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on the heating curve. This is exceedingly difficult to
explain. One is therefore forced to look for less obvious
reasons such as possible phase changes in the system or
the excitation of an impurity in the material. A brief
review of the literature given below may be of inter-
est at this point.

1. An anomalous vapor pressure curve has been re-
ported for cuprous oxide (7, 8), because of the forma-
tion of a eutectic with cupric oxide. The vapor pressure
of oxygen in equilibrium with liquid CupO at 1230°C
(mp of CuyO) is 0.6 Torr. This vapor pressure in-
creases to 402 Torr in cooling to 1080°C (CuO-CuzO
eutectic). Since the observed emission of Ly is in the
range of 1125°-975°C, this emission may in some cases
be related ta the CuO-CugO eutectic at 1080°C, since
it is known that CuO is present at least on the sur-
face of the melt.

2. A rapid coocling rate of over 100°C per min is
certainly a nonequilibrium condition, which may under
these circumstances allow eleetronic transitions to oc-
cur which might otherwise be forbidden (9, 10).

3. Differential thermal analysis is indicated to ex-
plore the region 400°-1300°C to correlate light emission
with perhaps extremely minute changes in the localized
rate of cooling. No high-temperature phase changes
have been reported for CusO. However, crystal-
lographic changes between 25° and 400°C have been
reported (11) for cuprous oxide and similar changes
for cuprous chloride (12).

4. The photoconductivity of CusO is very complex
(13), a maximum occurring at 0.57« but complicated
by “steps” in the absorption edge due to multiple level
transitions, particularly in the yellow and green series
of exciton absorption speetra (14) at 77.3°K. It is
not known how this might affect the results observed.

In conclusion, it may be said that more precise meas-
urements of the radiation observed will be required
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to resolve the exact nature of this luminescence. This
may be rather difficult, in view of the transient as well
as high-temperature nature of the phenomena.
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Poisoning and Gettering Effects in Silicon Junctions
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Rectifier Components Department, General Electric Company, Auburn, New York

ABSTRACT

A study was made to obtain an understanding of the factors involved in the
“poisoning” phenomena which are responsible for high reverse currents in
silicon junctions. A tentative model has been proposed which describes the
conditions by which fast diffusing metal impurities can precipitate within
junction regions under certain high-temperature ambients and yet not under
others. Oxygen appears to be a significant factor which can control the degree
and location of such metal precipitation. The role of oxygen was investigated in
its relation to impurities and defects in silicon. Its importance was demon-
strated by copper-oxygen reactions, oxygen tie up complexing to form SiO4*
donor states, and by the effect of induced dislocations.

Considerable effort has been applied to the study of
soft reverse characteristics of p~n junctions as indicated
by excess reverse current below their normal ava-
lanche breakdown voltage. The origin of this high leak-
age current is believed to be localized high electric
fields caused by precipitated metal particles within
the junction region. Goetzberger and Shockley (1,2)
have shown that metals with temperature dependent
solubilities in silicon, such as Cu and Fe, can form pre-
cipitates through which current flows by Zener tunnel-
ing as a result of the high fields. However, certain
diffusion processes do yield devices which have goad
electrical characteristics whereas other high-temper-
ature processes cause degradation of junctions. Prior
to this work no explanation as to why and how these
precipitates occur in the bulk and junction regions
of Si has been offered. As these undesired impurities
are introduced into silicon to some degree by all such
processes, there must be some controlling factors which
reduce or prevent these impurities from collecting in

junction regions in some cases but not in others. It
is the purpose of this study to investigate those con-
ditions which lead to the poisoning phenomenon and
to establish a tentative model by which such precipi-
tates locate in bulk silicon.

