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Abstract

Transient tail diffusion of boron in Si(100) has been investigated as a function of boron implant condition, dose, energy,
time, temperature and silicon or germanium post-implantations at doses above and below the amorphization threshold.
Boron was implanted at energies in the range 5-380 keV and at doses in the range 2x 10'* to 5x 10'* cm~* either along
[100] or in a random direction. Significantly longer transient boron tail diffusion is observed for implants along [100].
These results reflect the differences between the random and channeling implants in the position of the damage distribu-
tion relative to the boron profile. Post-implantation with 1 MeV #’Si ions below the amorphization threshold can reduce
boron tail diffusion if the silicon dose is high enough (5x 10'* cm~? or greater) to form extended defects during the
anneal. Lower silicon doses do not influence boron diffusion. Annealing of extended defects also results in anomalous
diffusion. These results demonstrate that silicon interstitials cause the enhanced boron diffusion. Amorphization of
boron-implanted silicon with 2Si or 7*Ge ions prevents transient boron tail diffusion during subsequent annealing if the
boron profile is completely incorporated in the amorphized region.

1. Introduction

Very large scale integration (VLSI) of semiconductor
devices demands shallow (approximately 0.1 xm) pn
junctions [1, 2]. The use of boron implantation in
crystalline silicon (c-Si) to form the junctions is limited
by two main effects. Firstly, low-energy boron ions in
¢-Si have a high probability for channeling [3], resulting
in deep channeling tails [4] even for “randomly”
oriented wafers. The channeling effect of low-energy
boron ions can be prevented by pre-amorphization
with silicon [5, 6], germanium [7—10] or arsenic [11]
ions. However, channeling can be advantageous
because of steep profiles. The use of channeling
implants seems in contradiction with the demand for
shallow (approximately 0.1 #m) pn junctions in VLSI
silicon devices. However, Bader and Kalbitzer [12]
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showed in the early days of ion implantation that
channeling boron implants at low energy (6 keV) can
be used to produce shallow pn junctions.

The second effect which limits the formation of
shallow pn junctions is that boron ions exhibit
anomalous diffusion during the high-temperature treat-
ment required to anneal out the implant damage and to
activate the dopants. A large number of investigations
have concentrated on the anomalous boron tail dif-
fusion (i.e. diffusion which is significantly larger than
the intrinsic boron diffusion) in silicon during high-
temperature annealing and several review papers have
been published [6, 13, 14]. The anomalous tail dif-
fusion is transient in nature; significant motion of
boron atoms at low concentrations stops within 10 s
during annealing at temperatures of 900 °C or higher.
Similar anomalous diffusion behavior has also been
observed for other dopant species such as phosphorus
[15-19]. ‘

One way to avoid anomalous boron tail diffusion is
by pre-amorphization. However, recrystallization of
the amorphized layer and subsequent high-tempera-
ture treatment to activate the dopants lead to so-called
“end of range” (EOR) defects [20, 21] which deterior-
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ate the quality of a pn junction. Ajmera and Rozgonyi
[22] solved this issue for silicon- and germanium-pre-
amorphized silicon by optimizing the implant and
annealing parameters to minimize the interstitial point
defect concentration in the EOR region and to stimu-
late the role of the free surface for annihilation of point
defects by control of the ambient. Another way to
avoid transient boron diffusion is by post-amorphiza-
tion with silicon or germanium ions [6, 23, 24]. The
formation of EOR defects is also a problem with this
method. The advantage over pre-amorphization, how-
ever, is that sharp junctions can be obtained using
channeled implants [23, 25], whereas the boron profile
in pre-amorphized silicon is always gaussian.

Despite many investigations there is still no consen-
sus on the mechanism underlying the transient dif-
fusion. In one of the first models proposed to explain
the phenomenon it was assumed that interstitial boron
in the (channeling) tail of the implantation profile dif-
fuses rapidly during high-temperature annealing until
interaction with a vacancy occurs and normal intrinsic
diffusion sets in [26-29]. Many others [16, 30, 31] have
suggested that anomalous boron diffusion is associated
with the implant damage. In a similar manner to the
first model, any boron interstitials are regarded as fast
diffusers, but kick-out of substitutional boron by sili-
con interstitials leads to further fast diffusion. Here,
transient boron diffusion will continue until the silicon
interstitial concentration reaches equilibrium. Various
experiments have shown the enhancement of dopant
diffusion under continuous point defect generation. In
early papers, diffusion of boron and phosphorus,
enhanced by point defects generated by implants of
protons [32] and neutrals [33] was demonstrated in
boron- and phosphorus-prediffused silicon. Moreover,
oxidation [34] and nitridation [35] experiments have
illustrated that injected silicon interstitials enhance
boron diffusion. Excess interstitials may also arise from
the implant of the dopants. Anomalous diffusion of
boron and phosphorus in silicon was demonstrated to
occur during implantation if the implants were carried
out at elevated temperatures [33]. Mobile point defects
in implanted silicon may also arise during annealing by
various processes, depending on the degree of damage
present [36]. They may result from annealing extended
defects [30] or from dissociation of clusters of silicon
interstitials which are formed during implantation [6,
37].

Recent work by Metzner er al. [38] has shown that,
during room temperature implants, only about 20% of
boron ions come to rest on substitutional lattice sites.
Therefore the model of a fast diffusing interstitial
boron atom during annealing is tempting because the
majority of boron atoms are available immediately for
fast diffusion. However, 80% of the boron atoms are
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available as interstitials for a random implant and thus
a channeling implant can only result in 25% more
interstitial boron atoms. This difference is insufficient
to explain the discrepancies in tail diffusion found in
experiments employing random vs. channeling implant
conditions. In these experiments, it has been shown
that the transient tail diffusion of channeled boron is
larger than for the random implants, but the total
number of rapidly diffusing boron atoms is largest for
random implants [23, 39, 40]. Furthermore, Oehrlein ez
al. [16] argued that the transient boron diffusion cannot
be attributed solely to interstitial boron atoms because
of their high diffusivity at low temperatures. Michel er
al. [31] showed that for low-dose boron implants the
number of boron atoms participating in the anomalous
diffusion process increases with temperature. Based on
the model of fast diffusing interstitial boron, we would
expect their number to be independent of the anneal
temperature.

In an attempt to resolve the issue of anomalous
boron diffusion in silicon, Hopkins ez al. [28] removed
the near-surface damage region of boron-implanted
silicon by a chemical etch prior to annealing. They
found no difference in boron diffusion after annealing
relative to an unetched sample. Therefore they con-
cluded that the anomalous boron tail diffusion is not
associated with implant damage in the region near the
peak of the boron profile. In contrast, a similar experi-
ment by Fan ez al. [41] showed that transient diffusion
is avoided if most of the implant damage is removed by
an anodic etch. Therefore they concluded that their
results did not support the model excluding implant
damage. Furthermore, Michel ez al. [31] suggested that.
in the experiment by Hopkins ez al. [28], not all of the
damage region is removed because defect clusters
extend to much larger depths [42] than the boron pro-
file, and thus the experiment did not rule out diffusion
enhancement by defects.

Cho er al. [36] have shown that transient boron
diffusion persists in ''B-ion-implanted and annealed
silicon if an additional implant with ''B ions is per-
formed which is followed by a second anneal. After the
first anneal, the ''B atoms are on substitutional sites,
and therefore they associated the enhanced diffusion
during the second anneal with implantation damage
and not with rapidly diffusing interstitial boron. How-
ever, part of the substitutional ''B atoms may have
been displaced during the second implant [31, 43] and
thus the result does not necessarily rule out the model
based solely on anomalously diffusing interstitial
boron.

Kim er al. [44, 45| have shown that for low-dose
boron implants in silicon (1 X 10" cm~? at 15 keV)
anomalous boron tail diffusion saturates within 10 s at
1000 °C. They attributed this result to the rapid




R. J. Schreutelkamp et al.

decrease in the concentration of mobile interstitials
during the initial stage of annealing and to the absence
of extended defects which may act as a source for inter-
stitials during prolonged annealing. For higher doses
they observed that the anomalous diffusion persists
after annealing for 10s and is dependent on the
annealing behavior of the extended defects. They asso-
ciated this continuing anomalous boron diffusion with
the (partial) annealing of extended defects. This was
also concluded by Bao and coworkers [46, 47] for
higher energy boron implants.

