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Electronic excitation in a semiconductor induced by the collision of energetic atoms with the
solid surface is investigated theoretically. The modeling has been performed for a one-
dimensional independent-electron system where the solid is described by a chain of 10-20
atoms. The time evolution of the nuclei (i.e., colliding atom and chain atoms) has been
described by classical mechanics while quantum mechanical description has been used for the
electronic dynamics. The two systems (i.e., the atoms and the electron) were coupled to each
other and the equations of motion were solved self-consistently. Energy dissipation from the
chain to the rest of the solid was included via the GLE approach. This study establishes the
relationship between the probability of electron—hole formation and various parameters of the
system such as collider translational energy, magnitude of the band gap, and existence of
impurities in the solid. In addition, two excitation mechanisms were examined, electronic
excitation due to a direct coupling between the electron and the colliding atom and an indirect

mechanism due to electron—phonon coupling.

I. INTRODUCTION

The scattering of hyperthermal molecular and atomic
beams from solid surfaces is a phenomenon of considerable
interest. Recently, a number of detailed studies of the dy-
namics of various physical and chemical phenomena which
incorporate hyperthermal particle—surface collisions were
performed. These include: (A) collision induced desorp-
tion,? (B) energy transfer during particle-surface colli-
sion,® (C) dissociation and adsorption of molecules induced
by high kinetic energy impact on solid surfaces,>”’ and (D)
surface induced ionization.® In addition, a number of re-
search teams have studied the possibility of electronic excita-
tion during particle scattering at the surfaces and the role of
such processes as an additional channel for energy dissipa-
tion.>'" Most of these studies are related to the collision of a
particle with a metallic surface. For such systems, where the
conduction band is partially filled, one would expect that a
significant fraction of the collision energy may be channeled
into the excitation of the metal electrons. The situation is
different for semiconductor or insulator surfaces for which
very small electronic excitation is expected if the collision
energy is smaller than the band gap. Recently, Amirav and
Cardillo and Weiss et al. have reported the results of an ex-
periment in which electron-hole pairs were created by the
impact of an atomic beam on an InP(100) surface.'? The
analysis of these results have shown a very high yield of elec-
tron-hole pair formation (i.e., about 30% for excitation by
an energetic Xe beam). The estimation of this high excita-
tion probability was based on an approximate expression
which converted the measured currents to a density of excit-
ed electrons.
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The problem addressed in this work is to understand the
basic mechanisms which leads to the creation of electron—
hole pairs. The two main possible mechanisms are: (1) di-
rect coupling of the projectile to the electronic degrees of
freedom in the solid and (2) an indirect process in which
electron—phonon coupling is the main source for the excita-
tion. The first mechanism has been studied for the case in
which various atoms impact a metallic surface with colision
energy in the range of 1.0~100.0eV.? It has been found that a
significant fraction of the collision energy was transferred to
the metal electrons. To the best of our knowledge, indirect
mechanisms have not been examined so far in the context of
electronic excitation due to the impact of an energetic parti-
cle.

The goal of the present work is to formulate a theoretical
model by which the excitation of electron-hole pairs in a
semiconductor by the impact of a gas particle can be studied.
In particular, this study focuses on the comparison between
the two possible mechanisms and the evaluation of their rela-
tive importance in gas—solid interactions. In addition, the
relation between excitation probability and various param-
eters of the system, such as projectile energy, magnitude of
the band gap, existence of impurities and defects, were exam-
ined. In the next section, the theoretical model used in the
present study will be described. Section III describes and
discussion of the results. The last section is devoted to a short
summary.

Il. THEORETICAL FRAMEWORK

The goal of this section is to outline a consistent proce-
dure for modeling the electronic excitation. The physical

© 1990 American Institute of Physics

Downloaded 15 Sep 2002 to 132.64.1.37. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpol/jcpcr.jsp



Y. Zeiri and R. Kosloff: Electron-hole pair formation 6891

system under investigation is very demanding. The main
problem relates to its multiple bodied aspect so that a full
quantum mechanical description of all degrees of freedom is
beyond current computational capabilities. A practical
modeling of the processes involved require a hierarchial pro-
cedure in which only the relevant degrees of freedom are
treated in a full quantum mechanical fashion. Other degrees
of freedom are described by a classical or semiclassical ap-
proximation. The correct many-body solution is formally
solved by the Liouville~von Neumann equation for the den-
sity operator:

dp R
= =1Lp, @.n
a T
where the Liouville operator can be separated into individ-
ual contributions:

