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Reduction of secondary defect formation 
ion implanted Si( 100) 

in MeV As 
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FOM Institute for Atomic and Molecular Physics, Kruislaan 407, 1098 SJ Amsterdam, Netherlands 

Secondary defect formation following 1 MeV As implantation in Si can be influenced by low-energy Si irradiation prior to 
annealing. The As dose ranged from 8 X lOI to 2 x 10’4/cm2, in addition 150 keV Si was irradiated to doses varying from 3 X 1013 to 
1 x 10’5/cm2. If the Si irradiation exceeds a dose of 1 X 10’4/cm2 the formation of secondary defects near R, of the 1 MeV As ions 
was strongly reduced for an As dose of 1 X 10’4/cm2 and even prevented for a dose of 8 X 10r3/cm2. Above this Si dose residual 
defects form in the near-surface region which then act as sinks for interstitial-type defects caused by the MeV implant. This process is 
reversed if the MeV As implant is done at a dose of 2 X 10’4/cm2. 

1. introduction 

The formation of lattice disorder is concomitant with 
the introduction of dopants in silicon by ion implanta- 

tion. If the degree of disorder is sufficiently high, but 
still below the amorphization threshold, secondary or 
category I defects are formed during annealing. This 
preamorphization damage is observed not only for low- 
mass ions but also for high-energy heavy ions. For 
example, implantation of 1.0 MeV As ions in silicon 

above a dose of 4-5 X 1013/cm2 results in secondary 
defect formation during high-temperature thermal an- 
nealing [1,2]. However, when an additional implant is 
done with low-energy Si ions prior to annealing the 

formation of secondary defects at the larger depths 
where the MeV ions come to rest can be strongly 
reduced or even eliminated. This has been demonstrated 
by Lu et al. for the case of 2.0 MeV B implants [3]. 
They implanted 2.0 MeV B to a dose of 2.2 x 10’4/cm2, 
well beyond the critical dose for the formation of sec- 
ondary defects [4]. Silicon ions were then implanted at 
140 keV and it was found that the formation of sec- 
ondary defects near the projected range of the B ions 

could be almost completely avoided if the Si dose 
exceeded 1 x 10r4/cm2. 

In this article we demonstrate that low-energy Si 
irradiation also reduces secondary defect formation for 
1 MeV As implantations. The influence of near-surface 
defects on the recovery of damage from MeV As im- 
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plantation has been investigated for an As dose well 
below the threshold for amorphization. 

2. Experimental 

Implantations of 1.0 MeV 75As ions were performed 
in 5-15 D cm p-type floating zone FZ grown Si(100) 
wafers at room temperature with the samples tilted by 

7” and twisted by 15 o with respect to the incident 

beam. The beam current was kept below 10 nA on 
target to avoid beam heating effects. The As doses 
ranged from 8 x 10i3/cm2 to 2 x 10i4/cm2. In parts of 
these samples 150 keV 28Si ions were then implanted to 
doses between 3 x 10t3/cm2 and 1 x 10i5/cm2. The 
samples were then annealed in a vacuum furnace (base 

pressure = lo-’ Torr) for 15 min at 900°C. Damage 

distributions before and after annealing were measured 
with Rutherford backscattering spectrometry (RBS) in 
the channeling configuration with 1.0 and 2.0 MeV He 
ions. Cross-sectional transmission electron microscopy 
(XTEM) was performed in bright-field mode with the 
electron beam along [llO] using a Siemens Elmiskop 
101 electron microscope. 

3. Results 

Fig. la shows an XTEM micrograph of Si(100) im- 
planted with 8 X 10i3/cm2 1.0 MeV As ions and an- 
nealed. This dose is well below the amorphization 
threshold of - 2.5 X 10i4/cm2 [2]. However, the total 
number of displaced Si atoms, estimated from RBS [5] 
to be 3.9 x lO”/cm*, exceeds the critical number of 
displaced atoms (- 2.5 x lO”/cm*) needed to form 
secondary defects after high-mass ion implantation [2]. 
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Fig. 1. XTEM micrographs after annealing at 900°C for 15 ._ _ 
min of Si(100) implanted with (a) 8 x lO”/cm 1.0 MeV As, (b) 
3 x 10’4/cm2 150 keV Si ions and (c) 1.0 MeV 8 X 1013/cm2 As 

and 150 keV 3 x 1014/cm2 Si. The Si surface (S) is denoted. 

