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Abstract. The channelling and scattering yields of 1 MeV α-particles in the h1 0 0i,
h1 1 0i and h1 1 1i directions of silicon implanted with bismuth and ytterbium have been
simulated using N -body model. The close encounter yield from dopant atoms in silicon
is determined from the flux density, using the Bontemps and Fontenille method. All
previous works reported in literature so far have been done with computer programmes
using a statistical analytical expression or by a binary collision model or a continuum
model. These results at the best gave only the transverse displacement of the lattice site
from the concerned channelling direction. Here we applied the superior N -body model
to study the yield from bismuth in silicon. The finding that bismuth atom occupies a
position close to the silicon substitutional site is new. The transverse displacement of the
suggested lattice site from the channelling direction is consistent with the experimental
results. The above model is also applied to determine the location of ytterbium in silicon.
The present values show good agreement with the experimental results.
Keywords. Channelling yield; scattering yield; half angle; minimum yield.
PACS Nos 61.80.Lj; 61.85.+p; 61.72.-y

1. Introduction
Rapid advances in the development of new electronic devices have been greatly
aided by the implantation-induced changes in semiconducting crystals. Properties
of doped materials depend on the type of dopant, its concentration in the host
crystal and on its location within the crystal lattice. Hence, the knowledge of
lattice location of doped atoms is an essential requirement for the characterization
of doped material.
Among the various techniques employed for detecting lattice location of atoms,
the channelling of high-energy ions is a simple and efficient method. The method
involves the measurements of the close-encounter yield from both the crystal atom
as well as the dopant atoms. The two yield curves are then used to obtain information regarding the lattice sites of impurity atoms. For the perfect substitutional
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case of gold in copper, the yield curves due to both atoms are exactly identical,
which leads to the conclusion that gold in copper is perfectly substitutional [1]. On
the other hand, problems arise when the foreign atom is displaced slightly from a
substitutional site. It brings about attenuation in the channelling dip, changing
normalized minimum yield (χmin ) and half-angle (ψ1/2 ) values in the process [2].
If the displacement from substitutional site increases beyond 1 Å, the typical channelling dip gives way to a peak in the yield distribution curve [3]. Similar to the
channelling dip, the peak is then characterized by the normalized maximum yield
(χmax ) and angular half-width of the peak (ψp ). Hence channelling experiment for
lattice location studies involves obtaining the yield distribution curve due to foreign atom in a particular crystalline direction. Repeating the same in one or more
independent direction helps in locating the position of the atom in the lattice.
If the foreign atom is in an interstitial site such as an octahedral site, consideration of the simple crystal geometry will help in locating the dopant site [4].
Domeij et al [5] have studied the yield from zirconium-implanted silicon. The result showed that the yield from zirconium was almost same as that of silicon in the
h1 1 1i and h1 1 0i directions. Along the h1 1 0i direction there was a narrow peak in
the zirconium yield centred at the channelling dip from silicon.
2. Theory
2.1 Beam divergence
A channelling experiment involves bombarding a single crystal target with a beam
of high-energy ions. The well-collimated beam is incident on the crystal at a small
angle ψ0 with respect to the normal to the surface; the crystal itself is cut with the
normal along a crystal axis called the channelling axis. The plane containing the
incident direction and the normal to the surface may subtend an angle θ0 with a
major crystal axis. This angle is defined as the azimuthal angle (see figure 1) and
is measured in the anticlockwise direction.
To study the dependence of the yield from the close ion–nuclei interactions on
the angle ψ0 , the detector is positioned at wide angle to the direction of incidence.
The yield is then measured by varying ψ0 .
To select a typical sample of the beam, we consider a unit cell in the plane
transverse to the channelling axis. A large number of points are randomly chosen
inside the cell and they are treated as the points of incidence of the ions in the beam.
The position coordinates of the points chosen define the initial position coordinate
of the ion. Here it is assumed that however well a beam is collimated, it will have
a small spatial divergence and as a result an ion can have an angle of incidence ψin
which is different from the mean angle ψ0 . Due to divergence, the azimuthal angle
θin for an ion can also be different from the mean azimuthal angle θ0 . The y-axis
is defined along the reference axis [h0 k 0 l0 ] in the plane of the crystal surface and
x-axis is perpendicular to it.
Due to beam divergence, a large number of ions make small angles δi ’s with
respect to the average beam direction and azimuthal angles ηi ’s in the plane transverse to the average direction SC as in figure 1. δi ’s and ηi ’s take random values
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Figure 1. Schematic diagram of an experimental arrangement for channelling to study close interaction processes. SP is the trajectory of a typical
particle emitted from source S at an angle δi off the average direction SC. The
momentum vector transverse to the average direction is along line PC.

