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Abstract

Ultra shallow junctions (depths <0.1 lm) are required for future generations of silicon devices. This requires either
very low energy ion implantation (<1 keV for B for the shallowest of implants) or the use of heavier implanted species
(either elemental or molecular). Many commercial implanters have problems operating at such low terminal voltages.

For many years molecular ions, in particular BFþ
2 , have been used to transport low velocity boron at higher energies,

enabling the use of conventional implanters in the production of shallow junctions. However, with ever shrinking scales

the energies required even for BF2 are becoming too low. The investigation here is to look at the alternative heavier

halides and decaborane as possible alternatives to allow continued use of conventional ion implanters. We use a

molecular dynamics simulation to see if we can find any evidence of non-linear behaviour from the use of such mo-

lecular species for implantation, thereby making the modelling and simulation of such implants more complex than

more conventional implantation. The simulation results presented suggest that there is no evidence of non-linear be-

haviour and all the standard parameters of implantation – ion ranges and displacements of silicon atoms – change in a

well predicted manner.
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1. Introduction

Ultra shallow junctions (depths <0.1 lm) are
required for future generations of silicon devices.

This in turn requires either very low energy ion

implantation (<1 keV for B for the shallowest of
implants) or the use of heavier implanted species

(either elemental or molecular). This is particularly

a problem for p-type implantation because of the

low mass of the most common p-type dopant; B

and the problem of many commercial implanters

operating at such low terminal voltages. For many

years molecular ions, in particular BFþ
2 , have been

used to transport low velocity boron at higher

energies, enabling the use of conventional im-

planters in the production of shallow junctions.

The use of BFþ
2 is now becoming problematic
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because of the extreme reactivity of fluorine which

can degrade the properties of the gate oxide. Also

as junction depths decrease further the energies

required for BFþ
2 are becoming too low also.

Other alternatives considered include decabo-

rane, which requires substantial ion source modi-

fication to exploit. It has been suggested recently

that other boron halides – BBrþ2 , BCl
þ
2 and BI

þ
2 –

might lower the oxide degradation as the other

halides are less reactive than fluorine. Also the

higher masses allow shallower implantation to be

achieved.
Here we use molecular dynamics simulations to

investigate the effects of implantation using mo-

lecular species. Similar studies in the past have

shown that molecular implantation at very low

energy (equivalent to less than 50 eV for boron)

can result in deeper boron penetration than a

boron elemental implant but at higher velocities

the molecular effects lessen and the implantation
profiles become similar [1].

2. Model

We use a molecular dynamics program which

has been described in detail in the past [2,3] here

we use the Brenner Si–H and Si–Si many body
potentials [4] for the interactions of the target, and

ZBL repulsive pair-wise potentials [5] for the B–B,

B–Si, halide–B and halide–Si interactions. The

molecules are travelling with such high velocity

when they impact the target that the internal

binding energy of the molecules themselves can

safely be ignored and the molecule will atomise on

initial contact with the surface and only momen-
tum will keep the particles travelling together – if

at all – during the slowing down process. At very

low energies it has been found that substantial loss

of implanted ions can occur if the binding im-

planted ion is ignored but at higher energies, once

the ion penetrates more than a few layers below

the surface, the binding makes very little difference

to the general results. [1] The target consists of a
block of silicon atoms 10� 10� 40 nm. The
longer dimension is in the initial direction of mo-

tion of the ion. This involves about 200,000 atoms

in the calculation. The (1 0 0) dimer reconstructed

surface is presented normal to the energetic parti-

cle. The target is started with no initial kinetic

energy and every atom is on its equilibrium lattice

site. The results here will be applicable to low
temperature implantation. It can be expected that

some differences will occur between these results

and those performed at higher temperature, these

will be discussed later. The simulations were per-

formed in a constant energy scheme – with free

boundaries – this has the effect that energy is lost

only when high energy particles leave the system

and that simulations on long timescales – typically
greater than a few ps – do not allow the correct

conduction of the ‘‘hot’’ region created by the

impact. For this reason the simulation results

presented here can not give a good description of

the final defect density created by an impact, after

the system has fully equilibrated, but only a de-

scription of the initial displacement density created

in the dynamic part of the initial collision cascade
caused by the molecular impact.

A set of 33 uniformly spaced initial starting

points in an irreducible representative area of the

surface is used in preference to choosing a random

starting position as for a small sample set as used

here it has been shown that this gives a better

representation of the general behaviour [6]. Al-

though the sample is small – due to the large
amount of computer time required for crystals of

this size – the general behaviour of the target under

the various molecular impacts can readily be seen.

Obtaining detailed information on the implanta-

tion profile of the boron, however, is unfortunately

not possible with such a small sample size, but,

mean projected ranges can be estimated from the

results.

Table 1

Molecular species used in this study and their initial kinetic

energy

Molecule Initial energy (keV)

B 1.0

BF2 4.45

BCl2 7.44

BBr2 15.36

BI2 24.0

B10H14 11.26

144 R.P. Webb et al. / Nucl. Instr. and Meth. in Phys. Res. B 202 (2003) 143–148



The initial kinetic energies of the molecules are

chosen such that the boron has the same velocity

as a 1 keV boron ion. These are shown in Table 1.

A few simulations were run out to 4 ps and the

number of particles in the target that were no longer

on a lattice site was counted and the positions of

the implanted molecule recorded. The result shown
in Fig. 1 is typical of the general results found. The

figure shows results from a single BBr2 impact. The

number of displaced atoms (an atom more than

half a lattice unit from its initial position) increases

during the impact up to about 400 fs and then

gradually decreases reaching a constant level at

about half the peak value. As the simulations are

performed at 0 K the defects created are not mobile
and so are not expected to readily anneal.

