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a  b  s  t  r  a  c  t

From  the  observations  of the annealing  process  of ultra-shallow  Sn  and  Pb  implanted  Si, we propose  the
mechanism  and  the  triggering  conditions  for the dopant  dose  loss  effect  commonly  observed  in  heavy  ion-
implanted  silicon.  The  results  of  high-resolution  Rutherford  backscattering  spectrometry,  high-resolution
cross-sectional  transmission  electron  microscopy  and  Monte  Carlo  simulations  are presented.  With  these
results,  we  construct  a  complete  chain  of events  that  leads  to  the  loss of  most  of  the  implanted  ions. First,
the  implanted  atoms  agglomerate  into  liquid  melts  during  high  temperature  electron  beam  annealing,
eywords:
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ltra-shallow junctions
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roup  IV alloys
igh-resolution RBS
rystal  regrowth

causing  polycrystalline  phase  formation.  Next,  liquid  phase  movement  takes  place  along  grain  boundaries,
and  the  implanted  atoms  are  forced  out  of the  surface  layer  as  the grain  boundaries  disappear  during
grain  growth,  leaving  behind  low  concentrations  of residual  atoms.  The  specific  conditions  that  trigger
such  a sequence  of  processes  are identified.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Ion implantation using ion beams is a well-established tech-
ique used in many materials systems, e.g. for the creation of novel
aterials and for dopant introduction in semiconductors at concen-

rations well above the maximum equilibrium solid solubility. Its
dvantage lies in its capability for precise tailoring of the concentra-
ion and depth profile of the implanted ions, with a strict control
f the ion incident energy and fluence. In contrast to commonly
sed film deposition methods such as chemical vapor deposition
CVD) where the phase of the films (monocrystalline, polycrys-
alline or amorphous) is determined by the deposition conditions,

 subsequent annealing process is required after ion implantation
n order to induce crystal regrowth by solid phase epitaxy (SPE).
his is important for dopant activation in silicon device manufac-
uring where implanted atoms (dopants) are required to occupy
ubstitutional sites.

For  heavy implanted ions such as In [1], Sn [2,3], Sb [4] and

b [5,6] in silicon, progressive lattice reconstruction with SPE
ndeed occurs at implantation doses below a certain threshold
ose. However, at implantation doses which exceeds the threshold,

∗ Corresponding author.
E-mail addresses: tawkuei@gmail.com, phyctk@nus.edu.sg (T.K. Chan).

ttp://dx.doi.org/10.1016/j.apsusc.2014.06.030
169-4332/© 2014 Elsevier B.V. All rights reserved.
polycrystalline phase formation occurs instead of SPE and signifi-
cant losses of the implanted atoms occur after the grain growth
process to the monocrystalline phase. The threshold dose varies
for different combinations of implanted atom and substrate ele-
ments. Such a dopant dose loss effect presents a serious problem
for ultra-shallow junctions, where incomplete activation as well as
the loss of implanted In [7] and Sb [8,9] after annealing occurs at
high dopant concentrations. Indeed, a recent study of Sb implanted
Si [9] revealed that the Sb loss exceeds 80% for an implantation
fluence of 1 × 1015 cm−2. Such losses severely limit the usefulness
of heavy-ion implantation as a method for creating ultra-shallow
junction, heavy-dopant introduction, or band gap engineering of
novel materials in Si photonics research. This has since led to
research in co-implantations [10,11] in an effort to improve dopant
retention during ion implantation. To date, there is no clear picture
of what triggers the polycrystalline phase formation and how this
is linked to the loss of the implanted ions. A clear understanding of
the implanted atom loss process during annealing, as well as the
conditions which trigger such a phenomenon, is important for the
ongoing heavy-ion implantation research.

Apart from modeling the dopant dose loss effect, the use of Sn

and Pb implantations in Si also illustrate the research in Group
IV semiconductors, which has potential applications in photonic
devices capable of monolithic integration with existing Si devices
and platforms [12]. The recent demonstration of direct band gap
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uminescence in Ge for GeSn semiconductor alloys [13] has sparked
ntense research interest in such alloys. However, the relative
carcity and the high cost of Ge remains an obstacle to future indus-
rial mass production. Nonetheless, the mechanism of the dopant
ose loss effect described here is quite likely to also be applicable

n heavy-ion implanted Ge.
Modern research now requires the investigation of thin films

nd junction depths with thicknesses of only several nanome-
ers. Meaningful characterizations must therefore be performed
sing methods with high depth resolution. High-resolution Ruther-
ord backscattering spectrometry (HRBS) [14] is capable of
on-destructive and quantitative elemental profiling with sub-
anometer depth resolution for heavy elements. High-resolution
ross-sectional transmission electron microscopy (XTEM) provides
igh-magnification imaging for identification of the crystalline
hase.

