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Influences of Point and Extended Defects on As Diffusion in Si
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The influences of point and extended defects introduced by ion implantation on the transient enhanced diffusion (TED) of As
have been examined. The implantation of a subamorphizing dose of Si into Si wafers with nearly uniform As background
doping results in the slight segregation of As into {311} defects after annealing at 670°C, whereas an amorphizing dose of Si
is found to induce significant segregation of As into end-of-range (EOR) dislocation loops after annealing at 820°C, regardless
of the background As concentration. In the second experiment, As ions were implanted into Si wafers at 30keV to low and
medium doses. Some of the wafers were preannealed in order to recrystallize the amorphous layer and subsequently implanted
with subamorphizing doses of Si at 50keV. The resulting profiles reveal that the TED of As increases with Si implantation
dose, indicating that transient As diffusion occurs via Si self-interstitials in the same way as for B and P. A suppression of the
TED of As in the early stages of annealing at higher As and Si implantation doses is also observed. This is considered to

originate from the formation of immobile arsenic-vacancy clusters
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1. Introduction

Arsenic is widely used as an n-type dopant in the
fabrication of silicon integrated circuits. Arsenic atoms
implanted into Si wafers exhibit transient enhanced diffusion
(TED) during subsequent annealing.” Extensive studies
have clarified'™ that the presence of excess Si self-
interstitials in the Si wafer is responsible for the TED of B
and P, and allows TED to occur simultaneously with the
release of self-interstitials trapped in the {311} defects.

When the implantation dose of As exceeds the amorphiz-
ing threshold (~1 x 10"*cm=2), the implanted region
becomes amorphous,®” leaving excess self-interstitials in
a region beyond the amorphous/crystalline interface called
the end-of-range (EOR) region. During postimplantation
annealing, the interstitials accumulate to form EOR defects,
while the amorphous layer recrystallizes epitaxially in the
solid phase. The majority of EOR defects after short periods
of annealing are {311} defects, which become the source of
self-interstitials for the formation of {111} and {100}
dislocation loops upon further annealing.® The interstitials
which escape from absorption by dislocation loops and
recombination with vacancies or at the surface, are expected
to allow the TED of As.

It has been reported that B atoms preferentially segregate
into {311} defects,” and that B'® and P'"'? segregate into
EOR dislocation loops. However, although there has been a
report'> that an increase in the background As concentration
reduces the amount of interstitials trapped in {311} defects,
little attention has been paid to the segregation of As into
EOR defects. It is thought that such segregation may affect
the TED of As.

Recently, new doping approaches involving sub-
amorphizing Si implantation prior to dopant implantation
have been examined in order to minimize the channeling and
TED of B, P and As to achieve shallower junctions
compared to single dopant implantation. The optimization
of subamorphizing Si preimplantation will allow excess
vacancies to be created in the region that is to be
subsequently implanted with dopants. This technique also
inserts excess interstitials into the area beyond the excess

14,15)

“E-mail: kim@eie.eng.osaka-u.ac.jp

227

vacancy region, resulting in an anticipated increase in the
TED of dopants during postimplantation annealing. These
features make this technique useful for examining the
interaction of As with excess vacancies and excess
interstitials.

In this paper we clarify the interaction of As atoms with
{311} defects and dislocation loops formed by Si self-
implantation and examine the effects of excess vacancies
and interstitials introduced by subamorphizing Si implanta-
tion on the diffusion of implanted As.

2. Experimental Procedures

Figure 1(a) shows the procedure of the first experiment.
The segregation of As into extended defects was examined
using (100) Czochralski Si wafers with nearly uniform As
background doping at 2.0 x 0'7 to 5.5 x 10" cm™3. The
arsenic doping was performed by implanting As at 100 keV
to various doses followed by annealing at 1100°C for 5h.
{311} defects were formed by Si ion implantation at 50keV
to a subamorphizing dose of 1 x 10'*cm™2 followed by
postimplantation annealing at 670°C for 30 and 330 min.
EOR dislocation loops were generated by implanting Si ions
at 50keV to an amorphizing dose of 5 x 10" cm~2 followed
by annealing at 820°C for 20 s and 10 min. The flow chart in
Fig. 1(b) shows the procedure of the second experiment. As
ions were also implanted into p-type (100) Czochralski Si
wafers at 30keV to amorphizing doses of 5 x 103 to 5x
10" cm~2, followed by postimplantation annealing at 720°C
for 30 min.