Previous observations.—It has been observed that
diffused p-n-p structures as formed by Ga sealed-tube
techniques yield “hard” breakdown (i.e., devices which
show negligible poisoning effects but exhibit avalanche
breakdown characteristics). Subsequent oxidation pro-
cedures cause these reverse characteristics to become
“soft” or poisoned. Typical characteristics are shown
in Fig. 1.! Later phosphorus diffusion generally causes
a poisoned unit to return to its original characteristics.
The following discussion of the effects of each of these

1 All devices were surface contoured to confine the avalanche
regions to the body rather than the surface of the device. Further
information concerning this technique can be found in a paper by
R. L. Davies and F. E. Gentry entitled, ‘“Control of Electric Fields
at the Surface of p-n Junctions,” IEEE Transactions on Electron
Devices, July, 1964.
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Fig. 1.

Typical reverse characteristics of Ga diffused p-n-p
junctions showing relative effect of cooling rate exposure to oxygen
ambient at 1200°C: Vertical axis 5 ma/div; Horizontal axis 200
v/div. (a) (top left) as diffused; (b) (top right) furnace cool,
250°C/hr; (c) (bottom left) slow cool, 15°C/hr; (d) (bottom right)
quenched.

three high-temperature operations results in a model
which describes mechanisms that affect precipitation
of these impurities in junction regions.

The formation of p-n-p structures by the normal
sealed tube technique employs a Ga source along with
silicon wafers which are sealed in a quartz capsule
and back filled with argon through a liguid nitrogen
trap. Avalanche-type electrical characteristics are
ascribed to three possible effects. (A) The system is
clean, free of poisoning impurities; (B) simple, glassy
phase gettering occurs on the silicon surface; (C) fast
diffusing impurities are removed by surface reactions
which occur due to a lower partial pressure of oxygen
in the sealed tube. In practice the first two are not
probable. Deliberately poisoned Ga p-n-p structures,
sealed in argon and heat-treated without a Ga source,
are brought back to their original sharp characteristics
with a significant increase in minority carrier lifetime.
As no liquid phase is present, some other mechanism
than glassy phase gettering must take place. This is
probably the same means by which good p-n-p struc-
tures are originally formed. At the diffusion temper-
ature (1250°C), metallic impurities are considered to
be present from the source, quartz, gas ambient and
on or in the silicon. The solid solubility of these im-
purities in silicon will be in equilibrium with phases
present (such as oxides or gas) and dependent on
temperature. On cooling, precipitation of these metallic
impurities can occur because of decreasing solubility.
A driving force to the surface is necessary to prevent
precipitation in the vicinity of the junction. Such sur-
face reactions can take place under a low partial pres-
sure of oxygen by forming stable compounds of an
oxygen complex. It has been shown by Schwuttke (3)
that impurities such as copper will locate preferentially
at regions of high oxygen concentration. This migra-
tion of residual oxygen in the silicon toward the sur-
face would be a sufficient driving force for the removal
of these fast diffusing impurities.

Under conditions of open-tube oxidation, silicon is
exposed to temperatures 1100°-1250°C under wet or
dry oxygen ambient to form an oxide phase on the
silicon surface. Simultaneously, oxygen diffuses into
the silicon along with undesired impurities. On cooling,
precipitation of these impurities will occur at struc-
tural defects in the bulk with the size and location of
the precipitates governed to some degree by the cool-
ing rate. Sites of high oxygen concentrations can be
formed in the bulk, thus preventing the mechanism of
transport of fast diffusing impurities to the surface.

In fabricating p-n-p-n devices, phosphorus diffusion
of the n-type emitter junctions often will restore p-n-p
units which have been previously poisoned by the oxi-
dation-mask step. In this two-step phosphorus diffusion
process, first a phosphorus-silicate glass is formed un-
der nitrogen or oxygen. Here an apparent liquid phase
gettering effect (1) takes place. Normally, after this
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first predeposition step, the glass formed is removed
prior to a higher temperature diffusion anneal under
oxygen. It can be assumed that under these conditions
liquid phase gettering is not present but rather some
other mechanism is responsible for the prevention of
downgrading. This might be explained by high sur-
face doping concentrations which strain the lattice and
thereby form dislocations at the surface. Prussin (4)
and Quiesser (5) have shown that the stress introduced
by solute contraction of phosphorus and boron in
silicon is sufficient to generate dislocations. With these
dislocations present, a “sink” can be formed, trapping
fast diffusing impurities as “atmospheres” of the dis-
locations or by complexing with oxygen in these re-
gions.

