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ABSTRAGT -~ P-type silicon crystals quenched from temperatures between 870° K -
- 1070°K show an increase in donor concentration which disappears om room
temperature annealing. This annealing is complete in thin samples and in
erystals of relatively low acceptor concentrations. From studies of changes
in resistivity on gquenching, and the amnmealing kinetice, we arrive at the fol-
lowing characterization of the defect which resulted from quenching:

1. It is a donor, with a corresponding energy level at about 0.4 ev from Va=-
lence band;

2. 1Its activation energy for motion is about 0.3 ev and its diffusion  coef-
ficient at room temperature is 1.2 x 1077 mz/sec.,

The center ceasea: to be electrically active om reaching the surfaces of
the samples. A fraction is lost during amnealing in thicker samples probably
because of formation of pairs with the original acceptor of the crystal. Argu-
ments are presented pointing to the possibility that the defects discussed
here are interstitial ions of silicon. |

¥  Will appear in Journal of Applied Physics.
(O contract with the Brazilian National Research Council.

#%% Supported in part by the Conselho Nacional de Pesquisas of Brazil.
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INTRODUCTION

Silicon when heat treated shows marked changes in its
resistivity and carrier lifetime. Several studies have con=
cerned themselves with investigations of the electrical proper-
tles of the defects which are formed at temperatures above
700°K(l"6). We are reporting here on a series of experiments
concerned with one of the defects which rise to the increasein
resistivity of quenched, p-type silicon. The center, once

formed, anneals at room temperature, as evidenced by the

return of the resistivity to 1ts original (pre-quenching) value.

The interest in this investigation originated, in part,
from the possiblle cohnection between the above mentioned center
and those investigated recently in electron irradlated silicon.
Detalled analysis of the paramagnetic resonance spectra has
'identified various radiation induced centers as those involving
vacaney 1in association with oxygen, with phosphorus and with
another vacancy 7. More recently, observation of an  isolated
vacancy has been suggested 7. In some cases a motion of wvacap
cies has been observed at room temperature. The known electrical
characteristics of irradiated silicon have been correlated with

the different centers so that their ionization levels are

reasonably well known /.

We have, therefore, studied the conditions under which the
quenched-in defects are formed, the kineties of their annealing

and their ionization energy, to attempt an identification of
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these defects.

EXPERIMENTAL

Table I gives the essential data concerning crystals used
in the present experiments. In order to investigate the influ-
ence of oxygen on formation and annealing of the centers the
crystals have been divided into thoge of "low" oxygen concentra
tion, grown by floating zone technique, and of "high" oxygen
concentration pulled from the melt. These concentrations are
known to be less than 1077 em™> and more than 1018 em™>, re-

spectlvely 8. "

A third group of samples was prepared from pulled crystals
which have bheen annealed for 24 hours at lBOOoK, a procedure

known to lead to precipitation of oxygen in the lattice 90

We have used samples of dimensions: 1.0 x 0,5 x 0.1 em in
all experiments with exception of those concerned with the de-
termination of the influence of the sample thickness on the an-

nealing process.

Quenching was performed from temperatures between 870°K and
1070°K after 3 minute heating, by dropping the sampleg into
glycerine. The time Involved 1n cooling was of the order of
10“2 sec. Resistivity measurements were performed at room

temperatures.
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RESULTS

Figure 1 shows the carrier densities, (NA"ND)Z measured
at room temperature, as a function of the temperature of gquench.
The densities have been obtained from resistivity measurements
assuming that mobility changes were negligiblie. This assumption
has been checked by Hall measurements in conjunetion with
resistivity measurements. The results are typical of all sam-
ples from crystals 1 and 4 (Table 1). The curve indicates a
gradual decrease in net acceptor concentration as a funetionof
temperature of quench followed by leveling off at values of
(NA"ND)Z of around 3.7 x 1013 em™3. This corresponds to an
approximate position of the Fermi level at gbout 0.4 ev fromthe

valence band.