Recently, many experiments have concentrated on
the effect of an additional implant of silicon ions in
boron-implanted silicon on the transient boron dif-
fusion behavior. Silicon implantation leads to a super-
saturation of point defects without the introduction of
impurities. Thus the influence of (additional) implant
damage on boron diffusion can be further studied.
Michel er al. [48] found in such an experiment that
anomalous boron tail diffusion is retarded during
furnace annealing at 800 °C if, in addition to 2 x 10"
cm 2, 60 keV boron ions, an implant of 130 keV sili-
con ions to a dose of 2x 10" cm™? or higher is per-
formed. In contrast, Packan and Plummer [49] showed
in a similar experiment, but with a lower silicon dose
(10"-10"* ¢cm~?), that anomalous boron diffusion is
enhanced at high temperatures by increasing the dose
of the implanted silicon ions. Raineri et al. [50] illus-
trated that anomalous boron tail diffusion in silicon
implanted with 1x 10" ¢cm~ 2, 10 keV boron ions
along [100] was significantly reduced if 1.0 MeV silicon
ions were implanted at a dose of 5x 10" ecm™? or
higher. They showed that the reduction of anomalous
boron diffusion is accompanied by the formation of
secondary defects at a depth of about 1 u«m, the silicon
damage peak.

The discussion above demonstrates that it is worth-
while to investigate more extensively the role of
(extended) defects in the transient diffusion mechan-
ism. In this paper, we present the experimental details
and results on transient diffusion studies after channel-
ing implantation. It is shown that the formation of
extended defects within the boron profile has no in-
fluence on anomalous boron tail diffusion. The effect
of megaelectronvolt silicon irradiation on transient
boron diffusion has been studied as a function of sili-
con dose and it is shown that, in this case, the forma-
tion of deep extended defects does affect transient
boron tail diffusion. The dissolution of extended
defects is shown to result in enhanced boron diffusion.
It is demonstrated that transient diffusion can be
avoided by amorphization. Our results are compared
with a qualitative model on the role of boron kick-out
by interstitial silicon and trapping by extended defects.
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2. Experimental details

Implantations of ''B ions were performed with a
Varian/Extrion 220 medium current ion implanter at
Varian/Extrion [51]. Boron implantations were per-
formed in either the [100] direction or in a random
direction in 150 mm, 1-20 Q cm, n-type Czochralski-
grown silicon wafers of (100) substrate orientation.
Boron beam currents were limited to 100 u«A to avoid
beam heating effects. All implants were performed at
room temperature without intentional wafer cooling.
The random direction corresponded to a tilt of 10° off
normal and a twist of 15° with respect to the flat
positioned horizontally. Boron energies were in the
range 5-380 keV with doses between 2 X 10'* and
5% 10" em~ 2. Samples (1.5 cm X 1.5 cm) were cut out
of the silicon watfers for silicon or germanium irradia-
tions, thermal treatments or beam analysis. Implants of
881, *Si or 7*Ge ions were performed at the mega-
electronvolt ion implantation facility at the FOM [52].
Post-amorphization implants with 100-550 keV 2Si
or 3Ge ions were carried out with doses in the range
2x10"™ to 1x10" ecm™? at sample temperatures
between — 60 and — 100 °C. Damage irradiations were
performed with 1 MeV °Si ions at doses of 1 x 10'? to
5x 10" em™? at room temperature.

Implanted samples were annealed in a standard
vacuum furnace with a base pressure of less than 107
Torr, or in an AG Associates 401 or a Sitesa-Addax
RM rapid thermal processor. Rapid thermal annealing
(RTA) was performed under continuous argon or
nitrogen flow.

Implanted and annealed samples were investigated
by Rutherford backscattering spectrometry (RBS) with
2.0 MeV helium ions in the [100] channeling direction
to determine the implant damage, amorphized layer
thickness or the formation of secondary defects. The
backscattered helium ions were detected with a
standard surface barrier detector (0E = 15 keV at 0 °C)
at a backscattering angle 6 of 120° or 170°.

Cross-sectional transmission electron microscopy
(XTEM) and plan-view TEM were used to study
secondary defects. Samples for XTEM were thinned
using standard mechanical and ion milling procedures.
Observations were made in bright-field mode along
[011]. Samples for plan-view analysis were thinned by a
chemical etch from the backside in a solution of
3HF-6HNO;-2CH;COOH.

Boron concentration profiles were measured by
secondary ion mass spectrometry (SIMS) using a
Cameca IMS 3f or 4f. The 5 and 10 keV boron profiles
were measured using a primary beam of 3.0 keV, 0.25
#A O," in an oxygen ambient in order to resolve the
near-surface part of the profile (p(O,)=2 X% 10 Torr).
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For higher energy boron-implanted samples a primary
beam of 6.5 keV, 0.7 uA O," was used. The scanned
area was 250 um X 250 um and the diameter of the
analyzed area was 60 um.

3. Results

3.1. Transient boron tail diffusion

Channeled implants are perfectly suited for the for-
mation of a well-defined pn junction because of the
sharpness of the transition from the p- to n-doped
region. The steep decay of the boron profile for a chan-
neled implant is due to the strong reduction in the
(nuclear) energy loss straggling of the channeled ions
compared with an implant in a random direction.
Figure 1 shows the depth distributions for channeled
boron implants at energies in the range 5-380 keV
with the profiles normalized to a dose of 1 X 10'3 ¢m ™2
(actual doses ranged from 2 X 10'> cm~? for the lowest
energies to 2X 10" cm~? for the highest energy). The
sharp decrease in boron concentration at the maximum
penetration depth, 23+2 decades um™', is nearly
independent of implant energy. The depth of maximum
penetration R, is defined as the depth required to
stop all but 1% of the particles [53]. Excellent agree-
ment is found between our experimentally determined
values of R,,, and the calculated values based on the
modified Firsov theory [54], as the differrence between
the two values is smaller than 5% for all implants [55].

During thermal annealing to remove the ion implan-
tation damage and to activate the implanted dopants,
boron diffusion takes place. The effect of RTA at
900 °C is illustrated in Fig. 2 for a channeled implant
of 1 x10" ecm~ 2, 10 keV "'B ions. The SIMS ''B pro-
files are shown after implantation (a) and after anneals
for 10 s (b) and 20 s (c¢) at 900 °C. Anomalous boron
diffusion is observed in the tail of the profiles after
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Fig. 1. SIMS profiles of ''B ions implanted in Si(100) showing
the energy dependence for channeling implants along [100]. The
implants were performed at energies of 5, 10, 20, 40, 80, 200
and 380 keV. All doping profiles were normalized to a dose of
1 x 10" em ™2 The decay in the boron concentration at R, is
23 +2 decades um ™!, independent of energy.
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annealing. The boron diffusion is much larger than for
the normal intrinsic mechanism (L, = 1 nm for 10 s 2
900 °C, where L, represents the intrinsic diffusios
length [56]. The anomalous diffusion stops within 10
and therefore can be referred to as transient. Th
boron concentrations do not exceed the intrinsic car-
rier concentration (7;,=6 x 10" cm~* at 900 °C), an
thus concentration-enhanced diffusion is negligibl
[57]. The result illustrates the dramatic effect of annea!
ing on the depth and sharpness of the junction.

The anomalous tail diffusion observed in Fig. 2 1
not seen only for channeling implants. This is illus
trated in the profiles of Fig. 3 for implants of 1 X 10
cm™2, 5 keV "B ions in [100] and random directions
The SIMS profiles are shown for as-implanted sample
(a) and after RTA for 10 s at 900 °C (b) and 1100 °C
(c). For both implant conditions anomalous transien
boron tail diffusion is observed. In the tail region th
transient diffusion is larger for the implants along [10!
than along a random direction. For example, the dept*
at which the boron concentration is 1 X 10' cm~
shifts by 50 nm for the channeling implants and on!:
25 nm for the random implants. Significant boros
displacement is observed in the random implant us
to a concentration of approximately 8 X 10'” ¢m~
whereas for the channeling implant only boron below
concentration of approximately 6 X 10! cm ™3 move
significantly. This suggests that the number of boro
atoms showing anomalous diffusion is larger for th
random implants than for the channeling implants.

The amount of disorder produced in the boron
implanted silicon depends on the implant conditions
In general, a random implant leads to a larger numbes
of displaced silicon atoms than a channeled implan:
The annealing behavior of two particular samples
illustrated in the plan-view transmission electros
micrographs shown in Fig. 4. The results are demorn
strated for samples implanted with 1 x10'* em™-,
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Fig. 2. Transient diffusion is illustrated for an implantation
1x10"% ecm~2, 10 keV "B ions in Si(100) along [100]. Th=
boron profiles are shown after implantation (a) and after annez's
at 900 °C for 10s (b) and 20s (c). The results show th=
anomalous tail diffusion stops within 10 s at 900 °C.
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Fig. 3. SIMS profiles of 5 keV "B ions implanted to a dose of
1x10" em~2 in Si(100) along [100] (A) and random (B) direc-
tions. The boron profiles were measured after implantation (a)
and after anneals for 10 s at 900 °C (b) and 1100 °C (c). The
results illustrate the anomalous tail diffusion after high-tempera-
ture anneals for both implant conditions.

keV ''B ions with RTA for 10 s at 950 °C. No residual
defects are observed for the channeled implant (Fig.
4(A)), but for the implant in the random direction small
dislocation loops (¢=10-20 nm) are present (Fig.
4(B)).