with the former following a Gaussian distribution with a variance ∆ centred about
zero degree and the latter following a rectangular distribution between 0◦ and 360◦ .
Then from the geometry, it can be seen that the ions in the beam will have different
ψin ’s and θin ’s related to their characteristic angles δi ’s and ηi ’s.
2.2 Dopant atom location
When all the foreign atoms are not substitutional, a quantitative interpretation of
the yield curve requires knowledge of the channelled beam flux at various depths
in the crystal. When the ions are incident parallel to the channelling axis, i.e.,
ψ0 = 0◦ , the ions achieve a statistical equilibrium after a depth of nearly 1000
Å. The ions then have an equal probability of being found anywhere within an
accessible area [6].
Andersen et al [7] have given a simple analytical expression for the normalized
flux. But the calculation is valid only when the ion flux has attained statistical
equilibrium. Equilibrium is obtained usually only after a depth of 1000 Å. But
since the depth of the foreign atom is usually less than 1000 Å, a quantitative
treatment of flux distribution requires a detailed computer simulation.
As the flux for perfect alignment is an important parameter in atom location
studies, the variation of flux with angle of incidence is also a significant factor.
The value of ψ1/2 or ψp [7] gives a computational method to determine the yield
for various angles. Consider an atom lying close to an atomic row with potential
Pramana – J. Phys., Vol. 74, No. 3, March 2010
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2
U1 (r⊥ ). Then only those ions having a transverse energy U (rin ) + Eψin
> E⊥ can
encounter such an atom. When the ion is incident on the centre of the channel, it
2
can encounter a foreign atom provided its transverse energy Eψ1/2
is greater than
or equal to E⊥ . This defines the critical angle ψ1/2 for a close encounter with the
dopant atom. If this atom is at a distance r⊥ from the atomic string, the potential
at r⊥ by Lindhard continuum model [6] is given by
(µ
)
¶2
Z1 Z2 e2
Ca
U1 (r⊥ ) =
ln
+1 ,
(1)
d
r⊥

√
where C is an adjustable parameter usually taken to be 3, a is the screening
radius and d is the interatomic spacing along the atomic row.
This suggests that the critical angle for close-encounter processes with the dopant
atom is given by
(µ
)
¶2
Z1 Z2 e 2
Ca
2
Eψ1/2 =
ln
+1 ,
(2)
d
r⊥
where E is the energy of the ion. Substitution of the ψ1/2 values obtained from
experiments in eq. (2) gives the value of r⊥ , which is the displacement of the
dopant atom from the atomic row. A more detailed analysis [2,3] leads to the
yield curves for various values of the displacement r. Picraux et al [2] considered
a vibrating lattice atom emitting particle isotropically. The distribution of the
transverse energy of the particles with respect to the atomic row is calculated at
a plane halfway between the atoms and row. This distribution is related to the
probability of an ion hitting an atom as a function of the incident angle of the ion
and is usually referred to as the channelling angular distribution.
There are some calculations [8–13] which give the results of the computed yield
against the angle of incidence due to dopant atoms and comparisons with the experimental values. But all the analytical models are flawed in their assumption
of statistical equilibrium while all the Monte-Carlo methods make use of the flux
density obtained by simulation of trajectories using either continuum model [6] or
binary collision model [13]. Most of the discrepancies between the calculated values
and experimental values can be attributed to these drawbacks.
Smulders and Boerma used the hybrid model [14] to determine the location of
iodine in silicon using 2 MeV helium ions. After simulation, the flux density is
determined for comparison with experiment. The flux density data is fitted with
an experimental scan. Although their results gave the transverse displacement of
the iodine atom with respect to h1 0 0i, h1 1 0i and h1 1 1i directions, the minor
deviations between the experiment and the computed yield were not satisfactorily
explained.
From the above discussion, it can be seen that unless the dopant atoms occupy
standard sites (such as gold in copper or boron in tungsten), the computational
models have not been able to precisely specify a lattice site. When more than one
lattice sites are occupied, the problem is compounded further. In this calculation,
we have, therefore applied the N -body model [15] for locating dopant atoms.
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Figure 2. The unit cell in the plane transverse to h1 1 0i direction of silicon.
The label – represents the 40 dopant sites chosen in each direction and the
point marked • is the dopant site corresponding to an atomic string.

