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The effect of C on the implantation damage accumulation in Si crystal and on the electrical
activation of dopants was investigated, using RBS-channeling technique, sheet resistivity

and Hall measurements. The damage profilesin Si implanted with 2C* or 1B+ at 50 keV
to the same doses and dose rate were compared. It wasfound that the damage accumulates
at a noticeably higher rate during *2C* implantation than in the case of !B+, especially for
doses > 2x 105 cm~2. It isshown that the dynamic annealing isstrongly reduced in regions
doped with C. In addition, the influence of C on the electrical activation of the co-implanted
dopant is discussed for the case of B and Bi. A model considering an interaction between C
and Si self-interstitial (Siy) atomsduringimplantation and the subsequent thermal annealing
is proposed to explain the enhanced implantation damage accumulation and the activation

behavior of B in samples co-implanted with C.

|. Introduction

Carbon is an isoelectronic element in Si substrate.
It is normally incorporated during Czochralski or float
zone crystal growth in concentration respectively of 1-
8 ppmaand 0.1- 5 ppma. Several phenomenathat take
place during thermal treatments of Si wafers have been
found to be influenced by the presence of C. For ex-
ample, C is known to affect the oxygen precipitationt!]
and theformation of the new donorsl?l in CZ Si crystals.
Wong et al.[] demonstrated that Au contamination can
be gettered in alayer implanted with 12C*. Liefting et
al.ll showed (i) that the annealing of a C implanta-
tion does not result in dislocation generation even for
a 12Ct dose 100 times above that required for !B+
and (ii) that C can prevent dislocation formation of co-
implanted B ions. Recently, Nishikawa et al.[l demon-
strated that the transient enhanced diffusion of B can
be reduced by '2C* co-implantation. Furthermore, the
formation of the end of range dislocation band during
the solid phase cpitaxial rcgrowth of amorphized Si can

be eliminated by a !2C* co-implantation!®],

The above referred publications strongly suggest
that C interacts with point defects during thermal an-
nealing. Since point defects generated in the collision
cascades are mobile at room temperature one can ex-
pect that they interact with C atomsduring theimplan-
tation process. Furthermore, because the electrical ac-
tivation is affected by interactions between dopant atom
and point defects it may be influenced by a !2C* im-
plantation. This statement is discussed in the present
publication, comparing the activation in Si samples
single 1'Bt or 2°°Bit and dually implanted (!Bt +
120+ or (209Bit + 120H).

It is well known that ion implantation introduces
radiation damagewhich may be detrimental to the elec-
tronic device performance. Partial annealing of the
damage occurs concomitantly with the implantation
process and this phenomenon is called dynamic anneal -
ing. The dynamic annealing is known to be more pro-
nounced for light mass ion implantation, low dose rate
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and in heated substrate.

In the present investigation the as-implant damage
concentratiori in 2C* implanted Si is compared with
that by *B*. Since the masses of these ions are nearly
equal, simila: collision cascade properties and primary
defect production rates are expected to occur when
their energy and dose rate are identical. However, in
contrast to this prediction, the actual damage profiles
dueto !B+ and 12C* implants at an energy of 50 keV,
performed to the same doses, differ S|gn|f|cantly partic-
ularly for doses in excessto 1x 10!5 em=2. For example,
the damage concentration level after 12C* implantation
to adose 4 x 10!5 cm™~2 results about ten times higher
than that of !1B+. Thisseemsto indicate that the"dy-
namic anneal ng isstrongly influenced by the chemical
behaviour of Zin Si.

II. Experimental details

The study of damage accumulation by Bt and
12+ implantation was performed using n-type Si sam-
ples of (100) orientation and resistivity of 4-11 Q.cm.
All the implantations were performed at an energy of
50 keV, at a dose rate of 0.4 uA/cm? with 1B+ to
the doses of 1 and 4 X 10'® em~2 or 2Ct to doses
ranging from 2 X 104 to 5 x 10! em~2. In order to
minimize charineling effects the samples were tilted by
7° with respect to the beam incidence direction. The
as-implanted tlamage profiles were analysed by Ruther-
ford backscatt :ring spectrometry (RBS) with a 760 keV
He** beam aligned with the < 100 > crystal direction.
The overall energy resolution of the RBS analysis was
of 14 keV. The as-implanted damage were obtained us-
ing an iterative procedure to calculate the dechanneling
background!™.

For the investigation of the electrical activation of
B and Bi Van der Pauw devices!®! were prepared. The
central areaof the devices wereimplanted with 1*B* or
209Bi+ to the close of 5X 10'* em~2 and at an energy of
50 keV or 150 keV, respectively. In the 1B+ implanted
samples2C* was co-implanted with dosesin the range
from 5X 103 to 5x 10*® ecm™? at an energy of 55 keV.
In the case of 2°°Bit implanted samples the 12C* co-
implantation v as performed to a dose of 2 X 10'% cm~2
at 20 keV. Subsequently, both the singleand dually im-
planted samples were annealed in nitrogen atmosphere.
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Figure1: Depth profilesd the damage created by 1! B* and
12¢t implanted Si at RT with energy of 50 keV and doses
o 1x 10" cm™* (@) and 4 x 10** cm™2 (b).