The anomalous boron tail diffusion for low-dose
implants is a transient phenomenon, ie. for boron
implants of approximately 10'* ¢cm ™2 the anomalous
diffusion stops within 10 s at 900 °C. However, for
higher dose implants a different time dependence of
boron diffusion is observed. In Fig. 5 SIMS profiles are
shown for channeled implants of 2% 10'* cm~2, 380
keV "B ions (note that for this implant the boron peak
concentration C,<n=6X10" cm~? at 900 °C, and
thus concentration-enhanced diffusion is negligible).
The as-implanted profile demonstrates the steep decay
of the boron concentration at the substrate side,
approximately 25 decades um~'. The change in the
boron profile tail after RTA for 10 s at 900 °C, com-
pared with the as-implanted profile, is too small to
determine accurately the boron displacement. The dif-
fusion after 15 min is significant and may be caused by
evaporation of extended defects as will be discussed
later.

The diffusion behavior for high-dose implants of
boron (C,> n;) during RTA is illustrated in Fig. 6.
SIMS profiles are shown for 5x 10> cm~2, 100 keV
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L Sl

Fig. 4. Plan-view transmission electron micrographs after
annealing for 10 s at 950 °C of Si(100) implanted with 1 x 10"3
em 2, 5 keV ''B ions in [100] (A) and random (B) directions.
The sample which was implanted in a random direction contains
small (¢<20 nm) dislocation loops. The channeling implant
results in defect-free silicon.
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Fig. 5. Anomalous boron tail diffusion is illustrated for implants
of 380 keV ''B ions implanted to a dose of 2x 10" cm~? in
Si(100) along [100]. The boron profiles are shown after implan-
tation (a) and after anneals at 900 °C for 10 s (b) and 15 min (c).
Contrary to the results of low-dose implants, anomalous
diffusion persists for longer times as shown by the result after
annealing for 15 min.

"B implants in [100] channeling and random direc-
tions. The as-implanted profile for the implant in a
random direction peaks at a depth of 330 nm, in good
agreement with the calculated projected range of 320
nm from transport and ranges of ions in matter
(TRIM86) [58]. The channeling implant peaks at a
depth of 440 nm. After RTA for 20 s at 900 °C tran-
sient boron tail diffusion is observed for both implant
conditions. At a boron concentration of 2 x 107 cm™*
the boron displacement is 58 nm for the channeling
implant and 35 nm for the random implant. For both
implants a kink in the tail of the boron profile results at

a concentration of approximately 7x 10" c¢m™?
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Fig. 6. Anomalous boron tail diffusion is illustrated for high-dose
boron implants in Si(100). The implants were performed at an
energy of 100 keV to a dose of 5% 10> em~* in [100] (A) and
random (B) directions. SIMS profiles are shown after implanta-
tion (a) and after anneals for 20 s at 900 °C (b)and 1000 °C (c).

(n;=6x10" ¢cm~3 at 900 °C). Above this concentra-
tion, referred to as C,,, [30, 59], no boron diffusion is
observed for either implant conditions. After RTA for
20 s at 1000 °C no significant change in the boron
profile compared with RTA for 20s at 900 °C is
observed for the implant in the [100] channeling direc-
tion below C= 7% 10'S cm~? (Fig. 6(a)). The transient
boron tail diffusion below this concentration has
apparently stopped. For the implant in a random direc-
tion anomalous diffusion is observed at 1000 °C in the
tail region for concentrations above Cl,,. A kink in the
boron profile is seen at a concentration of approxi-
mately 102" cm™3, close to the solubility limit of
(1-1.1)x 10*° ecm 3 at 1000 °C [60]. The boron profile
above a concentration of 10°° cm~? remains identical
to the as-implanted profile for both implant conditions.

The effect of a longer annealing time on the
(anomalous) boron diffusion in silicon for the high-
dose implants is shown in Fig. 7 after anneals in a vac-
uum furnace for 30 min at 800, 900 and 1000 °C.
Anomalous diffusion is observed for both implant con-
ditions after annealing at 800 °C (b) if compared with
the as-implanted profile (a). The profiles have a kink at
a boron concentration of C,,=3.5x10" cm™?
(n;=3%10'8 cm~3 at 800 °C). Below C,,;, anomalous
boron diffusion is observed, while above C; no sig-
nificant boron diffusion takes place. The boron dis-
placement at a concentration of 2X10' em™ is
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Fig. 7. Anomalous diffusion effects illustrated for boron
implants in Si(100) after high-temperature furnace annealing
The implants were performed at an energy of 100 keV to a dosc
of 5%10' ecm~2in [100] (A) and random (B) directions. SIMS
boron profiles are shown after anneals for 30 min at 800 °C (b .
900 °C (c)and 1000 °C (d). The as-implanted boron profiles are
also shown (a).

approximately 100 nm for the channeling implant anc
approximately 75 nm for the random implant and thus
much larger than the intrinsic diffusion length (L, = 2
nm) [56]. After anneals for 30 min at 900 °C
anomalous diffusion is observed at both the surface
and substrate sides of the profiles (Fig. 7(c)) up to @
concentration of C,=6 X 10" ¢cm™? (C, represents the
solid solubility of boron in silicon at 900 °C). These
results are consistent with those of Kim ez al. [61] who
showed that the static boron peak starts to become
mobile at the end of the diffusion transient and con-
centration-enhanced diffusion starts. This effect has
also been studied by means of electrical character-
ization. Integral Hall measurements were performed
at room temperature. The results of the electrical
measurements indicate that, for times in the rang
20-60 s, the electrically active boron fraction remains
constant and equal to 0.26 and 0.29 for the rando
and channeling implants respectively. After annealing
for 120 s the electrically active fraction is 0.4 for bot
implant conditions, consistent with the results of Kim ¢
al. [61]. SIMS profiles after anneals for 30 min a
1000 °C are also shown (Fig. 7(d)). Although th
intrinsic diffusion length is substantial at 1000 °
(L, =50 nm) [56], the actual diffusion is much large
for both implant conditions. The anomalous diffusio
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is known as concentration-enhanced diffusion
> C.) The maximum boron concentration in the
boron profiles after annealing is approximately 10
em 3, equal to the solid solubility of boron in silicon at
1000 °C. Integral Hall measurements showed that in
this case complete electrical activation of boron was
achieved.

In this section we have illustrated that transient
boron tail diffusion results from high-temperature
anneals for short times (approximately 10-20 s). The
transient boron tail diffusion behavior is similar for
doses between 103 and 5x 10" cm™ . Furthermore,
the present results show that anomalous boron dif-
fusion persists for high boron doses if longer annealing
times are applied at high temperatures. In the next
section we illustrate the defect evolution for high-dose
boron implants in silicon as a function of time at high
temperatures and show that the anomalous boron dif-
fusion encountered during longer annealing times is
accompanied by evaporation of extended defects.

3.2. Formation of extended defects

In recent work we have shown that secondary
defects form during high-temperature treatment in
boron-implanted silicon if the total number of dis-
placed silicon atoms exceeds a critical value of
approximately 1.5x 10" cm~? [62]. The high-dose
implants (greater than 1 X 10'* cm™?) considered in the
previous section all give rise to a total number of
displaced silicon atoms which exceeds the critical
value. Therefore secondary defect formation is
expected to occur simultaneously with the transient
boron tail diffusion during high-temperature treatment.
Secondary defects may influence boron transient
diffusion and, in this section, the formation of extended
defects and their effects on diffusion are discussed for
the implants of 5% 10'% em™~?, 100 keV boron ions in
silicon. These implants result in a total number of
displaced silicon atoms of Ny =~ 1% 10! cm ™2 which
is significantly above the critical value. (For high-dose
(greater than 2 10'® cm™?) implants of 100-200 keV
boron ions in silicon at room temperature the total
number of displaced silicon atoms is independent of
implant condition. This is due to the dechanneling
from the build-up of disorder as the dose is increased.)

Rutherford backscattering spectra in the [100]
channeling direction are shown in Fig. 8 for samples
implanted along [100] and in a random direction after
anneals for 20 s at 800 °C (a), 900 °C (b) and 1000 °C
(¢c). Also shown is a reference spectrum of unimplanted
silicon (d). The amount of dechanneling increases very
rapidly in the annealed samples in the regions between
300 and 480 nm below the silicon surface for the
implants in the [100] direction, and between 190 and
345 nm for the implants in a random direction. A
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Fig. 8. Rutherford backscattering spectra in a channeling con-
figuration for Si(100) samples implanted with 100 keV boron
ions to a dose of 5x 10'® ecm~?in [100] (A ) and random (B) direc-
tions. The measurements were taken after anneals for 20 s at
800 °C (a), 900 °C (b) and 1000 °C (c). A channeling spectrum of
unimplanted silicon is also shown (d). The channeling
measurements illustrate the formation of extended defects
during high-temperature annealing.

strong increase in the amount of dechanneling occurs
in the regions which coincide with the peak positions of
the damage distributions in the as-implanted silicon.
Furthermore, the amount of dechanneling increases
with temperature. The results are very similar for the
random and channeling implants and indicate that
extended defects are formed during annealing.