3. The N -body model
In this model, the field at any point is obtained by considering an ion–atom interaction with each of the neighbouring atom in the crystal, using an appropriate
binary potential. This procedure thus takes care of both close collision processes
as well as distant processes. The main attraction in pursuit of this model is that it
simulates the real physical situation as realistically as possible.
Once the flux density is obtained, the yield of close interaction processes with
dopant atom may be computed by assuming the mean position coordinates (xI , yI )
of the impurity atom in the transverse plane. Bontemps and Fontenille [10] gave
the value of the yield at a depth z as
Z Z
0
χI (z) = KI
PI (x, y, z)σ(x, y, z)n(x, y, z)dx dy,
(3)
S

where KI is the normalization constant and n(x, y, z) is the ion beam density.
PI (x, y, z) is the spatial probability distribution of the impurity atom given by
PI (x, y, z) = C(z)f (x − xI , y − yI ).

(4)

C(z) is the macroscopic concentration profile of the dopant atoms. f (x − xI , y − yI )
is assumed to be a Gaussian distribution in the transverse plane centred at the
assumed (xI , yI ). Thus
Pramana – J. Phys., Vol. 74, No. 3, March 2010
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µ
¶
1
(x − xI )2 + (y − yI )2
f (x − xI , y − yI ) =
exp −
,
2πu2I
2u2I

(5)

where u2I is the mean-square one-dimensional amplitude of the impurity atom.
σ(x, y, z) is the nuclear cross-section. The total interaction yield within a fixed
depth D is then
Z

D

χI =
0

χ0I (z)dz.

(6)

As for the host crystal, the impurity yield is also reported by normalizing their
random yield to unity.
4. Calculation method
The programme BEAM simulates the beam made up of a large number of ions.
For this, a standard random number generating ‘library function’ is made use of
to generate the position coordinate of the points of incidence of ions in a unit
cell. Since the unit cell is the smallest unit on the surface of the crystal, one
can generate the entire crystal plane by translation operation. The programme
MTRAJ then determines the trajectories of all the ions within the crystal by the
numerical integration of the equation of motion. A second data file then records
the position and velocity coordinates of all the ions at regular interval within the
crystal. The third programme YIELD reads the second data file to determine the
spatial density distribution of all the ions at regular depth intervals from which the
yield from close-encounter process is computed.
One advantage of the simulation programme is that once the trajectory data files
are created by the MTRAJ programme, the yield information for any dopant atom
at any assumed site can be obtained simultaneously along with the host crystal
yield. For our simulation work, we considered the case of bismuth in silicon. The
nuclear cross-section σ(x, y, z) was set equal to one and the concentration profile
was also set equal to one, thereby assuming a uniform depth distribution of dopant
atoms. The program BEAM simulates a beam made up of a large number of αparticles, typically 1000, of 1 MeV energy. This data file was then used to obtain
the yield from bismuth atoms. To obtain the precise location within the unit cell,
we choose 41 points within the unit cell, as defined in figure 2.
The first yield curve was generated by choosing dopant site on the point marked
by the black circle •, which corresponds to an atomic string. The rest of the points
were chosen at intervals of 0.1 Å in eight directions as shown in figure 2. Thus in
total, we have 41 yield curves depending on the lattice sites chosen. The distance
was limited to 0.5 Å because the works of Picraux et al and others [2,3] suggested
0.5 Å as the probable displacement of the dopant site in the h1 1 0i direction. The
above method thus also tries to fix the precise directions of the displacement apart
from determining the magnitude of the displacement.
The 41 curves are then compared with the experimental yield curve [2] and the
closest yield curve is identified. The assumed position coordinates (x0I , yI0 ) used to
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Figure 3. The unit cell in the plane transverse to h1 1 1i direction of silicon.
The label – represents the 35 dopant sites chosen in each direction and the
point marked • is the dopant site corresponding to an atomic string.

