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Abstract .  Electron paramasietic resonance measurements liave been made on sam- 
ples of (100) n-type silicon which liave beeii implanted with 200 keV oxygen ions in 
the implantntiou temperature range of 500-620'C and w i t h  doses ranging from 0.5 
to 2.2 x 10" 0 an-'. Ainongst the various defects observed in the arimplanted 
samples are E; centres whose population per unit area of implanted surface exhibits 
a nmxinun at a dose of 1.4 x 10'' m-', wlridi is tlie dose above wlridi a continuous 
buried oxide layer i s  f o n n d .  These E; centre, in a sample iniplanted with 1.8 x 
0 a-', begin to annealat about 350 "C--a process dr ich i s  irreversible. Subsequent 
electron or y-irradiation at room temperature incwases the E; centre concentratiou 
but only in those samples containing a buried oxide layer. This increase saturates 
at a dose of about 7 Mrad. The results can be explained by assuming that for the 
as implanted samples all E; centres are in the oxide precipitates and that those 're- 
activated' by electron or 7 irradiation are  all in the buried layer. The latter also 
begin to anneal irreversibly a t  about 350'C but can be annealed reversibly at lower 
temperature. The anneal mecliaCsms are examined in the light of these results. 

1. Introdi ic t ioi i  

E; centres, which are singly ionized oxygen vacancies _= Sit .Si E, are one of the 
commonest type of defects in all forms of SiO, [I]. They have added importance 
because the trapped positive charge in the oxide of MOS and related electronic devices 
is largely due to these defects [2]. Despite intensive study tlieir anneal mechanisms 
remain uncertain. In this paper we compare the anneal beliaviour of E; centres in oxide 
precipitates and in continuous oxide layers in silicon and from this draw conclusions 
about the nature of those mechanisms. 

The samples were prepared by implanting silicon wafers with very large doses 
(e 10l8 0 an-,) of oxygen ions-in some cases sufficiently large to form an oxide 
layer buried beneath the silicon surface-and to keep the silicon crystalline this was 
done at an implantation temperature of about 500-600 OC. Because the dose is so high 
the samples in the as-implanted state contain many oxide precipitates, as well as a 
buried oxide layer, and so provide a unique opportunity for comparing the behaviour 
of E; centres in these two regions. The main purpose of this (SIMOX) process is to 
provide high quality silicon-on-insulator material and to this end i t  is subsequently 
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necessary to anneal the material at a temperature of about 13OO0C, but this was not 
done in the present case. 

Our experiments were in fact begun with the aim of determining the location of 
the E: centres. Some earlier measurements [3] suggested that the E; centres are in 
the buried layer but this conclusion appeared to be contradicted by later experiments 
which showed that there certainly are E; centres in the precipitates [4]. We started 
therefore with the aim of determining whether these centres are in both regions or 
only in one. The results presented in sections 4.1 and 4.2 provide strong evidence 
that the as-implanted samples contain E; centres only in the precipitates but that E; 
precursors remain in the buried layer which can be converted to E; centres by electron 
or y irradiation. Section 4.3 presents the anneal data which as well as providing 
additional evidence for our hypothesis also allow a comparison to be made of the 
annealing behaviour of the E; centres in these two locations. In section 5 we discuss 
which of the many variants of E' centre exists in our samples. Section 6 discusses the 
possible anneal mechanisms in the light of the results presented earlier. 

R C Barklie et al 

2. Sample preparation aud s t r u c t u r e  

All samples were prepared at the University of Surrey by implanting device grade 
n-type (100) silicon wafers with either 200 keV 160f or 400 keV 320$; the latter 
dissociate on impact and so only the equivalent 0' dose is given. The samples studied 
had doses of 0.5, 0.75, 0.8, 0.95, 1.2, 1.4, 1.8 (using 320$), 1.8 (using I6Ot)  and 
2.2 x IO'* 0 em-' at an implantation temperature of 540, 570, 580, 580, 620, 600, 
520, 560 and 500'C respectively. The samples were mounted on silicon tips to reduce 
heat loss by conduction and were heated solely by the ion beam. 

The structure of some or all of these samples has been studied using cross-section 
transmission electron microscopy (TEM) [5,6], secondary ion massspectrometry (SIMS) 
[7, 81, Rutherford backscattering [6, 81, infrared absorption and Raman scattering [9] 
and we now briefly summarize those features of relevance to the present study. TEhl 
shows that, in the =-implanted state, only the samples with doses of (1.8 and 2 2) 
~ 1 0 ' ~  em-, have a continuous buried amorphous layer with thickness of about 0.28 
and 0.41 pm respectively. This layer is shown by SIMS to be stoichiometric $0,. For 
a dose of 1.4 x 10l8 0 cm-' the peak oxygen concentration very nearly reaches that 
for bulk SiO, so that this dose may be regarded as having the critical value, $=, above 
which a continuous layer of SiO, is formed in the as-implanted state. 