The effect of excess vacancies and interstitials was
examined using the p-type Si wafers described above
implanted with As ions at 30keV to amorphizing doses of
5 x 10" and 5 x 10 cm™2, as shown in Fig. 1(c). After
implantation, one group of wafers was processed as follows.
The wafers were preannealed at 550°C for 10 min in order to
recrystallize the amorphous layer formed by As implanta-
tion, followed by Si ion implantation at 50keV to
subamorphizing doses of 1 x 103, 5 x 10'3, and 1 x 10'*
cm~2 or 15keV to a dose of 5 x 103 cm™2. All wafers were
finally annealed at 820°C for 1-300 min.

All annealing was performed in N, ambient in a preheated
vertical furnace tube in order to minimize ramp-up and
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Fig. 1.

ramp-down times. The resulting dopant profiles were
analyzed by secondary ion mass spectroscopy (SIMS) using
a Physical Electronics 6600 mass spectrometer.

3. Results

3.1 Segregation of As into extended defects

Figure 2 shows the As profiles of samples subjected to
subamorphizing Si implantation at 50keV to a dose of
1 x 10" cm™ and subsequently annealed at 670°C for 30
and 330 min. Judging from the segregation of B into {311}
defects,” the thickness of the {311} defect layer ranges from
approximately 40 to 160 nm. Slight segregation of As in the
defect layer was observed after annealing for 330 min, which
produces {311} defects visible by plan-view transmission
electron microscopy (PTEM).'® The segregation kinetics
appears similar to that of B,g) that is, the number of
impurities segregated into {311} defects increases with
annealing time up to the onset of defect dissolution.

The SIMS profiles for the As-doped samples implanted
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Fig. 2. SIMS profiles of As for As-doped samples implanted with Si at
50keV to a subamorphizing dose of 1 x 10'* cm~? followed by annealing
at 670°C for 30 min (solid curve) and 330min (open circles). Broken
curve represents initial profile of As.
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Flow charts of experimental procedures.

with Si at 50keV to an amorphizing dose of 5 x 10! cm~2
and then annealed at 820°C are shown in Fig. 3. It is evident
that segregation of As occurs in all of the samples to a much
greater extent than the segregation into {311} defects shown
in Fig. 2. The segregation peak position in each sample is
almost the same, and coincides with the layer of EOR
dislocation loops, as determined from the cross-sectional
TEM analysis.'” These results also indicate that the
segregation of As is nearly independent of the background
As concentration, and the amount of segregated As increases
with annealing time. Since annealing at 820°C for 20s is
insufficient for all of the excess interstitials to be
accumulated into EOR dislocation loops, the degree of
segregation in Fig. 3 is much lower than that after annealing
for 10 min at the same temperature.

The estimated areal densities of As segregated into EOR
dislocation loops after annealing for 10 min, based on a
Gaussian fit, are listed in Table I for the three samples doped
with different As backgrounds in Fig. 3. The areal density of
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Fig. 3. SIMS profiles of As for As-doped samples implanted with Si at
50keV to an amorphizing dose of 5 x 10'3 cm™2 followed by annealing
at 820°C for 20 s (broken curves) and 10 min (solid curves). Background
As levels of each sample are 1.0 x 10! cm™ (Lo. As), 1.5 x 10" cm™3
(Med. As), and 5.5 x 10" cm™3 (Hi. As).
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Table 1. Difference in segregation energy toward EOR dislocation loops
between As and B, extracted from samples with various As background
concentrations. Last column lists segregation energies of As when that of
B is 0.75eVv.'”

Sample ~ Q* (cm™2)  CP (em™)  ER, —E5 (eV) EfR (eV)

Low As  1.50 x 10'>  8.76 x 10" —0.11 0.64

Med As  1.05 x 103 1.43 x 10" -0.19 0.56
Hi As  4.00 x 10 4.90 x 10"° —0.18 0.57

impurity atoms segregated into EOR dislocation loops at
equilibrium has been given as'®

— Eseg
= ArDCy s
0 rDCy exp (kBT)

3.1

where A is a constant, 7 and D are the average radius and
areal density of EOR dislocation loops, respectively, Cy is
the impurity concentration in Si (around EOR dislocation
loops) and Eg, is the segregation energy of impurities.
PTEM analysis is indispensable for measuring 7 and D;
however, it is possible to determine the segregation energy
of As (ngg) without knowing 7 and D. The areal density of B
segregated into EOR dislocation loops is known'® to be
3.07 x 10'? cm~2 in uniformly B-doped samples (9.2 x 10'7
cm™?) preimplanted and annealed under the same conditions
as in the present experiment (Si at 50keV and 5x 10" cm~2;
annealing at 820°C for 10 min). Therefore, assuming that
neither background dopant species nor background As levels
of up to 5.5 x 10 cm=3 (highest level in present experi-
ment) affect 7 and D, E2$ is given, according to eq. (3.1), by