obtain that yield curve are then taken as the transverse position coordinates of the
dopant atom.
The same procedure is repeated by simulating 1000 α-particles with the same energy 1 MeV in the h1 1 1i direction. Figure 3 shows the unit cell chosen in the plane
transverse to this direction. To obtain the yield from the dopant atoms, the atom
was first assumed to be on the atomic row centred at the rectangular unit cell. Five
points were then chosen at equal distances of 0.1 Å and the next two at distances
of 0.8 Å and 1 Å respectively. These seven points were chosen in five directions
as shown in figure 3. Comparing the resultant yield curves with the experimental
work, the closest fitting curve is identified. This defines the position coordinates
(x00I , yI00 ) of the dopant atom in the plane transverse to the h1 1 1i direction.
Consideration of the crystal geometry leads to the position coordinates
(x± , y± , z± ) of the dopant atom in the diamond lattice as
·
¸
yI − yI00 cos α
xI = x00I cos 45 − yI00 sin 45 sin α + sin 45 cos α
,
(7)
sin α
a
yI = x0I + ,
8
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Figure 4. The channelling yield curve from silicon atom, when I
MeV α-particles are incident along h1 1 0i direction of silicon. Channelling
depth = 1000 Å, beam divergence = 0.01◦ and azimuthal angle = 0◦ (Andersen
et al [7]).

·
zI = −x00I sin 45 − yI00 sin α cos 45 + cos α cos 45

¸
yI − yI00 cos α
,
sin α

(9)

where
1
sin α = √ ,
3

r
cos α =

2
.
3

5. Results and discussion
5.1 Bismuth in silicon
Figure 4 shows the channelling yield curve from silicon atoms at the depth of 1000 Å
in the h1 1 0i direction. The values of χmin and ψ1/2 obtained from the figure are
compared with other works. Table 1 summarizes the results.
Figure 5 shows the 41 yield curves from impurity atoms in the h1 1 0i direction
computed by the method described in the previous section. Figure 5e is the bismuth
yield for the site assumed on the silicon lattice. Similarly, the rest of the graphs
428
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Table 1. Comparison of the results of the present work with those reported
in literature. Here 1 MeV α-particles incident along the h1 1 0i direction of
silicon crystal with a beam divergence of 0.01◦ and azimuthal angle 0◦ are
considered.
h1 1 0i
direction
χmin
ψ1/2

Picraux et al
[2]

Andersen et al
[7]

van Vliet
[3]

Present
value

0.049
0.75◦

0.05
0.825◦

–
0.93◦

0.05
0.8◦

Table 2. Comparison of the present result with other results reported in
literature. Here 1 MeV α-particles are considered to incident along the h1 1 1i
direction of silicon crystal with a beam divergence of 0.01◦ and an azimuthal
angle of 0◦ .
h1 1 1i
direction
χmin
ψ1/2

Picraux et al
[2]

Andersen et al
[7]