The effect of a longer annealing time on the dissolu-
tion of implantation damage is illustrated in Fig. 9 by
RBS analysis in a channeling configuration. The results
are shown for high-dose implants in a random direc-
tion after anneals for 30 min at 800 °C (a), 900 °C (b)
and 1000 °C (c). Also shown is a reference spectrum
of unimplanted silicon (d). After anneals at 800 and
900 °C channeling spectra are obtained which are very
similar in shape to the spectra shown in Fig: 8 and
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Fig. 9. Rutherford backscattering spectra in a channeling con-
figuration for Si(100) samples implanted with 100 keV boron
ions to a dose of 5% 10" cm~? in a random direction after
anneals for 30 min at 800 °C (a), 900 °C (b) and 1000 °C (c). A
channeling spectrum of unimplanted silicon is also shown (d).

illustrate that a high concentration of extended defects
must be present in the region 190-345 nm below the
silicon surface. The profile obtained after annealing at
1000 °C shows a dramatic decrease in the amount of
dechanneling, indicative of annealing of the extended
defects. However, the increase in the amount of
dechanneling with depth starting from the surface
region is still considerably higher than for unimplanted
silicon which indicates that some defects remain. The
time evolution of the extended defects during anneal-
ing at 1000 °C has been more extensively investigated.
Figure 10 shows the Rutherford backscattering spectra
taken in the [100] direction after anneals for 1 min (a),
2 min (b), 4 min (¢) and 8 min (d). The amount of
dechanneling between channels 200 and 175 starts to
decrease after a time of 1 min. For annealing times
longer than 8 min the amount of dechanneling remains
essentially unchanged. The channeling spectrum of
unimplanted silicon is shown as a reference (e).

These samples have also been investigated by
XTEM analysis to determine the character of the
residual defects. Figure 11 shows cross-sectional trans-
mission electron micrographs of the samples after
anneals for 30 min at 800 °C (a) and 1000 °C (b). No
residual defects are seen to a depth of 200 nm below
the surface after annealing at 800 °C. From a depth of
200 to 350 nm a continuous band of dislocations is
observed. Below this band of dislocations there is a low
concentration of rod-shaped defects elongated along
(110). The band of secondary defects results in the
steep rise in the amount of dechanneling and the direct
scattering peak which are observed in the channeling
spectrum of Fig. 9 between channels 200 and 175. In
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Fig. 10. The time evolution of extended defects is illustrated in
Si(100) for random implants of 100 keV boron ions to a dose of
5x 10" em 2. Rutherford backscattering channeling spectra are
shown after anneals at 1000 °C for 1 (a), 2 (b), 4 (c) and 8 min
(d). A channeling spectrum of unimplanted silicon is also shown

(e).

Fig. 11. Cross-sectional transmission clectron mucrographs of
Si(100) implanted with 100 keV boron 3 woadosesof 5x101°
cm™? in a random direction. The were taken after
anneals for 30 min at 800 *C A ! 5. At a tempera-
ture of 1000 °C the extended defects whach are positioned near
the depth of the boron damage peak anneal ot

Fig. 11(B) a cross-sectional tramsmission electron
micrograph is shown after annealime for 30 min at

1000 °C. The band of dislocations centered at a depth
of 275 nm, observed in Fig. 11/ A has disappeared. A

B
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low concentration of dislocations remains near this
depth, corresponding to the position where the damage
distribution is peaked in the as-implanted sample. Near
a depth of 100 nm below the surface stacking faults are
observed which cause the enhancement in the amount
of dechanneling after an anneal of 30 min at 1000 °C
Fig. 9). The formation of such stacking faults after
high-temperature annealing in high-dose, boron-
implanted silicon has been observed previously for 40
and 70 keV boron ions [29, 63].

The present results show that high-temperature

annealing of silicon implanted with a high dose of
boron consists of two stages: in the first stage secon-
dary defects form from condensation of point defects
see Fig. 8); if, however, the annealing temperature is
high enough, prolonged annealing results in subsequent
dissolution of the extended defects (see Fig. 10). In the
previous section, we observed that anomalous boron
tail diffusion is similar for low- and high-dose boron
implants during short (10-20 s) anneals at high tem-
peratures. However, we also found that longer anneal-
ing times (approximately 30 min) at 1000 °C result in
anomalous boron diffusion for high-dose implants.
From these results we can conclude that the evapora-
tion of extended defects leads to further boron dif-
fusion.

In the next section experimental results are provided
which further illustrate the role of point defects and the
formation and evaporation of extended defects on
boron diffusion. The formation of point defects and
extended defects is tailored by silicon implants to vary
these conditions.

3.3. Megaelectronvolt Si™ irradiation

Various studies on boron diffusion in silicon have
illustrated that the diffusion behavior of boron can be
influenced by additional irradiation with silicon ions
prior to annealing [48, 49]. The silicon implants result
in a supersaturation of point defects and, if the dose is
sufficiently high, in extended defect formation. In this
section the effect of introducing defects by mega-
electronvolt silicon irradiation following low-energy
boron implantation on the transient diffusion of boron
atoms is investigated. Megaelectronvolt silicon irradia-
tion was chosen because any extended defects caused
by the 1 MeV silicon implants are formed well beyond
the tail of the boron profile, while a nearly constant
concentration of point defects is created within the
boron profile. Wafers were implanted with 1x10'3
cm~2, 10 keV ''B ions along the [100] channeling
direction. Subsequent implants of 1 MeV 2°Si ions
were performed at doses varying from 1x10' to
5x10' cm~2. In Fig. 12 RBS measurements are shown
in the [100] channeling direction for samples post-
irradiated with 1% 10'° (a), 1x10'? (b), 5% 10" (c),
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Fig. 12. RBS measurements in a channeling configuration of
samples implanted with 1x 10'* ecm ™2, 10 keV !'B ions along
[100] and subsequently irradiated with 1.0 MeV *°Si ions to
doses of 10" (a), 10'?(b), 5x 10" (¢), 1.5x 10" (d)and 5x 10'*

2

cm ™ (e). Spectrum (f) is an unirradiated sample for reference.

1.5%x 10" (d) and 5% 10" cm~2 (e), 1 MeV 2°Si ions.
The channeling spectrum for unimplanted silicon (f) is
shown as a reference. The channeling spectra of
samples implanted with doses of 1x 10'* and 1 x 10'?
cm~? are indistinguishable from the channeling
spectrum for unimplanted silicon. For the other
spectra, up to a depth of approximately 0.5 um below
the surface, the fraction of displaced atoms slowly
increases and remains below about 1% even for the
highest dose. The damage distribution for 1 MeV sili-
con implants peaks at about 1 um below the surface.
The concentration of displaced silicon atoms at a depth
of about 0.3 um (i.e. near the boron profile tail) was
estimated from the channeling spectra to be in the
range 1 X 10" to 3 x 10?" cm~? for silicon doses in the
range 5X 10" to 5% 10" ecm ™2 This number of dis-
placed atoms is more than four orders of magnitude
higher than the boron concentration in the tail region.
For the two lowest doses of 1 MeV *Si ions the con-
centration of displaced silicon atoms was estimated
from TRIMS86 [58]. According to the calculations the
concentrations at a depth of 0.3 um correspond to
1x10"7and 1 x 10" cm 3 for silicon doses of 1 x 10!
and 1 x 10" cm™? respectively, still at least one order
of magnitude higher than the boron concentration in
the tail region.

From the channeling spectra the total number of dis-
placed atoms was determined [64] to be 9X 10,
2x10" and 3.7x10'Y cm~? for the implants of
5x10"3, 1.5x 10 and 5x10' cm™? respectively.
Details on the determination of the total number of dis-
placed silicon atoms can be found in ref. 65. TRIM86
calculations were used to estimate the total number of
displaced silicon atoms for the doses of 1x 10'° and
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1 x 10'2 cm~2, which resulted in 3x 10'3 and 3 x 10"
displaced silicon atoms cm™? respectively. The
TRIMS6 value for the total number of displaced silicon
atoms agrees reasonably well with the value estimated
from RBS. The difference is within a factor of two for
a dose of 5% 10" cm ™2, while for the highest dose the
difference is a factor of four. The discrepancy between
TRIMS86 and RBS analysis may be due to dynamic
annealing processes during implantation.

