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Characteristics of sub-keV atom-Si„111… surface collisions

Magnus Hedstro¨m and Hai-Ping Cheng
Quantum Theory Project and Department of Physics, University of Florida, Gainesville, Florida 32611

~Received 18 September 1998!

Molecular-dynamics~MD! simulations, using the potential developed by Tersoff, are reported for Si bom-
bardment of Si~111! in the collisional energy range 15–520 eV. A comparison between ordinary MD and a
modified version that includes a model for electronic stopping power and electron-phonon coupling is made. It
is found that such modification does not significantly change the results for penetration depth and surface
damage. However, electronic stopping does lead to energy dissipation and approximately 10–15% of the
collisional energy is transferred to the electrons. The surface damage reaches deeper than the penetration of
the projectile and is identified as single atom displacements or small-sized amorphous regions.
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I. INTRODUCTION

Collisions between ions and semiconductors has bee
topic of intense experimental and theoretical investigat
for several decades. Low-energy ion bombardment of s
faces includes a rich variety of physical phenomena of b
fundamental and applied nature. Important examples
e.g., ion implantation, sputtering, deposition, surface mod
cation, electronic excitation, and phase transitions.

Technologically, ion implantation has become a wide
used doping technique for fabrication of very large scale
tegration~VLSI! devices.1 The ongoing reduction in size o
the VLSI chips, while at the same time the number of co
ponents per chip increases, is one driving force for obtain
a more detailed understanding of ion implantation, in or
to gain more control over the manufacturing process of VL
devices.

Experimental techniques mainly probe the final result
the collision process, such as sputtering yields or dam
production. At present, the experimental time resolution d
not allow for the study of the full dynamics of these pr
cesses. Molecular-dynamics~MD! simulations, on the othe
hand, do permit a detailed study at the atomic level of s
processes. MD studies of ion-semiconductor bombardm
were reported already in the 1970’s. One of the first of th
papers is the study of Ar1 collisions with germanium by
Ostry and MacDonald.2

MD simulations of sub-keV bombardment of silicon ha
been carried out by Kitabatake and co-workers3–5 and re-
cently by Hensel and Urbassek,6 who examine the Si self
bombardment of the~100!, ~110!, and ~111! surfaces at en-
ergies up to 100 eV. Investigations of collisions in the ke
regime using MD have been done by Diaz de la Rubia
co-workers.7,8 One of the objectives for their studies is
analyze the damage production in terms of structural tra
formations and formation of amorphous pockets in silicon
a recent paper a comparative study of semiconductors a
number of fcc metals is presented.9 Sputtering yields from
ion collisions with silicon have been calculated from M
simulations by Stansfield, Broomfield, and Clary10 and
Smith, Harrison, and Garrison.11

Damage production in the keV regime and above m
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also be studied using methods based on the binary colli
approximation.12 However, in order to obtain detailed infor
mation regarding the dynamics, MD simulations a
necessary.13

In this paper we present results from MD studies of
collisions with Si~111! surface, with collisional energy in the
range from 15 to 500 eV. This energy range has not b
systematically covered in previous calculations. Thus
calculations bridge the gap between investigations in
sub-100-eV range3–6 and the keV regime.7–9 The target for
our study is to understand how collisional energy influen
penetration depth and defect production in terms of collis
mechanisms. We also implement a model for electronic st
ping power and electron-phonon interactions,14 into the MD
code that had previously been used for predictions conc
ing soft landing and glass formation in nanocrystals15,16 and
recently for cluster surface collisions.17 The simulations that
include electronic stopping are compared to ordinary M
calculations in order to understand when, and for what pr
erties, inclusion of electronic stopping is needed.

In the next section we give details concerning the syst
and describe the simulation method. Results are presente
Sec. III, followed by discussion and conclusions in Sec.