Present
value

0.051
0.55◦

0.07
0.6◦

0.065
0.61◦

show the bismuth yield for the various points considered in the corresponding crystal
directions. Figures 5a–5i have bismuth yields for the sites assumed to be at distances
0.1 Å, 0.2 Å, 0.3 Å etc. in the direction as shown in figure 2. All the 41 curves are
then compared with the experimental bismuth yield curves [2]. For comparison,
we have considered the values of χmin , χmax , ψ1/2 and ψp as well as the general
shape of the curve. Thus we have chosen the curve generated for the dopant site
at (−1.179 Å, 0) as the best fit. The values −1.179 Å and 0 are then taken as the
x0I and yI0 values shown in figure 2. Figure 6 shows the yield curve of bismuth in
silicon after comparison with the experimental results [2].
The comparison shows that the present values agree well with the experimental
result of Andersen et al [7] and is consistently lower than the value reported by
van Vliet [3]. But it can be seen that the values obtained by Picraux et al [2] are
consistently lower than the present ones. One possible reason for the low values in
their work may be due to a different value of azimuthal angle θ0 from the usual value
of 0◦ used by others. Picraux et al [2] do not specify this value. It is clearly shown
[15] that both the χmin and ψ1/2 values are dependent on the value of azimuthal
angle θ0 . Hence the values in the present work appear more reliable and consistent.
We then considered channelling of α-particles of the same energy 1 MeV and
beam divergence 0.01◦ incident on the h1 1 1i direction of silicon (see figure 7). The
azimuthal angle once again was set equal to 0◦ . Table 2 shows the comparison of
the present result with other experimental values.
Figure 8 shows the multiple bismuth yield curves for 36 points as mentioned
before. Once again, comparing with the experimental curves [2], it can be seen that
the curve for the bismuth site at (0.2 Å, −0.23 Å) agrees best with the experimental
value of Picraux et al [2]. Figure 9 shows the yield curve after direct comparison
Pramana – J. Phys., Vol. 74, No. 3, March 2010
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Figure 5. The 41 yield curves generated by choosing bismuth site in silicon
crystal as shown in figure 2. 1 MeV α-particles are incident on the plane
transverse to the h1 1 0i direction keeping beam divergence as 0.01◦ and azimuthal angle as 0◦ . The central plot (e) corresponds to the point in which
the bismuth atom is on the atomic string.

with the experimental curve. Accordingly, 0.2 Å and −0.23 Å are chosen as the
values of position coordinates x00I and yI00 of the bismuth site in the plane transverse
to h1 1 1i axis.
430
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Figure 6. The yield curve after comparing all the 41 computer-generated
yield curves with the experimental yield curve of Picraux et al [2] in h1 1 0i direction by choosing bismuth site in silicon crystal as shown in figure 2 (bismuth
implanted in silicon).

Substitution of the values of (x0I , yI0 ) and (x00I , yI00 ) in eqs (7), (8) and (9) yields
the position of the impurity site within the diamond lattice as (5.07 Å, 4.93 Å and
5.36 Å). It can be seen that this site is very close to the silicon lattice site at (1,
1, 1). Since the radius of the bismuth atom is 1.7 Å and that of silicon atom is
1.32 Å, it is certain that the two atoms cannot coexist at the two above-mentioned
sites. Therefore, the only way out is to assume that the silicon atom is removed
from its original site at (1, 1, 1). But the bismuth atom instead of occupying the
place of silicon, settles at (0.93, 0.91, 0.99). The larger radius of bismuth could be
the reason for this minor displacement from the substitutional site as it enters into
the tetravalent bond with the neighbouring silicon atoms.
The results once again show that our values are consistent with the Andersen
et al ’s results [7] but are higher than those of Picraux et al [2]. The discrepancy
could be once again due to a different value of azimuthal angle chosen by Picraux
et al [2].
The above conclusion can be verified only if a yield curve for bismuth is generated
specifically for the site, by considering channelling in a third direction. In the
absence of any experimental data for bismuth in the third direction, the inference
is inconclusive. But the transverse displacement of this lattice site by 0.5 Å when
viewed in the h1 1 0i direction is consistent with the findings of Picraux et al [2],
who have reported a value of 0.5 Å as the probable displacement of the dopant site
in the h1 1 0i direction.

Pramana – J. Phys., Vol. 74, No. 3, March 2010
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Figure 7. The channelling yield curve for 1 MeV α-particle incident along
h1 1 1i direction of silicon with a beam divergence of 0.010 and an azimuthal
angle of 0◦ .