In our previous work [15], results showed a progressive advance
f the amorphous/crystalline interface in Sn implanted Si samples
ue to SPE at low implantation fluence. There was no movement of
he implanted Sn atoms even at annealing temperatures far exceed-
ng the melting point of Sn, and the implanted region remains
morphous throughout the annealing process. Such a SPE regrowth
rocess is favorable for practical applications as the Sn atoms are
etained and they occupy substitutional sites after SPE.

In  this work, we present observations on the crystal regrowth
rocess where a transformation to the polycrystalline phase has
ccurred instead of SPE during the annealing of Sn and Pb implanted
i samples at higher fluences. HRBS, high-resolution XTEM mea-
urements as well as Monte Carlo simulations were performed to
etermine the characteristics of the grain growth process of the
olycrystalline phase within a depth of 50 nm.  From the entirety of
hese results, we construct a complete chain of events that leads to
he loss of most of the implanted atoms and identify the conditions
hich trigger such a chain of processes. This series of phenomena
ay apply to all heavy-ion implanted samples with low implant

lement melting point, and is not just limited to Group IV alloys of
i.

. Experimental

Samples were prepared at GNS Science, New Zealand [16].
ocused beams of heavy ions produced by a Penning sputter ion
ource from solid materials were scanned across the target sur-
aces. Identical n-type Si(1 0 0) substrates for all samples were first
elf-amorphized at room temperature with 25 keV Si+ ions at a
uence of 5 × 1014 cm−2. For Sn-implanted Si samples, 20 keV Sn+

mplantations were performed separately at fluences of 5 × 1015

nd 1 × 1016 cm−2. For cross-sectional TEM analysis, Sn implanted
ample at 2 × 1015 cm−2 from our previous work is also included
n the analysis. For Pb-implanted Si samples, 20 keV Pb+ implanta-
ions were performed at a fluence of 2 × 1015 cm−2. For simplicity,
his paper shall refer to 2 × 1015, 5 × 1015 and 1 × 1016 cm−2 as
ow, medium and high fluence, respectively. Each implanted sam-
le undergo electron beam annealing at temperatures up to 800 ◦C
t 500 s duration. During annealing, a focused 20 keV high current
lectron beam of 3–4 mA  was raster scanned over the sample with
emperature gradients of 5 ◦C s−1 during the heating and cooling
hases of the annealing cycle. At peak temperature, an accuracy of
1 ◦C was obtained using a computer controlled feedback system.
oth ion implantation and electron beam annealing are carried out

n high vacuum of ∼10−7 mbar.

HRBS measurements were performed at the Centre for Ion Beam

pplications at the National University of Singapore [14]. A beam
f 500 keV He+ ions was generated by a 3 MV Singletron accel-
rator and was collimated to a divergence angle of <1 mrad. The
cience 314 (2014) 322–330 323

beam  was  incident on each sample, which was  mounted on a
high precision 5-axis goniometer within a UHV scattering cham-
ber of <5 × 10−9 mbar. Ions scattered at 65◦ were analyzed by a 90◦

double-focusing magnetic spectrometer and were collected by a
100-mm 1-D position sensitive resistive-strip focal plane detector.
Our detection system has an energy resolution of ∼1 keV at 500 keV
incident beam energy, which allows for sub-nanometer depth res-
olution for heavy elements. Aligned spectra were measured with
the beam travelling along the 〈111〉 channeling axis of the Si sub-
strate. High resolution XTEM imaging was  performed on sample
cross-sections, using a 200 keV JEOL2010F field emission machine.