L=L,+L;+L,+L, +Ly+L,+L,+L,,
(2.2)

where the subscript g indicates the colliding atom, s the solid,
b the thermal bath, and e the electrons in the solid. Higher
correlations such as three-body terms are omitted. The main
approximation is to use a mean field approach which sepa-
rates the full density operator into a tensor product of the
density operators for nuclear and electronic motion:

ﬁziagsb eﬁe' (203)

This separation replaces the full multiple bodied correlated
motion with a mean field interaction:

WPgs R
'%,— = (Lg + Ls + Lb + Lgs + st )pgsb
+ [tre (Lgﬁﬁe + Lseﬁe ) ]ﬁgsb? (2'43)
P. R R s vaa
p = Lepe + [trgsb (Lgepgsb + Lsepgsb ) ]Pw (2-4b)

at

Once a partition of the density has been made, each of the
two parts can be treated in different fashion. In this paper the
nuclear motion is described classically and the electrons are
described quantumly. The thermal motion of the solid which
is not included explicitly in the calculation, is introduced
through a generalized Langevin approach.'®:!3

The next approximation is to omit electron electron in-
teractions. This reduces the electronic description to a single
electron density function. Approximating the initial state by
the ground initial state (zero temperature) in the mean field
approximation reduces Eq. (2.4b) to a Schrodinger-type
equation:

E: A .
i# ;ﬁ: ={H, + V. (R,) + V(RO }¥,, (2.52)
where
pe = 0¥

and I/:IL, is the electronic kinetic energy, €",S (R,) is the elec-
tron solid interaction potential where R, are the solid nu-
clear coordinates. V , (R, ) is the electron gas particle inter-
action potential where R, represents the gas atom position
vector. The effective potentials in Eq. (2.5a) assume a semi-
classical approximation in which the averaged potential over
the nuclear wave function can be replaced by the potential of

the mean position. Similarly, Eq. (2.4a) is replaced by Ham-
iltons equations for the mean position and momentum:

a—R==< oH ) (2.5b)
at aP,
9Py _ _(aH>

ot AR /[”

where H is the averaged classical Hamiltonian function and
( ). represents an average over the electronic degrees
of freedom. A generalized Langevin equation (GLE)
approach!®!* has been used to describe the influence of the
heat bath. Explicitly the electronic part exerts a force on the
solid nuclei which is calculated by the matrix element:

av, . (r,—r,) .
Fam (W =20 )y imsg

1

(2.6)

For the electron solid nuclei interaction a screened Coulomb
potential has been used:

~ N
Ve;(Rs) = z Ve,.(r,»), (27)
=0
where
A~ Z;
Vei(r,') = (28)

[(re _ ",')2 +a2]1/2 ’
X is the number of solid atoms, Z, is the average nuclear
charge of atom i, r, the electron coordinate, r, is the ith
nuclear coordinate, and a is the screening parameter. The
total electron solid potential is the sum of the individual con-
tributions. The form of the interaction potential between the
gas atom and the solid chain as well as the interaction
between the electron and the gas atom will be discussed in
Sec. III.

The self-consistent formalism described in this section
resembles the formulation used by Selloni ez al.’* to treat an
electron in molten salt and also the description of an excess
electron in water and ammonia clusters'® and in bulk.'®

A. Initial state

The simulation is initiated by starting with the gas atom
outside the interaction region, establishing a self-consistent
initial state for the solid. The following procedure was used:
First the ground state of the electronic part, with the equilib-
rium positions of the solid atoms, was found. The procedure
used was the relaxation method in which an initial guess of
the ground state is propagated by the Schrédinger equation
in imaginary time. The propagation was stopped when the
change in energy per time step was less than 10 ~°. The prop-
agation in imaginary time was carried out using a Chebychev
expansion of the evolution equation:

N

e Fy0)= S a,(AE-1/2)T,(H)$(0),

n=0

(2.9)

where a, (@) = I, (a) where I represents the Bessel func-
tions of the first kind, and 7, are the Chebychev polynomials
which are calculated by their recursion relation. AE is the
energy range represented on the grid. Details of the method
can be found elsewhere.!” Once the ground electronic state
was found the electron surface nuclei forces are calculated
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by using relation (2.7) which is then used to find a new
equilibrium state of the solid. This is done by bleeding the
kinetic energy of the solid until a new equilibrium is estab-
lished. The procedure is continued until a2 combined cold
initial state is reached. The initial position of the incoming
particle is chosen outside the interaction region. The initial
momentum is chosen to correspond to the initial gas kinetic
energy.

