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Novel aspects of oxygen diffusion in silicon
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Normal diffusion of interstitial oxygen atoms (O;) accounts for the rate of oxygen
aggregation in silicon for T > 500°C. There is evidence for the dissociation of SiO,
precipitates (Ostwald ripening) and the formation of self-interstitials (I-atoms) to
accommodate the local increase in volume. For T < 500°C, measurements of the loss of
oxygen atoms from solution indicate that O, dimer formation is the rate-limiting process, but
dissociation of dimers must be taken into account when modelling this process. Large
clusters of up to 10-20 O; atoms, usually assigned to thermal donor (TD) defects cannot form
unless dimer diffusion is much greater (by a factor of 10* to 107) than diffusion of O; atoms
and unless there is dissociation of clusters with the emission of dimers. Hydrogen impurities
enhance O; diffusion by a catalytic process and speed up donor formation. Infrared
absorption measurements reveal H-O; complexes and there is also partial passivation of TD

defects to produce shallow thermal donors (STDs).

1. Introduction

Silicon crystals grown by the Czochralski (CZ)
method from a melt contained in a silica crucible
incorporate a supersaturated solution of oxygen
impurity atoms in a concentration, [O;], close to
10 cm™3. These atoms in their dispersed state
occupy bonded off-axis interstitial sites with a mean
position midway between nearest-neighbour silicon
atoms (Fig. 1), and they are electrically neutral. The
lack of electrical activity is fortunate as [O;] is typi-
cally orders of magnitude greater than the concen-
trations of donor or acceptor atoms introduced to
fabricate the active region of integrated circuits.

The role of oxygen is nevertheless very significant.
Its presence leads to a hardening of silicon so that
plastic deformation is inhibited during device process-
ing and the preaggregation of O; atoms by diffusion
leads to the formation of SiO, precipitates that act as
diffusion sinks for unwanted fast-diffusing metallic
contaminants. All the precipitates need to be located
below the surface region of the wafer where the circuit
is to be fabricated. In practice, a CZ wafer is first
heated at a high temperature (T > ~1100°C) to
cause outdiffusion of O; atoms so that [O;] is depleted
in this surface region, called a denuded zone. A second
treatment at a low temperature (T < 800 °C) leads to
the nucleation and growth of small SiO, precipitate
particles in the underlying silicon, again as a result of
diffusion. In a third treatment at an intermediate tem-
perature (T > 900 °C), some of these particles grow to
form the required larger precipitates but others redis-
solve during dissociation. It is clear that detailed
knowledge is required about the diffusion coefficient,
D,,,, of O; atoms over a wide range of temperatures

[1,2]
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In the lowest temperature range (T < 500°C) an-
neals of as-grown CZ Si lead to the formation of small
clusters of atoms that act as electrically active [3, 4]
double donors [5], the so-called thermal donors.
There is a family of these defects TD(N) with
1 < N < 16 that evolves (increasing N) with increas-
ing anneal time [6] but the structures of these donors
are still unclear, although the presence of oxygen
atoms has been confirmed by electron nuclear double
resonance (ENDOR) measurements [7]. If these de-
fects incorporate up to 16 or more O; atoms, as is
commonly assumed, we shall show that there is a ma-
jor problem of understanding the mechanism of their
formation; they cannot form by normal (O;) oxygen
diffusion because the process is too slow by many
orders of magnitude.

It has been suggested that the TD(N) centres alter-
natively incorporate only a few O; atoms (possibly
a dimer), together with clustered self-interstitials (I
atoms) [8] since these intrinsic defects have to be
generated to accommodate the local increase in vol-
ume when O; atoms cluster to form SiO, [9, 10]. This
secondary process is well-documented in relation to
high temperature anneals when one I atom is produ-
ced for every two O; atoms that precipitate. There is
strong evidence that the process also occurs in the
range 500 < T < 650°C because of the formation of
ribbon-like defects observed by high resolution trans-
mission electron microscopy (TEM) [11,12]. How-
ever, the critical number of O; atoms in a cluster
required for the ejection of the first I atom during low
temperature anneals (T < 500 °C) is unknown. Ab in-
itio theory has implied that this process is endother-
mic for a dimer but has also led to the proposal that
a single 1 atom, bonded to a pair of adjacent over
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Figure 1 Geometry of a bonded interstitial oxygen impurity atom
in silicon showing the off-axis site and the mean diffusion jump
distance d. The bond populations, n, to n,, are equal under equilib-
rium conditions but n, is reduced relative to n, = ny = ny when the
Si is heated to T ~400 °C and a uniaxial stress is applied along the
[111] axis [19].

co-ordinated O; atoms, constitutes the core of a TD
centre and that this I atom is responsibie for the
electrical activity [13].