In Fig. 13 the SIMS boron profiles are shown after
RTA for 10s at 900 °C of samples irradiated with
1x 101, 1x10'2, 5x10%, 1.5x10" and 5% 10"
cm 2, 1 MeV 2°Si ions, and for a sample which was
not irradiated with 1 MeV silicon ions. The as-
implanted boron profile is shown as a reference spec-
trum (a). The sample which was not irradiated with 1
MeV silicon ions shows that transient diffusion takes
place during annealing in the tail of the boron profile
(b). Identical diffusion behavior is observed in the tail
of the boron profile for 1 MeV silicon irradiations of
1x10" em~2(c)and 1x10'> ¢cm ™2 (d). In contrast, for
a silicon dose of 5% 10'3 cm~* or higher the transient
diffusion is considerably reduced ((e)-(g)). Although
the results in Fig. 13 show that after silicon irradiation
at a sufficiently high dose the transient diffusion is
reduced, it is still present. The diffusion length is con-
siderably larger than expected for substitutional boron
diffusion (L, = 1 nm at 900 °C for 10 s)[56]. It should
also be noted that the reduction in boron transient tail
diffusion is independent of silicon dose above 5% 10"
cm 2,

It is clear from the results shown in Fig. 13 that, in
order to reduce transient diffusion, a threshold dose of
1 MeV silicon has to be exceeded. This critical dose
lies in the range 10'? to 5x 10" em 2. XTEM was
used to investigate the samples irradiated with doses of
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Fig. 13. SIMS profiles of boron after implantation of 1x 10"
cm 2, 10 keV ''B ions along [100] (a); (b) similar to (a) after
annealing for 10s at 900 °C; (c), (d), similar to (a) after an
additional irradiation with 10" or 10'2 cm~2, 1.0 MeV *°Si ions
and subsequent annealing for 10 s at 900 °C; (e)-(g) similar to (a)
after an additional irradiation of 1.0 MeV *Si ions to doses of
5% 10'3,1.5x 10" and 5% 10'* cm™? and subsequent annealing
for 10 s at 900 °C.

o

1x10" and 5x 10" em ™2, 1.0 MeV *’Si ions a
annealed for 10s at 900 °C (Fig. 14). No residi
defects are observed in the sample irradiated with
dose of 1x10" ¢cm~ 2. In the sample irradiated w
5% 10" cm~? Si ions, no residual defects are prese
within 0.5 um of the surface, but from a depth of 0.5
1.0 um an increasing concentration of dislocati
loops is observed. Beyond a depth of 1.0 um rc
shaped defects along (110) directions are observ
extending to a depth of 1.4 um. At an energy of 1 M
the critical number of displaced silicon atoms requit
for secondary defect formation is generated for a dc
of (3-4)x 10" e¢m 2 [62]. During the anneal int
stitials from the damaged region agglomerate at |
peak position of the damage distribution and fo
secondary defects. The results shown in Figs. 13 a
14 therefore suggest that the reduction in the transi

S —p

Fig. 14. Cross-sectional transmission electron micrograph
Si(100) samples implanted with 10 keV ''B ions to a dos
1 x 103 cm~? along [100] and subsequently implanted with
MeV 29Si ions to doses of 10'2 (A) and 5x 103 cm ™2 (B).
micrographs were taken after annealing for 10 s at 900 °C.
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diffusion is associated with the formation of extended
defects.

After annealing for 10 s at 900 °C a reduction in the
boron tail diffusion is observed if the irradiation dose
of silicon ions is sufficiently high. The effect of anneal-
ing for a longer time is now discussed. In Fig. 15 SIMS
profiles are shown for silicon samples implanted with
1x10" em~2 10 keV ''B ions along the [100] chan-
neling direction and subsequently irradiated with 1
MeV *’Si ions to a dose of 1 x 10" cm~2. The silicon
dose is sufficient to cause a reduction in the anomalous
tail diffusion after annealing for 10 s at 900 °C (see also
Fig. 13). The boron depth profiles are shown for the
as-implanted sample (a) and after RTA at 900 °C for
10 s(b)and 2 x 10 s (c). In addition, the SIMS profile is
presented for a sample which was not irradiated with
1.0 MeV 2“Si ions but annealed at 900 °C for 10 s (d).
In agreement with the results of Fig. 13 a reduction in
the transient boron tail diffusion is observed if the
sample is irradiated with 1 MeV silicon and annealed
for 10 s at 900 °C. However, after a subsequent anneal
of 10 s the anomalous diffusion is observed again and
is more pronounced for 10<:<20s than for
0<1<10s. The effect is ascribed to partial dissolution
of secondary defects formed near a depth of 1 um
during the first annealing stage (0<¢<0s). This
releases interstitials, enabling kick-out and thus fast
boron diffusion.

The effect of prolonged annealing on the boron tail
diffusion has been studied in more detail. The anneal-
ing of pre-existing secondary defects releases point
defects and therefore may influence boron diffusion.
Secondary defects were formed in silicon implanted
with 1 x10" cm™2, 10 keV boron ions by irradiation
with 1 MeV 2“Si ions to doses of 2 x 10'3, 5x 10" and
5x10" em~? followed by annealing for 10s at
900 °C. XTEM analysis (not shown) confirmed that for
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Fig. 15. SIMS profiles of 10 keV ''B ions implanted to a dose of
1x 10" em™? along [100] in Si(100) after implantation (a); (b)
similar to (a) after an additional implant of 1.0 MeV **Siions to a
dose of 1x10"™ ecm™? and annealed for 10s at 900 °C; (c)
similar to (b) after subsequent annealing for 10 s at 900 °C. A
SIMS profile of an unirradiated sample after annealing for 10 s
at 900 °C (d) is shown as a reference.
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all implants secondary defects are formed during RTA.
A second anneal was performed in a vacuum furnace
for 15 min at 1000 °C. Figure 16 shows the SIMS
profiles for these samples. The as-implanted boron
profile is shown as a reference (a). The boron depth
profile is also shown for a sample irradiated with
5%10% em™2, 1 MeV »Si ions and annealed for only
10 s at 900 °C (b). The sample irradiated with 5 x 10"
cm™* *Si ions (d) shows the largest diffusion after 15
min at 1000 °C. Significantly less diffusion is observed
for the sample irradiated with 2 X 103 ¢m~2 2°Si ions
(¢), while the sample implanted with the highest silicon
dose (e) shows the least diffusion. Even for the sample
with the highest silicon dose the boron tail diffusion is
anomalous (L;,, = 30-45 nm at 1000 °C for 15 min)
[56].

In Figs. 17(A) and 17(B) the cross-sectional trans-
mission electron micrographs are shown for the
samples after irradiation with 1 MeV #“Si ions to a dose
of 5x10" ecm™2. Micrographs were taken after RTA
for 10 s at 900 °C (A) and after subsequent annealing
for 15 min at 1000 °C (B). Figure 17(A) is identical to
Fig. 14(B) and shows the existence of a band of secon-
dary defects between 0.5 and 1.0 um below the silicon
surface after annealing for 10 s at 900 °C. Figure 17(B)
shows that, after subsequent annealing for 15 min at
1000 °C, the secondary defects have completely disap-
peared. At this high temperature extended defects
release interstitials which enhance boron diffusion.
Figure 18 shows Rutherford backscattering channeling
spectra for the sample irradiated with 1.0 MeV 2°Si
ions to a dose of 5 10" cm™~* after annealing for 10 s
at 900 °C (a). The spectra of unimplanted silicon in the
[100] channeling direction (b) and a random direction
(c) are also shown. The channeling spectrum of the
implanted sample shows that the yield is nearly equal
to that of unimplanted silicon down to channel 120.
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Fig. 16. SIMS profiles of 10 keV ''B ions implanted to a dose of
1x10" em~2 along [100] in Si(100) after implantation (a), after
additional irradiation with 5x 10" em=2, 1.0 MeV 2°Si ions
followed by annealing for 10 s at 900 °C (b) and after additional
implants of 2X 10" (¢), 5x 10" (d) and 5x10™ ecm~2 (e)
followed by annealing for 10s at 900 °C, with subsequent
annealing for 15 min at 1000 °C.
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Fig. 17. Cross-sectional transmission electron micrographs of
samples implanted with 10 keV ''B ions to a dose of 1x10'?
cm ™ along [100] and subsequently implanted with 1.0 MeV *“Si
ions to a dose of 5x 10" em™2 The micrographs were taken
after annealing for 10 s at 900 °C (A ) with subsequent annealing
for 15 min at 1000 °C (B). The secondary defects present after
annealing at 900 °C disappear during the second thermal treat-
ment.

Below this channel a strong increase in the amount of
dechanneling is observed compared with that of un-
implanted silicon, indicative of the presence of
extended defects. In Fig. 19 a cross-sectional trans-
mission electron micrograph is shown after additional
annealing for 15 min at 1000 °C. Extended disloca-
tions are observed (length, approximately 0.3 um) near
a depth of 1 um below the surface. Therefore, in
contrast with the sample irradiated with 10'* ecm~2, 1
MeV silicon ions, secondary defects remain. These
results are consistent with the observations by Tamura
and Natsuaki [66] who showed that, for high-dose
megaelectronvolt implants (5% 10'* ecm~? or greater),
secondary defects can be annealed out only at temper-
atures of 1100 °C or higher.
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Fig. 18. RBS measurements in a channeling configuration of
Si(100) implanted with 10 keV !''B ions to a dose of 1 X 10"
cm ™2 along [100] and subsequently with 5x 10" cm™2, 1 MeV
silicon ions and annealed for 10 s at 900 °C (a). The spectra of
unimplanted silicon are also shown in the [100] channeling direc-
tion (b) and in a random direction (c).

