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Radiation Enhanced Diffusion in Silicon*
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Silicon samples, with a prediffused impurity layer, have been irradiated between

800"C and 1200"C, by energetic protons (250 kev to 1 Mev). After irradiation it is

found that the impurity has diffused much faster than expected from thermal diffusion.
This increase in diffusion coefficient takes place at some distance of the end point of
the proton range, typically 2 to 5 microns. This result is consistent with a model of
point defect diffusion, where defects (vacancies or aggregates) created by irradiation
diffuse in the bulk of the sample. It is thus possible to measut:e diffusion coefficients

of these defects. Activation energy for motion tear 1.2 ev, jump frequency of 107 sec-l,
at 850'C, are obtained. These values could be attributed to a divacancy. The an-

nihilation mechanism is investigated, and shown to depend on grown'in dislocation
density.

Introduction
The effect of radiation induced point de-

fects on the diffusion processes has been re-
ported by a number of authors. It should,
however, be pointed out that, in most of
the experiments performed up to now, the
diffusion enhancement occurs in a submicro-
scopic scale as, for example, in order-dis-
order transitions, where only a few lattice
jumps are involved. We have been using
the high sensitivity of semiconductor diffu-
sion technology to show such effects on a

larger scale-a few microns, involving thou-
sands of interatomic distances.

Also, by using short range bombarding
particles we have tried to separate the pro-
cess of creation of defects from their effect
on the diffusion of impurities, by allowing
these defects to move an appreciable distance
before being observed by diffusion enhance-
ment. In this way, we expect to obtain data
on the mobility of the defects themselves,
and on their annihilation mechanism.

We assume that, near the end of their

path, the protons used for irradiation create
a large density of point defects which, if
their mobility is large enough, are able to
migrate to the surface or in the bulk of the
sample. The local defect concentration will
thus be increased and if these defects have
some responsibility in the diffusion process-
such as vacancies would have-the probabi-
lity for a given impurity atom to make a
jump will be increased, leading to an in-
creased diffusion coefficient'

Experimental Procedure

We have reported the experimental tech-
nique in previous publicationst) and only a
summary is given here.

The samples are thin slices (0.5x5x20mm)'
of single crystal silicon, n or p-type, A
diffusion prior to the experiment, has created
on the surface a layer, about 10 p thick'
enriched with an electrically active, substi-
tutional impurity. Phosphorus, gallium,
boron have been used. The diffusion is car-
ried out in order to obtain a P-n junction-

ttt
proton bem

** $

I

,l

Fig. 1

* This work has been supported in
European Office, Aerospace Research,

part by Cambridge Research

United States Air Force.

25t

Laboratories, OAR, through the



252 J. C. PTISTSN AND P, BARUCH

The doping level is kept low, in order to
avoid lattice strains and formation of dis-
locations. The position of the junction, be-
fore and after irradiation, is revealed by a
staining technique; it gives an isoconcentra-
tion contour.

The bombarding particles are protons, of
200 kev to l Mev (ranges in silicon from 3p
to 16p), with an average beam current of 1 p
Amp on an area of 1x5mm'. The defects
are thus created a few microns from the p-n
junction where their effects are observed.

During irradiation the sample is heated,
between 600'C and 1200oC, so that the ex-
cess diffusion can take place during bom-
bardment. However, a few experiments
have been carried out where the sample was
first irradiated at a lower temperature (e.g.
600"C) in order to store the defects, then
heated at a higher temperature (1000'C)
where the defects could move and act on
the diffusion process of the impurity. This
cycle, with storage and diffusion steps, was
repeated a number of times in order to have
,cumulative effects.

It is mandatory that the sample be heated
,during irradiation, in order that the hydro-
gen atoms injected by the proton beam can
diffuse out of the sample. Otherwise, bubble
formation takes place which can even lead
to sample breakage. However, such effects
.can be controlled and have been used for
micromachining the sample prior to irradia-
tion.