Another early proposal was that D,,, is enhanced
significantly at low temperatures (T < 500 °C), pos-
sibly due to interactions with 1 atoms [14], but we
shall show that the rate of loss of O; atoms from
solution would then be orders of magnitude greater
than measured. This conclusion has been verified ex-
perimentally by studies of silicon containing hydrogen
impurity atoms [15]. These atoms may be introduced
by heating Si in H, gas, or a hydrogen plasma; then
there are correlated enhancements of the rate of O;
loss and TD formation [16].

This paper presents measurements and the results of
modelling that lead to a resolution of the oxygen
diffusion problem in high purity, undoped silicon
when it is heated to low temperatures (T < 500 °C).
Two types of measurement are available that lead to
unambiguous conclusions. The first allows D, to be
measured by the relaxation of stress-induced dichro-
ism, involving single diffusion jumps of oxygen atoms
[17]. The second relates to the loss of O; atoms from
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solution due to the formation of oxygen clusters. Both
types of measurement have been used to characterize
the diffusion of oxygen either in as-grown or prehy-
drogenated Si [16]. To explain the formation of
“large” oxygen clusters (10-20 atoms), we propose
that oxygen dimers (O,), once formed, diffuse more
rapidly than isolated O; atoms [16, 18] and that dis-
sociation of larger clusters occurs with the emission of
dimers. This paper is a short review of our work with
our latest interpretations set against the current state
of knowledge.

2. Normal oxygen diffusion

It is now well known from infrared vibrational
absorption measurements that oxygen impurities in
silicon occupy off-axis bond-centred interstitial sites
(Fig. 1)[19]. A {111) symmetry axis was also implied
in early work in which D,,, was determined to be
0.21 exp(— 2.55eV/kT)cm?s™ ' by measurements of
internal friction carried out in the temperature range
(1325 > T > 850°C) [20,21]. Damping of acoustic
waves (100 or 300 kHz) did not occur if the associated
stress axis was parallel to a {100} direction, demon-
strating that the O; atom had to be in a local con-
figuration with a {(111) axis. Values of D,,, were
subsequently determined by analysing concentration
profiles of 180 diffused at similarly high temperatures
into floating zone (FZ) Si (essentially oxygen-free),
using secondary ion mass spectrography (SIMS) [22].
These measurements were complemented by a range
of other studies (Fig. 2) [19].

The value of D, was also determined from the rate
of relaxation of stress-induced dichroism of the 9 um
IR absorption band that is due to the antisymmetric
vibrational mode of O; impurities with displacements
parallel to a {11 1) bond axis (Fig. 1). These measure-
ments relate to single diffusion jumps of the O; atom
from one bond to the next [17]. The normally equal
occupations of the four {111) bonds by O, atoms are
first modified by heating samples at ~400°C for
30 min, while they are subjected to a uniaxial stress,
then cooling them to 300 K with the stress still ap-
plied. When the stress is applied along a [11 1] axis,
the occupation of the bonds parallel to this axis is
reduced and there are increased occupations of the
other three types of (11 1) bond. These non-equilib-
rium site occupations are lost exponentially during
a subsequent isothermal anneal after removal of the
stress. The time constant t for this process is deter-
mined from measurements of the loss of dichroism of
the 9 pm band by making IR absorption measurement
with polarized light. These measurements yield values
of Doyy = ad /641 for the range 400 > T > 330°C with
no adjustable parameters since dao = 0.542 nm is just
the lattice spacing of the Si crystal [19].

A combination of the high and low temperature
data leads to normal values of the oxygen diffusion
coefficient given by D, = 0.13 exp(— 2.53eV/kT)
cm”2s™ ! (Fig. 2) [22]. There is a consensus that the
diffusion mechanism does not involve lattice va-
cancies, I atoms or other impurities [19].
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Figure 2 A compilation of measured values of D,,, [19].

