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We studied the annealing of silicon substrates implanted with a medium dose of boron ions 
(3 X 1~14 em -2, 150 keY) employing conventional furnace annealing (FA) and rapid thermal 
annealIng (RTA) processes performed in a nitrogen atmosphere. The annealing efficiency was 
m~nit~red by visual inspection of the implanted surface with an optical microscope after steam 
oXldatlOn an~ ~ecco etching. The FA is more efficient when performed at a high temperature, 
but even so, It IS not capable of suppressing completely the implantation damage. On the other 
hand, the RTA was observed to be more efficient than any FA cycle. We discuss this fact 
taking into acc?unt the influence of the very high heating rates (- 250 eC/s) the samples 
underwent dunng the RT A cycle on the annealing behavior of implantation damage. 

t INTRODUCTION 

The ion implantation into crystalline silicon leaves this 
material highly damaged so that it becomes improper for 
electronic applications unless an adequate annealing process 
restores to a high degree the original crystallinity. Depend­
ing on the energy, mass, and dose ofthe bombarding ion, the 
implanted surface can be rendered amorphous, In the last 
years, a larger number of pUblications referred to the anneal­
ing of such amorphized layers by means of rapid thermal 
annealing at temperatures ranging from 900-12OO·C and 
times of a few to hundreds of seconds.' In that way, the 
amorphized layer can be solid phase epitaxiaUy recrystal­
lized, and the result is a very low residual defect density and 
a high electrical activation yield of the implanted dopants. 

The use of ion implantation conditions that do not ren­
der the surface amorphous is a common case in integrated 
circuit technologies. Typical examples are the doping pro­
cesses of bipolar transistor bases, threshold adjustment of 
MOS transistors, p- and n-weU doping of CMOS, and field 
doping.2 These cases refer to implantation of low doses of 
heavy mass ions ( < 1014 cm-- 2

) or low to medium doses of 
light mass ions ( < 1015 em ---2), The annealing of the implan­
tation damage in such cases has already been studied em­
ploying prolonged thermal cycles in inert3

-
6 and in Hel add­

ed to dry oxygen atmospheres. 7
,g For the case of inert 

atmosphere anneals, it was demonstrated that an efficient 
suppression of implantation defects is only achieved after 
high-temperature treatments (T> 1000°C). Despite the 
above-mentioned applications, very few studies of the an­
nealing of nonamorphized implanted silicon layers employ­
ing RTA have been reported in the literature. 

In this work, we studied the annealing of medium dose 
boron implantation by FA and RTA in nitrogen atmo­
sphere. It is wen known that oxidation of such as-implanted 
or partially annealed samples leads to the generation of a 
high density of extended defects. These are basically disloca-
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tion loops (DL) and oxidation stacking faults (OSF), the 
origin of which are the nuclei provided by the crystalline 
defects induced by the ion implantation," We used this fact 
to monitor the annealing efficiency by optical microscopy 
after steam oxidation and Secco etching lO of implanted sili­
con surfaces. We discuss the annealing behavior of rapid and 
prolonged thermal treatments based on a model that takes 
into account the temperature evolution of the samples dur­
ing the annealing cycles. 

II, EXPERIMENTAL METHODS 

In this work, we used p-type Czochralski silicon wafers 
of (100) orientation and of 4 n em resistivity, with an n-type 
epitaxial overlayer. The resistivity and thickness ofthis epi­
layer was 3.5 n cm and 15 !Lm, respectively. The epUayer 
was B -I implanted to a dose of 3 X 1014 em - 2 at an accelera­
tion energy of 150 keY. One set ofsamples was submitted to 
FA at temperatures ranging from 480 to 1200 °C and for 
times from 1 to 10 h. A second set of samDles was submitted 
to RTA employing incoherent radiation'from tungsten-ha­
logen lamps. The annealing temperature was monitored 
with the aid of a thermocouple that was attached to a similar 
sample by ceramic cement mixed with silicon powder, The 
annealing time was considered as being the time interval 
during which the samples were kept at the nominal tempera­
ture. We experimented with RTA themlal cycles at 1000, 
1100, and 1200 °C during 1 and 25 s, in nitrogen atmosphere. 

All thermal treated samples, together with one unan­
nealed sample (control sample) were oxidized in a steam 
atmosphere at 1150"C for 30 min in order to grow extended 
defects from the nuclei provided by the residual defects, The 
grown oxide was then chemically removed and subsequent­
ly, all samples were submitted to a Secco etch for 30 s. Lat­
tice defect figures delineated by Secco etching were observed 
using an optical microscope in order to determine their 
structures, densities, and sizes . 

m. EXPERIMENTAL RESULTS 

In Table I, the densities of defects and OSF lengths ob­
served on the samples are displayed. By OSFBI we refer to a 
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TABLE 1. Defect structures observed on the samples submitted to FA. 