Thus, a band of dislocation loops is observed in fig. la 
at the peak position of the damage distribution in the 
as-implanted sample (i.e., at a depth of 550 nm) some- 
what shallower than the As R, which amounts to 650 
nm according to TRIM [6]. The width of the band of 
dislocation loops is 150 nm and the maximum diameter 
of the loops is 40 nm. No other residual defects were 
detected between the surface region and a depth of 0.5 

pm. 
Fig. lb is a micrograph of silicon implanted with 

only 3 X 1014/cm2 150 keV Si ions and then annealed. 
The number of displaced Si atoms from this implant 

was measured to be - 1.5 x 10”/cm2, well above the 

critical number of - 3-4 x 10’6/cm2 for the formation 

of category I defects with medium-mass (M = 30 amu) 

ions [7,8]. A band of dislocation loops and extended 
dislocations is observed at a depth of 180 nm, corre- 
sponding to the peak position of the damage distribu- 
tion in the as-implanted silicon, as determined from 
RBS analysis in the channeling configuration. 

Fig. lc is from a sample that was implanted with 
both 8 x 1013/cm2 1.0 MeV As and 3 x 10!4/cm2 150 

keV Si and then annealed. As shown above, each of 
these implants alone leads to secondary defect forma- 
tion. In this sample a band of dislocation loops centered 

at a depth of 180 nm with a width of 150 nm results. 
This is nearly twice the width of the dislocation band 
for the Si implant alone (fig. lb). The concentration of 
dislocation loops near a depth of 550 nm is sharply 

reduced compared with fig. la. It is clear that the 
spatially separate as-implanted damage distributions can 
interact to significantly alter the secondary defect for- 
mation at greater depths. 

The influence of the different damage profiles on 
each other depends on the relative amount of damage in 
each. For a fixed 1.0 MeV As dose (1 X 10r4/cm2) we 
have varied the Si dose from 3 X 1013-1 X 1015/cm2. 
The results are shown in fig. 2. Here the emphasis of the 
micrographs is on the defect formation near a depth of 
550 nm, so the Si surface is not shown. Fig. 2a shows 
the secondary defects remaining after the As implant 
only. The number of displaced Si atoms is - 4.5 X 
10”/cm2 and results in a band of dislocation loops 
formed near a depth of 550 nm as in fig. 2a. The 
maximum diameter of the dislocation loops is - 40 nm. 

The influence of an additional implant of 3 X 
10’3/cm2 150 keV Si ions prior to annealing is il- 

lustrated in fig. 2b. The Si implant leads to 1.5 X 
10’6/cm2 displaced atoms in the near-surface region, 
which is below the critical number for secondary defect 
formation. After annealing, a band of dislocation loops 
nearly identical to those of fig. 2a is observed. This low 
Si dose apparently does not influence the defect forma- 
tion at larger depths. Therefore, the point defects created 
by the low-energy Si ions readily anneal out and do not 
influence defect formation at larger depths. 

In fig. 2c the influence of adding a 1 X 1014/cm2 150 
keV Si implant is illustrated. This Si dose yields 5 X 
10t6/cm2 displaced Si atoms, close to the critical num- 
ber for secondary defect formation [7,8]. Still, a band of 
dislocation loops is observed near a depth of 550 nm. 
Although the density of dislocation loops is hardly 
affected, the average size of the loops has decreased. 
XTEM (not shown) indicates that a continuous low 
concentration band of dislocation loops is also present 
in the near-surface region. Thus the formation of sec- 
ondary defects near the projected range of the As ions is 
only slightly influenced by this Si dose, even though 
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some dislocation loops have now formed in the near 

surface region. 
Finally, the Si dose was increased to 1 X 10r5/cm2 

which amorphized a surface layer 200 nm thick. While a 
band of dislocation loops is still observed near the As 

R, in fig. 2d, the density of dislocation loops is consid- 
erably reduced in comparison to figs. 2a-2c. XTEM of 
the near-surface region (not shown) reveals that the 
amorphized layer has recrystallized and that a band of 

dislocation loops is present at a depth of 200 mn. This 
depth coincides with the amorphous to crystalline tran- 

s- 

Fig. 2. XTEM micrographs after annealing of Si(100) im- 
planted with (a) 1 ~lO’~/crn* 1.0 MeV As ions and (a) no 
further implant, (b) an additional implant of 3 x 10’3/cm2 150 
keV Si ions, (c) an additional implant of 1 x 10’4/cm2 150 keV 

Si ions and (d) an additional implant of 1 X 10t5/cm2 Si ions. 