3. Aggregation of O; atoms

3.1. High temperatures (T > 650 °C).

Heat treatments of CZ Si at high temperatures lead to
the formation of precipitates of amorphous SiO, par-
ticles that are identified by TEM, small angle neutron
scattering (SANS) [23] or by chemical etching. The
measured sizes and number densities of these particles,
together with the rate of loss of O; atoms from solu-
tion, determined from reductions in the integrated
absorption of the 9 um IR band, demonstrate that
normal O diffusion is the rate-limiting process for the
precipitation [24]. I atom generation is detected by
TEM using the presence of punched-out dissociation
loops around precipitate particles or using the forma-
tion of stacking faults [1, 2]. It is important to note
that, during extended anneals, small particles redis-
solve by dissociation and large particles become lar-
ger, a process known as Ostwald ripening [23]. Thus
the SiO,:Si system is in a state of dynamic equilib-
rium,

3.2. Intermediate temperatures
(500 < T < 600°C)

In this temperature range, SiO, precipitate particles
are too small to be detected by TEM or SANS, but if
D,y is assumed to have its “normal” values, the num-
ber density and hence the average size of the particles
can be estimated from the measured rate of O; loss
[25]. At 500 °C the particles are thereby estimated to
incorporate only 10-20 O; atoms. Ribbon-like defects
detected by TEM are now attributed to the condensa-
tion of I atoms generated by O, aggregation [11, 12].

In addition, it has been found from measurements of
IR electronic absorption that there is annihilation of
TD(N) defects formed in a prior anneal at T < 500°C
[26]. Isolated O; atoms are regenerated during this
process, as indicated by increases in the strength of the
9 pm IR band. Apart from TD1, “early” donors (TD2,
TD3, etc.) are lost first, implying that they incorporate
fewer oxygen atoms than donors with larger values of
N. Estimates of the solubility of the O; atoms imply
that only a quasi-equilibrium is established, this is
because the interface energy of the particles with the Si
matrix plays an important role [19]. These results
provide further evidence that the aggregates are very
small in this temperature range. An extrapolation to
lower temperatures of the number of O; atoms in each
SiO, precipitate particle measured for T = 650 °C im-
plies that only dimers should be formed for anneals
extending to ~100h at T < 450°C."

3.3. Low temperatures (T < 500 °C)

There is an obvious test of the conclusion that O,
dimers are the predominant centres formed at low
temperatures. The rate of loss of O; atoms from solu-
tion (IR measurements of the 9 pm band) should be in
accord with the value predicted by second-order kin-
etics, d[O;]/dt = — 8nr D, [O;]* leading to

[0:1 ' —[0lo" = 8nrcDoyt (1

where r, is the capture radius at which the two atoms
bind together. The numerical factor of 8 occurs rather
than the usual value of 4 because both O; atoms are
diffusing to give an effective diffusion coefficient of
2D,,,. The assumption is that any diffusion sinks pres-
ent in the crystal (defects or impurities other than O;
atoms) have much lower concentrations than the
grown-in concentration of [O;] ~10'8 cm™3. Thus,
there are no adjustable parameters since r, is expected
to be ~0.5 nm. Measurements reported in our early
work for [O;], versus time for anneals at 420 °C and
450°C [27] led to values of D,,, indistinguishable
from normal values interpolated from the data shown
in Fig. 2. But the value obtained for an anneal at
500°C led to a value of D,,, of only 1.0 x 10'® cm?s ™!
that was too small by a factor of ~ 5. This discrepancy
was attributed to dimer dissociation so that the num-
ber of pairs present after a given anneal time t was
smaller than the number that should have been for-
med according to the simple model used.

The model of second-order kinetics can be extended
to include the serial formation of trimers and larger
clusters O, by the sequential capture of further O
atoms. Such computer modelling predicts the results
shown in Fig. 3 for T = 450°C [28]. Fort ~100 h the
concentrations of [O;], [O,], etc., are smaller by
factors of ~10 for every extra O; atom added to the
dimer. Although these results support the view that
dimer formation is the dominant process and al-
though they vindicate the use of second-order kinetics
with only a small error ( ~10%), they do lead to an
apparent impasse because there is no obvious way of
generating measurable concentrations of clusters in-
corporating 10 or more oxygen atoms. This is the
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Figure 3 The evolution of oxygen aggregates O,, O,, Oy, etc., with
increasing anneal time at 450 °C calculated for serial reactions in
which only O; atoms are mobile with the normal value of D,
[16, 28].

central problem that has to be resolved. To overcome
this difficulty, previous workers assumed that D,,, is
enhanced at low temperatures so that large clusters
could form during the anneal [14]. But then there
would be a discrepancy with the rate of loss of O; atoms
from solution; these measurements were not made
in earlier work, so the discrepancy was not apparent.