Fig. 19. Cross-sectional transmission electron micrograph of a
sample implanted with 10 keV ''B ions to a dose of 1x 10"
em~? along [100] and subsequently with 5x 10" cm™2, 1 MeV
silicon ions. The sample was annealed for 10s at 900 °C
followed by annealing for 15 min at 1000 °C. Extended defects
(¢=0.3 um)are observed at a depth of 1 um below the surface.

In this section we have shown that transient boron
tail diffusion can be significantly reduced if additional
damage is introduced by means of megaelectronvolt
silicon irradiation. The reduction of boron diffusion is
associated with the formation of extended defects at
larger depths. However, if the samples are annealed for
longer times or at higher temperatures, extended
defects evaporate and further anomalous boron dif-
fusion is observed. This has been illustrated for silicon
irradiations of 2% 10'3, 5% 10" and 5% 10" cm~2, 1
MeV silicon ions. Each implant results in secondary
defect formation at a depth of 1 um after annealing for
10s at 900 °C. Further annealing for 15 min at
1000 °C results in (partial) evaporation of extended
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defects and in anomalous boron tail diffusion. The
effect is most significant for irradiation with 5x 10!3
em ™2, 1 MeV silicon ions. XTEM illustrates that com-
plete annealing of secondary defects is accomplished at
1000 °C. This also holds for irradiation with 2 x 10'3
cm %, 1 MeV silicon ions but the number of evaporated
secondary defects is much smaller. The highest silicon
dose, i.e. 5X 10" ¢cm ™2, results in the lowest diffusion
rate. XTEM shows that extended defects remain after
annealing and thus fewer interstitials are released.
Apparently, the extent of anomalous diffusion depends
on the number of extended defects which anneal out.

3.4. Amorphization with 2°Si or ?Ge ions

The effect of post-amorphization on the boron tail
diffusion was studied for silicon samples implanted
with 110" em~2, 10 keV ''B ions along the [100]
channeling direction. The samples were then
amorphized with **Si or *Ge ions. The post-amorphi-
zation with silicon ions was accomplished by multiple
implants of 5 X 10" cm =2 at 125 keV, 1 X 10'S cm 2 at
200 keV and, finally, 1 X 10'5 cm~2 at 400 keV. During
the implants the samples were held at a temperature of
— 100 °C. Post-amorphization with germanium ions
was accomplished by implants of 2 X 10'# cm 2 at 200
and 550 keV. During the germanium implants the
samples were held at a temperature of — 60 °C. These
sets of implants amorphized surface layers of approxi-
mately 0.5 um. The silicon parts of the channeling
spectra are shown in Fig. 20 after post-amorphization
with germanium ions (a), after recrystallization at
550 °C for 5 h (b) and after subsequent RTA at 900 °C
for 10s (c). The spectra of unimplanted silicon are
shown for [100] channeling (d) and random (e) direc-
tions as reference. Annealing for 5 h at 550 °C ensures
complete solid phase epitaxy (SPE) of the amorphized
surface layer [67, 68]. The spectra taken after recrystal-
lization and subsequent high-temperature annealing
cannot be distinguished from that of unimplanted c-Si.
RBS and channeling analysis of the germanium part of
the spectra for samples implanted with germanium
show that more than 90% of the germanium atoms are
on substitutional sites after both SPE and subsequent
RTA treatments, indicative of high-quality crystalline
material.

The effect of post-amorphization with silicon or
germanium ions on the boron depth profile is illus-
trated in Figs. 21 and 22 respectively. SIMS profiles
are shown for an as-implanted sample (a) and for
samples post-amorphized with silicon (Fig. 21) or
germanium (Fig. 22) ions and annealed at 550 °C for
5 h followed by 900 °C for 10 s (b). The SIMS profiles
for samples which were not amorphized but were given
an identical thermal treatment are also shown (c). In
Fig. 21 the boron depth profile is also shown for a
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Fig. 20. RBS measurements in a channeling configuration of
Si(100) implanted with 10 keV ''B ions to a dose of 1 x 10'3
em* along [100] and subsequently with 2 x 10'* em~? "Ge ions
at energies of 200 and 550 keV after implantation (a), annealing
for 5 h at 550 °C (b) and annealing for 5 h at 550 °C followed by
annealing for 10 s at 900 °C (c). The germanium implants were
performed at —60 °C and result in an amorphized surface layer
of 0.5 um. After both anneals the channeling spectra are in-
distinguishable from unimplanted = silicon. Spectra of un-
implanted silicon in channeling (d) and random (e) directions are
also shown.
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Fig. 21. SIMS profiles of silicon samples implanted with 10 keV
"'B ions to a dose of 1x 10! ¢m~2 along [100] after implanta-
tion (a), silicon post-amorphization and annealing for 10 s at
900 °C (b) and silicon post-amorphization and annealing for 5 h
at 550 °C followed by annealing for 10s at 900 °C (d). The
SIMS profile for a sample which was not post-amorphized but
annealed for 10 s at 900 °C (c) is shown as a reference.

sample which was post-amorphized and only annealed
for 10's at 900 °C (d). The samples which were not
amorphized show transient boron tail diffusion. The
post-amorphized samples do not show significant dif-
fusion. Thus the post-amorphization procedure avoids
transient boron tail diffusion.

In this section we have shown that boron transient
tail diffusion can be avoided by amorphization of the
surface layer of silicon such that the boron profile is
completely incorporated in the amorphized layer.
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Fig. 22. SIMS profiles of silicon samples implanted with 10 keV
1B ions to a dose of 1x 10" cm~? along [100] after implanta-
tion (a), after additional germanium post-amorphization
followed by annealing for 5 h at 550 °C and 10 s at 900 °C (b)
and for a sample which was not post-amorphized but annealed
for 10 s at 900 °C (c).

4. Discussion

In this section we show that our results are con-
sistent with the idea that the phenomenon of transient
diffusion of implanted boron in silicon is due to the
kick-out mechanism. The interaction of interstitial sili-
con with boron atoms on lattice sites leads to the kick-
out of boron atoms and thus the boron diffusivity is
enhanced whenever interstitial silicon atoms are avail-
able. The influence of the formation of extended
defects (stage 1) and the annealing of extended defects
(stage I1) on boron diffusion is discussed. During stage I
the concentration of mobile interstitials which are
available for kick-out of substitutional boron atoms
decreases with annealing time, whereas during stage 11
interstitials are released from the extended defects and
boron diffusion is again enhanced.

4.1. Boron implants in silicon with N< N

In this section we discuss the boron diffusion
behavior for every boron implant at a dose of 10"
cm 2 or less. These implants result in a total number of
displaced silicon atoms below the critical number N, of
approximately 1.5x 10'® cm™* for secondary defect
formation during annealing for 15 min at 900 °C [62].
Therefore the influence of extended defect formation
and annihilation on (anomalous) boron diffusion can
be neglected. Concentration-enhanced diffusion is also
negligible because C, <n;. The results shown in Figs. 2
and 3 indicate that, for low-dose boron implants, the
anomalous diffusion stops within 10 s at 900 °C, and
thus can be referred to as transient. Similar observa-
tions have been made by others. Kim e al. (44, 45]
have shown that anomalous boron tail diffusion stops
within 10 s at 1000 °C for an implant of 1 X 10" cm 2,
15 keV boron ions in silicon, and within 1 s at 900 °C
for an implant of 5x 10" cm™?, 50 keV boron ions
according to Hodgson ez al. [27]. In both cases the total
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number of displaced silicon atoms is below N, and no
extended defects form during high-temperature treat-
ment. Similar diffusion behavior has also been
observed for phosphorus ions in silicon by Oehrlein ¢
al. [15, 16]. They found that anomalous phosphorus
tail diffusion stops within 10 s at 950 °C for an implan?
of 1x10" em 2, 50 keV phosphorus ions in silicon:
According to the kick-out mechanism, anomalous
boron diffusion persists as long as mobile interstitia
silicon atoms are available [69]. During high-tempera
ture annealing the number of mobile interstitial silico
atoms will rapidly decrease due to annihilation, pre
dominantly with vacancies, and thus the anomalous dif
fusion will stop as soon as no more silicon interstitia's
are available. Therefore, the present results are i
agreement with the kick-out model.