II. SYSTEM AND SIMULATION METHOD

The Si~111! surface is taken to be a slab consisting of
double layers, each containing 288 atoms, so the total siz
the substrate is 9504 atoms. The slab is 103 Å deep wi
rhombic surface of dimensions 46346 Å. A few layers at
the bottom are held fixed in order to stabilize the system.
the other atoms are dynamical, i.e., they are allowed to m
according to the forces exerted by their neighbors. Temp
ture control is applied only to the deepest layer of dynami
atoms, i.e., these atoms are coupled to a heat bath held
fixed temperature,T05150 K, to maintain constant tempera
ture. The temperature control at the bottom also has the fu
tion to absorb eventual shock waves that may reach the d
est layers of atoms. Initially the surface atoms occupy
sites of a perfect diamond lattice with conventional latti
constant 5.43 Å. Before any collision event, the surface
thermalized, to simulate the specific temperatureT0 . This is
10 701 ©1999 The American Physical Society
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10 702 PRB 59MAGNUS HEDSTRÖM AND HAI-PING CHENG
achieved by giving all the dynamical atoms velocities co
mensurate with the Maxwell-Boltzmann distribution for th
given temperature.

Taking thez axis to be normal to the surface, period
boundary conditions are applied to all the surface atom
thex andy directions, but not along thez axis. The projectile
is released at a distance of 10 Bohr above the surface, w
its interaction with the surface is zero, and is given a m
mentum towards the surface at normal incidence.

The Tersoff potential18 is used to calculate the forces b
tween silicon atoms. This potential was chosen since it d
not only fit to the diamond structure, but also to structu
with a coordination number different from four. In particula
compared to the Stillinger-Weber potential,19 the Tersoff po-
tential gives a better description of amorphous silicon. T
potential by Stillinger and Weber is more commonly used
studies on radiation damage in Si, although it is known
favor the tetrahedral bonding too strongly. Recently in
study by Nordlundet al.9 a systematic comparison betwee
the two interatomic potentials was made and indeed,
number of defects produced due to ion impact of the Si s
face was twice as many when using the Tersoff potentia
compared to the results from using the Stillinger-Weber
tential. This manifests the fact that the Tersoff potential
not discriminate overcoordinated and undercoordina
structures, as does the Stillinger-Weber potential.

The motion of all the dynamical surface atoms and
projectile is governed by Newton’s equations,

mi ẍi52¹ iU~x1 ,x2 ,...,xN!, ~1!

wherexi are coordinates of thei th atom andU is the poten-
tial, which are solved using Gear’s fifth-order predicto
corrector method.20

For a set of silicon self-collisions inelastic energy loss
were also included. Specifically electronic stopping and a
electron-phonon coupling were modeled using a frictio
force 2b ẋ and a random force,h(t) so the equation of
motion takes the Langevin form14

mi ẍi52¹ iU~x1 ,x2 ,...,xN!2b ẋi1h~ t !. ~2!

In these simulations all atoms with kinetic energy high
than 103 3

2 kBT0 were subjected to the frictional and the ra
dom forces. The value ofb was chosen as 5.8310211g/s,
which is in between the value calculated from the electro
stopping power theory of Lindhard and Scharff21 and recent
experimental measurement.22 In previous work8,9 friction has
not been applied as generously as here, but applied on
atoms with kinetic energy higher 1 eV. Our results thus e
phasize the effect of electronic stopping more than the w
cited above.

III. RESULTS

A. Comparison between Newtonian and Langevin MD

1. Penetration depth

In order to study the effect of Si bombardment of Si~111!
surface we select five different initial impact points from t
irreducible symmetry zone at normal incidence as shown
Fig. 1. The simulations are performed at four different init
velocities,v0510, 20, 40, and 60 km/s, for the incoming
-
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atom, corresponding to a collisional energy range betw
15 and 520 eV. For one of the initial impact points a co
parison between Eq.~1! and Eq.~2! is done. In Fig. 2, the
penetration depth of the incoming Si into the substrate
shown for various velocities and for both Newtonian a
Langevin MD~NMD and LMD, respectively!. Here we have
selected the largest penetration depth for the incoming
ticle, although in most cases it finally ends up at a sligh
shallower depth after long simulation time. It is clear th
for the projectile velocities considered here, electronic st
ping does not influence the penetration depth, and late
deeper analysis of the particle trajectories will confirm th
the stopping comes only from a very few atomic collision
events. Forv0580 km/s we notice a large difference in pe
etration depth for this particular impact point. The differen
can however not be attributed to electronic stopping but
two trajectories explore different parts of phase space an
this case it gives rise to a large difference. The stopping
still due to atomic recoils. A different initial impact poin
may give a reverse situation where the atom that experien
electronic stopping may penetrate deeper than the atom
the other simulation. A careful analysis of the result for
km/s shows that that is actually the case. One may conc
that for calculating penetration depth, it is safe to not inclu
frictional forces.

