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Abstract- Interstitial-silicon emission from (311) 
defects during postannealing after Si self- 
implantation was investigated using boron delta- 
doped marker layers epitaxially grown by 
ultrahigh-vacuum chemical vapor deposition. 
The amount of excess interstitials which remain 
after interstitial-vacancy recombination at early 
stage of postannealing after various implantation 
conditions was also evaluated. The amount of 
excess interstitials was nearly independent of 
implantation dose and energy, but greatly 
depended on implant species. A larger number of 
interstitials was found for implantation of arsenic 
than for implantation of silicon or boron. 

INTRODUCTION 

Transient e e e d  diffusion (TED) during 
annealing just after ion implantation has been an 
important phenomenon limiting how shallow we can 
make p-n junctions, which need to be shallower for 
scaled CMOS. Simulations of TED in silicon (Si) 
have been greatly advanced by taking account of the 
kinetics between excess interstitial silicon and { 3 11 } 
defects[ 11. The excess interstitials, which cause 
TED, are much smaller than the ones before the 
postannealing, since most of implantation-induced 
interstitials and vacancies recombine at early stage 
of the annealing. The "+1" model[2] has been 
widely used for the initial condition of the interstitial 
silicon atoms in the TED simulation. This model 
assumes perfect recombination of a large number of 
the implantation-induced point defects, and provides 
the same amount of remaining interstitials as 
implanted ions independently of ion species. 
However, some recent experimental results[4,5] 
indicate that the 'effective' amount of excess 
interstitial silicon after the recombination should 
increase with increasing ion mass. 

In this paper, we estimated the interstitial 
emission from (311) defects during TED using 
boron (B) delta-doped superlattices grown by an 
ultrahigh-vacuum chemical vapor deposition (UHV- 
CVD). The effective amount of excess interstitial 
silicon was also calculated from experimental data 
obtained'during long-term annealing. 

EXPERIMENT 

The B delta-doped superlattices were grown 
on Si(100) substrates by the UHV-CVD to obtain a 
low background concentration of carbon (C), which 
acts as a sink for the interstitials[9], because it is 
difficult to suppress the C contamination from the e- 
gun evaporator in conventional Si molecular beam 
epitaxy. 

Five series of the B spike and a 300-nm non- 
doped layer were epitaxially grown on a 3-pm-thick 
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Figure 1 : B profile of as-grown sample. 
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Figure 2: B profiles of Si 40 keV, 1 and 5 x lOI3  
cm-' implantation. 
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non-doped buffer layer, as shown in Fig. 1. Defects 
were introduced to the sample by Si self- 
implantation at 40 keV at a dose of 1-5 x lOI3 cm-2 
in order to study the interstitial emission from the 
(311) defects. The samples were annealed at 600- 
750°C for the time in which TED was dominated by 
the (311) defect dissolution. The dominance was 
confirmed by the implantation-dose independent B 
diffused profiles (Fig. 2). To study the dependence 
of the effective amount of interstitial silicon on the 
implanted species, we implanted B, Si, and arsenic 
(As) at 10-80 k e y  1-5 x 1013 cm'*, and then 
annealed the samples at 750°C for 120 min. 

INTERSTITIAL SILICON EMISSION FROM 
( 3 1 1 ) DEFECTS 

Relatively deep marker layers, which was 
avoided from B clustering, were analyzed using the 
effective B diffusivity, 

(1) DE = D E -  ' CI 
c; ' 

where CI is the concentration of free interstitials and 
the superscript * indicates thermal equilibrium. To 
simulate the interstitial silicon emission from { 3 1 1 ) 
defects, we used the following model[3]: 
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Figure 3: Diffused B profiles of Si 40 keV, 1 x I O l 3  cm-2 
implantation, following annealing at 600" C. Good 
agreement was obtained by the model of the interstitial 
emission from the { 3 1 1 } defects. 

-- dc311 - 4nmD,C3,,(C, - c,,,,,). (2) 
dt 

Here, D, is the interstitial diffusivity, C311 is the 
concentration of interstitials incorporated in the 
(311) defects, and C1311 is the critical interstitial 
concentration above which all the interstitials are 
removed from the free interstitial population to the 
incorporated one. During the (311) defect 
dissolution, the interstitials are emitted with the 
transport capacity D1C1,311. The maximum interstitial 
supersaturation is also written using DICl,3,1 as 

(3) ' 1  311 Dlcl,311 A=------- 

C; DIG; ' 

We fitted the experimentally obtained B 
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Figure 4: Temperature dependence of enhancement factor. 
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Figure 6: Temperature dependence of interstitial diffusivity. 
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Figure 7: B profiles of As implantation 
at 40 keV, 1,  3, and 5 x 1013 cm-2, 
following [annealing at?] 750" C for 
120 min. 