A poisoning model.—The model suggests that a con-
trolling relationship exists between the gas ambient
(particularly oxygen) and the type of diffused donor
or acceptor impurity in silicon. It appears that the de-
gree and location of such precipitation of fast diffusing
metal impurities is influenced by the oxygen move-
ment in the silicon. Clustering or precipitation of
these impurities will occur at sites of high oxygen
concentration, forming oxygen complexes and thus
reducing the metal impurity level in other regions of
the silicon. Oxygen will form atmospheres around dif-
fusion induced dislocations thus depleting adjacent
areas of oxygen and metallic impurities. Considerable
evidence has been obtained to support this concept.
These experiments have been based on copper-oxygen
reactions, oxygen complexing to form SiO4+ donor
states and surface induced dislocations.

Experimental

In an effort to determine the source of contamina-
tion, various parameters of the open tube systems were
evaluated. Ga-diffused p-n-p wafers were chosen for
this initial study. These structures offered good initial
reverse avalanche-type characteristics which are sen-
sitive to the poisoning phenomena.

Gallium diffused p-n-p structures, which were
formed in chemically polished 20-22 ochm-cm n-type
Si, generally had a junction depth of 3 mils and a base
region of 3 mils so that avalanche voltages of 700-800v
were obtained. Wafers were pelletized to a diameter
of 0.640 in. and subsequently edge beveled to a 6°
angle to eliminate surface effects. In all tests only
avalanche type p-n-p wafers were selected for evalu-
ation. Cleaning prior to heat-treatments were kept
the same for all tests, except when specifically altered
to study the effect of different cleaning cycles. This
standard cleaning consisted of hot solvents, hot alka-
line cleaning; HF: HNO; etch modified with iodine, and
HNO; boil. Each step was followed by a large num-
ber of deionized water rinses.

From these initial experiments it was established
that poisoning of the reverse characteristics of Ga
p-n-p’s could be accomplished at temperatures greater
than 700°C under an oxygen ambient. With increasing
temperatures, up 1250°C, there appears to be no sig-
nificant correlation between temperature and the de-
gree of electrical characteristic softening. This effect
is observed regardless of prior pellet cleaning treat-
ments and special care observed to prevent contamina-
tion by the furnace and the quartz tube, the latter
being coated with a sodium-silicate glass to form a
gettering sink on the surface. The use of an ultra-pure
ambient oxygen did indicate some improvement in
reverse currents.

Under a given set of experimental conditions, cool-
ing rate of the p-n-p structures from 1250°C in oxygen
did show pronounced effects in the degree of softening
observed. Typically, a quenching rate such as 500°C/
min in an oxygen ambient causes the least degree of
poisoning whereas a furnace cool of 250°C/hr from
1250° to 906°C resulted in the highest degree of poi-
soning. By approaching equilibrium conditions with
a cooling rate of 3-7°C/hr from 1250° to 900°C, harder
avalanche breakdowns resulted than the furnace cool.
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These typical reverse characteristics are shown in
Fig. 1. Interrupted cooling was carried out by furnace
cooling from 1250° to 1000°C and holding for 15 hr,
then moderately quenched to room temperature by
pulling the pellets out of the furnace slowly. The pur-
pose of this experiment was to form SiO; precipitates
as described by Kaiser (6); these precipitates should
serve as complexing sites for metallic impurities. This
process did result in considerable improvement over
the normal furnace cool with reverse characteristics
similar to that obtained by rapid quenching.

