hun-
dreds of individual wafers. The wafers are mounted in
suitable housings, electrical connections are made, and
the device is then ready for use as a zener-type diode.

While the theory or mechanism for this invention has
not been definitely established, it is believed that the
results are achieved by a controlled impurity redistribu-
tion caused by the thermal oxidation of the semicon-
ductive base material that effects modification of the
impurity density profile at the surface of the junction.
This theory is compatible with the presently observed
data and has proven useful in predicting, with con-
siderable accuracy, the results to be obtained upon
varying process conditions.

According to this theory, it is believed that the in-
stant invention is dependent upon the different affini-
ties of the elemental semiconductive material and its
oxide for different impurities. By first heating the p-n
junction to temperatures high enough to impart con-
trolled mobility to the several impurities while simul-
taneously forming an oxide layer immediately adjacent
the exposed surface of the p-n junction, the impurities
are able to diffuse into or out of the growing oxide
layer, depending on their relative affinities for the ele-
mental or oxide state of the semiconductive material. It
follows that if the impurity has greater affinity for the
oxide, the elemental material will be partially depleted
of the impurity, and if the impurity has greater affinity
for the elemental material, the impurity density will be
considerably increased in the elemental material.

In the particular illustration under consideration, an-
timony has a greater affinity for silicon than for silicon
dioxide, and it is largely excluded from that portion of
the silicon that is being oxidized. To this extent, the an-
timony is “piled up” in front of the advancing oxide
layer somewhat like waves pile up in front of the bow of
a ship moving through the water. While the build-up of
the high concentration of antimony adjacent the upper
surface of the p-n junction is probably sufficient to ob-
tain the steep impurity gradient desired in the practice
of this invention, it is thought that further beneficial
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turns upward after about 90 minutes treatment at this
temperature.
One observed datum that substantiates the

hypothetical basis for this invention is that, if a slice is
oxidized to achieve a reduced breakdown voltage, the
original breakdown voltage (here, 8.2) can immediate-
ly be re-established by reheating the slice at about
1,250° C. for about 15 minutes. In accordance with the
theory, the energy level of the antimony impurity
becomes too high and provides such mobility at this
temperature that the high antimony concentration is
dissipated by diffusion into the silicon.

The same effect can be made use of with higher
breakdown voltage diodes. Here, if the treatment
reduces the breakdown voltage below the desired
value, the slice can be retreated at high temperatures to
reduce the localized concentration by diffusion into the
clemental material and re-establish a higher breakdown
voltage. After the impurity concentration has been
reduced, the slice can be re-oxidized to obtain the
desired breakdown voltage, thus making it possible to
salvage slices that otherwise would have to be
scrapped.

In FIG. 7, only four representative curves are shown.
The 1,250° C. curve is above the useful temperature
range for the practice of this invention, and the 850°C.
curve borders on the lower useful temperature range.
Between these temperatures, a whole family of curves
can be drawn, somewhat similar for those drawn for
975°C. and 1,100° C., the slopes of which can readily
be determined by empirical means for any given system
of impurities. Once the slope of these curves is
established, it is a simple matter to select the tempera-
ture and time of oxidation required to obtain, within
limits, any desired breakdown voltage. For example, if
a reverse voltage breakdown of about 6 volts is desired,
a temperature of 975° C. for a period of 60 minutes can
be selected for treatment. Alternatively, a temperature
of 1,100° C. can be used, but here the treatment time
will be reduced to 15 minutes. (In theory, the same
reverse breakdown voltage could be obtained by heat-
ing the slice at 1,100°C. for about 125 minutes. These
conditions are not entirely practical, however, since the
long treatment time will tend to deplete the boron and
thus adversely affect other desired characteristics of
the junction.

With the above explanation before him, any person
skilled in the art should have no difficuity in practicing
this invention by initially establishing a p-n junction,
measuring the breakdown voltage of the junction, and
then, by using controlled heat treatment and oxidation
as suggested by the curves such as illustrated in FIG. 7,
adjusting the breakdown voltage to a desired value.

EXAMPLEI

An n-type silicon slice, about 1 % inch in diameter
and about 0.006 inch thick, was prepared by standard
techniques of growing a doped crystal and subdividing
it into a number of slices. The silicon was heavily doped
with antimony as the n-type impurity in order to pro-
vide a material having a low ohmic resistance in the
range of about 0.009 to 0.010 ohm-cm.

An oxide layer of silicon dioxide 6 to 9 fringes thick
was grown on the polished surface of the slice. (Ac-
tually, as noted before, the oxide layer grows on all sur-
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faces of the slice but, for ease of description, only the
upper surface is here considered.) The oxidation was
conducted in an oven at 1,250° C. at atmospheric pres-
sure in a wet, free oxygen-bearing atmosphere for a
period of about 2 hours.