Figure 8: B profiles of As 3 x lOI3 
cm-2 implantation at 10, 40, and 80 
keV, following [annealing at?] 750" C 

I for 120 min. 
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Figure 13: Dose dependence of "+n". 
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Figure 14: Energy dependence of 
"+n". 
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Figure 9: B profiles of B, As 3 x l o i3  
cm-2 implantation, following 
[annealing at?] 750" C for 120 min. 
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Figure 15: Ion mass dependence of 
"+n". 
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diffused profiles with these two parameters, D, and 
C,,,, (Fig. 3). The C,* was derived as (D,C,*)/D,, 
because various values of D, and CI* have been 
reported; their products DICI*, however, are nearly 
the same[6]. 

The values of C,,,,,/C,* and D1C1,311 obtained 
by the fitting are shown in Figs. 4 and 5 .  The data 
for relatively long annealing during TED could be 
used to evaluate C1,311/CI*, since C1 almost reaches 
C, 31,. In this case the observed enhancement-factor 
CI/CI* would be nearly the same as CI,,,,/C1* 
throughout the analyzed region. The values of 
DIC1,311 can be reduced from those of C1,3,1/C1* by 
the relation described above. 

In contrast to the evaluation of DICI,311, D, had 
to be estimated from the data for relatively short 
annealing, because D, can be reduced just from 
depth dependence, and depth dependence becomes 
smaller as annealing time is increased. According to 
the D,C,,,,, values, the D1 values, which reproduce 
well the experimentally obtained B diffused profiles 
of the short annealing, were estimated to be lower 
than the ones obtained from metal diffusion 
data[8](Fig. 6). We think that the difference is due to 
the initial rapid TED[10], which is caused by the 
interstitials escaping from the (3 1 l }  defect 
formation. The larger CI at the very early stage of 
annealing produces greater depth-dependence, 
which gives a smaller D, and a larger C,,,,, in the 
estimation from a fixed D,C,,,,, than that of TED 
dominated by the (3 1 1 } defects dissolution. 

DEPENDENCE OF EXCESS INTERSTITIAL 
SILICON AMOUNT ON IMPLANTATION 

CONDITION 

The effective amount of the excess 
interstitials was evaluated from the, B marker 
diffusion during relatively high-temperature and 
long annealing (750" C, 120 min), which completely 
dissolves { 3 11 } defects[5]. Figures 7-9 show the 
diffused B profiles, and Figs. 10-12 show the time- 
averaged enhancement of those samples. 

The dependence of the B diffusion 
enhancement during the annealing on the 
implantation conditions agrees with previous 
reports[5]. The enhancement (i) was nearly 
proportional to the dose (Figs. 7, lo), (ii) increased 
with increasing implantation energy (Figs. 8, 1 l), 
and (iii) was practically independent of the ion 
species (Fig. 9, 12). These results imply that As 
implantation produces more TED than B 
implantation does when the implanted ranges are the 
same, because the energy must be higher for As than 
for B. This contradicts the "+1" model, which gives 
the same profiles for the interstitials as for the 
implanted ions. 

We derived effective plus factor "+n", which 

i 

is the ratio to the "+1" model, from the 
experimentally obtained diffused profiles. The +n 
value was nearly independent of the dose (Fig. 13) 
and the energy, but slightly increased when the 
implantation range became much smaller (Fig. 14). 
The values for As are 2-3 times those for B (Fig. 
15). This dependence on the implantation condition 
agrees with that obtained by the calculation using 
Monte Carlo simulation of ion implantation [7], and 
can be explained by displacement between 
interstitial and vacancy profiles [7]. 

. 

SUMMARY 

Using epitaxially grown delta-doped B 
superlattices, we evaluated interstitial silicon 
emission from (311) defects and the effective 
amount of excess interstitials. Thanks to the deep 
marker structures, the evaluation could be carried 
out using a simple assumption of enhanced B 
diffusivity without B clustering. The results show 
that a larger number of interstitials were produced 
by As implantation than by B or Si implantation. 
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