The most significant parameter was that effect ob-
served by different gas ambients. No downgrading re-
sulted at any temperature up to 1200°C when exposed
to an argon ambient and allowed to furnace cool. On
quenching some small degree of softening occurred.
From these results it was felt that downgraded units
could be “gettered” back under these conditions. Such
p-n-p units obtained from various conditions of heat-
treatment were sealed in a quartz ampoule under
argon, heated at 1200°C for 1 hr, and allowed to fur-
nace cool. In every case avalanche type characteristics
were obtained with voltage 10-20% less than the orig-
inal values. Lifetime values were increased by a factor
of two to four above the initial values immediately
following diffusion (hereafter defined as “as diffused”).
Poisoning was also prevented by exposure of the
p-n-p’s in a hydrogen ambient at 1000-1100°C. How-
ever, elecirical characteristics previously softened by
oxidation treatments were severely poisoned on ex-
posure to hydrogen. Under nitrogen at temperatures
above 800°C, significant softening occurred.

Effect of Oxygen with Impurities and Defects in Silicon

The results from preliminary experiments indicated
the oxide phase and/or oxygen ambient have some in-
fluence in the transport mechanism of impurities in Si.
Motivated by these results, further investigations were
made to determine the role of oxygen and its relation
to impurities and defects in Si. In these experiments
the behavior of oxygen was evaluated by converting
the dissolved oxygen into SiOs+ donor states. The
effects of diffused Cu and surface induced dislocations
during oxygen diffusion and the subsequent effect on
this oxygen-formed donor level was the basis of
evaluation.

Oxygen complex (SiO41) —Oxygen when diffused
into Si can form donor states under suitable time and
temperature conditions (7). These donor states, SiO4t,
appear to form by association of groups of four oxygen
atoms with one Si atom at a temperature of 450°C and
reach a maximum level in about seventy hours. The
degree to which the donor level will form is dependent
on the dissolved oxygen. Logan and Peters (8) report
the maximum solubility of oxygen in Si at 1250°C to
be 3 x 107 at./cm3, which offers a maximum donor
level of 1 x 1015/cm3 (8).

Experimentally, oxygen was diffused into polished
p-type Si slices of 30-100 ohm-cm resistivity (net im-
purity concentration less than 3 x 1014 at./cm3). One
half of this lot was sealed in a quartz ampoule under
argon, and the other half was used as a control lot. In
the sealed tube, a portion of the slices had the oxide
removed, and the other half the oxide was left intact.
These were heat treated at 1250°C for the same periods
of time as they were originally oxygen diffused, i.e.,
30 min to 3 hr. After this heat-treatment they were
annealed at 450°C for 72 hr along with control slices
which were not heat treated previously in argon.

From microscopic examination of stained cross sec-
tions, n-type layers were observed on the control slices
to depths up to 1.5 mils depending on resistivity of the
starting material. Those slices which were argon heat-
treated with the oxide removed did not show any con-
version. Silicon with the oxide left on converted, but
to a lesser degree.

This effect was also observed when cooling rates
that approached equilibrium conditions were used
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following open tube oxidation. In an earlier investiga-
tion, we had found that cooling rates of 3-15°C/hr,
from 1250° to 900°C, prevented the formation of SiO4*
complexes. From these results it was postulated that
this cooling rate would permit oxygen to form stable
precipitates (SiOg2) or possibly diffuse to the surface
of the slice. Under these conditions, therefore, the ox-
ygen is tied up or reduced to level below which the
conversion to donors is detectable.

Role of copper and orygen.—The relationship between
oxygen and the poisoning impurity should be deter-
mined. It appears that some residual oxygen is re-
quired to form favorable sites for nucleation and pre-
cipitation of such impurities away from the junction
region but near or at the surface. The presence of an
oxide phase on Si (always prevalent under an oxidiz-
ing ambient) would allow such precipitation to occur
internally within the Si at many possible structural
defect sites. The size of such precipitates would be
governed by the precipitation kinetics of the species
involved.