All samples contain oxide precipitates. Infrared absorption shows that, at  least 
for the sample with a dose of 1.4 x lo'* 0 cm-* , these are under compressive stress 
and that some have a sub-oxide composition, i.e. SO,, z < 2. No details are available 
of the size of these precipitates in our samples but measurements [lo-131 made on 
similar ones show them mostly to be less than or equal to 10 nm in diameter and show 
that as the oxygen concentration increases with depth so too does the average size 
of the precipitates and that the largest ones occur either at the peak of the oxygen 
distribution if no buried layer is present or, if it is, adjacent to this layer. 

3. Technical details 

Electron paramagnetic resonance (EPR) measurements were made at  Trinity College 
at  room temperature, a t  a microwave frequency of about 9.6 GHz, and with 100 kBz 
field modulation. 
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Additional sample irradiations were done a t  room temperature with either 30 keV 
electrons in a SEM or 0.662 MeV y-rays from a 137Cs source. A Faraday cup was 
used to monitor the electron beam current impinging on the sample; this current w a s  
typically 0.3 nA. 

4. Results 

4.1. The as-implanted stafe 

We consider first the results obtained before any additional irradiations or anneals. 
Figure 1 shows the EPR spectrum of a sample implant,ed with a dose of 1.8 x 
1OI8 0 cm-'. The two features A and C are common to all the samples except one: 
feature C is undetectable for the lowest dose sample. The defects (amorphous silicon 
centres in bulk silicon and P, centres at  oxide precipitate/silicon interfaces; P, centres 
are silicon dangling bonds at  Si/SiO, interfaces) which are responsible for feature A 
have been discussed elsewhere [3]. Here we are concerned only with the feature C. It  
is slightly asymmetric, isotropic, has a zero crossing g value, go> (corresponding to the 
point where the signal crosses the base line) of 2.0003 f 0.0004, saturates easily with 
increasing microwave power and, for a dose of 1.4 x has a peak-to-peak 
linewidth of 0.30 & 0.03 mT. These characteristics are similar to those of E; centres 
produced in a-SiO, by ion implantation [14] and for this and other reasons given in 
section 5 we believe that feature C is due to these centres. 

0 

Figure 1. Tlie EPR spectrum of tlic sanplc itnplantd wi th  1.8 x 
before (full line) and after (brokenline) a 7 Mrad dose of30 keV electrons. Magnetic 
field E 11 [loo]. Feature C is due to E' centres. 

0 

We now consider those results of relevance to determining the location of the E; 
centres. When a sample implanted with 1.8 x 1OI8 0 was immersed in a KOH 
etch (for silicon) we found [3] that initially there was a decrease in the population of 
the amorphous silicon centres and P, centres but no change in that of E; centres. This 
is certainly consistent with our original suggestion [3] that the latter are in the buried 
oxide layer. However, figure 2 shows that all samples, except that at the lowest dose 
of 0.5 x em-' in which the E; concentration was below the minimum detectable 
level of about 2 x cm-*, contain E; centres including those samples wilhorrt a 
buried layer. This implies that, whether or not they occur in the buried layer, the 
E; centres certainly exist in the oxide precipitates-at least for a dose 4 <$,. The 
spin population was obtained by comparison of the spectrum intensity with that of 
a standard sample, from Varian, of pitch in KCL which consists of small particles 
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Figurc 2. Dose depcmlence of the E' ccnlrc areal concentration beCore (open circle) 
and after (full lriangles ) irradiation with a 7 h h d  dose of 30 keV electroils. 4c i s  
the critical oxygen dose (1.4 x 10l8 0 c ~ n - ~ )  above wliicl i  J continuous buried oxide 
layer is loritled. 

