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Injection of point defects during annealing of low
energy As implanted silicon
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Abstract

In this work, we investigate the interstitial injection into the silicon lattice due to high-dose, low energy arsenic implantation. The diffusion ofthe
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mplanted arsenic as well as of boron, existing in buried�-layers below the silicon surface, is monitored while successive amounts of the
rofile are removed by low temperature wet silicon etching. From the analysis of the diffusion profiles of both dopants, consistent val

nterstitial supersaturation ratio can be obtained. Moreover, the experimental results indicate that the contribution of the implantationto
he TED of boron, and thus the interstitial injection, is not the main one. On the contrary, interstitial generation due to arsenic clusterin
e more important for the present conditions.
2005 Elsevier B.V. All rights reserved.
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. Introduction

One of the main issues in modern ULSI MOS devices is the
eduction of the resistance of the source and drain junctions,
hich must be less than 10% of the channel resistance[1]. In
rder to achieve this, high-dose low energy arsenic implanta-

ion is used for the formation of ultra-shallow, highly doped
unctions in the source/drain areas of the transistors. Arsenic is
referred to phosphorus due to its higher solid solubility limit
nd its lower diffusivity value. On the other hand, it is known that

on implantation leads to transient enhanced diffusion (TED) of
opants, a behaviour that is attributed to the damage induced by

he implantation process. However, relatively to other dopants,
uch as boron and phosphorus, fewer studies have been per-
ormed for the TED of arsenic[2–6]. This is mainly because
hese effects are of moderate intensity at high temperatures and
re more significant for very shallow junctions, less than 100 nm.
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E-mail address: ctsamis@imel.demokritos.gr (C. Tsamis).

In addition, research on arsenic is generally associated with
concentrations, where Fermi level dependence of dopant
sion and point defects introduced by clustering or precipita
complicates the analysis of the implantation induced TED
fact, there have been reported three sources for point defec
can contribute to the enhanced diffusion of arsenic and res
interstitial injection into the substrate. These sources are: (
end-of-range damage; (b) arsenic clustering; (c) arsenic pr
itation. Moreover, as the implantation energy is reduced an
implanted profiles are moving closer to the surface, the influ
of the surface would be more severe.

In this work, we investigate the origin of the TED and thus
con interstitial injection caused by low energy, high-dose ars
implantation. The approach consists in monitoring, at the s
time, the diffusion of the implanted arsenic and of boron
buried�-doped layers that exist below the silicon surface. S
cessive removal of the implanted silicon is performed, in o
to control the total amount of damage, remaining in the sil
substrate, that will influence the buried boron layer. The e
ing process is performed at very low temperatures and it i
expected to influence the initial distribution of point defe
921-5107/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.mseb.2005.08.123
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but will remove well-controlled depth slices from the damage
profile.

2. Experimental procedure

2.1. Silicon etching at low temperatures

Various techniques, based on different types of solutions,
have been reported in the literature for silicon etching at very
low temperatures[7–9]. Celler et al.[7] have shown that by
using a modified version of SC1 clean, 2.5–3 nm of silicon
can be etched during the cleaning process. Schroer et al.[8]
have used a 5% H2O2 solution at 75◦C to oxidize the sur-
face, and subsequently, the native oxide was removed in a 3%
HF solution. This technique has been successfully applied to
controllably etch the silicon surface in B-doped samples, for
TED experiments. In an alternative approach, Kasnavi et al.
[9] used DI water for 30 min to etch around one monolayer of
silicon. In this work, wet solutions based on H2O2 were evalu-
ated at various temperatures (50–70◦C) for etching the silicon
substrate.

The etching process consists of two steps:

(1) During the first step, the samples are immersed into the
oxidizing solution, where an oxide is formed on the silicon
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Fig. 2. Amount of removed silicon as a function of the number of dips in the
solution and as a function of the implantation energy.

etching and the removal of all the protective layers. In addition
to the step height, AFM was used to estimate the roughness of
the etched surface as a function of the etching conditions. The
average roughness of the silicon surface was in all cases less
than 2 nm.