3. Results: HRBS, XTEM and T-DYN

Fig. 1 shows the HRBS spectra of medium and high fluence sam-
ples of Sn implanted Si, respectively. The spectra for individual
samples are shown in Figs. A.1, A.2 and A.3 in the Appendix. The
as-implanted Sn profile display peak concentrations of 6.4 at% and
11.4 at%, respectively for medium and high fluences, as fitted by the
SIMNRA simulation code [17]. Upon annealing, both sets of sam-
ples show Sn redistribution, with significant accumulation within
a 5 nm depth at the surface. Such an effect is normally undetectable
by conventional RBS using solid state surface barrier detectors, due
to the lack of depth resolution. The aligned spectra of the Si sig-
nal also indicate that crystal regrowth has taken place to a larger
extent with increasing annealing temperature accompanied by a
corresponding decrease in the depth of Sn redistribution, indicat-
ing that SPE and polycrystalline phase formation are competing
processes. Both sets of sample achieved the monocrystalline phase
during annealing at 800 ◦C, accompanied by the loss of most of
the Sn atoms. However, a broadly distributed, low level of resid-
ual Sn remains, situating at mean depths of ∼18 nm and ∼24 nm
for medium and high dose samples, respectively.

Fig. 2 shows the high-resolution XTEM images of the Sn
implanted Si samples. Fig. 2(a) shows that the low fluence Sn
sample from our previous work [15] remains amorphous dur-
ing annealing at 520 ◦C, and progressive SPE regrowth occurs. No
Debye-Scherrer rings are detected for this sample under diffraction
mode. Fig. 2(b) and (c) shows the polycrystalline phase formation
for samples at medium and high fluences. A smaller average grain
size is seen in the high fluence sample, indicating a lower grain
growth rate for higher implantation fluence. The Debye-Scherrer
rings are seen in diffraction mode, shown in the inset of Fig. 2(c),
confirming the formation of the polycrystalline phase.

Fig.  3 shows the random and aligned HRBS spectra for the low
fluence Pb implanted Si samples annealed between 400 and 800 ◦C.
The as-implanted peak Pb concentration is 4.3 at%. At 400 ◦C anneal,
there is yet no movement in Pb and the SPE a/c front is still at a depth
of ∼38 nm.  By 500 ◦C, however, most Pb atoms are lost, with the
remaining non-crystalline Si signal being roughly half the height of
the random level, indicating that the layer is no longer amorphous.
By 800 ◦C, the crystal regrowth is complete, leaving behind residual
Pb at two distinct mean depths of ∼25 nm and ∼15 nm.  Note that
for the 800 ◦C random spectrum, some slight ion channeling had
still occurred, resulting in a lower random Si signal. Our results are
in good agreement with previous conventional RBS studies of ion
implanted Pb in Si [5,6].

Fig.  4 shows the high-resolution XTEM micrographs for the low
fluence Pb implanted Si samples annealed at 400 ◦C and 600 ◦C.
Results show dark spots distributed over a depth range of 15–21 nm
from the surface for the 400 ◦C sample, which suggests the start

of the polycrystalline phase formation. The magnified view in the
inset of Fig. 4(a) shows that the spots appear to be small polycrys-
tallites. It is not possible to identify the elemental identity of these
crystallites, but we  believe these are in fact Si crystallites which
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ig. 1. HRBS spectra of Sn implanted spectra for (a) and (b) 5 × 1015 cm−2 fluence, (
d) show the random spectra.

e shall refer to as “polycrystallites”. These polycrystallites are the
esult of the moving agglomerations of the implanted atoms in the
iquid phase and eventually lead to the polycrystalline phase for-

ation of the implanted layer. This process will be elaborated on
n the next section. At this stage, the crystallite formation occurs

ith no significant movement in Pb, probably due to the low disso-
ution rate of Si into the melts at such a low annealing temperature
400 ◦C). The 600 ◦C sample displayed a polycrystalline layer of
15 nm thickness, in good agreement with the HRBS results in
ig. 3. The layer structure is dominated by large twin defects, which
ccounts for the Si signal in the channeled alignment being about
alf the random height, as the ions are only partially channeled in
he twin defect region.

Fig.  5 shows a Monte Carlo dynamic TRIM (T-DYN) [18] simu-
ation for the ion-induced defect density for Sn and Pb implanted
amples at various fluences. Such low energy heavy ions generate
assive defect densities with highly non-uniform, sharply peaked

epth profiles. Here, it is important to note that the peak defect
ensities for all samples are at 10–15 nm,  preceding the peak con-
entrations at 15–20 nm of depth.