The Van der Pauw devices were electrically character-
ized by sheet resistivity and Hall measurements.

IIL. Dynamic annealing in C implanted S

Fig. 1 presents the damage depth profilesin samples
implanted with **B+ or 2C+ to the doses of 1 x 10*%
em~? [Fig. 1(a)] and 4 x 10'® ¢cm~2 [Fig. 1(b)]. For
the lower dose the damage profile due to the !B+ and
2+ implantations are almost similar, with concentra-
tion level at the profile peak of 5% and 7%, respec-
tively. The increasing of the !!B* dose by a factor of
four resulted in aincrease of a factor of two in the ac-
cumulated damage. However, for the case of 2C* the
same increasing of the dose leaded to a fourteen times
increase of the damage concentration level at the profile
peak.

The accumulated damage by '2C* implantation at
50 keV was studied for doses ranging from 2 x 10** to
5 x 10'% em~2. The accumulated damage is consid-
ered here as the integral of the damage concentration



540

‘}’/\

‘310’”:‘ 10 *
SN - N

o r 4

& ! :

« L B

el

=10 M 110 %
Q r ]

-+ . —_— ]
S y

~ - .

= - 2 .

2

< i [ R A W SO VY T S O A 1 17

10 18 " Ils |la 1
10 10 10

Dose {em™?)

Figure 2. Accumulated damage as function o the implanted
12Ct dose at 50 keV (curve 1) and at 200 keV according to
Eisen and Welch[® (curve 2).

depth profile. Fig. 2 compares the accumulated dam-
age versus the implanted 12C* dose from the present
work with those extracted from the paper by Eisen and
Welchl®] regarding a 200 keV 12C* implanted at a dose
rate of 0.6 A /cm?.

It is interesting to note that for doses < 2 x 10!5
em~? independently of the energy the accumulated
damage increases with the square root of the dose (®).
For the dose range > 2 x 105 cm™2 while the data of
Eisen and Welch!®! indicate that the accumulated dam-
age dependents linearly with ®, our data vary with o
(2<n<3).

The enhanced damage accumulation for 2C* doses
above 2 X 10'® em~2 can be explained considering that
the dynamic annealing becomes strongly reduced when
C concentration in the Si sample exceeds ~ 2 x 102°
cm™3 (the concentration at the profile peak for a 12Ct
implantationat 50 keV and dose of 3x10'® em~2). Such
enhancement of damage accumulation was not observed
by Eisen and Welch{®, probably because for their im-
planted doses at energy of 200 keV the C concentrations
are below 2 x 10%2% cm~3.

Theeffect of the C doping on the damage accumul a-
tion is demonstrated by a separate experiment in which
C wasfirstly implanted at 50 keV to a dose of 4 x 101%
cm~% with the substrate heated to 200 °C to enhance
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Figure 3: Damage concentration depth profilesin aS sam-
pleimplanted with 4 x 10*° cm™2 of 50 keV 2C* at 200 °C
(curve 1) followed by 180 keV *B* at RT (curve 2). The
histogram represents the estimated C atom concentration
profile at 50 keV according to TRIM code simulation*®.

the dynamic annealing. The as-implanted damage pro-
file due to this 12C* high temperature implantation
is presented in curve 1 of Fig. 3, which shows that
the maximum damage concentration is below the 10 %
level. The histogramin Fig. 3 represents the calculated
C atom concentration profileat 50 keV according to the
TRIMI code simulation. Subsequently, !B+ wasim-
planted at room temperature to a dose of 4x 10*® cm™?2
and energy of 180 keV. The estimated damage profile
peak for this !Bt implantation is at the depth of 0.45
wm, which isfar deeper than the C concentration pro-
file. The fina damage profile is shown in curve 2 of
Fig. 3. The damage profile presents a peak located at
the depth of 0.15 pm which corresponds closely to the
depth of the C concentration maximum. This result
shows that whenever carbon is present in Si at concen-
tration above 2 X 10%° cm™~3, there is a clear tendency
to build up of damage accumulation, decreasing the dy-
namic annealing during implantation.

V. Influence of C on dopant activation

The electrical measurements in Van der Pauw de-
vices demonstrated that besides being an isoelectronic
element in Si matrix C can strongly affect the activation
behavior of co-implanted !B+ or 209Bit.

