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We established a new method for evaluating quantitatively the silicon atomic displacement as a function of the depth from the surface

induced by arsenic implantation into a silicon wafer. A simulation based on a convolution integral was developed successfully to reproduce

the experimental depth profiles of isotopes in the arsenic-implanted 28Si/30Si isotope superlattices, from which the average distance of the

silicon displacements due to the collisions with implanted arsenic is obtained. We show that it takes the average displacement of �0:5 nm to

make the structure appear amorphous by transmission electron microscopy. # 2008 The Japan Society of Applied Physics

DOI: 10.1143/APEX.1.021401

A
rsenic (As) implantation, which is widely used for
the formation of shallow junctions in silicon (Si)
nano-transistors, induces radiation damages that can

significantly affect the redistribution of dopants during post-
implantation annealing. Therefore, the relation between the
distribution of implanted As and damage in crystalline Si has
been studied extensively.1–7) While the depth profiles of As
impurities are routinely measured by secondary ion mass
spectrometry (SIMS),8) a quantitative method to directly
evaluate the average distance of the Si atomic displacements
associated with the implantation does not exist. The ion-
channeling and cross-sectional transmission electron micro-
scopy (XTEM) can only estimate the fraction of the Si atoms
displaced from the substitutional sites in the single-crystal-
line region.2) Such evaluation becomes almost hopeless
in the amorphous region induced by the implantation. The
present letter reports a method to evaluate the average
distance of the Si displacements as a function of the depth
from the implanted surface both in the amorphous and
single-crystalline regions. Our statistical analysis of the
perturbed Si isotope profiles measured by SIMS allows
determination of the displacement with the accuracy < 1 nm,
which is significantly better than the direct determination by
SIMS. We find that the Si displacements vary significantly
even within the region that appears ‘‘uniformly amorphous’’
by XTEM. The critical displacement (�c), which we define
as the displacement at the interface of the single crystalline
and amorphous regions observed by XTEM, is �0:5 nm.

A 28Si(2.7 nm)/30Si(2.7 nm) isotope superlattice was
grown by solid-source molecular beam epitaxy.9,10) A high
resistivity (� > 2000��cm), 2-inch, n-type, {001}-oriented
Fz natSi (28Si: 92.2%, 29Si: 4.7%, 30Si: 3.1%) wafer was
employed as a substrate. A natSi buffer layer of �100-nm-
thick was formed prior to the growth of the isotope
superlattice that is composed of the alternating layers of
isotopically pure 28Si (99.92%) and 30Si (99.3%). 75Asþ ions
were implanted at room temperature into the superlattice
with the energy of 25 keV corresponding to the projected
range of �20 nm, and with the doses of 1� 1013 or 1� 1015

cm�2 at a tilt angle of 7�. The depth profiles of Si isotopes
and As were obtained by SIMS (ATOMIKA SIMS-4000),
using the Csþ primary ion beam at an energy of 1 keV with

the 45� incident angle. The sputtering rate was assumed to
be constant. XTEM observations were performed with a
TECNAI F12 electron microscope operating at 200 kV.

Figure 1(a) shows the depth profiles of 28Si, 30Si, and 75As
in the Si isotope superlattice implanted with As using the
energy of 25 keV and dose of 1� 1013 cm�2. With such a
low dose, the alternating depth profiles of 28Si and 30Si are
almost unperturbed even after the implantation in compar-
ison with the profiles of 28Si and 30Si before the implantation
[Fig. 2(a)]. Note that the actual interfaces between 28Si and
30Si layers are abrupt (the degree of intermixing is only two
atomic layers)9,10) and the smearing of the 28Si and 30Si
profiles is due to the so-called SIMS artifact (knock-on
mixing, etc.). On the other hand, as shown in Fig. 1(b), the
same energy but a factor of one hundred times higher dose
of implantation of 1� 1015 cm�2 leads to perturbation of

(b)

(a)