Fig. 3. XTEM micrograph of Si(100) implanted with (a) 8~ 
10’3/cm2 1.0 MeV As followed by 3X1014/cm2 150 keV Si 
ions, (b) 2X10’4/cm2 1.0 MeV As followed by 3X 10t4/cm2 

150 keV Si ions. 

sition region in the as-implanted sample and these dislo- 
cation loops are so-called “end-of-range” defects [9]. 
The “end-of-range” dislocation loops apparently also 
act as sinks for the point defects generated at larger 
depths by the As implant. Secondary defect formation 
near a depth of 550 nm is then reduced due to the lower 
concentration of interstitial-type defects remaining at 
that depth. 

The interplay between the damage regions can also 
be shown for a fixed Si dose and varying the As dose. In 
the micrographs of figs. 3a and 3b the defect formation 
after annealing is illustrated for samples implanted with 
either 8 X 10’3/cm2 or 2 X 1014/cm2 1.0 MeV As ions 
followed by 3 x 10i4/cm2 150 keV Si. Two bands of 
dislocation loops are observed in both samples. The 
loops closest to the surface are at a depth of 180 nm, the 
peak position of the Si implant damage distribution. 
The other band of loops is positioned at the peak As 
damage distribution (- 550 nm). In fig. 3a a very low 
concentration of dislocation loops is observed near a 
depth of 550 nm, while the concentration of dislocation 
loops in the surface region is considerably higher than 
for a single 3 X I014/cm2 150 keV Si implant (also see 
fig. lb). This effect, already shown in fig. 1, is attributed 
to the extended defects in the near-surface region acting 
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as sinks for interstitial-type point defects at greater 
depths, thus reducing the number of point defects avail- 
able for secondary defect formation at larger depths. 

In fig. 3b the opposite effect is observed; here a very 
high concentration of dislocation loops is observed near 
a depth of 550 nm while the concentration at a depth of 
180 nm is considerably lower than for the single low-en- 
ergy Si implant. The number of displaced atoms from 
the As implant amounts to 2 x 10’8/cm2, one order of 
magnitude higher than the number (1.5 X 10”/cm2) in 
the near-surface region from the Si implant. Despite the 
much broader damage distribution of the MeV As im- 
plant, secondary defects then nucleate more readily at 
larger depths than in the near-surface region because of 
the much higher local concentration. Secondary defect 
formation in the region is reduced here because the 
dislocation loops at greater depths now act as sinks for 
defects from the near-surface region. 

4. Discussion 

Recent work has illustrated that the formation of 
secondary defects depends critically on the total num- 
ber of displaced Si atoms due to the implant [2,7,8]. The 
minimum number of displaced Si atoms needed to form 
secondary defects during high-temperature annealing of 
high-mass (M = 75 amu) ion implants is 1.5 X lO”/cm 
[2]. This critical number is achieved with 4-5 x 1013/cm2 
1.0 MeV As ions. Implantation of 1.0 MeV As at doses 
exceeding 4-5 X 10’3/cm2 leads to the formation of 
secondary defects as shown in figs. la and 2a. In both 
cases a band of dislocation loops results near the pro- 
jected range of the As ions. The width of the band of 
residual defects is considerable, amounting to - 150 
nm. This is due to agglomeration of interstitial-type 
defects from the wide damage region. 

With an additional low-energy Si implant, a second 
damage distribution is introduced in the near-surface 
region. During annealing different processes can take 
place depending on the degree of disorder introduced. If 
the Si implant results in a total number of displaced Si 
atoms smaller than the critical number for the forma- 
tion of category I defects then defect formation at larger 
depths is not influenced. The damage in the near-surface 
region anneals out readily and no residual defects are 
found close to the surface. This behavior is shown in fig. 
2b for a second implant of 3 x 10’3/cm2 150 keV Si 
ions, resulting in 1.5 X 10’6/cm2 displaced Si atoms, 
below the critical number of - 3-4 X 10i6/cm2 needed 
for dislocation loop formation. 