The effect of C on the electrical activation of B was
discussed in a previous publication!!!). Fig. 4 presents
the main results from this paper. There are two main
components associated to the 12C* implantation which
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influence the activation of B: (i) the associated implan-
tation damage and (ii) the C concentration level in the
B doped larer. When the *2C* dose is below 1 x 104
ecm~2 both the implantation damage and C concentra-
tion are not. enough to affect noticeably the activation
of B [see curve (@) of Fig. 4]. For 12C* doses in excess
to 5 x 10'* cm~2 the C doping becomes the most rele-
vant factor for the changesin the activation of B [curves
(b) and (c)]. In addition, the damage associated to the
120+ jmplaatation to a heavy dose improves the electri-
cal activation of B [curve (c)]. When the implantation
damage of 1he 12C* implantation is annealed prior to
the *1B* irnplantation, the major role in the activa-
tion behavior of B should be played by the C doping
level [curve (d)]. Then, the most prominent result is
the complete suppression of the reverse annealing.
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Figure 4: Electrical activation yield after isochronal anneal-
ing for 0 min of samplesimplanted only with ** B+ (5x 10**
em™2 at 50 keV) [curve (a)] or dualy implanted with '*B+
(5% 10 cm~2 at 50 keV) and *2C* to thedosed 5x 10
em™2 [curve (8)], 5 X 10'* cm~2 [curve (b)] or 5x 10'* cm ™2
[curve (C)]. Curve (d) shows the electrica activation yield
d samplesimplanted with *>C* to a dose df 5x 10*° cm—2
and annealed at 900 °C for 30 min prior to the !B im-
plantation. All the 2C* implantations were performed at
energy o 55 keV.

The elecirical activation of Bi implanted silicon
by rapid thermal annealing (RTA) was also addressed
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Table I. The sheet resistivity (R,) and electrical acti-
vation yield (EAY) for the silicon samples, implanted
with 20°Bit, energy 150 keV, dose 5 X 10'* cm~2 and
co-implanted with 2CT, energy 20 keV, RTA annealed
with the following temperature (T) and time durations
(t) are shown.

Ctdose T t R, EAY
[em™ [°C] [s] [©/0O0 (%]
0 900 60 389 40
2x 1015 900 60 890 22
0 900 300 610 22
2x 10" 900 300 3840 1.5

previously!?). It wasfound that approximately 95 % of
the Bi doseissubstitutional and 90 % electrically active
after annealing performed at 600 °C for times longer
than 1 min. The electrical activation yield (EAY) of
Bi after RTA at temperatures > 700 °C is observed
to decrease with the increasing of the temperature and
time o the annealing process. Angular scan measure-
ments carried out on annealed samples revealed that
the electrically inactive concentration of Bi correlates
with the concentration of Bi atomslocated slightly dis-
placed from the crystal rows. The displaced Bi atoms
should be associated with the formation of electrically
inactive Bi-vacancy defect complexes.

In a limited number of experiments single 2%°Bit
and dually 2°°Bit and '?C* implanted samples were
submitted to RTA at the temperature of 900 °C for
60 and 300 s. The electrical measurements shown in
Table 1 indicate that the '*C* co-implantation has a
pronounced influence on the electrical deactivation of
Bi. For example, after 300 s RTA, the EAY is reduced
15 times in the dually implanted sample compared to
that of single implanted with Bi.

In order to explain this phenomenon one can sup-
pose that the trapping of Siy atoms by the co-implanted
C leads to an increasing of the relative vacancy con-
centration and hence of the probability for vacancy-Bi
complex formation.

V. Discussion and conclusions

All the effects associated to the C implantation pre-
sented above can be understood assuming an interac-
tion between C and Siy atoms during the implantation
and the subsequent thermal annealing.
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The enhanced damage accumulation during im-
plantation in S doped with high concentration of
C(> 2 x 10%° em~3) can be explained assuming that
C atoms capture Siy atoms produced in thecollision
cascades. The accumulation of trapped Siy atoms at
the neighborhood of the C atoms would form complex
defect precipitates in the Si matrix which are stable at
room temperature. The abnormal enhanced damage
accumulation in samples implanted with *2C+ doses
> 2 X 10'5 ¢cm~2 may be understood considering that
the concentration of precipitates or their sizes increase
with the implanted 12C+* dose. This fact leads to an
enhancement of probability for Siy capturing and dam-
age accumulation. Hence, a reduction of the dynamic
annealing takes place.

The electrical activation of B in samples co-
implanted with 2C* at doses lower, equal or higlier
than that of !B+ was discussed. The implantation
damage and the C concentration influence significantly
the electrical activation behavior of B. In the case of Bi
and C co-implanted Si an enhanced deactivation of Bi
was observed after RTA. The trapping of Siy atoms by
the implanted C may lead to an increasing of the rel-
ative vacancy concentration and consequently strongly
favoring the formation of electrically inactive vacancy-
Bi complexes.

In summary, all the effects associated to the C im-
plantation presented above can be explained assuming
that C and Si; atoms chemically interact during the im-
plantation and the subsequent thermal annealing, form-
ing stable point defect complexes.
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