Some idea of these kinetics may be gleaned by
examining the effects of Cu and oxygen such as offered
by the investigations of Schwuttke (3). Results from
that study show Cu to precipitate at regions of high
oxygen concentrations with the possible formation of
copper-oxygen complexes. It was also shown that dis-
solved oxygen will form atmospheres around disloca-
tions thereby depleting adjacent areas of oxygen.
Therefore, the presence of high concentrations of dif-
fused oxygen should be a favorable location for the
precipitation of impurities such as Cu during cooling.

As the normal impurity level of a species such as
Cu is too low to be resolved by infrared examination,
Cu was diffused into Si to decorate dislocation (9) sites
with and without diffused oxygen. By observing the
degree of decoration, as to size and shape, and to the
level at which it occurs, a correlation with diffused
oxygen appeared possible.

Chemically polished 20 ohm-cm n-type Si was ox-
yvgen diffused at 1250°C with a maximum surface con-
centration of 3 x 1017 at./cm3. The time of diffusion was
adjusted so that complementary error function gradi-
ent of probable oxygen would result in a level ~1 x
104 at./cm3 at a distance of three mils from the sur-
face. A shallower diffusion was also made to the same
level one mil from the surface. Along with controls
containing only residual oxygen, Cu was diffused at
900°C for 10 min and rapidly quenched to room tem-
perature.

By polishing in 0.2 mil increments from the surface

and examining the slices with infrared, Cu was found
to be precipitated in the high oxygen concentration re-
gions near the surface. Unlike the control slices which
showed fine dispersion of decorated dislocation tails,
the samples containing oxygen were decorated by
copper in the form of star-like clusters. This is similar
to that observed by Schwuttke.
Effect of dislocation traps.—Realizing the effect of dis-
locations as trapping sites for oxygen and impurities
such as copper, it was felt that such a site, if il can
be introduced at the surface during diffusion, would
offer a sink for fast diffusing impurities. The effect of
cold working, introducing a stress, and subsequent
heat-treatment to elevated temperatures would re-
sult in the formation of dislocations. Such line defects
must be terminated, either by a surface, a grain
boundary, or they may form closed loops. We could
expect that in single crystals they would either propa-
gate through the crystal, or form a loop with one sur-
face. If such terminated loops could be produced at
the surface, trapping at elevated temperatures of these
impurities with an affinity for forming “atmospheres”
with dislocations would appear possible.

It is known that a certain amount of damage is in-
troduced into the surface of Si by impact loading.
resulting in a stressed surface condition. On heating
to some specific temperature, this stress will be re-
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lieved with some resultant plastic deformation and
subsequent formation of dislocations. Beveled Ga-
diffused p-n-p pellets were stressed in this manner
by sandblasting the surfaces lightly with a fine grit
of 10ux size. Alternate surfaces and both surfaces of
beveled pellets were sandblasted to evaluate direc-
tional effects of gettering. These units, along with
control pellets were exposed to the standard oxidizing
conditions of 1200°C for 30 min and furnace cooled.
Etching the pellets first in HF to remove the oxide
followed by 20 sec in CP-6 modified with iodine was
sufficient to obtain the original avalanche character-
istics on all the sandblasted units, regardless of the
side on which the dislocations were introduced. Control
pellets were badly downgraded.

Further experiments were made under longer ox-
idizing conditions up to 5 hr at 1250°C, always re-
sulting in unpoisoned units. If the sandblasted pellets
were quenched very rapidly from any of the oxidizing
conditions, downgraded characleristics were obtained.
However, reheating at 1200°C in oxygen for 30 min
and furnace cooling restored the original electrical
characteristics.

To evaluate trapping ability of the introduced dis-
location “sponge” at the surface, Ga diffused p-n-p
wafers were Cu diffused at temperatures of 900°-
1200°C under oxygen and furnace cooled. No poison-
ing occcurred with those pellets having surfaces in a
lapped or sandblasted condition. By infrared exam-
ination, Cu precipitation effects could not be observed
whereas the control slices always showed a large de-
gree of either finely dispersed or gross precipitates in
the crystal. Quenching of Cu diffused p-n-p wafers
from 900°-1200°C under oxygen always resulted in
severely poisoned units. Fine dispersed decorated dis-
locations were always present in the crystal and
subsequent removal of this precipitation was accom-
plished to a large degree by reheat-treating at 1200°C
followed by a furnace cool.