We have now made extensive measurements on
a range of samples with five different grown-in [O;]
concentrations (15, 11.6,11.0,9.3 and 8.2 x 107 cm™3)
following anneals at a temperature in the range
350-500°C, with heating times up to 15000h ( ~2
years) at 350 °C [16]. Values of D,,,, determined from
the rates of O; loss and modelling by second-order
kinetics (Equation 1) were independent of [O;] for
T < 400°C. However, the apparent value of D,,, de-
duced by this procedure decreased as [O;] was de-
creased for anneals at T = 450°C: the range of D,
extended over some two orders of magnitude for
T =500°C and all the values were lower than the
normal values (Fig. 4) of D,,,. This interpretation of
the data for anneals at 450 and 500°C is clearly
non-physical and indicates the importance of dissocia-
tion processes, as implied earlier. The rate of loss of O;
atoms from solution varied as [O;]" for T < 400°C
with n = 2, but n then increased to 3.5 to 450°C and
9 at 500 °C. This suggests that only aggregates of some
10 or more oxygen atoms (on average) were stable at
the higher temperature.

Resistivity measurements (four-point probe) made
on the same samples showed that there was formation
of one TD centre for approximately every 10 O; atoms
lost, irrespective of the initial values of [O;], the an-
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Figure 4 Values of D,,, deduced from the rates of O; loss using
second-order kinetics for five CZ crystals with different values of
[Oilo- Doxy is independent of [O;], for T < 400°C but larger than
the “normal” values (the solid line) by a factor of 3-10. These
relatively small increases may be due to the presence of a small
concentration of grown-in hydrogen impurities or to the formation
and dissociation of Oj trimers (see Section 5). For T > 450°C the
apparent values of D,,, decrease with decreasing values of [O;] due
to dissociation of oxygen clusters [16].

neal temperature or the period of the anneal up to the
time when Y TD(N) reached its maximum value [16].
It is not clear why the correlation factor should be 10
or even why it should have a constant value if TD(N)
transforms to TD(N + 1) by the addition of an O;
atom. The rate of TD formation also varied as [O;]"
with the same values of n (for a given anneal temper-
ature) as those found for O, loss. These correlations
would seem to imply that all the lost oxygen atoms are
incorporated in TD centres.

4. Effects of hydrogenation

As the next step, we measured rates of oxygen loss and
TD formation resulting from low temperature anneals
of samples that had been pretreated in H, gas at
a temperature in the range 900-1300°C then quen-
ched to room temperature. The concentrations of in-
corporated hydrogen atoms are then ~10!%cm™3
and 10'* cm ™! for quenches from 1300 and 900 °C,
respectively, as determined by secondary ion mass
spectrometry (SIMS) (for deuterium) and indepen-
dently by infrared measurements of the formation of
boron-hydrogen pairs [29]. We had previously
shown, from measurements of the relaxation of



stress-induced dichroism, that the hydrogenation pro-
cedure led to increased rates of O; diffusion
with D,y (H) = 32x 10 *exp (— 1.96 eV/kT ) cm*s ™!
[16]. Because of the lower activation energy compared
with that for normal O, diffusion, the enhancement
process is significant only for T < 500°C. Ab initio
theory developed by two separate groups has in-
dicated that hydrogen atoms present in either bond-
centred sites [30] or antibonding sites [31] could
interact catalytically with neighbouring O; atoms and
lower the energy of their saddlepoint configuration
during a diffusion jump. Measurements of the rate of
loss of O; from solution show corresponding enhance-
ments for long-range diffusion and correlated in-
creases of the rate of TD formation. Enhancement
factors are close to 5, 30 and 300 for T =450°C,
400°C and 350°C, respectively. The number of O;
atoms lost per donor formed stays at the value of 10.
Thus, the rate of oxygen dimerization controls the rate
of thermal donor formation. It follows that arbitrarily
invoking an increased value of D, to explain the
formation of large oxygen clusters in as-grown mater-
ial (TD centres) does not provide a solution to the
problem defined in Section 3.3 since there would be
a corresponding increase in the rate of O; loss from
solution, contrary to the measurements that are now
available.