seg
EAS — EB QAS CfB
OpCp*

seg seg

+ kgT In

; (3.2

where the superscripts As and B of Eyg, O, and Ct denote the
values for As and B, respectively. Table I lists the calculated
differences between the segregation energies of As and B in
each sample, as estimated from eq. (3.2). The dispersion of
these energy differences is relatively small regardless of the
background As level. Consequently, it is considered that
neither the concentration of As nor the density of electrons
affects 7 and D. Assuming the segregation energy of B is
0.75eV,'? the segregation energy of As in each sample will
be as shown in Table I. We found that the segregation
energy of As, approximately 0.6eV, is lower than the
reported value (0.9eV) based on ab initio calculations.'”
The lower segregation energy is thought to originate from
the fact that the segregation energy derived from our
experiments is averaged over all of the energies of possible
segregation for all EOR dislocation loop radii. This
hypothesis will need to be verified by ab initio calculations.

We performed an experiment in order to verify the
segregation of As into EOR defects for single As implanta-
tion. Arsenic ions with various doses were implanted into p-
type Si wafers. Figure 4 shows the As profiles for samples
implanted with As at 30keV to doses of 5x 10" to
5x 10 cm™? and subsequently annealed at 720°C for
30 min. Postimplantation profiles of As are also shown for
doses of 5 x 10'3, 5 x 10'%, and 5 x 10'> cm™2. As expected
from the experimental results in Fig. 3, the segregation of As
into EOR defects occurs in the 40-60nm region in all
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Fig. 4. SIMS profiles of As for samples implanted with As at 30keV to
doses ranging from 5 x 10'3 to 5 x 10'5 cm~2 followed by annealing at
720°C for 30 min (solid curves). Postimplantation profiles of As are also
shown for samples implanted with Si to doses of 5 x 103, 5 x 10'4, and
5 x 10" cm~2 (broken curves).

samples. The shift of the segregation peak to deeper regions
arises from the increase in thickness of the amorphous layer
which is a function of the As implantation dose.” Hence, the
segregation in Fig. 4 is attributed to the existence of EOR
dislocation loops and {311} defects, with segregation into
EOR dislocation loops being dominant. The results of our
experiments indicate that the kink in the As profile in the
early stage of annealing at 720°C for 30 min is due to the
segregation of As into EOR defects.

3.2 Transient enhanced diffusion of As due to subamor-
phizing postimplantation of Si

Experiments on Si postimplantation enable us to directly
compare the net enhancement of As diffusion in samples
with and without Si implantation, whereas Si preimplanta-
tion reduces As channeling,'” making direct comparison
impossible. SIMS profiles of As for samples implanted with
As or As and Si to a subamorphizing dose of 5 x 10'3 cm™2
at 50keV after annealing at 820°C are shown in Figs. 5 and
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Fig. 5. SIMS profiles of As for samples implanted with As at 30keV to a
dose of 5 x 10" cm~2 with (thick curves) and without (thin curves)
subamorphizing Si implantation at 50keV to a dose of 5 x 103 cm™2,
and subsequently annealed at 820°C for 1 and 30min. Si-implanted
samples were preannealed at 550°C for 10 min in order to recrystallize the
amorphous layer created by As implantation.
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6 for As doses of 5 x 10'3 and 5 x 10" cm™2, respectively.
The two figures show the extra TED of As for As and Si
implantation after annealing for 30 min compared to that for
single As implantation. This demonstrates that the TED of
As occurs primarily via self-interstitials, as evidenced by the
enhancement of TED due to the excess interstitials generated
by the additional Si implantation.

It can also be seen in Fig. 6 that the additional Si
implantation slightly suppresses the TED of As during the
first minute of annealing at 820°C. This initial suppression is
not observed in Fig. 5 for the samples implanted with a
lower dose of As (5 x 10'¥cm™2). Figure 7 shows the
movement of the As tail at 2 x 10'® cm™ from the SIMS
profiles of samples implanted with As to a dose of 5x
10" cm~2 and with Si to doses of between 1 x 10" and
1 x 10'*cm~2, followed by annealing at 820°C for 1 to
300 min. The initial suppression and the additional TED
during subsequent annealing occur when the Si dose exceeds
5 x 1083 cm™2. This initial suppression and subsequent
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Fig. 6. SIMS profiles of As for samples implanted with As at 30keV to a
dose of 5 x 10 cm~2 with (thick curves) and without (thin curves)
subamorphizing Si implantation at 50keV to a dose of 5 x 10'3 cm™2,
and subsequently annealed at 820°C for 1 and 30min. Si-implanted
samples were preannealed at 550°C for 10 min in order to recrystallize the
amorphous layer created by As implantation.
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Fig. 7. Movement of As tails from SIMS profiles at 2 x 10'® cm™ for
samples implanted with As at 30keV to a dose of 5 x 10'*cm~2 with
(closed circles) and without (open symbols) subamorphizing Si
implantation at 50keV, and subsequently annealed at 820°C for 1, 30
and 300 min. Si doses are 1 x 103, 5 x 10"3, and 1 x 10" cm2.
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increase in the TED of As are considered to be a result of
the effect of large amounts of Si implantation damage at As
concentrations exceeding 1 x 10" cm™3.