The rapid mobility of copper was first demonstrated

by the following experiment: One side of a p-n-p
wafer was chemically polished and the other side
was finely sandblasted. Then drops of CuNOs solution
were placed on the polished side with care being ex-
ercised to keep the sandblasted side free of copper.
Next the slice was heat treated in oxygen at 1000°C
for 30 min and quenched at a rate of 500°C/min. No
downgrading of the reverse characteristics resulted.
Moreover, after chemically polishing the sandblasted
side, no copper precipitation was observable by infra-
red examination. However, p-n-p slices that were
chemically polished on both sides and subjected to the
same process had electrical characteristics which were
badly softened and also showed heavy copper precipita-
tion throughout the slices.
Surface induced dislocations on copper and oxygen.—
It has been shown in this study that surface induced
dislocations have a definite effect in preventing the
downgrading phenomena, both in the formation and
oxidation of p-n-p units. Copper decoration and infra-
red examination showed that impurities such as Cu
are removed fo a very significant degree by dislocation
effects. However, it is possible that oxygen also con-
tributes to this mechanism by forming atmospheres
around these dislocations sites at the surface.

Oxygen was diffused into p-type Si having chem-
ically polished, sandblasted and lapped surfaces with
resistivities of 30, 54, 63, and 100 ohm-cm for 3 hr at
1250°C under wet Os. One lot was allowed to furnace
cool (250°C/hr) and the second lot was quenched to
room temperature. After removing the oxide, both
lots were annealed at 450°C for 84 hr. These were
cross sectioned and stained to reveal any n-type con-
version caused by oxygen-silicon interaction to form
Si04t. These results are illustrated in Fig. 2. Typically,
n-layers were formed in the polished wafers, in some
cases with a thin p-layer at the surface. In the lapped
and sandblasted wafers, a thin 0.1-0.2 mil but nonuni-
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Fig. 2. Typical effect of various surface treatments on the
formation of the SiOsT complex from oxygen diffused into 54
ohm-cm p-type Si at 1250°C for 3 hr, 250°C/hr cooling rate;
after 72 hr anneal at 450°C; beveled X-section depth magnified
10X. Microscope 60X.(a) Chemically polished surface.
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Fig. 2b. Lapped surface

Fig. 2¢c. Sand blasted surface

form n-layer formed at the surface. This thin surface
n-region was delineated by a p-type layer and an-
other deeper n-region. Only a p-region more highly
doped than the base was observed under the shallow
n-surface layer in the sandblasted samples. In the
resistivity range tested, no significant difference was
observed between the type of structure formed by
quenching or furnace cooling. By re-annealing at 575°C
for 20 hr, the deep n-type conversion layers formed
in the polished and lapped slices were removed. Un-
der these conditions, the SiOs* complex is disassoci-
ated. The thin n-surface layer on the lapped and sand-
blasted slices could not be annealed out at this tem-
perature.

The previous experiments were repeated except
that Cu was diffused into the oxidized Si prior to
annealing at 450°C. The diffusion of Cu was carried
out under two temperature conditions; one at 900°C
for 15 min and another at 1200°C for 20 min, to ob-
tain different copper solute levels in the Si. A sig-



424 JOURNAL OF THE ELECTROCHEMICAL SOCIETY

0.60 ML

Fig. 3. Effect of Cu diffusion on the formation of the SiO4+
donor level in 54 ohm-cm p-type Si; beveled X-section depth
magnified 10X; microscope 60X. (a) Typical n-layer formed by
diffused oxygen.

Fig. 3b. After Cu diffusion, 1200°C, furnace cool

Fig. 3c. After Cu diffusion, 1200°C, quenched

nificant effect of Cu was observed in the donor for-
mation after annealing at 450°C.