of pitch uniformly distributed in KCL powder; relative values are correct to within 
about 10% but  the absolute values may Le in error by about a factor of two. The 
go value shows no dependence on dose but the peak-to-peak linewidth does decrease 
smoothly from 0.43 ?c 0.04 to 0.27 & 0.04 m T  as tlie dose is increased from 0.8 to 
2.2 x lo'* cm-, but, as figure 2 shows, it is tlie E; areal concentration N(E;) (i.e. 
the total population per unit area of implanted surface) which depends most strongly 
on dose. In view of the fact that, for the room temperature implantation of 30 keV 
O+ into a-SO,, a maximum E; areal concentration is reached at  a dose of about 
5 x 1013 0 [15] i t  might be thought surprising that any increase in the N(E;) 
is seen at all in the 10l8 Of cm-2 dose region. However, a t  these very high doses 
the O+ ions are creating not only E; centres but also the material in which these 
centres occur. I t  is reasonable to suppose therefore that the increase in N(E;) with 
dose in the range 4 <4< is due, a t  least in part, to the increase in the total volume of 
precipitates per unit area of implanted surface. What is surprising is that as thc dose 
is increased above 4c the E; areal concentration falls even though the total volume of 
SiO, continues to increase. Althougli the areal concentration of E: centres, created by 
room temperature ion implantation into a-SiO,, usually saturates a t  a high enough 
dose 114, lG] i t  was found that in the case of Ot implantation it starts to decrease as 
the dose is increased above about 5 x 1013 0 and this was interpreted in terms 
of a dose-dependent self-annealing cross section [15]. In  our case we believe that the 
decrease has another cause. It can hardly be coincidental that  the decrease in N(E',) 
sets in when the dose exceeds that required for a continuous buried layer to form. This 
suggests that  perhaps all the E; centres in all  the samples occur only in the oxide 
precipitates so that when 4 exceeds 4, N(E;) starts to fa11 because a reduction occurs 
in the total volume of precipitates as they are incorporated into the buried layer. 
This raises the question of why no E; centres are present in the buried &io, layer. 
This may be because the implantation temperature of 500-GO0°C is well above that 
of about 100 'C at  which E: centres, produced in a-SiO, by the room temperature 
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implantation of oxygen ions [15] and other ions [17], begin to anneal. However, i t  
has been shown [15, 181 that, provided the anneal temperature does not exceed about 
500 OC, this annealing process is reversible in the sense that the E; centres can be 
regenerated by small doses of ionizing radiation. I t  occurred to us  therefore that such 
doses of radiation might regenerate E: centres in the buried a-SiO, layer. 

4.2. Eflects of ionizing Tadiofion 
Samples implanted with 1.8 x IO’* O+ cm-,, which contain a buried a-SiO, layer, 
were irradiated at  room temperature with either 30 keV electrons in a SEM or 0.662 
MeV y-rays from a 137Cs source. The time lapse between EPR measurements, reported 
here and in sections 4.3.2, and 4.3.3, which were made after electron irradiation and 
the irradiation itself was about 30 min. Both electron and y-irradiations have the 
same effect which, as shown in figure 1, is to increase the intensity of feature C while 
feature A remains unchanged. Furthermore, since this is the only way in which feature 
C changes we conclude that the E’ centres being regenerated are probably of the same 
type as the ones, which we have suggested are E; centres, that already exist. Moreover, 
as shown by Pfeffer 1191, irradiation with 30 keV electrons, as well as transforming 
precursors, creates E; centres by radiolysis and 0.662 MeV y-radiation will, in addition 
to these two processes, create them by atomic displacements produced by high-energy 
Compton electrons [ Z O ] .  To check that the new E; centres arise from the conversion 
ofprecursors rather than by the other mechanisms we measured the E; population as 
a function of both y-ray and electron dose for a sample with Q = 1.8 x lo1& Ot cm-? 
We find that it does increase initially but that the additional E’, areal concentration 
saturates at  a value of 5.8 x l O I 3  cm-, a t  an absorbed dose of about 5 Mrad for y-rays 
or about 7 Mrad for electrons. The electron dose was calculated using the value of 1850 
eV for the energy deposited by each 30 keV electron in traversing a 500 nm SiO, film 
[19]. There are two reasons for believing that this behaviour implies that the creation 
mechanism is the transformation of precursors. Firstly, this is the only mechanism 
by which saturation could occur at  such a low dose. No saturation was seen even a t  
4 x lo6 Mrad electron irradiation [19] or a t  nearly lo3 Mrad y-irradiation [21] of virgin 
a-SiO,. Secondly, the additional E; concentration far exceeds that which could have 
been produced by the other mechanisms. Pfeffer [19] finds a value of 1.8 x 10’’ E; 
cm-, Mrad-’ for electron irradiation and the corresponding value for y-irradiation 
has been variously found to be 1.7 x IOl5 [21], 5.5 x 1014 [22] and 1.8 x 10l4 E; cm-3 
Mrad-’ [23]. For a dose of 1.8 x 10l8 0 cm-z the volume Concentration of oxygen is 
so high (even at  the top silicon surface it exceeds 10,” 0 cm-’ [SI) that it is a good 
approximation to assume that it is all precipitated and if i t  is further assumed to be 
present as SiO, we obtain a total SiO, volume of 4.1 x lod5 cm3/cmz of implanted 
surface. Hence for 7 Mrad electron irradiation tlie additional E‘, areal concentration 
would only be 5.2 x lo9 cm-, and only 3.5 x 10” cm-’ for 5 Mrad 7-irradiation (using 
the largest of the creation rates previously given). These values are much less than 
the 5.8 x l O I 3  E‘, cm-2 actually observed. 