The annealing behaviour (Fig. 2) was also identical in
group 1 and 4 samples. It has been found to be independent of
the temperature of quen_cho Thé curve is a plot of the fraction
of centers which(h§ve annealed at time t. This fraction is

olt)-op

defined as f = ———= where 0. is the original conductivity,

Oy the conductivity immediately after quenching and o(t)

conductivity at time t after quenching.

DISCUSSION

The results from the figure 1 indicate that the introduced
center 1s a donor with an energy level located at around 0.4 ev

from valence band. It is also apparent that the formation of
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the center is independent of oxygen concentration within the
limits of concentration used in the present experiments, as long
as oxygen is in dispersed state. Results with samples from
erystal 3 were not reproducible and are not shown. This indicates
that precipitated oxygen interfers with the formation as well
as annealing of the centers. These results Indicate that the
observed center cannot be an oxygen-vacancy pair as observed in
irradiated silicon since the latter 1s an acceptor type defsct,

with an ionization energy in the upper half of the gap 7,

Crystal 2 (Fig. 2) exhibit a behaviour indicating influence
of acceptor concentration on the fdrmation and annealing of de-
fects. The samples of this crystal show a larger Iincrease in
donor concentration on quenching and an increase in p~type
resistivity during room temperature anneal (negative f). Data
from figure 2 indicétes the existence of two processes during
the annealing stage: process A which depends strongly on the
original acceptor concentration and manifests itself in an
increase in resistivity (nepative ) and a process B which ap-
pears in samples of lower acceptor concentration and consistsof
a decrease in resistivity (positive f). There exists a competi
tion between the two processés as evidenced in the curves of
fig. 2. In thicker samples the A process gradually takes over.
Samples of 0.5 mm and lmm thickness anneal fully by the B pro-

cess.

In view of the results shown in Fig. 2 we have analyzed

the dependence of the B process on sample thickness.
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We have considered the solution of a transient, random
diffusion equation for capture on the surfaces of centers
initially uniformly distributed in the volume of the samples.

For a parallelepiped of dimensions uy vy, w one has 10:

0o o0 0o | exp(-op t)
Np =CNg, Y3 - : (1)
2 2 2
f mn (2041)% (2m*1)> (2n+1)
where
o | (2)F (212 (2n1)?
% =N D + + :
u? 2 2

Ny is the denslty of defects at time %, NFO density at t=0, D

i1s the diffusion coefficlent of the defect, C is a normalization
constant, 1, m and n are intege;s. One obtains a fit of this
spiﬁtion to the observed data with diffusion constanty; D= 1.2 x
X 10”7 cmz/sec. The 2 mm.and S‘mm curves require also a bi=-
' molecular term which deséribeshthe A process. The time constant
of this term is around 50 minutes. The respective contribution
of the A process and B prdcess varies with sample thickness, but

time constants do not vary (see Table II).

We can Interpret the two processes in the following way.
The donor-like defect formed at high temperature is mobile at
room temperature. Dﬁring its random motion it may form donor-.
like pair (or more complex defect) at the acceptor site, or, if
1t does not come near an acceptor it ends on the surface where
it loses its donor property. In such a way the kinetics of the

annealing depend both on the acceptor concentration and on the
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sample thickness for a gilven defect concentration.

We can calculate the activation énergy for motion of the

L=
T

jump time for a thermally actlivated process with an activation

defect from: vV = Vo exp(-E/kT) an equation which gives the
energy B 110 The diffusion constant for interstitials D, is
related to the jump time by the equation D=4 aa/ét 12. Here V
is the average lattice frequency, around 1013 sec™t, we take
a, the cube edge of unit cell equal to 5.7 X 10"8 cm and obtaln
E = 0.31 ev.

It appears improbable that the defect of interest Iis a
vacancy. Its diffusion constant is larger by several orders of
magnitude than the diffusion constant for a vacancy next to
oxygen, extrapolated to'foom temperature 7. One would also ex-
pect differences between the behaviour during annealing of crys
tals with different oxygen concentrationj vacancies forming
pairs with oxygen during the annealing should lead to decrease

of the fraction annealed on the surfaces in crystal with high

oxygen concentration.

