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It is demonstrated that the electrical activation in B+ (5.0X 1014 cme2 at 50 keV) implanted Si 
samples submitted to furnace annealing can be noticeably affected by a C’ coimplantation. It 
was found that a C!+ dose ten times lower than that of Bf is not sufficient to influence the 
activation behavior of B. However, C+ implanted to a dose equal to or ten times higher than the 
B+ dose contributed, respectively, to the reduction or enhancement of the electrical activation 
of B after annealing in the temperature range of 450-700 “C!. In addition, the reverse annealing 
of B is attenuated in the coimplanted samples and suppressed in samples where the Cf 
implantation damage was annealed prior to the B+ implantation. At temperatures > 700 “C the 
electrical activation is not significantly affected by the C+ coimplantation. A model considering 
interaction between C and Si self-interstitial atoms during thermal annealing is proposed to 
account for the activation behavior of B in the dually implanted samples. 

1. INTRODUCTION 

The electrical activation behavior of B implanted at 
room tern 

-f 
erature in a Si substrate presents interesting 

features. ’ When B+ is implanted at doses lower than 
< 3 X lOI cmY2 the sheet carrier concentration increases 

monotonically with the increasing of the annealing temper- 
ature. However, when the B+ dose exceeds 3 X 1013 cmB2, 
reverse annealing (decreasing of the sheet carrier concen- 
tration with the increasing of the annealing temperature) 
takes place in the temperature range of 500-650 “C. The 
mechanisms for the reverse annealing are not fully estab- 
lished at present. North and Gibson’ suggested that inter- 
stitial Si atoms released from defect aggregates during an- 
nealing replace substitutional B atoms to interstitial 
sites and render them electrically inactive. Blamires3 pro- 
posed that the reverse annealing is a consequence of 
substitutional-interstitial B pairing. Gibbons4 explained the 
reverse annealing assuming B segregation to dislocation 
lines and loops to relieve the strain energy associated with 
the large covalent radius mismatch between substitutional 
B and Si atoms ( ~25% mismatch). Huang and Jaccodine’ 
demonstrated that the reverse annealing is present simi- 
larly both in float zone (FZ) and in Czochralski grown 
(CZ) Si. Since FZ Si has low oxygen concentration, the 
findings of Huang and Jaccodine apparently disagree with 
the model proposed by Gregorkiewicz and Ammerlaan,6 
which suggests that oxygen and oxygen-related complexes 
may be involved in reverse annealing. Huang and 
Jaccodine5 further noticed that the reverse annealing phe- 
nomenon is absent in the B+ implanted Si that underwent 
rapid thermal annealing (RTA). Based on the observed 
enhanced electrical activation of B after RTA, the authors 
suggested that the formation of B-point defect complexes 
should be the main cause for the reverse annealing because 
it can be affected efficiently by the heating rate. 

C is an isoelectronic element in the Si substrate. It is 
normally incorporated during CZ or FZ crystal growth in 
concentrations, respectively, of l-8 and 0.1-5 ppma. Sev- 

era1 phenomena that take place during thermal treatments 
of Si wafers have been found to be influenced by the pres- 
ence of C. For example, C is known to affect the oxygen 
precipitation,7 the formation of the new donors’ in CZ 
crystals, and it is claimed to be associated with the gener- 
ation of B-type defects in as-grown Si wafers.’ Wong 
et al. lo demonstrated that Au contamination can be get- 
tered in a layer implanted with C+. They proposed that the 
gettering action is a consequence of the capturing of Si 
self-interstitials by the C atoms. Liefting et aL l1 showed (i) 
that the annealing of a C implantation does not result in 
dislocation generation even for a C+ dose above 100 times 
that required for B+ and (ii) that C can prevent disloca- 
tion formation of coimplanted B ions. Recently, Nishikawa 
et al. t2 demonstrated that the transient enhanced diffusion 
of B can be reduced by C coimplantation. Furthermore, 
the formation of the end of range dislocation band during 
the solid phase epitaxial regrowth of amorphized Si can be 
eliminated by a C+ coimplantation.13 

The above-mentioned publications strongly suggest 
that C interacts with point defects during thermal anneal- 
ing. Since the electrical activation also depends on interac- 
tions between dopant atoms and point defects it may be 
influenced by a Cf implantation. This statement is verified 
in the present publication comparing the activation in Si 
samples singly (B+) and dually implanted (B+ +C+). 