Standard photoresist techniques were used to etch
14 mil diameter windows in the oxide layer on the slice.
Essentially, this technique comprised covering the sur-
face of the slice with a photoresist material, masking
those portions of the photoresist where it was desired to
open windows, exposing the unmasked portions of the
photoresist to a light source, and removing the unex-
posed (masked) portions of the photoresist. The slice
was then etched in a buffered hydrofluoric acid solu-
tion that was effective to dissolve the silicon dioxide
but did not attack the photoresist or the silicon.

After the windows were opened in the oxide layer,
boron, a p-type impurity, was diffused into the window
to form the p-junction. In this example, the boron was
diffused in two stages. First, a pre-deposit of boron was
laid down on the slice by placing the slide in a furnace
at 1,200° C. in an atmosphere saturated with boron
tribromide for 15 minutes. In a second drive-in diffu-
sion, the slice was held in the oven for an additional 2
hours at 1,200° C. to obtain a junction depth of about
28 to 32 fringes. Excess boron glass that formed over
the surface of the slice during diffusion was removed.
This was accomplished by etching away the boron glass
in a 10 percent hydrofluoric acid solution for about 2
minutes.

A window was opened in the oxide layer of a
specimen slice so prepared and the reverse breakdown
voltage was measured at 8.2 volts, with a sharp knee,
and a breakdown impedance of about 6 to 7 ohms.

The original slice was then placed in an oven and
raised to a temperature of 975° C. for about an hour
while a wet, free oxygen-bearing atmosphere was circu-
lated around the surface of the slice. After the slice had
cooled, an 8 mil window was opened in the second
oxide layer. A metallic contact was plated in the win-
dow and approximately 2,000 angstroms of silver were
evaporated onto the backside of the slice. The slice was
then subdivided into many hundreds of wafers by stan-
dard diamond scribing techniques and assembled to
form diodes.

The electrical properties of the diodes so formed
were measured and it was found that the reverse break-
down voltage was reduced to about 6.1 volts; the
reverse breakdown impedance was reduced to about 3
to 4 ohms; and the diodes had sharp knees. Further,
this was accomplished without any loss, and in fact an
apparent increase, in the power rating of the diode as
compared to the original junction before treatment.

EXAMPLE Il

To demonstrate the reversibility of the impurity
migration, several slices, after they had been treated in
accordance with the procedures of Example I to reduce
their reverse breakdown voltage to 6.1 volts, were
placed in an oven (prior to depositing the metal contact
materials) at about 1,250° C. for 15 minutes. When the
electrical properties of these slices were then mea-
sured, the reverse voltage breakdown was found to
have returned to its original level of about 8.2 volts, in-
dicating that the steep gradient established at the p-n
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results are obtained by a partial depletion of the boron
impurity at the surface of the same junction by migra-
tion into the oxide layer. (Note that some authorities
suggest that boron tends to regard both states with
equal favor, and thus, little change in surface concen-
tration will be obtained, and to this extent, the theory
with respect to boron redistribution here set forth may
be subject to dispute.) In this instance, the silicon diox-
ide has a greater affinity for the boron than does the sil-
icon, and as a result, the boron is depleted from the sil-
icon next to the surface of the growing oxide layer,
providing a region immediately adjacent the region of
high antimony concentration that is partially depleted
in boron. Either or both of these factors contribute to
the establishment of a very thin annular region at the
surface of the junction having the desired steep impuri-
ty gradient.

For a more complete discussion of the above
phenomena, see “Impurity Redistribution and Junction
Formation in Silicon by Thermal Oxidation” in the Bell
System Technical Journal, Volume 39, July, 1960,
pages 933-946; INTEGRATED CIRCUITS - Design
Principles and Fabrication by Engineering Staff, Mo-
torola, Inc., 1965, pages 304-306; and A. S. Grove,
- Physics and Technology of Semiconductor Devices,
1967, pages 69-75.

During the oxidation of the surface of the p-n junc-
tion, it is, of course, necessary for the various impuri-
ties to have sufficient mobility to diffuse into or out of
the growing oxide layer. This readily can be accom-
plished by raising the temperature of the material to
achieve an energy level sufficient to provide a con-
trolled degree of mobility to the impurity. It is equally
important, however, that the temperature (and energy
level) not be excessive, for if this occurs, the rate of
movement of the impurity will exceed the rate at which
the oxide growth is taking place. Thus, any impurity
that is excluded from the oxide layer will be dissipated
into the elemental material and prevent the formation
of a layer having a higher impurity concentration.