However, if the Si dose is high enough, the critical 
number of displaced Si atoms is exceeded and residual 
defects will form during annealing in the near-surface 
region. These residual defects can then act as sinks for 
the interstitial-type defects produced by the MeV As 

implant, reducing the number of point defects available 
to form dislocation loops near the As projected range. 
For a low-dose 1.0 MeV As implant the additional Si 
implant has a strong effect on the defects formed at 
these depths as illustrated in fig. lc. Although the 
number of displaced Si atoms due to the Si irradiation 
(1.5 x 1017/cm2) is not as high as for the As implant 
(3.9 x lO”/cm’), its concentration is sharply peaked 
and secondary defects nucleate faster in the near-surface 
region. Therefore these loops will act as sinks for the 
point defects created by the As irradiation, reducing the 
number of secondary defects at greater depths. 

The influence of the additional Si implant is less 
pronounced for higher As doses (figs. 2a-2d). As the 
point defect concentration at larger depths is increased 
the effect of sinks (dislocation loops in the near surface 
region) is reduced. With more point defects available at 
greater depths, dislocation loop nucleation occurs fast 
enough relative to the surface so that the surface region 
is unable to getter the defects from greater depths. 

A strong effect is observed, however, if the Si im- 
plant is above the amorphization threshold. Here con- 
siderable reduction in the formation of residual defects 
at a depth of 550 nm was observed (fig. 2d). Instead, a 
high concentration of “end-of-range” dislocation loops 
was observed at the depth corresponding to the 
amorphous/crystalline interface in the as-implanted 
sample. Apparently, the excess interstitials in the end- 
of-range region rapidly coalesce into dislocation loops 
during annealing and act as efficient sinks for intersti- 
tial-type defects from greater depths. 

Finally, we have also shown that the effects on 
secondary defect formation can be completely reversed. 
By increasing the As dose the total damage and thus the 
peak defect concentration at greater depths are in- 
creased. The peak concentration becomes large enough 
that dislocation loops form first near a depth of 550 nm 
which then act as traps for point defects from the 
near-surface region. This is just the reverse of the effects 
above. 

It has been shown previously that for a single im- 
plant damage profile there is a critical number of dis- 
placed Si atoms for the formation of secondary defects. 
This also holds for spatially separate damage profiles. 
However, for two damage distributions each above the 
critical number the peak concentration and the width of 
the damage distribution determine where secondary de- 
fects form first. Once formed these dislocation loops 
can then getter point defects from the other damage 
profile, affecting the secondary defect formation there. 

5. Conclusion 

The interplay between Si near surface damage and 
defects created by MeV As ions has been studied after 
high-temperature annealing. If the low-energy Si im- 
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plant results in a total number of disnlaced Si atoms References 
higher than - 3-4 X 1016/cm2, secondary defects 
nucleate during annealing in the near-surface region. 
These secondary defects can act as sinks for interstitials, 
thereby reducing the number available at larger depths 
for residual defect formation. The process of reduction 
of secondary defect formation is reversed if the As dose 
is sufficiently high. In that case secondary defects 
nucleate near the projected range of the As ions and act 
as sinks for the implantation defects in the near-surface 
region. 

PI 

121 

131 

141 

PI 

M. Tamura, N. Natsuaki, Y. Wada and E. Mitani, Nucl. 

Instr. and Meth. B21 (1987) 438. 

R.J. Schreutelkamp, J.R. Liefting, V. Raineri, W.X. Lu, 

F.W. Saris, Z.L. Wang, B.X. Zhang and R.E. Kaim, unpub- 

lished. 

Acknowledgements 

The work is part of the research program of the 
Stichting voor Fundamenteel Onderzoek der Materie 
(FOM) and is made possible by financial support from 
the Nederlandse Organisatie voor Wetenschappelijk 
Onderzoek (NWO) and Varian/Extrion division (USA). 

PI 

[71 

W.X. Lu, Y.H. Qian, R.H. Tian, Z.L. Wang, R.J. Schreu- 

telkamp, J.R. Liefting and F.W. Saris, Appl. Phys. Lett. 55 

(1989) 1838. 

M. Tamura, N. Natsuaki, Y. Wada and E. Mitani, J. Appl. 

Phys. 59 (1986) 3417. 

W.K. Chu, J.W. Mayer and M.A. Nicolet, Backscattering 

Spectrometry (Academic Press, New York, 1978). 

J.P. Biersack and L.G. Haggmark, Nucl. Instr. and Meth. 

174 (1980) 257. 

K.S. Jones, S. Prussin and E.R. Weber, Appl. Phys. A45 

(1988) 1. 

[S] R.J. Schreutelkamp, F.W. Saris, W.X. Lu, B.X. Zhang and 
Z.L. Wang, submitted. 

[9] J. Narayan, J. Appl. Phys. 53 (1982) 8607. 