Typical results are shown in photomicrographs of
Fig. 3. Directly after Cu diffusion from 1200°C, both
quenched and furnace cooled polished slices showed an
n-layer ~ 0.1 mil deep not observed on slices diffused
with Cu at 900°C. After annealing at 450°C, n-layers
formed on polished control slices (no Cu) and were
partially eliminated on those which were Cu diffused.
The effect was more pronounced when the Cu was
quenched from diffusion temperatures. No significant
effect of Cu on the oxygen formed donor level was
found between sandblasted and lapped wafers as com-
pared to polished control slices.

Oxygen-transport concept—The concept of fast dif-
fusing impurities locating at the silicon surface during
nonoxidizing heat-treatments was further tested quali-
tatively. Wafers of 20 ohm-cm n-type silicon were pre-
pared in three lots having chemically polished, lap-
ped, and sandblasted surface finishes. These were ox-
idized in wet O, forming 12,000A of oxide on their
surfaces. The oxide was removed from one half of
each lot and, along with control wafers which were
not previously oxidized, they were Ga diffused in the
standard sealed tube process. Typically, p-n-p junc-
tions formed through the oxide on the polished slices
showed downgraded reverse characteristics. Those
formed without an oxide present had hard break-
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Fig. 4. Concentration profile diagram showing probable effect
of Cu on the donor leve! (formed by oxygen).

downs, but the breakdown voltages were slightly less
than the standard control slices. Sandblasted and
lapped wafers with the oxide left on showed the same
hard avalanche voltage breakdown as the control
slices; whereas, those units with sandblasted surfaces
from which the oxide had been removed, showed
slightly higher voltages.

Discussion

The purpose of this investigation was to show that
a relationship exists between oxygen, the oxide phase,
and fast diffusing metal impurities in terms of both
the degree and location of metallic precipitation in
silicon, The effects of Cu used as an example in these
experiments does not necessarily indicate that other
fast diffusing metal impurities behave in the same
manner. Dash (10) has shown that Au does not offer
any observable precipitation. The precipitation kinetics
of other metals such as Fe and Ni can be different
than that of Cu. However, results have been obtained
here which show that such precipitation in the bulk
can be effectively prevented without glassy-phase sur-
face gettering. The experiments with Cu and its effects
in repressing the SiO;* donor complex indicates ion-
pairing as a possible mechanism. The SiOs4* donors
formed as a result of diffused oxygen can be used as
a sensitive measure of the oxygen level and can in-
dicate effectively changes that take place within the
silicon.

The effect of Cu on oxygen donor formation on
chemically polished slices may be explained as fol-
lows. From photomicrographs of Fig. 2a and 3a, we
can see the typical donor layer which is formed by
oxygen conversion with no added Cu present. In some
cases a p-layer has formed on the surface. This can be
depicted by the concentration profile diagram of Fig. 4.

From the appearance of the layers formed, the p-type
surface layer is assumed to be the result of boron pile~
up during oxidation. If this pile-up at the surface ex-
ceeds the concentration of donors formed, a p-layer
will predominate.

With Cu subsequently diffused into the Si, depend-
ing on its solubility level, and whether it was quenched
or furnace cooled, the original donor level would be
reduced by the tie-up of diffused oxygen and Cu. The
p-layer which forms in the lapped wafers can be at-
tributed to boron pile-up. The formation of the shallow
n-type surface layer on both the lapped and sand-
blasted surfaces is probably due to the reaction of
oxygen and dislocations. Thus an indication of the
depth of damage and of the magnitude of dislocation
formation was provided. Sheet resistance measurements
indicate this level to be ~ 5 x 1015/em3. The absence
of oxygen-formed donors in sandblasted specimens
might be the result of greater boron pile-up to a level
high enough to exceed the donor formation.