2. Number of defects

Another interesting quantity to compare with is the da
age the projectile causes to the surface. A measure of th

FIG. 1. Part of the Si~111! surface with the impact points show
in the irreducible symmetry zone at normal incidence.A, B, andC
indicate the stacking of the~111! double layers.

FIG. 2. Penetration depth of the incoming Si into the surface
a function of initial velocity. A comparison between Newtonian a
Langevin MD for a particular impact point.
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PRB 59 10 703CHARACTERISTICS OF SUB-keV ATOM-Si~111! . . .
to calculate the number of disordered atoms. Different c
ventions for doing this may be chosen. One way is to cal
late the number of atoms that have been excited more
0.25 eV, Nhigh E . Another way to estimate the damag
caused to the surface is to calculate the number of displa
atoms, Ndispl. Various methods to calculate this quanti
have been proposed in the literature8,9 and here we letNdispl
be the number of atoms that have been displaced more
half the Si-Si equilibrium bond distance,r NN52.35 Å, from
their original lattice points. In Fig. 3 the number of defects
a function of time is shown for both NMD and LMD. Thes
results are obtained for an initial projectile velocity of 4
km/s, which happen to give almost identical particle traje
tories for both NMD and LMD. This initial condition is
therefore suitable for comparison of also other quanti
than penetration depth.

The upper two curves in Fig. 3 show the number of ato
with total energy higher than20.16 Hartree~;0.25 eV
above the average atom energy atT05150 K) and the lower
two curves show the number of atoms displaced more t
r NN/2 from their original lattice sites. After 220 fs the num
ber of displaced particles have reached approximately
same value and the two curves continue to be very clos
subsequent times. The main difference between the
cases is that the peak value at 170 fs is significantly lower
LMD compared to NMD. However, after long propagatio
time, electronic stopping seems not to influence the num
of defects produced. This is even more true for the low
velocities, but also in the case of 60 km/s initial velocity
the projectile. This is also in agreement with previo
observations.8 The picture is somewhat different when
comes toNhigh E . In LMD, the number of excited atoms ar
at all times lower compared to the results obtained fr
NMD. For the lower velocities the results differ less betwe
NMD and LMD. With either measure of defects, displac
particles or excited particles, LMD gives smaller peak v
ues. As was mentioned in the previous section, electro
stopping is applied to a larger extent here than in previ
work. Even so, for velocities up to 60 km/s the effect is
small that the electronic stopping may be omitted. Howev
electronic friction may be an important factor for dissipati
energy in the collision cascade.

FIG. 3. The number of defects due to projectile impact a
function of time. The upper curves show the number of high-ene
particles and the lower curves the number of displaced particle
comparison between ordinary MD and simulations including el
tronic stopping~friction! at an initial velocity 40 km/s.
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3. Energy loss

In order to verify whether electronic stopping power
important for energy dissipation at these energies or not,
monitor the energy loss due to the term2b ẋ in Eq. ~2!,
during the time evolution. The results att5300 fs are re-
ported in Table I@DE(MD) #. For comparison we also give
the theoretical energy lossDE(THY), that would be ob-
tained in the case ofU50 in Eq.~2!, i.e., the stopping arise
only from electronic friction. Under such assumption o
may integrate Eq.~2! for the projectile to obtain

DE~THY!5
mv0

2

2 F12expS 22b

m
t D G . ~3!

The ratioDEi /DE j between the energy losses obtained fro
two different initial velocities v0,i and v0,j is given by
v0,i

2 /v0,j
2 , assuming Eq.~3! is valid. The actual values

DEi 11 /DEi from LMD simulations are given in the las
column of Table I, with the ideal (v0,i

2 /v0,j
2 ) values within

parenthesis. It is worth to note that these values are v
similar and that the agreement between the values f
LMD and the simple electronic stopping considerations
comes closer as the velocity increases.

Even more important to note is thatDE(THY) is between
3.7 and 5.2 times larger thanDE(MD). This indicates that
even when kinetic energy is allowed to dissipate into
electronic system, most of the collisional energy is tra
ferred to the lattice, for the velocities considered here.