The comparison in Fig. 3 between random an
channeling low-dose boron implants shows that th
anomalous diffusion in the profile tail is more prom:
nent for channeling implants than for random implants
A similar behavior was observed by Chu ez al. [39] fo
5 keV boron implants to a dose of 2x 10" cm™* an
they suggested that the difference in the transie
boron diffusion behavior reflects the difference in th
distributions of the displaced silicon atoms. Th
random implants result in displacement of silico
atoms throughout the whole boron profile, whereas th
channeling implants only displace silicon atoms in th
EOR region [70]. Moreover, the overall damage level
larger for random implants than for channeli
implants. Therefore, the present results may indicas
that more boron atoms diffuse anomalously for
random implant than for a channeled implant. Hov
ever, we observe more transient tail diffusion for t!
channeling implants than for the random implan
because most of the implant damage results in tf
EOR region.

At first glance the difference in transient boron 1
diffusion between the two different implant conditios
appears to be related to the difference in secondas
defect formation. The plan-view micrographs in Fig
illustrate that, for implants of 1x 10" ecm™2, 5 ke
boron ions in a random direction, small dislocatic
loops (¢ = 10-20 nm) result after annealing for 10 s
950 °C, whereas for the channeling implants
residual defects are observed. The small dislocatic
loops observed in the near-surface region for
random implants are thought to be interstitial-tys
defects [71, 72]. Yet, these defects are not as stable
the extended defects observed after implantation
boron above a dose of approximately 10'* cm™= s
ref. 73). The number of interstitials involved in the i
mation of the secondary defects was estimated frc
plan-view TEM analysis to be approximately I
cm 2, considerably lower than the total number of d
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placed silicon atoms of approximately 5x 10'4 ¢m 2
estimated from TRIMS86 [58]. Therefore, the number
of interstitials involved in the formation of secondary
defects is small compared with the total number of dis-
placed silicon atoms and the formation of these secon-
dary defects may not significantly affect the anomalous
boron tail diffusion. This also directly follows from
further plan-view TEM investigations which show that
the secondary defects are no longer present after
annealing above 1050 °C instead of 950 °C, whereas in
Fig. 3(b) the SIMS profiles after annealing for 10 s at
900 °C and 1100 °C are identical; thus annealing out
the secondary defects has no effect on boron tail dif-
fusion.

4.2. Boron implants in silicon with N> N,

In this section boron implants generating a total
number of displaced silicon atoms higher than N, are
considered. For these implants prolonged annealing at
high temperatures may result in the shrinkage and
eventually complete annealing of extended defects by
the release of interstitials (stage II). Although secon-
dary defects form at the peak of the boron damage
distribution for sufficiently high boron doses, and thus
the number of mobile interstitial silicon atoms strongly
decreases due to secondary defect formation, the
transient boron tail diffusion” is not affected during
stage . This is illustrated in Fig. 6 for an implant of
5%10" em™2, 100 keV boron ions along [100]. The
total number of silicon atoms displaced by the implant
is approximately 1x 10" ¢cm~? and thus secondary
defects form at high temperatures. Despite the forma-
tion of secondary defects transient boron tail diffusion
is observed. The boron displacement at a concentra-
tion of 2x 10" em* is 58 nm for the channeling
implant and 35 nm for the random implant. These
results are consistent with those obtained from other
experiments [6, 36]. The results obtained by Sedgwick
et al. [6] illustrate that, for implants of 20 keV boron
ions to a dose of (1-3)x 10" cm ™ in silicon, transient
boron tail diffusion occurs at a temperature of
950-1000 °C and stops within 10s. The boron dis-
placement deduced from their measurements is
approximately 40-50 nm, in reasonable agreement
with our results. Similar results were also obtained by
Cho et al. [36] for 50 keV boron ions implanted to a
dose of 1x 10" ecm~ in silicon after anneals for 10 s
at 1050 °C or 1150 °C.

The present results strongly suggest that the kick-out
mechanism during stage I is not affected by extended
defect formation at the peak of the boron damage dis-
tribution. Silicon interstitials from the tail region,
before being trapped by the extended defects at the
peak of the boron damage distribution, will have to
diffuse through the boron tail region and thus affect the
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boron diffusion by kick-out. Once the interstitials are
trapped by the extended defects or annihilated the
anomalous boron diffusion stops.

During stage II (i.e. during prolonged annealing after
the formation of secondary defects has been com-
pleted), the extended defects (partially) anneal out. The
effect of annealing out extended defects on boron
diffusion has been illustrated for a few cases. In Fig. 5
the anomalous boron diffusion during stage Il is shown
for an implant of 2 X 10" ¢cm~2, 380 keV boron ions
along [100]. The SIMS profile was measured after
annealing for 15 min at 900 °C. The boron diffusion
below a concentration of (1-2)x 10" em=3 is
anomalous at both sides of the boron profile. The
resulting profile differs considerably from that
obtained after annealing for 10s at 900 °C. The
implant results in a total number of displaced silicon
atoms Ny, of approximately (3-4)x 10'6 cm ™2, sig-
nificantly higher than the critical number [62].

The effect of annealing out extended defects on
boron diffusion behavior is further illustrated in F ig. 7
for implants of 100 keV boron ions to a dose of
5x10" em™2. A high concentration of secondary
defects results from these implants after annealing for
30 min at 800 °C (see Fig. 11). Anomalous diffusion is
observed at this temperature below a boron concentra-
tion of approximately 3.5 10" cm = (see Fig. 7). The
boron diffusion behavior is predominantly ascribed to
partial annealing of the extended defects. Annealing at
900 °C instead of 800 °C leads to further anomalous
diffusion. Finally, after annealing at a temperature of
1000 °C, concentration-enhanced diffusion results in a
flat profile with C~ C_. This is accompanied by anneal-
ing of the high concentration of secondary defects (see
Fig. 11(B)).

Numerous experimental results can be found in the
literature on anomalous boron diffusion in silicon
implanted with medium (approximately 10'% cm~2) or
high (10'" em~? or greater) boron doses. Most experi-
ments are consistent with the idea that the anomalous
boron diffusion process consists of two stages if secon-
dary defects are formed. A study on the anomalous
boron diffusion by Oehrlein ez al. [16] for implants of
1x10" em~2, 30 keV boron ions has shown that
anomalous boron tail diffusion stops within 10 s at
950 °C. However, annealing for 10 s at 1150 °C results
in considerably more boron displacement. Similar
results for isothermal anneals were found by Seidel er
al. [13] and Miyake and Aoyama [74]. These results
support the idea that at higher temperatures or during
longer annealing times secondary defects | partially
anneal out and result in a continuation of the
anomalous boron diffusion process by the release of
mobile silicon interstitials. Apparently, the number of
interstitials released due to annealing of the secondary
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defects is sufficient in these experiments to result in
significant boron displacement. Experiments by Kim ez
al. [44, 45, 61] illustrate similar behavior for higher
dose (5% 10" and 2% 10'* cm~2, 15 keV boron ions)
implants. They have shown that the transient boron tail
diffusion stops within 10 s at 1000 °C, but after anneal-
ing for 40 s further anomalous diffusion is seen. Their
XTEM analysis has shown that the anomalous dif-
fusion observed after 40 s is accompanied by partial
annealing of extended defects present after annealing
for 10 s. Similar results have been reported for higher
dose boron implants (10'* cm ™2 or greater) [6, 75].

During the formation of secondary defects, mobile
interstitial silicon atoms are very rapidly trapped or
annihilated. However, boron tail diffusion is not
affected, as explained earlier. Prolonged annealing
results in shrinkage and eventually complete annealing
of the secondary defects, and thus mobile interstitial
silicon atoms are released. These mobile interstitials, if
sufficient in number, result in the continuation of
anomalous boron diffusion behavior.

4.3. Megaelectronvolt silicon irradiation of boron-
implanted silicon

In this section the effect of 1 MeV silicon irradiation
on transient boron diffusion in silicon is discussed.
Megaelectronvolt silicon irradiation leads to the
creation of point defects throughout the whole boron
profile, while extended defects form well beyond the
boron profile if the silicon dose is sufficiently high.
Figure 13 shows that, for implants of 1 MeV silicon
jons to a dose of 5% 10'3 cm ™2 or higher, the transient
boron tail diffusion is reduced. The formation of
secondary defects at a depth of 1 um, well beyond the
boron profile tail, results in a decrease in the concen-
tration of mobile interstitials near the boron profile tail,
thereby reducing kick-out by silicon interstitials and
also the effective diffusion length of boron in the tail
region. The effect of megaelectronvolt silicon irradia-
tion is identical for doses ranging from 5% 10" tc
5x10"cem™2.

We have observed that, for boron implants which
lead to secondary defect formation at the boron
damage peak, no effect on the transient diffusion is
observed during extended defect formation (stage 1).
However, for samples irradiated with 1 MeV silicon
ions we observed a reduction in the transient boron tail
diffusion. If secondary defects nucleate at the boron
damage peak, silicon interstitials from the tail region
have to diffuse through the boron profile to be cap-
tured by the secondary defects and thus give rise to
anomalous boron diffusion. However, if secondary
defects nucleate, at a depth well beyond the boron pro-
file, the interstitials from the tail region diffuse away
from the boron profile and do not give rise to kick-out
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of substitutional boron when diffusing to greats
depths. Apparently, the position in which secondar
defects form during stage I determines whether or n
anomalous boron tail diffusion is reduced.