To examine more closely the effect of damage to
the surface of Si, 2000 ohm-cm, p-type polished wafers
were scribed with a diamond pencil leaving a number
of scratches on the surface. These were oxidized and
annealed at 450°C. As shown in Fig. 5, the depth of
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Fig. 5. Photomicrograph showing effect of domage due to scribe
mark on polished 2000 ohm-cm p-type Si; after 1 hr oxidation at
1250°C and 450°C anncal for 72 hr; beveled X-section depth
magnified 10X. a. Dark p-type regions within oxygen diffused and
converted n-region, 75X,

Fig. 5b. Enlarged view showing probable dislocation loops of
high oxygen content within depleted dark stained regions. 150X.

the scribe mark was approximately 0.5 mil, but damage
and subsequent dislocation formation extended to 2.5
mils. In this region of damage, darkly stained p-regions
are present in the background of the n-type region
where the latter is obtained because of oxygen con-
version. These p-regions are assumed to be areas de-
pleted of oxygen and are adjacent to dislocation loops
containing atmospheres of oxygen removed from the
depleted regions. From this observation, it is possible
that the p-layer, assumed to be due to pile up, is also
formed by the depletion of oxygen by reaction with
surface induced dislocations.

The evidence indicates that oxygen can react with
dislocations thereby forming shallow nonuniform n-
type layers on the sandblasted and lapped surfaces.
Further, there seems to be a reaction of Cu with ox-
ygen as shown by their effects on the SiO4* complex
in polished wafers.

With the effect of a dislocation “sponge” at the sur-
face, reheat-treating under oxygen of previously
quenched wafers is of considerable interest. First it
indicates that the introduced dislocations are not an-
nealed out even with repetitive temperature cycles
up to 1250°C. In addition the recovery of quenched and
poisoned p-n-p units shows that fast diffusing impur-
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ities are responsible for the downgrading phenomena.
A period of time, slower than rapid quenching, is
needed to permit the diffusion of these impurities to
the dislocation “sponge.” As oxygen cannot out-dif-
fuse in the time of cooling evaluated and because the
SiOy phase is always present on the Si surface, the in-
troduced dislocations must be the major influence in
the prevention and recovery of poisoned p-n-p struc-
tures.

It was also shown that a metal impurity such as
copper can be transported from bulk Si, probably to
some surface layer by heat-treatment under argon
ambients. Such an ambient also resulted in depletion
of the diffused oxygen level from the body of the sil-
icon. The recovery of the reverse characteristics of Cu
poisoned p-n-p junctions by this argon treatment would
indicate that oxygen-copper complexing or tie-up oc-
curs at or near the surface. Infrared examination of
these structures support this view.

An explanation may be offered concerning the effect
of cooling rate in an oxygen ambient. In quenching,
impurities can precipitate at sites throughout the wafer
in a more dispersed form. Under a moderate cooling
rate such as a furnace cool, metal impurities can co-
alesce because of their rapid mobility; however, oxy-
gen levels would not be significantly affected by pre-
cipitation or agglomeration. A cooling rate approach-
ing equilibrium conditions affects the oxygen level
either by outdiffusion or by precipitation as indicated
by the absence of oxygen formed donors. Although the
metal impurity level in the bulk Si can be assumed to
be the same in all these cases, the resulting reverse
leakage currents are not. The lower leakage observed
with quenched samples indicates that the over-all
effect of more finely dispersed precipitates is less than
that of larger coalesced precipitates. If equilibrium
cooling resulted in a depletion of oxygen levels by out-
diffusion (because of precipitation as SiOs at the sur-
face), a significant reduction in reverse currents
should be achieved. Therefore, it appears that coales-
cence of oxygen occurs within the bulk during such a
slow cool thus permitting oxygen-metal impurity com-
plexing. Similar reverse currents are obtained to those
of slow cooling by holding the slices at 1000°C for
long periods of time. Precipitation of oxygen as SiOs
here causes a reduction in oxygen level within the
bedy of the silicon.

Under nitrogen ambients, downgrading is probably
due to a nitride formation. No explanation is offered
for the serious poisoning effect of hydrogen on p-n-p
slices which have been expdsed to oxygen.
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