S
IM

S
 in

te
ns

ity
 o

f
28

S
i a

nd
30

S
i (

ar
b.

 u
ni

t)

28Si, 30Si,

1018

1019

1020

102175As

75
A

s 
co

nc
en

tr
at

io
n 

(a
to

m
s/

cm
3
)

0

Depth (nm)

1019

1020

1021

1022

10 20 30 40 50

Fig. 1. Depth profiles of 28Si (open circles), 30Si (filled circles), and
75As (solid curve) measured by SIMS in the 28Si(2.7 nm)/ 30Si(2.7 nm)

isotope superlattices after 75Asþ implantation at the energy of 25 keV

with the doses of (a) 1� 1013 cm�2 and (b) 1� 1015 cm�2.
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the 28Si and 30Si periodic profiles all the way to a depth of
�50 nm. The following simulation based on a convolution
integral is employed to reproduce the perturbed depth profile
of 28Si and 30Si to obtain quantitatively the characteristic
length of Si displacements as a function of the depth (x) from
the implanted surface.

Caft{impðxÞ ¼
Z

Cbef{impðx0Þgðx� x0Þ dx0: ð1Þ

Here Cbef{impðxÞ and Caft{impðxÞ represent the concentrations
of 28Si and 30Si in the Si isotope superlattice before and after
implantations, respectively. gðxÞ is a Gaussian function:

gðxÞ ¼ 1ffiffiffiffiffiffi
2�

p
�
exp � x2

2�2

� �
: ð2Þ

�ðxÞ is the distance of the displacement as a function of the
depth x:

�ðxÞ ¼ k exp½�ðx� cÞ2=ð2d2Þ�; ð3Þ
where k, c, and d are the parameters of peak amplitude, peak
position, and peak width, respectively. It is known that the
distribution of the displacement of atoms in solids by ion
implantation can be approximated by Gaussian except for
the tails.11) The values of k, c, and d are determined by direct
comparison with the experimentally obtained depth profiles
of the implanted sample.

Figure 2(a) shows the depth profiles of 28Si and 30Si in the
Si isotope superlattice before implantation measured by
SIMS. Figure 2(b) shows the depth profiles in the implanted

sample [the same ones as shown in Fig. 1(b)]. We simulated
the profiles in Fig. 2(b) in the following manner. First, we
reproduce the profiles of the as-grown sample that initially
has rectangular isotopic profiles [Fig. 2(a)] using the mixing
roughness information-depth (MRI) model.12) This model
includes atomic mixing (w) and surface roughness (s) for the
theoretical description of the depth resolution function for
SIMS profiles. The change of the concentration C with
sputtered depth x is given by

dCðxÞ
dx

¼ C0ðxþwÞ � CðxÞ
w

; ð4Þ

where C0ðxþ wÞ is the original unaltered concentration of
C at a distance w in front of instantaneous surface at x.
The roughness is taken into account by superposition of a
normalized Gaussian broadening as described by