To determine whether the precursors being transformed are indeed in the buried 
oxide layer or whether they are in the oxide precipitates or both we measured the 
increase in E; concentration, after a 7 Mrad electron irradiation, as a function of the 
oxygen dose. The results in figure 2 show that such an increase only occurs in samples 
which have a continuous buried oxide layer, This very strongly suggests that the E; 
centres which are reactivated by tlie electron or y-radiation exist only in the buried 
layer whereas those present before such irradiation are only in oxide precipitates. This 
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in turn implies that  the E; centres in the two locations have different anneal behaviour 
but, before presenting further evidence for this, we briefly digress to estimate the 
volume concentration of these centres. 

Figure 2 shows tha t  the reactivated E; areal concentration amounts to 5.8 and 
10.2 x loT3 E; em-, for samples with doses of 1.8 and 2.2 x 10" 0 cmd2 and a buried 
a-SiO, layer of thickness 0.28 and 0.41 prn respectively. If  these reactivated E; centres 
are confined to the buried a-SiO, layer then their average volume concentration is 2.1 
and 2.5 x 10ld respectively. The similarity of these values suggests that the 
level of damage in the buried layer is independent of its thickness. These values are 
not much smaller than the maximum value of about 1.5 x IO'' E; produced by 
ion-implanting a-SiO, at room temperature [14]. 

It is also interesting to compare the volume concentration of E: centres in the 
buried layer with that for the precipitates. If we assume as before that all the oxygen 
is present as SiO, we find that, for an oxygen dose ++ = (0.75,0.80,0.95,1.2,1.4,1.8 
(using O t ) ,  1.8 (using Ot), and 2.2) x lo'* 0 cm-2, the total precipitate volume per 
cm2 of implanted surface (excluding any buried layer) is (1.7, 1.8, 2.2, 2.7, 3.2, 1.3, 
1.3 and 0.9) x em3. If the E', centres present before the electron y-irradiation 
are only in these precipitates then their average concentration within the precipitates 
is (1.5, 3.9, 6.6, 7.4, 7.2, 4.7, 3.9 and 1.7) x 101*cm3. These are of the same order of 
magnitude as for the buried layer but the average concentration clearly depends on 
oxygen dose with a maximum a t  ++ = ++c . 

R C Barklie e i  ai 

4.3, Annealing behaliiour ofZl cenires 

The results of the previous section strongly suggest thal E; centres in the oxide precipi- 
tates and in the buried oxide layer have different annealing behaviours and the main 
aim of the experiments reported in this section is to record this behaviour and to 
see if a difference exists. We begin by describing the anneal behaviour of E; centres 
in samples in the as-implanted state and then in section 4.3.2 present results which 
reveal the differences between the anneal behaviour of E; centres in the two locations. 
The determination of activation energies is given in 4.3.3 and finally in 4.3.4 we briefly 
describe the room temperature annealing in these centres. 

4.3.1.  El cenires in samples in the as-implanied sfale. For the reasons given earlier 
we believe that these E; centres are only located in the oxide precipitates even when a 
buried layer exists. We have already made step-annealing measurements in which the 
same sample is heated for 10 min intervals at  successively higher temperatures with 
a quench to  room temperature after each interval to record the EPR spectrum. We 
found [4] that, for samples implanted with 1.4 x 10ld Oc cm-' at 250,450 or 600'C, 
the E; centres begin to anneal for T 2 450 "C. We now observe the same behaviour 
in a sample implanted with 1.2 x IO'* O+ cm-' at  62OOC. However, for a dose of 
1.8 x lo1* O+ cm-, the annealing begins at  T 2 350'C [3]. One question that arises 
is whether or not this annealing is irreversible. To find the answer we irradiated with 
a small dose (= 14 hlrad) of electrons a sample implanted at  62OOC with 1.2 x 10" 
Ot cm-2 in which the E: population had been reduced to one-half its initial value by 
annealing it briefly a t  550°C; the irradiation produced no detectable increase in the 
E; signal which shows that the annealing is irreversible. More indirect evidence for 
the same conclusion may be drawn from figure 2 which shows that electron irradiation 
does not regenerate E; centres in samples implanted with dose ++ <++= even though the 
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implantation temperature was high enough for E; annealing to take place during the 
ion implantation, along with E; production. 