Anneal Anneal OSF DL OSFBI OSF 
temperature time density density density length 

eCl en) (104 em -2) (lOS em") (i05 em-2 ) (I'm) 

Control Sample 0.5 100 0 <20 
480 1 40 50 0 < 15 
480 5 30 50 0 <18 
480 10 30 50 0 <22 
800 1 2 80 0 < 15 
800 5 2 80 0 < 15 
800 to 1 80 0 <15 

1100 I 2 3 10 3-12 
1I00 3 1 2 10 3-12 
1100 5 0.1 0.02 2 3-12 
1200 I 0 0.05 5 0 
1200 3 0.04 <0.01 2 25 
1200 5 0.08 0 0 32 

kind of defect structure of eHiptical shape, having a maxi­
mum length of about 5 pm and being aligned to the (110) 
directions. We identified this kind of defect structure with 
the one referred to by Rozgonyi and Seide19 as being small 
hulk stacking faults generated by the oxidation of boron im­
planted silicon layer and labeled as OSFBI. 

A. Prolonged furnace annealing 

Figure 1 (a) shows the etch patterns of an as-implanted 
sample which was steam oxidized (control sample) and the 

FIG. 1. Photomicrographs showing the defect etch patterns of the samples 
submitted to FA. (a) Control sample, (b) sample annealed at 480'C for 1 
h, (e) sample annealed at !l00 'C for I h, (d) sample annealed at 1100 'C 
for 3 h, (e) sample annealed at 1100'C for 5 h, ( f) sample annealed at 
1200'C for 1 h, (g) sample annealed at 1200'C for 3 h, and eh) sample 
annealed at 1200 'c for 5 n, $ecco etch 3D s, magnification of Sf Xl X . 
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Figs. 1 (b )-1 (h) show the etch patterns of the samples sub­
mitted to different FA cycles. A large density of dislocation 
loop (DL) etch pits (~107 cm- 2

) and a OSF density of 
103 em -- 2 can be observed. 

The annealing performed at 480 "C (independent of the 
duration, 1 to 10 h) just reduced the DL-etch pit density by 
half but increased the aSF density by about two orders of 
magni tude [see Fig. l( b )] . 

The samples annealed at 800 ·C for 1, 5, and 10 h display 
etch patterns similar to the samples annealed at 480°C but 
present a slightly reduced OSF density. The annealing cycles 
performed at 1100 °C for 1 and 3 h resulted in a reduction of 
the DL~etch pit density by about two orders of magnitUde 
when compared to the control sample. On the other hand, 
the OSF density is still comparable to the one of the control 
sample [see Fig. 1 (c) and 1 (d) J. The annealing performed 
during 5 h provided further reduction of the DL~etch pits 
and of the aSF densities, respectively, by about four and one 
order of magnitude with respect to the control sample [see 
Fig. 1 ( e) ]. On aU the annealed samples at 1100 °C we ob­
served OS FBI with densities in the range of 106 

( 1 and 3 h), 
and 105 cm- 2 (5 h). 

The oxidation of samples annealed at 1200 °C for 1 h did 
not result in aSF generation, but did generate defects like 
DL and OSFBI with densities of 5 X 103 cm- 2 and of 
5 X 105 em -2, respectively [see Fig. 1 (0]. However, for the 
sample annealed for 3 h [see Fig. 1 (g) J, we observed again 
the generation ofOSF, with a density of 4 X 102 cm- 2 and of 
25~pm length. For this sample, the DL-etch pit and OFSBI 
densities are lower than in the sample annealed for 1 h, being 
respectively, of 103 and 2 X 105 em -2. The sample annealed 
for 5 h r see Fig. 1 (h)] only present OSF of 32-pm length, 
which pattern is somewhat different from that observed on 
aU other samples. For this case, the etch pits commonly pre­
sented at the aSF extremities are absent and some line seg­
ments making 45° with the (110) directions appear associat­
ed with the OSF. 

B. Rapid 1:hermal annealing 

In Table n we quote the extended defect densities and 
OSF lengths extracted from the analysis of the samples sub­
mitted to R T A and steam oxidation. The annealing per­
formed at 1000 °C for! s did not reduce the OSF generation, 
remaining the OSF density comparable to that of the control 
sample [see Fig. 2 (a) ]. However, the DL-etch pit density 

TABLE II. Defect structures observed on the samples submitted to RTA. 

Anneal Anneal OSF DL OSFBI OSF 
temperature time density density density length 

eCl (8) (10-' em -2) (10" em') (10-' cm- 2 ) (II-m) 

1000 5 8 I 25 
1000 25 0 0.4 1 0 
1100 I 0 6' 0 <35 
1100 25 0 <0.1 3 0 
1200 1 0 <0.1 5 0 
1200 25 0 <0.1 3 0 

• Unidentified structure. 
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FIG. 2. Photomicrographs showing the defect etch patterns of the samples 
submitted to RTA. (a) Sample annealed at lOOO'C for I s, (b) sample an­
nealed at 1000 'C for 25 s, (c) sample annealed at 1100"C for I s, (d) sam­
pie annealed at 1100'C for 25 s, (d) sample annealed at 1200'C for i s, and 
( f) sample annealed at 1200 'c for 25 s. Secco etch 30 s, magnification 
800X. 