CðxÞ ¼ 1ffiffiffiffiffiffi
2�

p
s

Z xþ3s

x�3s

C0ðx0Þ � exp � ðx� x0Þ2
2s2

� �
dx0 ð5Þ

with the standard deviation of s. From this analysis, we
obtained w ¼ 2:5 nm and s ¼ 0:7 nm to correct for the SIMS
artifact. These parameters (w and s) are used to simulate the
SIMS profiles after ion implantation [Fig. 2(b)], as men-
tioned below. Next, the convolution integral [eqs. (1)–(3)] is
applied to the rectangular isotopic profiles, and then, the
convoluted profiles are broadened using the MRI parameters
obtained above to reproduce the profiles in Fig. 2(b). We
choose the appropriate set of values k ¼ 2:7 nm, c ¼ 13 nm,
and d ¼ 14 nm in eq. (3) so that the convoluted and
broadened profiles are comparable to the SIMS profiles
after implantation. This allows us to plot the distribution
of the Si displacement �ðxÞ as shown in Fig. 2(d). The
maximum displacement of 2.7 nm was induced by the
implantation at 13 nm from the surface, which is shallower
than 19 nm where the implanted As concentration becomes
maximum as shown in Fig. 1(b). Figure 2(e) shows the
XTEM image of the same implanted sample with the
depth scale being the same as Figs. 2(a)–2(d). Due to the
implantation, amorphization occurred between the surface
and �38 nm in depth, while the deeper region (x > 38 nm)
remained single-crystalline. Note that the periodicity of
28Si and 30Si remains even in the amorphous layer at
x ¼ 20{38 nm. We define �c as the critical displacement
occurring at the interface of the amorphous and single-
crystalline regions in Fig. 2(e). This occurs at x � 38 nm
with the value �c � 0:5 nm, i.e., a displacement of approxi-
mately three times the Si{Si bond length. The �ðxÞ > 0:5 nm
region appears ‘‘amorphous’’ by XTEM. However, even
within the region x < 38 nm that appears ‘‘uniformly
amorphous’’ by XTEM, the displacement varies significantly
as shown in Fig. 2(d). Thus, �ðxÞ provides the quantitative
estimation of the degree of disorder in the implanted region.

To show the coherency of the analysis and significance
of our finding, Fig. 3 shows the same analysis performed
with two different implantation conditions.13) The solid
curve in Fig. 3(b) shows the Si displacement determined by
using k ¼ 0:56 nm, c ¼ 13 nm, and d ¼ 14 nm to reproduce
the experimental data in Fig. 3(a). The XTEM in Fig. 3(c)
shows two crystalline regions, near surface (0–3 nm) and
deeper than 24 nm regions, and the amorphous region is
sandwiched in between (3–24 nm). The displacement at
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Fig. 2. Depth profiles measured by SIMS of 28Si (open circles)

and 30Si (filled circles) in the Si isotope superlattices (a) before

implantation and (b) after implantation with the energy of 25 keV and

the dose of 1� 1015 cm�2. (c) Simulated profiles using the convolution

integral model described in the text. (d) The depth dependence of the

displacement �ðxÞ of the Si atoms induced by the As implantation. (e)

XTEM image of the sample implanted with the same condition with the

depth scale same as (a)–(d).
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the depths of 3 and 24 nm where the transition between
crystalline and amorphous occurs, coincides exactly with
the critical displacement 0.5 nm found in Fig. 2(d). The
structure becomes amorphous (as determined by XTEM)
only when the displacement exceeds the critical length of
0.5 nm. This also holds in another condition shown in
Figs. 3(d)–3(f), where As ions are implanted at higher
energy, 60 keV, making the structure amorphous from the
surface all the way to �70 nm. We obtained k ¼ 1:6 nm,
c ¼ 25 nm, d ¼ 25 nm, and the displacement at �70 nm
shown in Fig. 3(e) is 0.5 nm.

In summary, we demonstrated the direct observation of
the Si atomic displacement induced by As implantation
using Si isotope superlattices. A simulation based on the
convolution integral was developed successfully to repro-
duce the experimental SIMS depth profiles of Si isotopes in
the As-implanted sample. We showed that it takes the
average displacement of �0:5 nm to make the structure
appear amorphous by XTEM. Incorporation of �ðxÞ into the
next generation complementary metal oxide semiconductor
process simulator may prove to be useful for the improve-
ment of the simulation reliability.
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Fig. 3. (a) Depth profiles measured by SIMS of 28Si (open circles) and 30Si (filled circles) in the Si isotope superlattices after implantation with the

energy of 25 keV and the dose of 1� 1014 cm�2, (b) the depth dependence of the displacement �ðx Þ of the Si atoms induced by the implantation,

and (c) XTEM image. The same set of figures for the implantation energy of 60 keV and the dose of 3� 1014 cm�2 is shown in (d)–(f).
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