. The complete picture

An  amorphous-to-polycrystalline transformation in 100 keV Sn
mplanted Si samples was reported by Thornton et al. [2] for suffi-
iently high fluences. It was proposed that the mobile Sn-rich melts
ove about in the liquid phase within the initially amorphous envi-
onment during annealing, leaving behind trails of polycrystallites.
here is, however, no mention of the subsequent grain growth pro-
ess and how it leads to the loss of the implanted ions. Here, from
ll the results presented, we construct a complete picture of the
 (d) 1 × 1016 cm−2 fluence. (a) and (c) show the 〈111〉 aligned spectra while (b) and

entire  process, from the initiation of Sn melt agglomeration to the
completion of the grain growth.

The chain of events begins with the agglomeration of implanted
ions into melts, which is initiated by a threshold implant concentra-
tion. Figs. 3 and 4 indicate that agglomeration occurred in a region
corresponding to the peak concentration region (15–20 nm) and
not at the peak defect region (10–15 nm). A region with a high con-
centration of implanted atoms results in an average close proximity
of these atoms within an amorphous environment. Neighboring
implanted atoms may  then form implant-rich agglomerations,
which are in the form of liquid melts due to the melting point of the
implant element (in this case, Sn at 232 ◦C and Pb at 327.5 ◦C) being
lower than the annealing temperature. The exact threshold con-
centration of implant that will trigger agglomeration is, however,
different for different implant/substrate element combinations. In
our case, the binary phase diagrams of Si–Sn [19] and Si–Pb [20]
display almost horizontal solidus lines at temperatures near the
melting points of Sn and Pb, respectively, while the liquidus tem-
peratures are generally above 1000 ◦C for both. This means that
within the melts, solid silicon coexists within a liquid Sn-rich or
Pb-rich phase during annealing at 500 ◦C.

The next step along the chain is the melts becoming mobile. In
Fig. 5, T-DYN simulations show that low energy heavy ions implan-
tations invariably lead to a sharply peaked defect density profile
which precedes the depth position of the concentration peak. This
results in the melts existing in a region with a very large defect den-
sity gradient. Such a non-uniform environment induces a difference
in dissolution and nucleation rate of Si within the melt, resulting in

a Si concentration gradient which drives a movement of Si across
the melt. The melts thus begin to move, leaving behind trails of Si
polycrystallites, whose formation is facilitated by the preferential
sites for Si crystal nucleation generated by the ion induced defects
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Fig. 2. High-resolution XTEM micrographs of Sn implanted Si samples at (a) low
fluence annealed at 520 ◦C, (b) medium fluence and (c) high fluence, both annealed
at  500 ◦C. Inset in (c) shows Debye-Scherrer rings in diffraction mode. The implanted
region  remains amorphous during annealing for low fluence while polycrystalline
phase  forms for medium and high fluences. (c) Shows a smaller average grain size
as compared to (b), indicating a retarded rate of grain growth for high fluence.
Fig. 3. HRBS (a) aligned and (b) random spectra for low fluence Pb implanted Si.

with the absence of a proper crystalline seed layer [21]. Fig. 1 shows
significant re-distribution of Sn while Fig. 2 confirms the forma-
tion of the polycrystalline phase at 500–600 ◦C of anneal. The melt
movement speed depends on the Si dissolution rate and hence the
annealing temperature, but such a liquid phase movement is faster
than the solid phase lattice reconstruction process of SPE. Upon
the completion of these processes, a complete polycrystalline layer
is formed, along with a polycrystalline–crystalline (p/c) interface
with the Si substrate.

The  melts now exist in a completely polycrystalline environ-
ment and are now free to diffuse along the grain boundaries, which
are regions of high free energy within the polycrystalline environ-
ment. At the same time, grain growth of the polycrystallites occurs
as the annealing process continues. The p/c interface acts as an
impenetrable barrier to the melts while the surface native oxide
appears to form only a temporary barrier to the melt movement.
Hence, as grain growth proceeds, the liquid melts are “squeezed
out” of the layer from the surface along with the disappearing grain
boundaries, and are mostly lost from the samples upon complete
grain growth into monocrystalline phase. Indeed, Figs. 1 and 3 show
the loss of most of the implanted Sn and Pb atoms by 800 ◦C of
anneal. The chain of events is now complete.

It is important to note that the melt movement occurs in two
stages. The first stage is the movement of agglomerated melts dur-
ing the initial formation of the polycrystalline phase, where there
is mainly only redistribution within the implanted region and no
drastic loss of the implant element. The second stage is the liq-
uid phase movement along grain boundaries during grain growth,
where disappearing grain boundaries causes the loss of implant

atoms through the sample surface.