In order to obtain a controlled and selective redis-
tribution of impurities at the p-n junction, the treat-
ment temperature must be adjusted to lie within a
rather well-defined range. This temperature range is
generally defined by three temperature-dependent fac-
tors: First, the rate at which the impurity diffuses at the
interface into or out of the oxide layer; second, the rate
at which the impurity diffuses from the interface into
the elemental material; and third, the rate at which the
oxide layer grows. Accordingly, when an increase in
the impurity density is desired, the temperature will be
selected so that the rate of oxide growth will exceed the
rate at which the impurity will diffuse at the interface
into the elemental material and so that the rate of diffu-
sion of the impurity in the elemental material will be
less than the rate of diffusion in the oxide. When a
decrease in the impurity density is desired, the con-
trolling factor is that the temperature is selected so that
the diffusion rate in the oxide is greater than in the ele-
mental material. Relative rates of diffusion of the impu-
rity in the elemental material and in the oxide ap-
parently are of lesser importance in this case. B

Thus, it will be recognized that certain minimum
temperatures are required to obtain the desired rate of
growth of the oxide layer and to provide sufficient mo-
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bility for the impurity so that it is capable of movement
with respect to the oxide or the body of the semicon-
ductor. On the other hand, certain maximum tempera-
tures cannot be exceeded or the degree of mobility will
be too great and the desired segregation of the impurity
at the oxide-semiconductor interface will not be ob-
tained. For convenience, this temperature range that is
conducive to achieving the desired selective redistribu-
tion of impurities is referred to herein as “impurity-
segregating temperatures.”

The degree to which the impurity is rejected or ac-
cepted by the oxide layer relative to the body of the
semiconductor is defined by the segregation coeffi-
cient. If the segregation coefficient is greater than one,
the impurity will be rejected by the oxide and, at impu-
rity-segregating temperatures, an increase in impurity
concentration will be obtained. If the segregation coef-
ficient is less than one, the impurity will be accepted by
the oxide and, at impurity-segregating temperatures, a
decrease in impurity concentration will be obtained.

The effects of time and temperature during the ox-
idation step upon the breakdown voltage are illustrated
by the curves in FIG. 7. FIG. 7 includes a series of four
curves illustrating the effect of the time of oxidation
upon the breakdown voltage at four different tempera-
tures. The least effect upon the breakdown voltage
here shown occurs when the oxidation of the surface of
the p-n junction is conducted at 1,250° C. It is believed
that at this temperature, the energy level or mobility of
the impurities is so great that the impurity diffuses from
the interface into the silicon at a rate faster than the
rate at which the oxide layer is being grown. For this
reason, it is believed that no high impurity gradient is
established, no reduction in the reverse voltage break-
down is achieved, and in fact, an increase in voltage
breakdown is observed as is consistent with theory.

At the other extreme, the 850° C. curve .illustrates
the effect of utilizing comparatively low temperatures
at which the impurities almost do not have sufficient
mobility freely to move into or away from the oxide
layer as is desired in the practice of this invention. A
limited beneficial effect is achieved, however, and it is
noted that the breakdown voltage can be reduced from
about 8.2 to about 7.3 at this temperature.

The two curves obtained at intermediate tempera-
tures, that is, at 975° C. and 1,100° C., illustrate that a
very considerable reduction in breakdown voltage can
be achieved at these temperatures. If the treatment fol-
lows the 1,100° C. curve, a breakdown voltage of about
5.2 volts can be obtained. Note that after about an
hour, the breakdown voltage begins to rise again. It is
believed that this occurs since the rate of oxidation
decreases considerably with time due to the fact that
the increasingly thick oxide layer becomes increasingly
impervious to further oxidative attack. Accordingly,
when the rate of oxidation decreases until it is approxi-
mately equal to the diffusion rate of the antimony
through the elemental material, the 1,100° C. curve
reflects a flat horizontal portion where no net change in
breakdown voltage takes place. As the rate of oxidation
still further decreases, the rate of diffusion of the an-
timony into the elemental material eventually becomes
greater than the rate of oxidation, and, as a result, the
high antimony concentration is dissipated faster than it
is formed. This is thought to be the reason the curve
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junction by the controlled oxidation at lower tempera-
tures had been dissipated by diffusion of the impurities.

EXAMPLE Il

A slice prepared in accordance with Example I, hav-
ing a breakdown voltage of 6.1 volts, was etched for 1
second in a 10 percent solution of nitric acid and
hydrofluoric acid. This acid etch, which dissolved both
silicon and silicon dioxide, caused the reverse voltage
breakdown to return to 8.2 volts. This indicates that an
extremely thin layer having a high impurity gradient ex-
ists at the surface of the p-n junction and is responsible
for the reduction in the breakdown voltage. This layer,
due to the speed at which it can be dissolved away, was

estimated as being only between about 1 to 6 fringes in
thickness.