It is conceivable that the formation of arsenic—vacancy
(As—V) clusters is responsible for the initial suppression.
There have been many studies on examining As clusters of
two to four As atoms and one vacancy,”*?? as generated
when As concentrations exceed the solid solubility limit. In
our experiment (Fig. 6), the projected range (R,) of Si
implanted at 50keV is approximately 73nm, and excess
vacancies lie between the surface and a depth of approxi-
mately 0.8Rp23 ) (~58nm). The excess vacancy region
overlaps the distribution of implanted As in Fig. 6, except
for the channeling tail of As. Consequently, in the initial
stage of postimplantation annealing, As—V clustering may
occur due to the presence of excess vacancies and the high
As concentration around the peak of the As profile. These
clusters directly prevent As from diffusing from the R;, of As
to deeper regions.

The effect of excess vacancies on the TED of As was
further examined by implanting Si ions to a dose of 5x
10" cm=2 at 15keV (R, ~ 24 nm) into the wafer previously
implanted with As to 5 x 10'*cm™2. This Si implantation
has the same dose but a lower energy than that for the
previous experiment (Fig. 6). The lower Si implantation
energy was chosen in order to distribute the excess vacancies
between the surface and a depth of ~18nm and excess
interstitials in the R, of As and deeper regions. Figure 8
shows a comparison of As profiles for the samples implanted
with As and the samples implanted with As and Si at 15keV
after annealing at 820°C. It can be seen that after annealing
for 1 min there is little difference in the As tails between the
Si-implanted and non-Si-implanted samples. This supports
the conclusion that the initial suppression of the TED of As
as a result of 50keV Si implantation (Fig. 6) arises from As—
V clustering induced by the overlap of the excess vacancy
regions with the implanted As. Figure 8 shows that As
diffusion is enhanced slightly with annealing for a further
30min due to the presence of excess interstitials from the
additional Si implantation compared to the case of single As
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Fig. 8. SIMS profiles of As for samples implanted with As at 30keV to a
dose of 5 x 10 cm~2 with (thick curves) and without (thin curves)
subamorphizing Si implantation at 15keV to a dose of 5 x 103 cm™2,
and subsequently annealed at 820°C for 1 and 30min. Si-implanted
samples were preannealed at 550°C for 10 min in order to recrystallize the
amorphous layer created by As implantation.
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implantation.

In addition to As—V clustering, vacancy clustering
expected to contribute to the initial suppression of the TED
of As. Vacancy clusters are available to recombine with the
excess interstitials, further inhibiting transient As diffusion
via interstitials. Although vacancy clusters are thought to be
introduced by the additional Si implantation at lower As
doses of 5 x 10'* cm™2, no initial suppression is observed in
Fig. 5. The recombination of vacancy clusters with excess
interstitials therefore contributes much less to the suppres-
sion of transient As diffusion than As—V clustering.

24.,25) is

4. Conclusion

The influence of extended defects on the TED of As has
been investigated by implanting Si into Si wafers with nearly
uniform As background doping. We found that As atoms
segregate into {311} defects much less than into EOR
dislocation loops, and from the areal density of As
segregated into EOR dislocation loops, the segregation
energy of As into the defects was calculated to be
approximately 0.6 eV, which is smaller than that of B.

Experimental results for subamorphizing Si implantation
at 50keV after As implantation reveal that the TED of As
increases with the Si implantation dose, demonstrating that
the TED of As occurs primarily via Si self-interstitials in the
same way as for B and P. However, in the early stage of
annealing (820°C, 1min), a suppression of transient As
diffusion is observed in samples implanted with higher As
and Si doses. This suppression is most likely to be caused by
the formation of immobile As—V clusters, as evidenced by
the disappearance of the initial suppression in the sample
implanted with Si at 15keV, in which excess vacancies are
distributed close to the surface.
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