We are also confident that the defect does not represent
an impurity which diffused from the surface 'during heating
process. We have checked this point by decreasing the heating
time to one minute and still observing the introduction of
centers. We have also lapped the surfaces of a quenched sample
in order to check whether resistivity changes are confined to
a near surface layer. We have concluded from these negative

experiments that a diffusion constant at 900°k conslderably in
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excess of 10“5 cmZ/sec'is necessary for an impurity to be
responsible for the observed effect. This is unlikely. It is
also improbable that an impurity which diffused from the T
faces would return to the surfaces during the annealing at room

temperature.

It seems more probable that the defect is an interstitial
gilicon. Its low activation energy for motion and its high dif
fusion constant at room temperature point in the direction ofan
interstitial diffusion process. Positive ions of silicon are
smaller than copper ions. The latter have very large diffusion
constants in silicon at low temperatures 13, and diffuse;, at

least in part, interstitially.

We have unsuccesfully tried to observe paramagnetic
resonance absorption at 78°K and at liquid helium in quenched

and annealed samples.

CONCLUSIONS

The defect which appears in quenched, p-type silicon is
characterized by an ionization energy of about 0.4 ev from the
valence band, by an activation energy for motion of about 0.3 ev
and by a diffusion constant of 1.2 X 107 enl/sec  at room
temperature. The principal feature of the annealing process is
that it fits into dimension dependent kinetics. This indicates
that the process of elimination of the defect occurs at the

surfaces of the samples and that in thicker samples only a
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fraction of the centers succeeds in reaching the surfaces. The
high diffusion constant makes 1t plausible that the defect 1is
an interstitial silicon. It is interesting to notice that
Mayburg 3 has conclude from a series of experiments that inters

ol6 em™2) in silicon cryg

titials exist in large densities ( 1
tals as grown. He also consldered their motion to the surfaces.
We believe that the present experiments point to activation of
interstitials during heating process. They may have existed in
an electrically inactive from in the crystals as grown, i.e.

near some imperfection. Their random diffusion brings them to

the surfaces where agaln they lose their donor properties.
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TABLE 1
Grystal | Method of growth | Resistivity (ohmecm) | (N, =Ny )ou™
1 Pulled 19 6.3 x 10
2 Pulled 1.6 2,0 x 1007
3 Pulled * 50 0.6 x 104
4 Floating zone 45 2.6 x 1014

* This crystal is the original crystal 1 and has been heated to
1000°C for 24 hours, after which ite resistivity has increased
to 50 ohm-cm.,

TABLE I ~ Characteristics of the crystals employed in the present experi-
ments. The last column: (NA - ND) = (NA‘=ND)0 - (NA'°ND) indicates the
maximum change in net acceptor concentration after quenching. (NA"ND)O
after

Resistivity measurements were performed at room temperature.

original acceptor concentration, (NA"ND) ~ acceptor concentration
quenching,

¥ % %

TABIE II

Time constants and fractions of defects annealed at room temperature by the

two processes indicate in text. Samples quenched from 1000°K.

Crystall,, . clilm:g::e(m) f,Fractig»: Annealed (ez.,_(girllgw) D(en/sec. )
A process|B process (eg. beloy) |
1 0.5 0 1 1.2 x 1077
1 1 0 1 12 x 1077
1 2 0.4 0.6 5  |1.2 x 107
1 5 0.6 0ol 50 |1.2 x 1077
2 1 No B process
ohserved
0 0 00 PV
£=1 lT +Bll-c X3 o )
g omon\ (2pe1)? (ame1)? (201)?/
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Fig. 1: Net acceptor concentration (NAfND)q, measured at room Lempera-

ture immediately after quenching from various
(Grystals 1 and 4).

tempsratures
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Fig. 2: Fraction of introduced defects, f, annealed at

rocm temperature as a function of time in sam-

ples of various thicknesses. The samples were

quenched from 10002K.
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