The fact that the MD simulations at higher impact velo
ties give comparatively higher energy loss to the electro
may be understood as follows: A projectile with high velo
ity generates more atoms in the collision cascade, with
netic energy above the barrier value 1033/2kBT0 , at which
they will be subjected to Eq.~2!. A higher barrier height,
e.g., 1 eV, will result in less energy loss to the electro
Thus the results presented here give an upper limit for
energy loss.

B. Statistics from conventional MD

1. Depth distribution

Five different impact points have been used in order
obtain more statistics in the case of Si self-bombardm
using Eq.~1!. The average penetration depth of the projec

a
y
A
-

TABLE I. Energy lossDE due to electronic stopping, at initia
velocities v0 . DE(MD) is obtained from MD simulations and
DE(THY) is calculated from Eq.~3!. Details are further explained
in the text.

n0

km/s
DE(MD)

eV
DE(THY)

eV DEi 11 /DEi

10 1.5 7.8
4.9 ~4.0!

20 7.4 31.2
4.3 ~4.0!

40 31.8 125
2.4 ~2.25!

60 76.2 281
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10 704 PRB 59MAGNUS HEDSTRÖM AND HAI-PING CHENG
is almost proportional to its initial velocity as can be se
from the solid line in Fig. 4. Also indicated in the figure a
the penetration depths for each individual impact po
Clearly for each individual impact point the relation betwe
penetration depth and initial velocity is much more comp
cated and may even not be an increasing function. For
events marked with crosses we see that the penetration d
at 20 km/s is deeper than for 40 km/s and, e.g., the imp
point represented by open squares favors 40 km/s ove
km/s. We also notice in Fig. 4 that the range in penetrat
depth increases with increasing velocity, from 7 Bohr at
km/s to 35 Bohr at 60 km/s. However, the statistics fro
only five events do not permit a meaningful calculation
the variance of the depth distribution.

2. Collision mechanisms

As was mentioned earlier, only a few atomic collisio
events are majorly responsible for the stopping of the pro
tile. To illustrate this, one of the trajectories atv0560 km/s
is shown in Fig. 5. The solid line shows the projectile traje

FIG. 4. Penetration depth as a function of initial velocity. T
solid line represents the average of five different events,
marked in the diagram, with different symbols for the differe
impact points.

FIG. 5. Real-space trajectory for av0560 km/s projectile~solid
line! and some of the atoms that gain high momentum after co
sion ~dashed lines!.
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tory and dashed lines show the trajectories of those at
that receive the highest impacts. In the collision att512 fs
the projectile loses about 100 eV and att532 fs only 270 eV
of its initial 520 eV of kinetic energy remain. Betweent
532 and t557 fs occurs what could be characterized
channeling. The projectile travels more than 20 Bohr witho
significant loss in velocity.

The surface damage att5300 fs, caused by the collision
cascade is shown in Fig. 6. The initial conditions are
same as in previous figure. The surface damage is ma
centered around the trajectory of the projectile but reac
deeper~70 Bohr! than the projectile~50 Bohr!. Open circles
show high-energy atoms and these are more clustered
gether around the projectile trajectory than the displaced
oms ~solid squares!, which are more sparsely scattered a
seem to occur either as single particle defects or in v
small clusters, amorphous regions.

The sequence of Figs. 7~a!–7~d! shows the distribution of
‘‘hot’’ atoms in the surface at different times for the collisio
cascade in Figs. 5 and 6. In analogy with the equipartit
principle we identify the temperature of an atom through
kinetic energy via the relationmiv