Fig. 2shows the total amount of etched silicon as a function
of the number of dips in 5% H2O2 solution at 50◦C, for a ref-
erence sample (not implanted) and for samples implanted with
arsenic at 3 and 10 keV. We see that the implanted samples are
etched in a faster rate compared to the reference sample, the rate
being higher as the implantation energy decreases. In line with
this observation, no significant difference in the etching pro-
cess between implanted and un-implanted silicon samples was
observed, when arsenic implantation was performed at higher
energy (25 keV).

The reproducibly of the etching process was also examined
in an alternative way. Two similar sets of samples were prepared
consisting of various numbers of dips within the solution. The
samples were implanted with arsenic at various energies (3, 10
and 25 keV) and doses (from 1× 1015 to 2× 1015 cm−2). After
the implantation, the wafers were cut in pieces and successive
removal of the silicon surface was performed, in 5% H2O2 solu-
tion at 50◦C. The samples were, subsequently, RTA annealed at
950◦C for 30 s in N2 ambient. SIMS analysis showed that the
arsenic profiles of samples treated at the same conditions were
almost identical, indicative of the good control of the etching
p

F the su e
a

surface. Since oxidation is taking place at room tempera
we do not expect to have any change of neither the b
nor the arsenic profile;

2) During the second step, the samples are immersed in a
solution, that dissolves the formed oxide. The combina
of these two steps is referred to as “one dip”.

During each cycle, an amount of silicon is removed f
he substrate, this etched amount depending on the typ
emperature of solution and the time of the immersion. In o
o estimate the etching rate, parts of the surface of each s
ere protected during the immersion by a thick oxide laye
n oxide/nitride bi-layer. Lines were lithographically patter
n the surface of the samples and the oxide or oxide/n
i-layer was etched inside the lines, so the silicon surface
xposed. Successive immersions were carried out in the
olutions (H2O2, HF). After the removal of the thick oxide lay
he initial silicon surface was revealed and served as refe
or the measurements. The step height was measured by
rofilometry and by atomic force microscopy (AFM).Fig. 1

s typical AFM image of the surface of the samples after

ig. 1. Typical AFM image of the step formed on the silicon surface after
verage roughness of the silicon surface is less than 2 nm.
rocess.

ccessive dips into the etching solutions and the removal of the protective layers. Th



C. Tsamis et al. / Materials Science and Engineering B 124–125 (2005) 261–265 263

2.2. Study of interstitial injection

For the study of the interstitial injection, silicon wafers con-
taining two boron�-layers at depth of 0.6 and 1.1�m, respec-
tively, were used. The wafers were implanted with arsenic at
3 and 10 keV and a dose of 2× 1015 cm−2. The concentration
of boron in�-layers was of the order of 1× 1018 cm−3. Sub-
sequently, etching of the silicon substrate was performed using
5% H2O2 solution at 50◦C. Various dips were performed in
different samples, in order to locate the final silicon surface
either before or after the position of the amorphous/crystalline
interface. This is critical, since it represents the position of the
extended defects band responsible for TED phenomena dur-
ing amorphizing implants. For this purpose, cross-section TEM
analysis was performed in order to estimate the depth of the
amorphous region in each case. The depth of the amorphous
region was 6 and 13 nm for the 3 and 10 keV implant, respec-
tively, and was in good agreement with the predictions obtained
by TRIM simulations. The samples were, subsequently, RTA
annealed at 900◦C for two different times (5 and 30 s). As a
final step, SIMS analysis was performed in order to estimate the
boron and arsenic profile.

3. Results and discussion
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Fig. 3. Arsenic profile after silicon etching and RTA annealing at 900◦C for 30 s.
The samples were implanted with arsenic at 10 keV with dose 2× 1015 cm−2.

Fig. 4. Boron�-layer profiles after the etching and annealing process at 900◦C
for 30 s in samples implanted with arsenic at 10 keV with dose 2× 1015 cm−2.