II. EXPERIMENTAL DETAILS 

Van der Pauw devices15 were fabricated using n-type, 
4-l 1 fi cm resistivity ( 100) Si substrates. The central area 
of the devices was implanted with “B+ to the dose of 
5 X 1014 cm-’ at 50 keV (control samples) or with the 
same Bf implantation followed by “C!+ implantation to 
the dose of 5.0~ lOI3 (samples I), 5.0X 1014 (samples II), 
or 5.0~ lOI5 cm-’ (samples III) at 55 keV. The energy of 
the Cf implantation was selected to superimpose spatially 
the B and C profiles. In a set of samples (samples IV) C+ 
was implanted to a dose of 5X 1015 cm-’ and annealed at 
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FIG. 1. Electrical activation yield after isochronal annealing for 30 min of 
samples implanted only with B+ (5.0~ 1014 cm-’ at 50 keV) [control 
samples, curve (a)] or dually implanted with B+ (5.0X lOI cm-’ at 50 
keV) and C’ to the dose of 5.0X10” cm-* [samples I, curve (a)], 
5.0x 1O1’ crnm2 [samples II, curve (b)] or 5.0x lOi cm-’ [samples III, 
curve (c)l. Curve (d) shows the electrical activation yield of samples IV 
that were implanted with C+ to a dose of 5.0~ 10” cm-’ and annealed at 
900 “C for 30 min prior to the BS implantation. All the C’ implantations 
were performed at the energy of 55 keV. 

900 “C for 30 min prior to B+ implantation. Subsequently, 
both the singly and dually implanted samples were an- 
nealed for 30 min in the temperature range of 450-900 “C! 
in nitrogen atmosphere. The Van der Pauw devices were 
electrically characterized by sheet resistivity and Hall mea- 
surements. 

111. RESULTS 

Figure 1 shows the effect of the coimplanted Cf dose 
on the electrical activation yield (EAY) of B. The EAY is 
considered hereafter as the ratio between sheet carrier con- 
centration obtained from the sheet resistivity and Hall 
measurements and the implanted dose. Identical EAY was 
measured in the control and in the samples I proving that 
no electrical effects were introduced by the Cf coimplan- 
tation at the lowest dose. As expected, the reverse anneal- 
ing is clearly depicted in the temperature range of 500- 
650 “C!. When equal C’ and Bf doses are implanted 
(samples II) the EAY of B is noticeably reduced at tem- 
peratures < 550 “C! [compare curve (b) with curve (a) in 
Fig. 11. However, the EAY of samples II is close to that of 
control samples for temperatures > 600 “C. In each of 
these two temperature regions the EAY increases linearly 
with the increasing of the annealing temperature in the 
log-linear plot of Fig. 1. The reverse annealing does not 

appear clearly in samples II since only a vestige can be 
denoted by the saddle point in curve (b) of Fig. 1 at a 
temperature of z 650 “C!. 

The coimplantation of C+ with a dose ten times higher 
than that of B’ (samples III) resulted in a steep increase 
of the activation of B with the increasing of the annealing 
temperature in the range of 400-500 “C [see curve (c) in 
Fig. 11. The EAY of B in the temperature range of 500- 
850 “C is significantly enhanced by the C+ coimplantation 
[compare curve (c) with curve (a) in Fig. 11. A maximum 
enhancement factor of s4 times occurred after an anneal- 
ing of 650 “C. The reverse annealing is clearly seen in the 
activation behavior of samples III as depicted in curve (c) 
of Fig. 1. However, the deactivated maximum fraction of 
the implanted dose by virtue of the reverse annealing in 
samples III (4%) is lesser than in the control samples 
(7%). At temperatures higher than 850 “C! the EAY in 
samples III becomes somewhat inferior to that of control 
samples. 

The annealing of the Cf implantation prior to the B+ 
implantation (samples IV) caused noticeable changes in 
the activation behavior of B. The EAY in samples IV in- 
creases monotonically with the increasing of annealing 
temperature and no evidence of reverse annealing is ob- 
served. It can be fitted by two straight lines in the log-linear 
graph of Fig. 1, intersecting at a temperature of ~700 “C. 

IV. DISCUSSIONS AND CONCLUSIONS 

The presented results demonstrated that besides the 
isoelectronic characteristics of C in the Si substrate the 
implantation of this element can strongly affect the activa- 
tion behavior of coimplanted B+. There are two main com- 
ponents associated with the C+ implantation that influence 
the activation of B:(i) the associated implantation damage 
and (ii) the C concentration level in the B doped layer. In 
the case of the lowest C!+ dose (samples I) both the im- 
plantation damage and C concentration (0.1 times the B 
concentration) were below the minimum level to notice- 
ably affect the activation of B. For the case of equal B+ and 
C+ doses it seems that the C doping should be the most 
relevant factor for the changes in the activation of B. 
Aligned Rutherford backscattering analysis taken subse- 
quently to the implantation revealed an unexpected lower 
damage concentration in samples II than in the control 
samples. This seems to indicate that partial annealing of 
the Bf implantation damage occurred during the subse- 
quent Cf bombardment. The causes for this annealing are 
presently unknown. 