4.s.e. Irradiation-anneal-irradiation sequence. These experiments, which reveal the 
difference in the annealing behaviour of reactivated E; centres and those in the as 
implanted samples, consist of an irradiation-anneal-irradiation sequence performed 
on samples implanted with 1.2 x O+ cm-' using either ISO+ or 320$ at an 
implantation temperature of 5GO OC. Each irradiation, at  room temperature, consisted 
of a dose of about 10 hlrad of 30 keV electrons and each anneal was for 10 min in 
air at  successively higher temperatures from room temperature up to 700 "C in steps 
of about 25OC. After each irradiation and after each anneal the EPR spectrum of 
the sample was measured at room temperature. Figure 3 shows how the E; areal 
concentration N ( E ; ) ,  expressed relative to its value in the initial as-implanted sample, 
varies through the sequence. The behaviour observed is the same for each sample and 
so no distinction is made between their data points. The point marked by afull triangle 
refers to the N(E;) value in tlie initial as-implanted state and, as we have suggested 
earlier, this corresponds to tlie E; centres in the oxide precipitates. The open triangles 
vertically above this indicate how the total E', population increases as a result of the 
electron radiation and the increase, we suggest, represents the E; centres reactivated 
in the buried oxide layer. The figure shows that a measurable fall in N(E;) after a 10 
min anneal is first observed at  about IOO'C. This fall must be in the reactivated E; 
population since we have shown that the E{ centres in the as-implanted state of these 
samples do not begin to anneal until the anneal temperature is equal to or greater than 
350OC. However, this anneal a t  100°C of reactivated E; centres is reversible as the 
figure shows that electron irradiation restores N(E;) to its value after the very first 
irradiation. Raising the anneal temperature above 100 "C increases the annealing rate 
and this is reflected in the larger falls in N(E;). Ilowever, in the temperature range 
of about 200-350°C the N(E;) value after annealing remains constant at  the value 
corresponding to the initial as-implanted state. Tliis is consistent with the view that 
annealing in this temperature range only removes tlie reactivated E; centres leaving 
the E; centres in tlie as-implanted state which do not anneal below about 3 5 0 T  in 
these samples. The  N(E;) value after irradiation also remains constant throughout 
this temperature range and this shows that up to about 3 5 0 T  the annealing of the 
reactivated E; centres is completely reversible. Above about 35OoC there is a fall in 
both the N(E;) value after annealing and in the subsequent increase in N(E;) after 
irradiation. The former reflects the irreversible drop in tlie E; centre population in 
the as-implanted state and tlie latter sliows that the reactivated E; centres also begin 
to anneal irreversibly at  about the same temperature. 

In summary, all the results presented so far can be explained by assuming that 
tlie E; centres in the as-implanted state only exist in tlie oxide precipitates, that 
precursors remain in the a-SiO, buried layer which can be converted to E; centres by 
ionizing radiation, that  E; centres in both regions anneal irreversibly a t  T 2 350 'C 
(for q4 = 1.8 x 0 cm-?) and that only tliose centres in the buried layer exhibit 
reversible annealing up to about 350% 

The annealing measurements reported so far, whicli ent.ailed the heating of one or 
two samples a t  successively higher temperatures, do not yield a value for the activation 
energy. To obtain this, isochronal measurements were made and these are reported in 
the next section. 
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4.9.9. Isochronal annealing. Despite tlie scarcity of samples we obtained a set which 
were all implanted with 1.8 x lo’* cm-2 of 200 keV “ 0  a t  T, = 58OOC. Most of 
these were annealed for 10 min in nitrogen a t  different temperatures. For each sample 
the E’, areal concentrat,ion was measured before (NI) and after ( N z )  annealing and 
also after ( N 3 )  annealing plus an irradiation dose~sufficiently large to transform all E; 
centre precursors into E: centres. The ratio of N 2 f N ,  as a function of temperature 
corresponds to the (irreversible) annealing curve for E; centres in the precipitates. 
The concentration of reactivated E‘ centres in the buried layer, after annealing, is 
(N3  - N z ) .  The corresponding value before annealing could not be measured directly 
but could be calculated using the value of N ,  and the fact that unannealed samples 
from the set, not used in the isochronal measurements, were always found ta have a 
population ratio N (reactivated E;)/N, = 2.110.1. Figure 4 displays the temperature 
dependence of the relative concentration of both reactivated E: centres and those in 
the precipitates; no difference in their irreversible anneal behaviour can be seen. 

In order to make a direct comparison with the results obtained for E; centres 
produced in bulk amorphous 30, by ion implantation we follow the methods used 
by Golanski e t  ol [24] to find the activation energy for the irreversible isochronal 
annealing behaviour of these centres. They used two different models for a diffusion- 
limited thermal activated process: a b t - o r d e r  unimolecular recombination model and 
Simpson’s and Sosin’s model [25] for bimolecular recombination. The latter assumes 
that the recombination of the interstitial-vacancy pair (in this case both oxygen) is 
favoured by their proximity. Golanski et a1 [24] found that the activation energy was 
almost independent of the initial distribution of the distance between members of a 
pair whether i t  was Gaussian, exponential or modified exponential. ‘With the last of 
these distributions, g(r), for which 

g(r) = arexp(-r/Aro) 
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the E; concentration, N ,  relative to its initial value, N o ,  is given by [24] 

where a is a normalization constant, ro is the radius of a sphere, centred on the 
vacancy site, in which the interstitial is captured by the vacancy, a = a / A r 0  and 
the diffusion coefficient for interstitial migration is D = Do exp ( -EJkT).  