2/253/23kBT. In Figs.
7~a!–7~d! open circles represent atoms with temperatures
tween 5T0 and 10T0 , i.e., 750–1500 K, and solid circle
shows atoms with temperatures above 10T0 . At t550 fs,
Fig. 7~a!, there are a few hot atoms in the immediate vicin
of the trajectory of the projectile. The ratio of solid to ope
circles is 18:6. Att5100 fs, Fig. 7~b!, this ratio is 70:54. The
hot atoms clearly occupy a larger region of the slab and
may also notice that the open circles are far more abund
in the upper layers of the surface that were covered by
projectile in the first 50 fs@Fig. 7~a!#. This suggests that mos
of the particles with 5T0,T,10T0 are formed in the colli-
sion cascade of secondary particles. Between 50 and 10
the number of atoms with 10T0,T increased considerabl
and in the next 50 fs@Fig. 7~c!# this number decrease
slightly. However, the number of atoms with 5T0,T
,10T0 continues to increase and the ratio att5150 fs is
67:71. At t5300 fs @Fig. 7~d!# the number of atoms with

o

i-

FIG. 6. Surface damage att5300 fs due to the collision cascad
caused by the particle in Fig. 5. Open circles depict high ene
particles and solid squares show displaced particles.
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FIG. 7. Snapshots of the location of hot pa
ticles at different times,~a! 50, ~b! 100, ~c! 150,
and~d! 300 fs. Open circles shows particles wit
kinetic temperature between 5T0 and 10T0 and
filled circles shows particles with kinetic tem
perature larger than 10T0 . The solid line shows
the path that the projectile has covered at the s
cific time and the dashed line shows the rema
ing part of its trajectory.
i
fig
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e
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e

10T0,T has decreased to 55, and the number of atoms w
5T0,T,10T0 has increased to 117. In the sequence of
ures, the region of hot atoms is expanding out from the
jectory of the projectile. This shows how the heat is tra
ferred to the surrounding lattice. Note that the hot atoms n
the right boundary of the slab in Figs. 7~c! and 7~d! have
th
-
-
-
ar

been translated from the left due to the periodic bound
conditions.

The number of defects as a function of time is shown
v0520, 40, and 60 km/s in Fig. 8. As before the upp
curves displayNhigh E and the lower onesNdispl. According
to Nordlund et al.9 the number of defects, when using th
FIG. 8. The number of defects due to projectile impact as a function of time, and initial velocities~a! v0520, ~b! v0540, and~c! v0

560 km/s. The upper curves show the number of high-energy particles and the lower curves the number of displaced particles.
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10 706 PRB 59MAGNUS HEDSTRÖM AND HAI-PING CHENG
Tersoff potential, is stabilized at about 1000 fs in the case
2 keV collision energy. In the simulations presented here
highest energy is only 0.5 keV and we assume that 30
should be a sufficient propagation time to reach a sta
number of defects. An inspection of Fig. 8 shows that o
assumption is valid. The average ofNhigh E , Ndispl and of the
penetration depthZD are summarized in Table II.

IV. DISCUSSION AND CONCLUSION

Inclusion of electronic stopping power and electro
phonon coupling in MD simulations of Si bombardment
Si~111! surface, do not influence properties such as pene
tion depth or defect production. For the collisional energ
15–520 eV used in the study reported here, atomic reco
by far the dominating mechanism for stopping of the inco
ing projectile. This also explains why the number of defe

TABLE II. Average values of the number of high-energy atom

N̄high E , the number of displaced atomsN̄displ , and the penetration

depthZ̄D , for different initial velocitiesv0 . The averages are ca
culated from five different events.

v0

km/s N̄displ N̄high E

Z̄D

Bohr

10 4.2 13.4 3.5
20 11.4 42.2 7.3
40 27.4 147.8 17.7
60 63.8 368 30.9
l.

l.

la

B

f
e
fs
le
r

-

a-
s
is
-
s

produced in the surface, during the collision cascade, is
most the same in simulations with or without electronic sto
ping included. This conclusion is valid for all initial impac
velocities~10, 20, 40, and 60 km/s! considered in this study
and we have indications that this is the case also when
initial velocity is as high as 80 km/s, which corresponds to
collision energy of 930 eV.

However, electronic friction does contribute somewhat
energy dissipation. The simulations show that the energy
due to electronic stopping power is 10–15% of the total c
lisional energy. The higher figure refers to the simulati
with the highest projectile velocity and the lower number
the lowest velocity. These numbers may be considered
upper bounds since electronic friction is included more g
erously in our calculations compared to what have been
ported previously.

After establishing that friction only has a marginal effe
on the dynamics we continue to obtain more statistics fr
ordinary MD simulations, excluding electronic stoppin
These calculations indicate that the average penetra
depth as well as the range in penetration depth increa
almost linearly with velocity.
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