EXAMPLEIV

The experiment of Example 11 was repeated, except
that, rather than using a nitric acid-hydrofluoric acid
etch, only a hydrofluoric acid etch was used which dis-
solved the silicon dioxide but not the silicon. After the
silicon dioxide layer had been removed by this etchant,
the electrical properties of the diode were tested and it
was found that the reverse voltage breakdown
remained at 6.1 volts, thus further demonstrating that
the electrical properties of the p-n junction are primari-
ly due to the impurity distribution in the silicon rather
than in the silicon dioxide.

Diodes prepared from the slice of Example I were
also found to have other superior electrical properties.
For example, it was found that the breakdown im-
pedances were reduced to only 3 to 4 ohms as com-
pared to the 6 to 7 ohms impedance that existed prior
to treatment to obtain the steep impurity gradient.
Although the annulus formed by the high concentra-
tion of the antimony was extremely thin, the excep-
tionally high concentration of the antimony lent excel-
lent conductivity to the region, thus enabling the junc-
tion to carry comparatively high currents.

In the above description of this invention, particular
emphasis has been placed upon the production of a
zener-type diode with controlled reverse voltage break-
down characteristics. It should be understood that the
invention is not so limited, however, as it will find equal
applicability in other instances where it is desired to
establish a junction having a steep impurity gradient.

The invention has also been discussed primarily with
respect to boron and antimony as the p- and n-type im-
purities, respectively. It should be understood, how-
ever, that other impurities may be used in the practice
of this invention, provided that they have segregation
coefficients greater or less than one and that they will,
therefore, at impurity-segregating temperatures,
migrate at significant rates into or away from the oxide
layer being formed. Examples of such impurities in-
clude, for example, aluminum, that has a segregation
coefficient greater than one; gallium, indium, arsenic,
phosphorus, and antimony, that have segregation coef-
ficients less than one; and boron, that apparently may
have a segregation coefficient varying from more than
to less than one, depending upon the treatment condi-
tions.

The invention has also been discussed omly with
respect to a crystal grown from silicon. It is to be un-
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derstood that the same principles may be applied to
other semiconductive materials, such as germanium,
provided, however, that the germanium and its oxides
have substantially different affinities for the impurities
used to form the p-n junction.

Although certain embodiments of this invention have
been shown in the drawings and described in the
specification, it is to be understood that the invention is
not limited thereto, is capable of modification, and can
be rearranged without departing from the spirit and
scope of the invention.

What is claimed is:

1. A method of producing a semiconductor device,
which comprises the steps of:

establishing a p-n junction with a first impurity-densi-

ty profile in a semiconductor body such that a
major portion of the junction is further than 1
fringe from a surface of the body but such that the
junction intersects said surface; and

oxidizing the surface of the body which the junction

intersects to modify the impurity-density profile of
the junction in the region of the intersection
whereby a p-n junction is produced having a major
portion of its area with a first impurity-density
profile and a minor portion of its area with a
modified impurity-density profile.

2. A new method according to claim 1 wherein the n-
type impurity is phosphorus, arsenic or antimony.

3. A new method according to claim 1 wherein the p-
type impurity is boron, aluminum, gallium or indium.

4. The method of claim 1 wherein the modification
of the impurity-density profile produces a reverse
breakdown voltage of the semiconductor device of less
than about 8 volts and produces a junction having a
sharp knee.

5. A new method according to claim 1 wherein the
semiconductive body is comprised of silicon.

6. A method according to claim 5 wherein the n-type
impurity is antimony and the p-type impurity is boron.

7. A method of producing a semiconductor device,
which comprises the steps of:

preparing a slice of semiconductive material com-

prised of an intrinsic semiconductor and a high
concentration of a first conductivity-type deter-
mining impurity;

forming an oxide film on a surface of the slice;

generating a first opening in the oxide film;
diffusing a second impurity through said first opening
of opposite conductivity type than the first impuri-
ty into the slice to form a p-n junction with a first
impurity-density profile such that a major portion
of the junction is further than one fringe from said
surface and such that the junction intersects said
surface of the slice;
oxidizing said surface to modify the impurity-density
profile of the junction in the region of the intersec-
tion to form an annular region having a reverse
breakdown characteristic with a sharp knee;

generating a second opening in the oxide film within
the bounds of said annular region; and

depositing a metallic contact onto the slice through

said second opening with the outer portion of the
metallic contact being at least one mil from the an-
nular region whereby the functioning of said re-
gion is unaffected by the metal of the contact.
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8. A new method according to claim 7 wherein the
oxidation to form the annular region is continued for a
time sufficient to reduce the breakdown voltage to a
value less than about 8 volts and the breakdown im-
pedance to a value less than about 4 ohms.

9. A new method according to claim 7 wherein the
first impurity is an n-type impurity and the second im-
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purity is a p-type impurity.
10. A method according to claim 9 wherein the first
impurity is antimony.
11. A method according to claim 10 wherein the
second impurity is boron.
* * * * *