For the first-order process of unimolecular recombination the decrease in E; con- 
centration is given by 

N - = exp(-kt) 
NO 

where the first-order rate constant k = ko exp(-EJkT). 
Golanski et a1 obtained equally good fits with both these models provided that  

in each case a Gaussian distribution of E, values was included. They assumed that 
ko = l O I 3  s-l, r0 = 5 8,  Do = cm2 s-l and obtained Ea= 2.9 eV, u(E,) = 0.35 
eV with the unimolecular model and E, = 2.9 eV, u(E,)  = 0.25 eV, X = 0.1 with the 
other model; these values are for E; centres produced by Ot implantation and differ 
slightly from those for such centres produced by Ilet, Bit and Nt implantation [24]. 

Anneal Temperature ( "C) 
Figure 4. Iireversible isodirond anneal of the E; centres in the precipitates (open 
squares) and those reactivated in the buried layer (full triangles). Eadi anneal is for 
10 inin in flowing nitrogen. The best fits obtained using the unimdenrlar model and 
the Simpson and Sosin model are shown by the full and broken liner respectively; 
the parameters are given in the text. 

Figure 4 shows that our data too fit equally well with both models provided that 
a Gaussian distribution of E, values is included. Using the previously given values for 
ko, ro and Do we find E. = 2.35 eV, u(EJ = 0.3 eV for the unimolecular model and 
E, = 2.45 eV, u(E,) = 0.25 eV, X = 0.05 for the other model. The small value of X is 
required to fit the tail of the annealing curve. Golanski et al [24] pointed out that  X = 
0.1 implies that 99% of the interstitial oxygen atoms available for the recombination 
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process lie within 7.5 A of the vacancy site and that under these conditiongthe Simpson 
and Sosin model converges towards a first-order process. 

I t  must be noted that the values of E, are not unique as they depend on the choice 
of E,  and Do. Devine and Fiori [26] obtained a good fit to the isochronal annealing of 
reactivated E; centres in Art implanted thermal SiO, using first-order kinetics with 
E,, = 2.3 eV, u(E,) = 0.26 eV and E, = 2 x 10” s-’. For E, = 10” s-’ we find 
E,, = 2.15 eV, u(E,) = 0.3 eV. 

4.3.4. E’ a n n e a h g  ai room fempemiure. Preliminary measurements indicate that 
the E; centres reactivated by electron or y-irradiation anneal at room temperature 
with an approximate log t time dependence and that after 1 week their population 
has dropped to about 70% of that which exists 1 h after the irradiation ceases. 

We have not detected any room temperature annealing of the E; centres in the 
as-implanted state of the samples. 

5 .  Iden t i ty  of E’ centres 

Many varieties of E’ centres have been identified. Apart from the ones in quartz those 
in a-SiO, include E&, Eb, E!, [27], E’, [28], E; [29] which is claimed to be possibly 
unique to thin films of a-SiO, and E; [30] which is suggested to be at  the surface of 
SiO,. These have slightly different principal g values but almost the same average 
value 3 = f (g l  + g2 + g3) which, with the exception of E’, with 3 = 2.0020, is in 
the range 2.0007 to 2.0010. The line we observe for both as-implanted samples and 
those subsequently irradiated is too broad and nearly symmetric-as is characteristic 
of E; centres produced by high-dose ion implantation [17]-to allow us to eliminate 
any of these except EI, on the basis of shape and position alone. However, E’,-at 
least in low-OH silicas-and E; begin to bleach rapidly at  200 and 250 K respectively 
[27] and so are unlikely to be present. Of the remaining types by far the most likely 
candidate-at least for the E‘ centres in the buried SiO, layer-is the E!, centre (or 
E; centre with which it is structurally equivalent [31]). The E: centre has been shown 
[l] t o  be a bridging oxygen vacancy with a hole trapped primarily on one of the silicon 
atoms nearest the vacancy and an  unpaired spin on the other; it may be represented 
as e Si+ . . . .Si e. This is the type of E‘ centre produced by the room-temperature 
implantation of a variety of ions into thermally grown SiO, [14, 151. Its spectrum 
has a zero crossing g value of 2.0002 f 0.0005 and a t  sufficiently high doses becomes 
almost symmetric [14, 171. When created by ion implantation it is found to begin to 
anneal at about 100 ‘C [15,17] but for temperatures less than or equal to 30OoC i t  can 
be reactivated by ionizing radiation and it only anneals irreversibly for temperatures 
greater than or equal to 5 0 0 T  [15, 18, 24, 261. The E’ centres in the buried SiO, 
layer have very similar characteristics and we believe therefore that they too are E\ 
centres. The only way in which the E‘ centres in the precipitates differ from those in 
the buried layer is that they exhibit no low temperature reversible annealing; it seems 
plausible that they are also E; centres in which case this difference must reflect their 
different locations and should give a clue to the nature of the anneal mechanisms. 