The displacement of bismuth atom from the substitutional site can also bring
about an adjustment in the neighbouring silicon atoms pushing them into the open
channels. This also could be the reason for the low value of half-angles of the silicon
curve in the measurements by Picraux et al [2]. In tables 1 and 2, only the value by
Picraux et al [2] is less for bismuth in silicon, which further supports our finding.
5.2 Ytterbium in silicon
We apply the above model again to determine the lattice location of ytterbium
in silicon crystal. Ytterbium in silicon is considered to be a more complex site.
Andersen et al [7] had carried out detailed angular scans across each of the low
index directions. They used a beam of 1 MeV α-particles for the purpose.
Here, we use α-particles of the same energy, 1 MeV, to determine the location of
ytterbium in silicon. For ytterbium in silicon, we suspected the dopant site to be
interstitial. Therefore, we choose 39 points within the unit cell defined in figure 10,
in a different pattern from that of bismuth in silicon along the h1 1 0i direction, so
as to cover regions even far away from a row.
Figure 11 shows the 39 yield curves from ytterbium atoms in the h1 1 0i direction
computed by the method discussed earlier. Figure 11f is the ytterbium yield for
the site (0, 0). All the other graphs are the different yield curves for the points
numbered as shown in figure 10. The 39 yield curves are then compared with the
experimental work of Andersen et al [7]. Comparison is done by taking into account
the values of χmin or χmax , ψ1/2 or ψp and the general shape of the graph. Thus, we
432
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Figure 8. The 36 yield curves generated by choosing bismuth site in silicon
crystal as shown in figure 3. Here 1 MeV α-particles are chosen as incident on
the plane transverse to the h1 1 1i direction, keeping beam divergence as 0.01◦
and azimuthal angle as 0◦ . The plot marked (d) corresponds to the point in
which the bismuth atom is on the atomic string.

have chosen the curve generated for the site at (0, 1.92 Å) as the best fit. The values
0 and 1.92 are then taken as the x0I and yI0 values. Figure 12 shows the selected
curve separately. Table 3 shows the present value of χmax and ψp compared with
the experimental results of Andersen et al [7].
The same procedure is repeated by considering the α-particles of the same energy
1 MeV and beam divergence 0.01◦ incident on the crystal in the h1 1 1i direction.
The azimuthal angle is set equal to 0◦ .
Pramana – J. Phys., Vol. 74, No. 3, March 2010
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Figure 9. The yield curve after comparing all the computer-generated yield
curves with the experimental yield curve of Picraux et al [2] in the h1 1 1i direction by choosing bismuth site in silicon crystal as shown in figure 3 (bismuth
implanted in silicon).

Figure 10. The unit cell in the plane transverse to h1 1 0i direction of silicon.
The label – represents the 38 ytterbium atom sites chosen in each direction
and the point marked • is the dopant site corresponding to an atomic string.

Figure 13 shows the 36 yield curves of the ytterbium atoms from silicon crystal in the h1 1 1i direction. All these yield curves are again compared with the
work of Andersen et al [7] and the best-fit curve is then found. The yield curve
corresponding to the point (−0.8 Å, 0) gives the best fit. Figure 14 shows the yield
434
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Figure 11. The 39 yield curves generated by choosing ytterbium site in
silicon crystal as shown in figure 10. Here 1 MeV α-particles are incident on
the plane transverse to the h1 1 0i direction keeping beam divergence as 0.01◦
and azimuthal angle as 0◦ . The plot marked (f) corresponds to the ytterbium
yield for the site at (0,0).

Pramana – J. Phys., Vol. 74, No. 3, March 2010
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Figure 12. The yield curve after comparing all the 39 computer-generated
yield curve with the experimental yield curve of Andersen et al [7] in the h1 1 0i
direction by choosing ytterbium site in silicon crystal as shown in figure 10.
Table 3. The comparison of χmax and ψp with the results of Andersen et al
[7] in the h1 1 0i direction using 1 MeV α-particle in ytterbium implanted in
silicon.
h1 1 0i direction
χmax
ψp

Andersen et al [7]