Only a few experiments can be found in the liter
ture in which additional low-dose silicon implants has
been performed to investigate the influence on (anom
lous) boron diffusion. Recent results by Packan an
Plummer [49] have illustrated that implants
10'2-10' cm~2, 180 keV silicon ions in addition
7x10'" em~2, 160 keV boron ions give rise °
anomalous boron tail diffusion. Before the silic
implants were carried out the boron-implant
samples were annealed to activate the dopants. At fir
glance the outcome of this experiment seems to contr
dict our results for samples irradiated with 10''-10"
em~ 2, 1 MeV silicon ions. However, the main diffc
ence between these two experiments is in the relat
position of the vacancy and interstitial distributions. !
the experiment of Packan and Plummer the EC
region of the silicon implant is close to the boron
region. This EOR region is rich in silicon interstit
which can lead to enhancement of boron tail diffusic
In our experiment a nearly constant damage level v
created throughout the boron profile by the low-do
high-energy silicon implants. Therefore the change |
the excess silicon interstitial concentration in the bor
tail region, caused by a low-dose implant of 1 M
silicon ions, is balanced by the increase in the excess
vacancies and no significant effect is observed on :
anomalous boron tail diffusion.

During annealing of extended defects (stage
mobile interstitial silicon atoms are generated. T3
effect of the release of silicon interstitials on the bor:
diffusion is illustrated for low-dose boron implants
Figs. 15 and 16. Longer annealing at 900 °C (2=2(
results in further enhanced tail diffusion of boron
silicon irradiated with 10" cm 2, 1 MeV silicon 10
(see Fig. 15). In contrast, the results for a sample wh:
was not irradiated with silicon ions, but simultaneo
annealed, show that the anomalous diffusion sto
within 10 s (see Fig. 2). Clearly, the anomalous bor
tail diffusion which takes place in the irradiated sam;
during 10<¢<20s cannot result from indivic:
mobile silicon interstitials which have survived ann<
ing at 900 °C during 0<7<10s. Moreover, XT
analysis after annealing for 10 s at 900 °C shows !
secondary defects are formed (see Fig. 14). Thereic
anomalous diffusion seems to result from (part
annealing of extended defects.

The effect of annealing extended defects has b
further illustrated for samples annealed at 1000 °C %
15 min subsequent to thermal treatment at 900 °C ¢
10 s. Here, it has been shown that the boron-implan:

-2

sample irradiated with 5% 10" ecm™2 silicon i
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exhibits the largest diffusion. The cross-sectional trans-
mission electron micrographs in Fig. 17 show that the
anomalous boron diffusion is accompanied by com-
plete annealing of extended defects, and thus by the
release of a large number of interstitials. The anomal-
ous diffusion shown in Fig. 16 for the sample irradiated
with 2 X 10"¥ em~? silicon ions is less pronounced than
that in the sample irradiated with 5x 10" cm 2 silicon
ions because the concentration of extended defects is
less after annealing for 10s at 900 °C and thus a
smaller number of interstitials are released during the
subsequent anneal at 1000 °C. The anomalous boron
diffusion at 1000 °C is lowest for the sample irradi-
ated with 5X 10" em~2, 1 MeV silicon ions. The
extended defects formed during annealing for 10 s at
900 °C (stage I) convert into more complex secondary
defects during annealing for 15 min at 1000 °C (stage
i) (see Fig. 19). The stability at 1000 °C of these
defects induced by high-dose megaelectronvolt
implants has been shown previously by Tamura et al.
.76] for annealing times up to 113 h. If extended
defects are stable against annealing, no mobile inter-
stitial silicon atoms are released and boron diffusion is
not anomalous.

Recently, various experiments have illustrated the
role of the introduction of extra silicon interstitials by
silicon implantation on anomalous boron diffusion.
Bao and coworkers [46, 47] implanted 1 X 10'5 cm~2,
80 keV silicon ions in addition to 1 X 10" ecm~2, 60
keV boron ions and found that, during annealing at
1000 °C, anomalous boron tail diffusion persists. Their
XTEM analysis showed that the anomalous boron dif-
fusion is accompanied by gradual annealing of
extended defects. They explained their data by assum-
ing that the shrinkage of the extended defects and thus
the release of mobile interstitial silicon atoms causes
the anomalous boron tail diffusion. An implant of
Ix10" em™2, 60 keV boron ions alone leads to
extended defect formation at high temperatures
because a significantly larger number of silicon atoms
are displaced than the critical number N, needed to
form secondary defects. Therefore the experiments by
Bao and coworkers show the effect of annealing
extended defects on boron diffusion behavior, irre-
spective of whether the extended defects result from
the boron or silicon implant. The effect of an additional
silicon implant more directly follows from the experi-
ments by Packan and Plummer [49] and Michel et al.
48]. In the experiment by Packan and Plummer,
1x10" em~?, 180 keV silicon ions were implanted in
silicon which was first implanted with 7 x 10" cm~2,
160 keV boron ions and annealed for 10 min at
900 °C. They observed anomalous boron diffusion
during subsequent high-temperature anneals. The
implant of 1 X 10'* cm™2, 180 keV silicon ions results
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in secondary defect formation. The anneal for 10 min
at 900 °C results in partial annihilation of the secon-
dary defects and thus in enhanced boron diffusion. A
similar result was found by Michel er al [48] who
showed that significantly more boron tail diffusion is
observed during an anneal for 35 min at 800 °C if, in
addition to 2x 10" ecm~2, 60 keV boron ions, an
implantation of 1 X 10" cm~2, 130 keV silicon ions is
performed. Again, the silicon implant results in the for-
mation of secondary defects at high temperatures, but
during prolonged annealing secondary defects start to
shrink in size and eventually anneal out, thereby result-
ing in enhanced boron tail diffusion. Servidori et al.
[37, 70] have shown that anomalous boron tail dif-
fusion is observed if boron-implanted samples are
post-amorphized with silicon ions such that the boron
profile tail is just beyond the amorphous-crystalline
transition region (i.e. the boron profile tail is in the
interstitial-rich region of the silicon implant). In this
case interstitials in the transition region can either form
EOR dislocation loops or result in kick-out of substitu-
tional boron atoms.

4.4. Post-amorphization implants with silicon or
germanium ions

In Figs. 21 and 22 the results of post-amorphization
implants with silicon and germanium ions are given.
After SPE regrowth and subsequent high-temperature
RTA, boron profiles are obtained which are in-
distinguishable from the as-implanted profiles. During
recrystallization of the amorphized surface layer,
boron atoms are positioned on substitutional sites and
no (clusters of) interstitials remain in the regrown
layers. Therefore no anomalous boron diffusion takes
place in the recrystallized layer by kick-out of substi-
tutional boron during subsequent high-temperature
annealing. The results show that post-amorphization is
a useful technique to avoid anomalous boron diffusion
and does not lead to the restriction of gaussian-shaped
profiles as does pre-amorphization. The interstitials
which are produced beyond the amorphous-crystalline
transition in the crystalline substrate cannot give rise to
anomalous boron tail diffusion because they are
trapped by the EOR dislocation loops [6, 75]. It should
be noted that, in the present experiments, the boron
profiles were completely incorporated in the amor-
phized surface region. However, if the boron profile
tail extends into the crystalline substrate, anomalous
boron diffusion is observed as described in Sections 4.1
and 4.2.

5. Conclusions

Anomalous tail diffusion of low-dose (approxi-
mately 10'* cm~?) implants of boron in ¢-Si is a
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transient phenomenon. More anomalous tail diffusion
is observed for channeling implants than for random
implants because more boron atoms dechannel in the
tail region, giving rise to a high concentration of inter-
stitials there. The overall damage level is higher for
random than for channeling implants and thus a larger
number of interstitial silicon atoms result in the Kick-
out of boron atoms.

For higher dose boron implants (approximately 104
to 5% 10'S cm~2), two stages are recognized in the
boron diffusion process at high temperatures which are
related to the evolution of extended defects. During the
first stage extended defects are formed at the position
in which the boron damage profile peaks. Although
this reduces the concentration of mobile interstitials it
does not influence the transient boron tail diffusion.
Annealing of extended defects (stage II) results in the
release of interstitials. This process results in further
anomalous boron diffusion.

The effect of megaelectronvolt silicon irradiations
on boron tail diffusion has been illustrated. Reduction
of transient boron tail diffusion is observed for short
annealing times, i.e. t=10s, if the silicon implant is
performed at a sufficiently high dose to result in secon-
dary defect formation at a depth of 1 um (stage I).
During prolonged annealing these extended defects
anneal out (stage I1) and give rise to anomalous boron
diffusion behavior due to the generation of mobile
interstitials.

Post-amorphization with silicon or germanium ions
eliminates anomalous boron tail diffusion if the boron
profile is completely incorporated in the amorphized
region.
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