Results and Discussion

In a typical experiment (300 kev, 1 pA
beam for one hour, irradiation temperature
1000"C) a movement of the junction as large
'as 3p can be observed. The shape of the
p-z junction, in this experiment, is striking-
ly similar to the 'collector dip' observed in
double diffused n-p-n trar$istors. We think
a similar explanation is possible in this case:
the vacancy source would then be the emit-
ter where a high donor concentration en-
hances the vacancy concentration. We have
discussed such a process in a previous pub-
lication.l)

a) Defect diffusion length-Using the dif-
fusion equation this measurement can be
converted into a local enhanced diffusion co-
.efficient. The influence of a number of para-

meters has been studied.
The distance between the defect source

and the junction location can be varied, on
a given sample. Such an experiment would
give the free propagation length of defects,
and, in case of a first order annihilation
process, this would be a diffusion length.
The experiments show indications of such
process, with a diffusion length at 900oC of
l.4p for samples with in-grown dislocation
densities around 108 cm-', and 3.5p for dis-
location densities of 10'-10ucm-'.

The first set of figures corresponds to one
interatomic distance for the capture radius,
which seems reasonable for annihilation on
dislocations, while in the second case, the
capture radius would be much larger, and
this would imply another annihilation mecha-
nism.

The average number of jumps for the de'
fect before annihilation would be of the
order of 10s.

b) Effect of temferature- The effect of
temperature shows a peculiar variation (Fig.
2).

Fig.2

The constancy, in the high temperature
range, agrees with the Dienes and Damask2)
prediction. One assumes first order kinetics
and the existence of a diffusion length Zr.,
diffusion constant Dr, and lifetime tr fot
the defects. One can use the usual relation
Ly:1/ffi. The excess diffusion coefficient
Dr, for the impurities is connected with the
defect density nr by:

Dr:Knn exp(-E^lkT) ( 1)
where E- is the migration energy for the
defects. zr depends on the creation rate g,

the lifetime and the distance r from the
source to the observation point, as

nr:grr exp(-xlLv) (2)

-gLn'Do-' exp(-xlL") . (2')

Since

Dv:Doexp(-E,,lkT) (3)
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by comparing (1), (2t), and (3), one finds:

D;: Kg I DoLo2 exp (- xl Lr)
: KgDo-'Ln' exp (- xlLy)

and the temperature enters only through
LY.

In the low temperature range Eq. (2)

breaks down, because the large rise in tv,
from (3), would imply such high density of
defects that radiation annealing takes place,
limiting the density of defects. Dt would
then fall as exp (-E^lkT) with temperature.
However, the steepness and shape of the
experimental curve (Fig. 2) does not seem
to correspond with the expected value of .E-
for point defect. It should also be expected
that the threshold temperature depends on the
beam current, and this has been observed.

c) Cycling experiments-These two phase
experiments are carried with the storage in
the low temperature range-as defined above,
while the diffusion phase is carried in the
high temperature range above 900"C.

By varying the duration of both phases,

one can observe for a constant integrated
flux of irradiation and a given beam cur-
rent, a saturation of the effect: when the
storage time is longer than 400 sec. for the
beam current used, no further diffusion oc-
curs. This is interpreted as a lifetime for
defects near 130 sec. at the edge of the
plateau (850'C), with the assumption that the
enhancement becomes independent on tem-
perature when the lifetime is smaller than
the accumulation time.

On the other hand, lowering the diffusion
time down to 30 sec. has no apparent effect:
this means that the lifetime at the highest
temperature (1000"C) is smaller than 20 sec.

Conclusion

From the lifetime and the diffusion length
values, one can obtain a detect jump frequency
of the order of 10' sec-' at 850"C. \Mith a
pre-exponential frequency factor of the order
of 10tt, the migration energy E is 1.3 ev.
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This migration energy, in view of the re-
cent observations by Watkinss) seems too
large for single vacancies. It could cor-
respond to divacancies.