To save time simulations are performed for only

400 fs and the peak displacement damage ex-

tracted from the simulation results. Half the peak

value is then used as an estimate of the surviving

displacement damage. The spatial distribution of

displaced atoms as a function of times shows

no spatial movement on this time scale. Only a
decrease in the magnitude of the distribution is

observed.

3. Results and discussion

Fig. 2 shows the depth of penetration of the

boron and accompanying molecule and the num-

ber of displaced atoms produced for each of the

different impacts for each of the molecules used in

this investigation. In the case of the depth of

penetration the grey scale is such that white rep-
resents penetration >40 nm and is darker the

closer to the surface. In the case of the number of

displaced particles white represents no displace-

ments and is darkest for the greatest number

generated for that molecule.

The figure shows that in all cases substantial

channelling of the boron is obtained in similar

positions regardless of the impacting species. The
only exception to this appears to be the decabo-

rane. However, this is the average position of all

ten boron atoms in the molecule and the molecule

itself is quite large both of these effects tend to mask

the degree of channelling which does still occur

giving rise to a more general grey shade across the

whole impact zone.

In the case of implantation with the halide
molecules the number of displacements created

correlates directly with the behaviour of the halide

atom itself – if it channels (goes to great depths),

fewer defects are produced in the surface region, if

not then a larger number are created. The effect of

the boron seems to be almost inconsequential even

for the relatively light fluoride.

In the case of both ‘‘straight’’ boron and deca-
borane implantation the number of defects corre-

lates with the boron impact. In the case of

decaborane the hydrogen is too light to produce

significant damage of its own.

The statistics obtained from this study so far are

very small and little can really be said about the

range distribution of the implanted boron. But Fig.

3 gives a strong indication that the profile of im-
planted boron is much the same regardless of the

delivery molecule used. In all cases the channelled

boron particles travel through the 40 nm target and

the non-channelled particles have a mean range of

about 8 nm and are well contained within the

simulated region. As the simulations have been

made directly in a channelling direction the mean

projected range plotted in Fig. 3 is dominated by
the deep channelled ions. The consequence of this

is that the mean projected range calculated is much

higher than would be expected from a more ran-

domly aligned implant. Further work is underway

Displacements as a function of time

0

100

200

300

400

500

600

700

800

900

0 500 1000 1500 2000
Time (fs)

Nu
m

be
ro

fD
is

pl
ac

em
en

ts

Fig. 1. The number of atoms not on a lattice site as a function

of time from a single impact of a 15.36 keV BBr2 molecule.
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to simulate a randomly aligned implant rather than

the well channelled impacts presented here. Little
change in the results shown here is expected,

however. The profile of the accompanying particle

increases as the mass of the particle increases. This

is as expected, the momentum increases with the

heavier mass particles even though the velocity

of arrival is the same the range of all particles

is quite consistent with the more simplistic meth-

ods of calculating range profiles [7]. The mean
depth of displaced particles increases approxi-

mately linearly as a function of the mass of the

accompanying particle is shown in Fig. 4. This is

because the heavier accompanying particles tend to

have displacement profiles with deep tails into the

silicon even though the peak position does not

appear to change substantially. This is shown in

Fig. 5.
Fig. 6 shows that, as expected based on de-

fect creation in dilute cascades – the Kinchin–

Pease [8] approximation – the number of defects

increases linearly as a function of the energy of

the impacting particle. This gives a strong indi-

cation that there is very little non-linear behav-

iour introduced by employing molecular species.

The decaborane – the open circle – does not fit
very well on this figure. This might be because

the hydrogen impacts do not create stable dis-

placements in the silicon and effectively their

contribution is negligible. The open circle on the

plot is plotted at an energy ignoring the en-

ergy delivered by the hydrogen and does seem to

Fig. 2. A grey-scale representation of the depth of penetration of the boron and accompanying atom and the number of displaced

particles produced for each of the 33 separate trajectories simulated for each of the impacting molecular species. For the depth of

penetration ‘‘white’’ represents deep implantation (>40 nm) and the closer to the surface the darker the colour. For the number of

displaced particles ‘‘white’’ represents no displacements and the greatest number of displacements for that molecule is represented as

the darkest.
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Fig. 3. The mean projected range of the implanted particles as

a function of the mass of the non-boron accompanying atom in

the molecule. Squares are for the boron particle. Circles are for

the accompanying particle. The lines are meant as a guide

for the eye.
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Fig. 4. The mean displaced atom depth as a function of the

mass of the accompanying atom in the molecule.
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Fig. 5. Displaced atom depth profiles accumulated for all 33 trajectories for each of the molecular impacting species.
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give a better agreement with the rest of the data
that way.

4. Summary

Using molecular species to introduce boron into

silicon at reduced energies seems to be quite simple

to predict. There is very little evidence for non-

linear behaviour. The principle difference is that the

higher mass halides produce more and deeper dis-

placements in the silicon. It is already well known

that there is a substantial advantage to amorphis-
ing the surface region of the silicon during im-

plantation, both in terms of reducing channelling

and in recovering the original silicon structure

during annealing. There could be an advantage

here in employing the heavier halides in both re-

ducing the range and increasing the speed of the

onset of amorphisation.
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Fig. 6. The average number of ‘‘stable’’ displacements pro-

duced per molecular impact as a function of the initial energy of

the molecule. The closed circle for B10H14 is plotted with the

kinetic energy contribution from the hydrogen atoms removed.

The open circle for the same molecule is including the kinetic

energy from the hydrogen atoms.
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