Direct evidence for H-O interactions has been in-
dicated by the observation of a vibrational absorption

line at 1075.1 cm ™! (Fig. 5) in hydrogenated n or p-
type CZ Si [32, 33]. This line shows a small shift to
a higher frequency of 1076.6 cm ™! in deuterated Si
and is likely to result from an O, atom paired with an
H atom occupying a neighbouring site. This absorp-
tion has not been observed in the oxygen-free float
zone Si, nor has a high frequency hydrogen stretch
mode been detected. Further work is required to de-
termine the structure of the defect responsible.

5. Oxygen dimer diffusion

So far, it has been assumed that all oxygen clusters are
immobile, and effects of dissociation have not been
considered. It has been proposed that O, dimers may
diffuse more rapidly than isolated O; atoms, by a fac-
tor of up to 107 [18]. It could be argued that the
presence of the second O; atom lowers the saddlepoint
energy for a diffusion jump of the first O; atom, per-
haps in a similar way to that for the H-O interaction
[30]. Provided there is binding of the two O; atoms in
the dimer, as implied by the kinetic analysis and
measurements discussed above, there will be corre-
lated diffusion jumps of the two atoms but eventually
the dimer will dissociate. It is important to consider
the two possibilities for the dissociation time constant:
(a) the time constant is greater than the time for the
diffusing dimer to be trapped by another O; atom to
form an immobile trimer, and (b) the time constant is
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Figure 5 IR spectra ( ~ 10 K) showing vibrational modes attributed to H-O; and D-O; complexes in CZ samples heated at 1300°C in H, or
D, gas at atmospheric pressure and quenched into silicone oil [33]. The concentrations are estimated to be ~3 x 10'* cm~* by comparing
the strengths of the lines with that due to naturally occurring '80; (0.20% abundant at 1085 cm ~?). These lines were first reported in

Markevich et al. {32].
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smaller [16]. In case (a) the rate of formation of the
trimers would be very similar to the rate of formation
of dimers (without rapid O, diffusion) and a very low
equilibrium concentration of dimers would result. The
trimer is unlikely to be stable, as it is also a very small
cluster, so dimers and O; atoms would be regenerated
by dissociation, leading indirectly to an enhancement
in the diffusion of O; atoms at low temperatures
(Fig. 4). It also follows that two dimers can combine to
form O,, whereas a dimer and a trimer can combine
to form Os. Modelling of dimer reorganization and
regeneration [34, 35] appears to be consistent with the
formation of clusters incorporating up to 10 or more
O; atoms. This agglomeration process can occur on
the required time-scale only because of the assumed
high rate of dimer diffusion. An essential result of this
model is that the O; loss is still predicted to occur as
a second-order process because dimer formation is the
rate-limiting process. If, however, diffusing dimers
tend to dissociate (for T = 450 °C) before being cap-
tured by an O; atom, the rate of 30; atoms combining
to form a trimer is still enhanced, but the kinetics will
tend towards third-order instead of second-order.
More generally, the order of the kinetics will be related
to the size of the first “stable” cluster being produced,
whereas the rate of the aggregation process will be
reduced compared with the situation when diffusing
dimers are captured before they dissociate. This is
consistent with the data shown in Fig. 4 since the
values of D,,, calculated from measurements of O;
loss, without allowance for dissociation, are much too
small for the samples containing the smallest grown-in
oxygen concentrations.