In parallel, TEM analysis has been performed in order to
investigate the existence of extended defects, after the annealing
in the silicon substrate.Fig. 5shows the silicon substrate in the
case of 10 keV arsenic implantation, after RTA at 900◦C for

Fig. 5. Cross-section TEM images of: (a) reference sample (not-etched) and (b)
after etching 15 nm of silicon, implanted with arsenic at 10 keV and dose of
2× 1015 cm−2 and annealed at 900◦C for 30 s. We observe the full absence of
extended defects.
SIMS profiling of very shallow implants can be challeng
ecause a major fraction of the profile can fall within the

ace transient of SIMS. For that reason, very carefully sele
IMS conditions must be applied. In a recent paper by
avi et al. [10], it has been demonstrated that even whe
keV Cs primary ion beam is used, a significant portion

he shallow arsenic profile falls within the surface trans
f the SIMS, resulting in an underestimation of the dose.
bruptness of SIMS is also limited. However, using a 750 e
rimary beam clearly improves the depth and abruptness
lution. Dosimetry can also be improved because the su

ransient is reduced. Further reduction of the energy of th
eam results in marginal improvements and irregularities i
ilicon signal are observed. These optimum conditions (75
s beam) were used for the analysis of the present sam
hile a O2 primary ion beam was used for boron profiling.
Fig. 3 shows the arsenic profiles for the samples impla

ith As at 10 keV with dose 2× 1015 cm−2 after RTA annealin
n nitrogen for 30 s. From this figure, we notice that the ars
ose that remains in the samples after the successive e
rocess decreases, in agreement to expected results. Th

ndication that the etching process has been applied suc
ully. Fig. 4shows the corresponding SIMS profile of the bo
-layers for the same samples. From this figure, we notice
he broadening of the boron�-layers is, with experimental erro
ndependent of the etching process for all implantation ener
n addition, from the comparison between the SIMS profile
he samples implanted with various energies, we can con
hat the broadening of the boron profile depends on the im
ation energy and increases as the energy increases for the
nnealing duration.
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30 s, for the reference (not-etched samples) and for the etched
sample (after removing 15 nm of silicon). We observe the full
absence of extended defects in both cases. This is probably due
to the proximity of the surface, which acts as an interstitial sink
absorbing the interstitials from the defects’ band and leading to
their dissolution. Similar results were also obtained for samples
implanted with low energy (3 keV).

From the analysis of the boron and arsenic profiles, we can
estimate the average supersaturation ratio of silicon interstitials
for the current processing conditions. For this reason, FLOOPS
software was used. It is generally accepted that dopant diffusion
takes places via a dual mechanism, assisted by interstitials and
vacancies. For boron, diffusion takes place predominantly by an
interstitial mechanism. Under non-equilibrium conditions, the
diffusivity enhancement of boron can be expressed as:

〈DB〉 ≈ fB
〈CI〉
C

eq
I

D
eq
B

whereCI is the interstitial concentration,DB the boron diffusiv-
ity, eq. denotes equilibrium and the parentheses〈〉 denote time
average. As a reference value for the equilibrium boron diffu-
sivity, the expression 7.57 exp(−2.46/kT) cm2 s−1 was used and
for the interstitial factor, we assumedfB = 1.

In order to analyze the diffusivity enhancement of arsenic,
we have followed an approach similar to the one described in a
recent paper by Solmi et al.[11]. For the inert diffusion coef-
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Fig. 6. Estimation of interstitial supersaturation as a function of the position of
each boron�-layer and at the silicon surface, due to arsenic implantation and
annealing.

to the interstitial supersaturation induced by the implantation
damage. An interstitial supersaturation is maintained during the
Ostwald ripening process that is taking place during the forma-
tion and evolution of the extended defects, as these evolve from
〈3 1 1〉 defect to dislocation loops. When the band of the defects
is located away from the surface (at a distance much larger than
the mean radius of the loop distribution), the ripening process
is conservative and the number of bounded interstitials within
the loops remains almost constant. This number represents the
recoiled interstitials survived the recombination with vacancies
at the crystalline part. This is the part of the implantation damage
responsible for anomalous dopant diffusion. However, when the
surface is very close to the defect band, the ripening process is
non-conservative since the surface is a strong sink for intersti-
tials.