Furthermore, as the movement and loss of the implanted atoms
are in liquid phase along grain boundaries, the mechanism of dose
loss presented here should also hold for doping implants such as
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ith each defect profile gives the high/low (H/L) defect density
nterface at depth positions of ∼19 nm and ∼24 nm for medium
nd high fluence Sn samples and ∼15 nm for the low fluence Pb
ample, respectively. In Figs. 1 and 3, we see that the mean pos-
tions of the residual atoms at 800 ◦C anneal show good agreement

ith their respective H/L depth positions, indicating that some
mplanted atoms appear to be trapped at such H/L interfaces. The
esidual atoms appear to be substitutional for Sn with only one
road distribution (Fig. 1). For Pb, there are two narrow distribu-
ions of residual atoms, at ∼15 nm (non-substitutional) and ∼25 nm
substitutional), as shown in Fig. 3.

The exact mechanism of such a trapping phenomenon remains
nclear at this stage; it could happen in the solid or liquid phase. Our
esults cannot account for the difference in the number of distribu-
ions and in the substitutionality between the Sn and Pb residual
toms. However, we postulate the following sequence of events for
b. For trapping in the solid phase, the residual accumulation at
5 nm may  be due to Pb atoms caught by the SPE process as the
/c front swept by, due to its narrower defect profile. Also, Fig. 4(b)
hows a late stage of grain growth where the entire layer consists of
arge grains in twin formation, anchored to the crystalline substrate
t the H/L interface (15 nm), forming inverted V-shaped enclo-
ures near the interface. The shallower implant atoms may  also
e trapped in these enclosures during the elimination of the odd
lane of the twin as the layer transforms into the proper crystalline
tate.

As for trapping in the liquid phase, the residual atoms may  be
he result of the cooling of the trapped melts remaining within
he sample at H/L interfaces. However, the transfer of Si in and

ut of the melts is a non-equilibrium process in a background of
ighly non-uniform defect density, the composition of the melts
ay be constantly changing as the melts move within the region.
elts at different depth regions may  therefore have different

Fig. A.1. Individual HRBS spectra of medium fluence (5 × 1015 cm−2) Sn samples for (
cience 314 (2014) 322–330 327

compositions when they cool. This effect may  be compounded by
the different rates at which grain boundaries disappear, due to non-
uniform grain growth rate in the region. Retention of Pb has been
studied for co-implantation with C [24], N [25] and other elements
[26] in Si. However, the mechanisms may  differ due to the presence
of co-implant elements.

7.  Conclusion

In conclusion, we have performed HRBS, high-resolution XTEM
and Monte Carlo T-DYN simulations on Sn and Pb implanted Si sam-
ples in order to understand the characteristics of the polycrystalline
formation as well as the subsequent grain growth processes. We
present a complete picture of the complete sequence of events lead-
ing to full grain growth and the loss of most of the implanted atoms.
In short, agglomeration of implanted atoms into melts is induced
by a threshold local concentration during annealing. These mobile
melts lead to the formation of a fully polycrystalline layer, after
which they travel along grain boundaries. During grain growth, the
melts are forced out of the layer due to disappearing grain bound-
aries, leaving behind low level residual atoms near H/L interfaces.

From  a good understanding of these event sequences, further
research in novel implantation conditions may lead to higher
degrees of retention of implanted heavy ions in substitutional
sites. The key may  be to avoid the trigger which leads to poly-
crystalline formation, and to restrict the crystal regrowth process
strictly to the solid phase (SPE), avoiding the formation of the liquid
phase.
Appendix A.

See  Fig. A.1, Fig. A.2, Fig. A.3.

a) as-implanted sample, (b) 500 ◦C, (c) 600 ◦C and (d) 800 ◦C annealed samples.
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Fig. A.2. Individual HRBS spectra of high fluence (1 × 1016 cm−2) Sn samples for (a) as-implanted sample, (b) 500 ◦C, (c) 600 ◦C and (d) 800 ◦C annealed samples.
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Fig. A.3. Individual HRBS spectra of low fluence (2 × 1015 cm−2) Pb samples for (a) as-implanted sample, (b) 400 ◦C, (c) 500 ◦C, (d) 600 ◦C and (e) 800 ◦C annealed samples.
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