6. Conclusions
It has been shown that O, loss from solution in silicon
ocecurs with second-order kinetics for T < 400°C and
it is implied that dimer formation is then the rate-
limiting process. Rapid dimer diffusion and dissocia-
tion processes have been invoked to account for the
presence of the relatively large oxygen clusters that are
presumed to form at these temperatures. For the range
400 € T < 500°C, dimer dissociation prior to dimer
capture by an O; atom becomes important, the order
of the kinetics increases, and the rate decreases in
agreement with previously unexplained data [28]. The
proposed model of rapid dimer (O,) diffusion could in
principle be reformulated in terms of rapid diffusion of
0,1 or O,V complex, where V is a lattice vacancy
formed by the ejection of an I atom. Generation of
self-interstitials at some stage during oxygen agglom-
eration would be essential to support any proposal
that placed an I atom at the core of a TD centre [13].
It has been demonstrated that the presence of hy-
drogen in Si leads to greatly enhanced O, diffusion
and correlated TD formation at T < 450°C. And re-
member that hydrogen may pair with various other
impurities, particularly those that produce electrical
activity so that this activity is then passivated. Partial
passivation of double donors, such as sulphur in Si, to
give single donors has also been demonstrated by IR
measurements of electronic absorption [36]. It is im-
plied that members of the TD(N) family might also be
converted to corresponding members of the shallow
thermal (single) donor STD(N) family [37] and recent
evidence to support that proposal has now been ob-
tained (Fig. 6) [38]. There also appears to be a link to
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Figure 6 IR electronic absorption ( ~ 10 K) from two CZ samples following an anneal at 350 °C for 30 min. Sample (a) was preheated in H,
gas at 1300°C and sample (b) in D, gas (cf. Fig. 5). The energy (wavenumber) of the transition from the double thermal donor TD(3) near
470 cm ™! is the same in both samples as shown by the difference spectrum (c). However, the transitions of two shallow donors labelled STD(3)
and STD(2) are shifted to lower energies in the deuterated sample compared with the hydrogenated sample [38]. This shows that an H atom
is bound in the donor core and the shift results from the changed zero-point vibrational energy and anharmonic effects.
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the well-known NL10 electron paramagnetic reson-
ance (EPR) spectrum since recent measurements have
revealed a proton or deuteron interaction in the core
of these structures [39].

The problems discussed here extend back some 40
years but significant progress has been made in recent
studies. The oxygen diffusion process is central to our
understanding and the role of hydrogen in enhancing
D,,, appears to have come as a surprise. Although
early publications [40,41] implied this effect and
pointed the way, inexplicably, they seem to have been
ignored for some 30 years. Further work is still in
progress, as illustrated by the results of Fig, 6. Under-
standing and being able to control the initial stages of
oxygen aggregation are crucially important to produ-
cing effective gettering during device fabrication, par-
ticularly as the feature sizes become ever smaller.

Acknowledgements

We thank Wackerchemitronic, Philips Components
and MEMC Electronic Materials for supplying the
silicon and B. Pajot for useful discussions. The work at
Imperial College was supported by the Engineering
and Physical Sciences Research Council (EPSRC)
United Kingdom (grant GR/J97540).

References

1. F. SHIMURA (ed.), “Oxygen in silicon, semiconductors and
semimetals” (Academic Press, New York, 1994) Vol. 42.

2. S. MAHAJAN (ed.), “Handbook on semiconductors, mater-
ials, properties and preparation” (North Holland, Amsterdam,
1994), Vols. 3a and 3b.

3. C.S. FULLER, J. A. DITZENBERGER, N. B. HANNAY
and E. BUEHLER, Phys. Rev. 96 (1954) 833.

4. W.KAISER, H. L. FRISCH and H. REISS, ibid. 112 (1958)
1546.

5. A.R.BEAN and R. C. NEWMAN, J. Phys. Chem. Solids 33
(1972) 255.

6. W.GOTZ,G. PENSL and W. ZULEHNER, Phys. Rev. B46
(1992) 4312.

7. N. WEILWES, J.-M. SPAETH, W. GOTZ and G. PENSL,
Semicond. Sci. Technol. 9 (1994) 1632.

8. R.C.NEWMAN, Mater. Res. Soc. Symp. Proc. 59 (1986) 205.

9. R.BULLOUGH and R. C. NEWMAN, Rep. Prog. Phys. 33
(1970) 101.

10. U. GOSELE, Mater. Res. Soc. Symp. Proc. 59 (1986) 419.

11. S. TAKEDA, M. KOHYAMA and K. IBE, Phil. Mag. A70
(1994) 287.

12. H. BENDER and J. VANHELLEMONT, in “Handbook on
semiconductors”, edited by T. S. Moss and S. Mahajan (North
Holland, Amsterdam, 1994) Vol. 3b, p. 1637.

13. P. DEAK, L. C.SNYDER and J. W. CORBETT, Phys. Rev.
B45 (1992) 11,612.

14. A.OURMAZD,W.SCHROTER and A. BOURRET, J. Appl.
Phys. 56 (1984) 1670.

15. R.C. NEWMAN, Mater. Sci. Engng. B36 (1996} 1.

17.
18.
19.