was reduced by about two orders of magnitude. We also 
observe the generation of OS FBI with density comparable to 
that of the DL-etch pits. Prolonging the anneal at 1OO0·C 
for 25 s resulted in the complete suppression of the nuclei for 
aSF generation. With respect to the control sample, there is 
also a reduction of about four orders of magnitude on the 
density ofDL-etch pits. Finally, one cannot observe any no­
ticeable influence of the anneal on the aSFBI density [see 
Fig. 2 (b) J. The oxidation of samples annealed at 1100 ·C for 
1 s gives origin to a density of 6 X 104 cm - 2 of extended lin­
ear defects. Their dimensions range from a few ftm to 35 pm. 
Also, a small density of DL-etch pits can be observed [see 
Fig. 2(c)}. These linear defects have a density of 
6 X 104 em -2 and are aligned with the < 110) or (100) direc­
tions. We expected them to be the result of the transforma­
tion of OSF into a linear array ofDL during the oxidation by 
an unfaulting reaction, as already reported by ShirakL 11 An­
nealing performed at 1100 "C for 25 s or at 1200 ·C for 1 or 25 
s resulted in complete elimination of nuclei for OSF genera­
tion, but did not avoid the generation of a low density ofDL 
(103 cm- 2

) and of a considerable density of OSFBI (3-
5X 105 cm- 2

) (see Figs. 2(d)-2(f) 1. 

IV. DISCUSSIONS AND CONCLUSiONS 

The FA performed at low temperature (480°C) or me­
dium temperature (800 °C) for 1-10 h, has shown weak effi­
ciency with respect to the suppression of the generation of 
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extended defects during the subsequent steam oxidation. 
However, a significant reduction ofthe densities ofOSF and 
DL-etch pit was attained after the high-temperature treat­
ments performed at 1100 and 1200·C during 1 to 5 h. On 
these high-temperature treated samples we detected another 
defect structure of elliptical shape having the maximum 
length of about 5 ftm and being aligned to the < 110) direc­
tions. This structure is similar to the one already observed by 
Rozgonyi et al. w (labeled as aSFBI), which they identified 
as being small bulk stacking faults generated by the oxida­
tion of the implanted silicon surface. In particular, for the 
annealing processes performed at 1200 ·C, the density of 
generated aSFB! decreases with increasing annealing time, 
reaching an undetectable level after 5 h. Concomitantly, an 
opposite behavior for the aSF density was observed. The 
annealing performed for 1 h resulted in a complete suppress­
sion of aSF generation, while on the sampies submitted to 
more prolonged annealing cycles (3 and 5 h) aSF was again 
generated. In the last case, their densities increased with an­
nealing ti.me. This annealing behavior of aSF and OSFBI at 
1200·C cycles, suggests that during these annealing pro­
cesses the nuclei for aSFBl generation were continuously 
transformed into OSF nudei while a small fraction of them 
was being annealed. 

Compared to FA, all the R T A cycles were quite more 
efficient. We have to consider that in spite of the large densi­
ties of extended defects, the control sample has also been 
submitted to an anneal period of 5 min at high temperature 
(1150°C) in N2 atmosphere before being oxidized. This 
time is longer than any experimented RTA cycles. Further­
more, the RTA performed at 1000 °C for 1 s seems to be as 
effective as the FA performed at l1oo·C for 5 h [compare 
Fig. 2(a) with 1 (e) and Table I with Table II]. The samples 
annealed at 1200 °C for lor 25 s exhibit densities and struc­
tures of defects comparable to those observed on the sample 
annealed at 1200·C for 1 h [compare Figs. 2(e) and 2(f) 
with1(g;]. 

We attribute the significantly higher efficiency of the 
R T A process in the annealing of ion implantation damage, 
as compared to the FA, to the differences in the heating rate 
of the samples. The heating rate promoted by the RTA fur­
nace is in the range of 200-300 ·C/s while in the resistive 
furnace it is -4 "Cis. A competition between the annealing 
of ion implantation damage and clustering of point defects 
occurs during the heating ofthe samples. High heating rates 
should favor the dissolution ofthe ion implantation damage 
while low heating rates should favor the clustering of point 
defects. These clusters are probably constituted by point de­
fect precipitates, small dislocation loops, and stacking faults, 
which could not be suppressed during the annealing process. 
They play the role of nuclei for extended defect generation 
during the subsequent oxidation. Our results are in agree­
ment with those published by Huang and Jaccodine. 12 These 
authors observed a similar annealing enhancement of B+ 
implantation defects in silicon induced by tungsten-halogen 
lamp annealing, in the temperature range of 500-700 ·C. 
They concluded that this enhancement of defect annealing 
was a consequence of the fast heating and the fast cooling of 
the samples promoted by the RTA process. 
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In summary, we studied the annealing of silicon sub­
strates implanted with boron ions to a medium dose by 
means of conventional and rapid thermal annealing pro­
cesses. We observed that the RT A presents higher efficiency 
than the FA does for the elimination of the implantation 
damage that acts as a nucleation center for the generation of 
extended defects during subsequent thermal oxidation of the 
implanted silicon. We suggested a model which takes into 
account the heating rate of the samples in order to explain 
the different annealing behaviors observed for the FA and 
the R T A processes. 
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