The effect of the implantation damage on the EAY of 
B was investigated in a separate experiment where an inert 
element ion (“Net) replaced the C+ coimplantation. The 
Nef implantation energy of 90 keV was determined” to 
obtain a maximum of nuclear energy deposition at the 
depth corresponding to the projected range of the B+ im- 
plantation. A Ne+ dose LOX 1014 cmd2 was chosen in 
order to prevent amorphization of Si. The EAY of the Ne+ 
coimplanted samples together with that of the control sam- 
ples are shown in curves (b) and (a) of Fig. 2, respeo 
tively. It is clearly seen [curve (b)] that the additional 
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FIG. 2. Electrical activation yield after isochronal annealing for 30 min of 
samples implanted onIy with B+ (5.0~ 10” cm’-’ at 50 keV) [curve (a)] 
or dually implanted with B+ (5.0~ 1014 cm-* at 50 keV) and Ne+ 
(l.OX1O14 cmw2 at 90 keV) [curve (b)]. 

damage introduced by the Nef bombardment correlates 
with the improvement of the electrical activation of B at 
T > 500 “C. One may notice that independently of the dif- 
ferent damage concentration level in the two sets of sam- 
ples a reverse annealing with similar magnitude is ob- 
served. 

When C+ is coimplanted to a heavy dose (ten times 
the Bf dose) both the implantation damage and C con- 
centration level seem to influence the activation of B. The 
activation enhancement at the temperature range of 500- 
850 “C is probably related to the implantation damage in- 
troduced by the high C!+ dose. On the other hand, the 
ccsoftening” of the reverse annealing should be related to 
the high C concentration level. When the implantation 
damage of the C+ implantation is annealed prior to the B+ 
implantation, the major role in the activation behavior of B 
should be played by the C doping level. Then, the most 
prominent result is the complete suppression of the reverse 
annealing. 

In order to interpret the above results we proposed the 
following model. The as-implanted B atoms are located at 
substitutional lattice sites2 and at non substitutional posi- 
tions surrounded by the implantation damage.2 In any of 
these cases, the as-implanted B atoms do not contribute to 
p-type doping. The substitutional B may be associated with 
point defects, probably vacancy or vacancy complexes. The 
heating of Bf implanted samples results in the onset of 
defect annealing and dissociation of the B-point defect 
complexes and hence of the electrical activation. Simulta- 
neously with the increasing of the annealing temperature, 

the initial fraction of substitutional B decreases, reaching a 
minimum value at 650 0C.2 Probably, during annealing of 
coimplanted samples, self-interstitial Si atoms (Si,) are 
gettered by the C atoms. As a consequence of the decreas- 
ing of the Si, concentration, the dissociation rate of 
B-vacancy complexes via interaction with Sir should de- 
crease. This is in agreement with the observed reduction of 
EAY in samples coimplanted with C!+ having a low dam- 
age concentration level (samples II and IV). Considering 
the reverse annealing as caused primarily by the interac- 
tion between substitutional B and Sir atoms, the gettering 
of Si, by the C atoms results in a lower deactivated dose of 
B in the temperature range of 500-650 “C in the coim- 
planted samples (samples II and III) compared to that in 
the control samples. By similar arguments, one can expect 
that the reverse annealing may be suppressed in samples 
having both high C concentration and low damage concen- 
tration (samples IV). The effect of the implantation dam- 
age on the activation of B can be explained considering 
that the Si, concentration should increase with the increase 
of implantation damage for ion doses below the amor- 
phization threshold.16 Consequently, the dissociation of 
B-vacancy complexes should occur at a rate that increases 
with the increasing of the damage concentration. This ac- 
counts for the enhanced activation in sample coimplanted 
with Nef or with C+ (samples III). 

In summary, the electrical activation of B in samples 
coimplanted with C+ at doses lower, equal to, or higher 
than that of B+ is discussed. It was found that both the 
implantation damage and the C concentration influence 
significantly the electrical activation behavior of B. The 
influence of the crystal damage on the activation of B was 
demonstrated by the enhanced activation in samples coim- 
planted with Ne)‘. The effect of the C doping level on the 
activation behavior of B was established by the lack of 
reverse annealing in samples where the Cf implantation 
damage was annealed prior to the Bf implantation. A 
model suggesting a competition between the capture of Si, 
by the C atoms and the interaction of Si, with B-vacancy 
complexes and with substitutional B atoms is proposed 
account for the presented results. 
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