20.
21.
22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

S. A. McQUAID, M. J. BINNS, C. A. LONDOS, J. H.
TUCKER, A. R. BROWN and R. C. NEWMAN. J. Appl.
Phys. 77 (1995) 1427.

J.W.CORBETT, R. C. McDONALD and G. D. WATKINS,
J. Phys. Chem. Solids 25 (1964) 873.

U. GOSELE and T. Y. TAN, Appl. Phys. A28 (1982) 79.

R. C. NEWMAN and R. JONES, in “Semiconductors and
semimetals”, edited by F. Shimura (Academic Press, New
York, 1994) Ch. 8, p. 289.

P.D. SOUTHGATE, Proc. Phys. Soc. (London) 36 (1960) 385.
C. HAAS, J. Phys. Chem. Solids 15 (1960) 108.

J. C. MIKKELSEN Jr, Mater. Res. Soc. Symp. Proc. 59 (1986)
19.

W. BERGHOLZ, M. J. BINNS, G. R. BOOKER, J. C.
HUTCHISON, S. H. KINDER, S. MESSOLORAS, R. C.
NEWMAN, R.J. STEWART and J. G. WILKES, Phil. May.
B59 (1989) 499.

F.M.LIVINGSTON, S. MESSOLORAS, R. C. NEWMAN,
B.C. PIKE,R.J. STEWART, M. J. BINNS, W. P. BROWN
and J. G. WILKES, J. Phys. C: Solid State Phys. 17 (1984)
6253.

S. MESSOLORAS, R. C. NEWMAN, R. J. STEWART and
J. H. TUCKER, Semicond. Sci. Technol. 2 (1987) 14.

W. GOTZ. PhD thesis, Universitit Erlangern-Niirnberg
(1993).

R. C. NEWMAN, M. CLAYBOURN, §. H. KINDER, S.
MESSOLORAS, A.S. OATES and R. J. STEWART, in Pro-
ceedings of the Fifth International Symposium on Silicon
Materials Science and Technology: Semiconductor Silicon
1986, edited by H. R. Huff, T. Abe and B. Kolbesen, (Pennin-
gton, Electrochemical Society, 1984) Vol. 86-4, p. 766.

T. Y. TAN, R. KLEINHENZ and C. P. SCHNEIDER,
Mater. Res. Soc. Symp. Proc. 59 (1986) 195.

M. J. BINNS, S. A. McQUAID, R. C. NEWMAN and E. C.
LIGHTOWLERS, Semicond. Sci. Technol. 8 (1993) 1908.

S. K. ESTREICHER, Phys. Rev. B41 (1990) 9886.
R.JONES, S. OBERG and A. UMERSKI. Mater. Sci. Forum
$3-87 (1991) 551.

V.P. MARKEVICH, M. SUEZAWA and K. SUMINO, ibid.
196-201 (1995) 915.

N. G. SEMALTIANOS, R. C. NEWMAN., E. C.
LIGHTOWLERS, Unpublished work.

S. A. MCQUAID, R. C. NEWMAN and E. MUNOZ, Mater.
Sci. Engng. B36 (1996) 171.

S. A. McQUAID, R. C. NEWMAN and E. MUNOZ, Mater.
Sci. Forum 196-201 (1995) 1309.

R. E. PEALE, K. MURO and A. J. SIEVERS, ibid. 65-66
(1990) 151.

S. A. McQUAID, R. C. NEWMAN and E. C.
LIGHTOWLERS, Semicond. Sci. Technol. 9 (1994) 1370.

N. G. SEMALTIANOS, R. C. NEWMAN, J. H TUCKER,
E. C. LIGHTOWLERS, T. GREGORKIEWICZ, 1.
ZEVENBERGEN and C. A. J. AMMERLAAN, Unpublished
work.

YU, V. MARTYNOV, T. GREGORKIEWICZ and C. A. J.
AMMERLAAN, Phys. Rev. Lett. 74 (1995) 2030.

Y. MATUKURA, J. Phys. Soc. Jpn 12 (1957) 103.

C.S. FULLER and R. A. LOGAN, J. Appl. Phys. 28 (1957)
1427.

Received 12 January
and accepted 15 April 1996

353