6. E: anneal mechanism 

Several ways in which E; centre annealing occurs have been proposed including 
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(1) was proposed by Edwards and Fowler [32] and the growth of the superoxide radical 
Si-0-0. accompanying the decay at T 2 100 "C of E: centres in bulk low-OH silicas 
[33-351 together with the results of Pfeffer [35] for degassed and oxygen stuffed low-OH 
silicas strongly support the occurrence of this reaction in these silicas. For high-OH 
silica the E; annealing only begins a t  T 2 260'C and is assumed to occur by the 
second process [36]. E; centres have been identified [2] as the source of trapped 
positive charge in the oxide of MOS structures and the annealing of this charge has 
been extensively studied. Often the charge is mostly located within 10 nm or so of 
the Si/SiO, interface [2, 371 and many authors [37-411 have attributed its anneal to 
reaction 3 with the electron tunnelling from the silicon to the trapped charge. Some 
[42] find the annealing of this charge to be independent of temperature between 25 and 
125OC while others [39, 431 find that its rate increases continuously throughout this 
range. As well as its removal by tunnelling processes, several measurements [44-46] 
of thermally stimulated current in MOS devices suggest that the trapped holes can be 
excited to the SiO, valence band with activation energies in the range of about 0.8 to 
1.6 eV. 

The first question that  now arises is which, if any, of these mechanisms is re- 
sponsible for the E; annealing at  100 'C 5 T 5 350% which as previously shown is 
reversible but only occurs for E; centres in the buried layer. Its onset a t  about 1OO'C 
is consistent with the first mechanism. The fact that we detected no superoxide radi- 
cal resonance is not surprising since it is much broader and hence, for a given number 
of spins, has a much smaller peak-to-peak height than the E', centre resonance. There 
certainly would be 0, molecules available in the buried layer since the layer grows 
by the diffusion towards its interfaces of the excess oxygen implanted mainly at  its 
centre. On the other hand many of the precipitates may be deficient in oxygen-there 
is evidence 191 that SO,, z < 2 is present-and therefore the oxygen required for 
the removal of the E; centres in these precipitates would presumably have to diffuse 
through the surrounding silicon to reach the oxygen vacancy. This may account for 
the absence of E', annealing in the precipitates for T 5 3 5 0 T  since the activation 
energy for the diffusion of 0, in silicon is in the range 2.4-3.5 eV [47] which is much 
higher than the range 0.85-1.26 eV for 0, in SiO, [32]. For (1) to be the mechanism 
responsible it must be reversible; unfortunately it is not known a t  present if this is 
the case. Mechanism (2) may be ruled out because it only begins for T 5 260 OC but 
mechanism (3) is a possibility. It is certainly likely to be reversible. Robertson [48] 
has pointed out that the neutral oxygen vacancy is a precursor of the E; centre and 
can therefore act as a hole trap. I t  seems reasonable that, as in the MOS devices, E; 
centres close to the oxide precipitatefsilicon interface are removed through recombi- 
nation or the trapped holes with electrons tunnelling into the precipitates from the 
silicon. A tunnelling front is believed to move logarithmically with time into the SiO, 
and it has been estimated [38] that after 1 week the trapped positive charge within 
a layer of thickness 5 nm is removed. There is some evidence that this occurs in the 
precipitates. It was shown in section 4.2 that the average E; concentration within the 
precipitates is a maximum for an oxygen dose % 4 This could be because in our EPR 
samples, which were implanted several months prior to the EPR measurements, the 
tunnelling electrons have removed E; from the outer shell, a few nanometres thick, 
of the precipitates leaving only those further inside. As the oxygen concentration is 
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increased by increasing the dose the precipitates grow; the proportion of S O ,  not 
contained within this shell will therefore increase and so the overall average volume 
concentration of E: centres in the precipitates will also increase. However, once 4 
exceeds q5c the formation of the buried layer, consuming as it does the largest precipi- 
tates which are at the peak of the plot of the oxygen against depth distribution, will 
decrease this proportion and hence the average E; concentration should also decrease 
as is observed. 

The absence of E; centres in the outer shell of the precipitates also explains the 
change produced by etching the sample. The silicon removed first contains the small- 
est precipitates; these, having a high surface/volume ratio, may have a significant 
proportion of all the P, centres a t  the oxide precipitate/silicon interface but a small 
proportion of the E; centres and hence the etch would initially decrease the P, centre 
population more than that of the E: centres, as we observed [ 3 ] .  