According to that, we expect that decreasing the distance
between the defect band and the surface (by removing silicon)
would lead to a reduction of the interstitial supersaturation within
the defect band (due to more effective interstitial loss), and
consequently, to reduction of the enhanced diffusion of boron
�-layers. This is expected to be more evident in the case where
the etched depth was more than the thickness of the amorphous
layer. However, as we can notice from the comparison between
the reference sample (not-etched) and the samples that were
etched at the surface, no significant differences in the diffusion
of the boron profile were observed. This indicates that the TED
o uring
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o
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cient of arsenic, the default value of FLOOPS used for
onstant diffusivity model was used, i.e.

As = Dx + n

ni
D−,

here n is the electron concentration,ni the intrin-
ic carrier concentration andDx and D− are the neu
ral and ionized diffusion coefficients, respectively, and
qual toDx = 12.04 exp(−4.05/kT) cm2 s−1 and D− = 6.66e−
exp(−3.44/kT) cm2 s−1. By assuming that the interstit
upersaturation that supports TED increases the neutral te
he diffusion coefficientDx by a factorax, the TED diffusivity
f arsenic can be described as

As (TED) = axD
x + n

ni
D−

The diffusivity enhancement for low arsenic concentrati
s in the tail region, can be estimated by the ratioDAs/DAs (TED),
ssumingn = ni . Taking into account that the interstitial fac

or arsenic diffusion isfAs = 0.5, the interstitial supersaturation
his case is twice the value estimated for the diffusivity enha
ent.
Fig. 6shows the supersaturation ratio of silicon interstit

s a function of the position of each boron�-layer and at the su
ace, for the two different arsenic implantation conditions a
nnealing at 900◦C for 30 s. It is important to note that co
istent results for the interstitial supersaturation were obta
rom the analysis of the profiles

In order to have a more clear idea of the obtained resu
s useful to discuss about the various mechanisms that influ
oint defect kinetics in the case of low energy implanted
on. It is accepted that the transient enhanced diffusion i
-

d

t
e

e

f boron is not only due to the supersaturation maintained d
efect evolution. In fact, there is a strong possibility that in
ase of low energy implants, all the defects might have disso
his is supported by the TEM analysis that showed the abs
f dislocation loops in the sample after annealing at 900◦C for
0 s. In fact, it has been recently reported in the literature th
efect survived after a 5 keV, 1015 cm−2 As implantation afte
nnealing at 850◦C for 10 s[12].

However, there are two more sources for point defects,
ially in the case of high arsenic concentration. When the ar
oncentration exceeds the solid solubility of arsenic in
on, arsenic clustering may occur. Electrical activation stu
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have attributed arsenic clusters to be the cause of dopant deac-
tivation in silicon [13]. These studies have also determined
a critical concentration for arsenic cluster formation, which
is a function of the annealing temperature. Theoretical stud-
ies and experimental evidence indicate that arsenic clusters
form around a vacancy with the consequent injection of silicon
interstitials. The proposed mechanism can be described by the
reaction:

nAs ⇔ AsnV + I

wheren assumes values between 2 and 4.
In a recent work, Solmi et al.[11] estimated that about one-

third of the TED observed in the first 20 min of annealing is due
to the defects produced by clustering. It is very probable that
this is the main mechanism that is responsible for TED in our
experimental conditions.

Another possible mechanism that might influence defect
kinetics is As precipitation. It has been reported that extended
defects at the projected range are absent when the arsenic con-
centration approaches the critical value for precipitation. This
is probably due to vacancies released during SiAs precipita-
tion leading to the annihilation for extended defects. However,
the formation of SiAs precipitates is not very probable in our
experimental conditions due to the very high values of the solid
solubility of arsenic in Si and the difficulty of nucleation of this
conjugate phase.
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about the mechanism that contributes mainly to silicon intersti-
tial injection under these conditions was presented.
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