Present value

1.6
0.5◦

1.95
0.45◦

Table 4. The comparison of χmin and ψ1/2 values with the experimental
work of Andersen et al [7]. 1 MeV α-particles with beam divergence 0.01◦ and
azimuthal angle 0◦ are used for the purpose. The beam is allowed to incident
on the crystal in the h1 1 1i direction (ytterbium implanted in silicon).
h1 1 1i direction
χmin
ψ1/2

Andersen et al [7]

Present value

0.6
0.6◦

0.55
0.56◦

curve drawn separately. Table 4 shows the comparison of ψ1/2 and χmin values with
the experimental work of Andersen et al [7]. The values −0.8 Å and 0 are chosen
as the values of position coordinates of x00I and yI00 of the ytterbium site in the plane
transverse to h1 1 1i axis.
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Figure 13. The 36 yield curves generated by choosing ytterbium site in
silicon crystal as shown in figure 3. Here 1 MeV α-particles are incident on
the plane transverse to the h1 1 1i direction keeping beam divergence as 0.01◦
and azimuthal angle as 0◦ . The plot marked (d) corresponds to the point in
which the ytterbium atom is on the atomic string.

Then substitution of the values of (x0I , yI0 ) and (x00I , yI00 ) in eqs (7)–(9) yields the
ytterbium site in the silicon crystal as (0.11 Å, 0.68 Å, 1.24 Å). In order to verify
the result we substitute this point along h1 0 0i direction and the channelling yield

Pramana – J. Phys., Vol. 74, No. 3, March 2010

437

N K Deepak

Figure 14. The separately drawn yield curve after comparing all the 36 computer-generated yield curves with the experimental yield curve of Andersen et
al [7] in the h1 1 1i direction by choosing ytterbium site in silicon crystal as
shown in figure 3.

Figure 15. The channelling yield curve for 1 MeV α-particles incident
along h1 0 0i direction of silicon with a beam divergence 0.01◦ and azimuthal
angle 0◦ .
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Table 5. The comparison of χmin and ψ1/2 values for both channelling and
the scattering yield of ytterbium implanted in silicon. 1 MeV α-particles with
a beam divergence of 0.01◦ is used for the purpose. Azimuthal angle is set
equal to 0◦ . The ion is incident along h1 0 0i direction of silicon.
Andersen et al [7]

Present value

Channelling yield Scattering yield Channelling yield Scattering yield
χmin
ψ1/2

0.16
0.65◦

0.65
0.65◦

0.12
0.6◦

0.73
0.68◦

Figure 16. The scattering yield from ytterbium site in the silicon crystal at
(0.11 Å, 0.68 Å, 1.24 Å) when 1 MeV α-particles is incident along the h1 0 0i
direction. Beam divergence is 0.01◦ and azimuthal angle is 0◦ .

and scattering yield are found in that direction. The results are shown in figures
15 and 16.
It can be seen that the yield obtained agrees with the experimental result. Table
5 shows the comparison of χmin and ψ1/2 values with the values obtained from the
experimental work of Andersen et al [7].
It can be seen from the results that ytterbium site is close to both the lattice
site at (0, 0, 0) as well as its basis atom at (1/4, 1/4, 1/4). The distance between
the ytterbium atom at this site and the two silicon atoms are approximately the
same and is equal to 1.4 Å. It is not clear whether a bond really exists between
the ytterbium atom and the two silicon atoms. But, unlike the case of bismuth
in silicon, the yield curve from silicon does not suggest any displacement of silicon
atoms during the implantation of ytterbium atoms.
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The computer program we have developed for the study are so structured that
it can be applied easily for any ion beam and for any dopant atom in any material,
which crystallizes with diamond structure. With change of one subroutine, the
program can also be used for any crystal structure.
6. Conclusion
This paper reports the results of the estimation of lattice position of bismuth and
ytterbium using an indigenously developed computer code for the channelling and
scattering yield of 1 MeV α-particles incident along the h1 0 0i, h1 1 0i and h1 1 1i
directions of silicon implanted with bismuth and ytterbium atom using N -body
model calculation. The above model tries to fix the precise directions of the displacement of the implanted atom apart from determining the magnitude of the
displacement.
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