However, other possible mechanisms could
be invoked to explain radiation enhanced
diffusion in this experiment. One possibili-
tyo) could be the formation of dislocation
loops which would act as diffusion short cir-
cuits. The evidence from the kinetics of
the experiments seems to disprove such pro-
cess: in the case of dislocation pipe diffusion,
an after effect should be observed, the dif-
fusion rate would depend on the induced
dislocation density and the total diffusion
time (time of irradiation * subsequent time
at high temperature). No such effect is ob-
served. This excess diffusion depends only,
on the irradiation conditions (dose, temper-
ature, and energy) and not on the thermal
history of the sample. This shows, at least,
that the defect involved in these experiments
is a short lived one. The step in junction
depth still exists after a post irradiation
anneal of three hours at 1100'C*. Attempts
have deen made for direct microscopic ob-
servation of these defects: the infrared and
decoration technique did not show anything;
X-ray topograph observations are under
wayt).
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DISCUSSION

Queisser, H. J.: I do not know what is plotted on your Fig.2, since you give us

numbers on the ordinate, however, it seems to indicate that you observe no diffusion
enhancement below 750"C. In this connection it may be worth while to briefly
report about some recent measurements done by Strack (Shockley Transistor). He

* This observation excludes the direct effect of acceptor centers due to radiation induced defects.
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succeeded to dope Si in a glow discharge, using hydrogen and admixtures of PHa
or BzHo. The bombardment with the hydrogen ions is thought to produce an excess
of vacancies which give rise to a greatly enhanced diffusion of these dopants into
the silicon. Such enhancement is observed even at temperatures well below 750oC,
probably even below 500'C. Therefore a mechanism different from the one in your
experiments seems to be operating.

Curien, H.: In our laboratory, Dr. Authier has investigated by x-ray microscopy
the effects of the proton irradiation on the silicon samples of Dr. Pfister and Baruch.
His results can be summarized as follows; 1). One does not observe any significant
displacement of the dislocation lines. 2). External scratches present before irradiation
are erased due to thermal diffusion on the surface (the specimens were annealed at
800"C). 3). The bulk deforrnation of the exposed region is revealed by a set of
fringes.
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Vacancies in Germanium,Properties of Quenched,in Vacancies
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After the oxidation of surface to prevent Cu-contamination, intrinsic Ge with various
dislocation densities were quenched from high temperatures to introduce vacancies
(acceptors). The concentration of vacancies was N,:3.7x102sexp (-L,9evlkT)lc.c.
The Cu-concentrations in the heat-treated samples were below 5x1013 Cu-atoms/c.c.
Annealing curves of exponential decay type were observed for samples with large
dislocation densities (nr-5x103-10s). The activation energy for diffusion and diffusion
coefficient were 1.2-1.3ev and D,:2exp(-7.2evlkT)cm2lsec. For samples with small
dislocation densities (rar-less than 103), some of the annealing curves deviated from
the exponential decay.

The cluster-formation of vacancies were estimated from these curves. The acceptor
level of vacancy at 0.02-0.03ev from the valence band was obtained from Hall and
resistivity measurements with temperature range from 20"K to room temperature.

1. Introduction left behind because the substitutional atoms
Many works have been made to investigate jump to the interstitial sites and diffuse very

the properties of vacancies in Ge by various rapidly to nuclei of precipitation. This
methods. But their definite properties may principle was tried in Si by Woodbury and
besaidundetermined. Productionof vacancies Ludwig'). Mayburgn), Logant), Zhidkov6)and
'can be classified into "direct production" others made quenching and annealing ex-
and "indirect production." Quenching and periments to know the formation of defect
radiation damage are direct productions. and their diffusion properties. As for the
There may be many kinds of indirect pro- temperature dependence, the quenched-in
ductions. One of them is application of defect-concentration was reported by May-
'characteristic diffusion behaviours of Cu or burgn) and Logan') as 3 x 102a exp (-2.01 ev lkT)
Ni-atoms in Ge known as "dissociative dif- /c.c. and 10'2exp (-l.8evlkT)/c.c. respective-
fusion')." By annealing of supersaturated ly. Tweet got higher value by different
Cu or Ni-atoms which are in substitutional method-4.Sx1022exp (-l.7evlkT)/c.c.') and
sites to become acceptors2), vacancies are 4.5xL0"exp(-1.8 evlhT)lc.c.") Mayburgo)