One result which casts doubt on the idea of an outer shell devoid of E; centres 
is the absence of any increase in the E{ population after samples, without a buried 
layer, are subsequently irradiated with electrons or y-rays; this should regenerate the 
E; centres within the shell. 

Whether or not the E; centres are removed from this outer shell by electrons 
tunnelling from the silicon at room temperature there remains the question of whether 
mechanism ( 3 )  can explain the anneal behaviour in the range 100 5 T 5 350 "C. The 
E; centres must be more or less uniformly distributed throughout the buried layer 
and hence the great majority are too far from the Si/SiO, interface to be annealed by 
electrons tunnelling from the silicon. I t  might be supposed, however, that the electron 
captured by t1.e E; centre has been thermally excited from the SiO, valence band 
but we cannot see why annealing by this process should happen in the buried layer 
but not in the precipitates and consequently we believe that this is not the dominant 
mechanism. 

We now briefly consider what mechanism is responsible for the irreversible an- 
nealing at T * 3 5 0 ° ,  with E. = 2.4 eV, of the E; centres in both the buried layer 
and the precipitates. The irreversibility suggests that reformation of the Si-0-Si net- 
work occurs and if mechanism (1) is responsible for the reversible annealing stage 
then such reformation entails the dissociation of the peroxy radical. Such a process 
has  already been suggested [lS, 261 and the fact that the temperature dependence of 
the irreversible annealing of E', centres in thermally grown a-SiO, matches that of 
peroxy radicals in suprasil W1 [20] supports this suggestion. This process is different 
from the Simpson and Sosin model oxygen interstitial-oxygen vacancy recombination 
used by Golanski el  a1 1241 but the value of E,, which does not appear to be strongly 
model-dependent, is Iikely to be about right. It is not clear why this value is less 
than that obtained by them for E; centres in ion-implanted thermally grown SiO,. 
As regards the E; centres in the precipitates their irreversible anneal takes place with 
an activation energy (= 2.4 eV) very close to that (2.4-3.5 eV) expected for their 
reversible conversion to peroxy radicals. The peroxy radical formation and its dissoci- 
ation may therefore occur in the precipitates a t  almost the same temperature so that 
no reversible stage is seen. 

Since the implantation temperature exceeds that a t  which the E{ centres begin to 
anneal irreversibly i t  might be thought surprising that any E', centres are found a t  all 
in the as-implanted samples but the ion implantation also creates new centres at the 
same time. The fact that ,  as shown in section 4.2, the average volume concentration of 
the reactivated centres in the buried layer is about seven times less than the maximum 
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produced by ion implanting a-Si02 a t  room temperature surely reflects the presence 
of this competing anneal process during implantation. 

Finally, we briefly consider the mechanism for the room temperature anneal which 
we only observe for the reactivated E; centres in the buried layer. Positive charge 
trapped close to the Si/SiO, interface of MOS devices certainly does anneal a t  room 
temperature. It is thought to do so by the electron tunnelling process previously 
mentioned but as the buried oxide layer is either 0.28 or 0.41 pm thick and the centres 
must be nearly uniformly distributed throughout the layer, most must be too far from 
the interfaces to be removed by this process. It may be that those which anneal at 
room temperature do so by some strain-related athermal process or  else they are not 
E; centres a t  all but some other less stable variant such as E& [27]. We intend to 
investigate this further. 

7. Conclusions 

Silicon wafers which have been implanted a t  about 500-6OO0C with approximately 
0 cm-2 only contain E’, centres in the oxide Precipitates. Ilowever, E; precursors 

remain in the buried oxide layer and can be converted to E; centres by electron or 7- 
irradiation. These results reflect the different anneal behaviour of these centres in the 
two locations. In both they exhibit irreversible annealing which, for samples implanted 
with 1 . 8 ~  lo’* 0 cm-’ a t  200 keV, begins a t  about 350% However, only those in the 
buried layer anneal reversibly below this temperature. We suggest that the most likely 
dominant mechanism of the reversible annealing, a t  least in the temperature range 
10O-35O0C, is the capture of 0, by the E; centre to form a peroxy radical, rather 
than the capture of an electron to form a neutral oxygen vacancy. We suggest that  
this reversible process is not seen for E’, in the oxygen-deficient precipitates because 
its occurrence there requires the diffusion of 0, through the surrounding silicon and 
the activation energy for this is close to that of about 2.4 eV at  which the irreversible 
anneal, which may be associated with peroxy radical dissociation and Si-0-Si network 
reformation, of the E; centres occurs. 

There is some iudirect evidence that the E; centres in the outer layer of the 
precipitates are removed by the capture of electrons tunnelling from the silicon. 
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