B. Propagating the system

First the equations of motion (2.5), combined with the
classical part, are propagated self-consistently. The elec-
tronic wave function is represented on a spatial grid by using
the Fourier method'® to calculate the kinetic energy opera-
tor. The electronic equations of motion are then propagated
by using a Chebychev expansion of the evolution equation.
This propagation method has extremely high accuracy
which allows the detection of extremely small excitations.'®
The nuclei equations of motion are next propagated using a
standard integrator synchronized with the electronic propa-
gation. The typical grid size was of 128 points for chains of
10 and 12 atoms or 256 points for chains of 20 atoms.

lil. RESULTS AND DISCUSSION

In the present work a one-dimensional model system
was examined in order to obtain a qualitative understanding
of collision induced electronic excitation in a semiconductor
substrate. The model system investigated consisted of a
chain of atoms representing a one-dimensional crystal. This
chain contained a single electron wave function whose prop-
erties, during the collision of a gas atom with the chain, were
monitored. The chain atoms were assigned masses of silicon
and the colliding projectile had the mass of xenon. The inter-
action potential between the chain atoms was assumed to be
a LJ (12-6) potential where nearest neighbor and next near-
est neighbor interactions were included. The LJ parameters
used in the calculations were € = 40 240 K (3.469 eV) and
o= 1782 A (3.367 bohr), while the assumed lattice con-
stant was @ = 2.0 A. The interaction potential between the
collider and the chain was taken to be a Morse function rep-
resenting the coupling between the gas atom and the outer-
most chain atom. The parameters used in the calculation for
this Morse function were: D, = 1006 K (0.087eV),B=1.5
A~1(0.794 bohr ') and R, = 2.5 A (4.72 bohr). The in-
teraction of the electron with the solid {chain) was assumed
to be given by a sum of pairwise screened Coulomb interac-
tions between the electron and each one of the chain atoms
[Eq. (2.7)]. In some of the simulations a direct interaction
between the electron and the projectile was included. The
functional form of this interaction is described in Eq. (3.1)
and (3.2) below.

The initial condition of a given trajectory were obtained
by using the following procedure:

(A) The electron wave function of the ground state, and
the first two excited states, were calculated by the relaxation
method.!” This calculation was performed using a frozen
chain in which all atoms were positioned at their lattice
points. The calculation of the wave functions was converged
up to nine digits.
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(B) The electron was placed in its ground state and the
integration of both quantum and classical equations of mo-
tion turned on. The integration was performed in a self-con-
sistent manner until both subsystems (quantum and classi-
cal) relaxed to their equilibrium configurations. This
equilibration procedure was performed in order to obtain the
initial conditions for the trajectory. Typically about 2000~
3000 time steps were needed for thermalization to take place.

(C) The gas atom was positioned at such a distance that
the collider—chain interaction was practically zero. The pro-
jectile was assigned a predefined velocity directed towards
the chain, and the trajectory integration was started.

(D) During the evolution of the trajectory, the elec-
tron’s first three adiabatic states were evaluated (using the
relaxation method'” ) after each 100 integration steps. Next,
the current electronic wave function was projected onto
these adiabatic states. The excitation probability was taken
to be proportional to one minus the square of the overlap
between the full wave function and the ground adiabatic
state. The excitation to the first excited state was also evalu-
ated, and usually carried most of the excitation amplitude.

(E) The trajectory was terminated after 50 000 integra-
tion steps (approximately 1.2 ps).

As described above, the initial electron wave function
was calculated by using a static chain where the atoms were
positioned at their lattice points. Since the chain was aimed
to simulate a one-dimensional semiconductor, the energy
difference between the ground and first excited states was
defined as the band gap. The variation in the magnitude of
this band gap could be achieved by either change of the chain
length or by change of the nuclear charge on the chain
atoms. In the present work the first possibility was chosen,
namely, the value of the band gap was changed by the alter-
nation of the chain length N_. Three values of N, were inves-
tigated in this study, N, = 10, 12, and 20. The corresponding
band gap values were (for unit nuclear charge): 0.468,
0.346, and 0.163 eV, respectively.

The electron-chain potential together with the ground
and first excited wave functions are shown in Fig. 1. These
results correspond to a static chain. It should be noted that in
addition to the N, movable chain atoms the last atom in the
chain was coupled to two “wall” atoms which were fixed at
their lattice points. The electron was allowed to interact with
the N, chain atoms as well as the two wall atoms. Moreover,
the last atom in the chain was also coupled to a fictitious
particle whose motion was subject to a Langevin equation of
motion. This fictitious particle was added to allow proper
description of the energy dissipation from the chain to the
bulk.!¢®*13 The electron was not coupled to this fictitious
particle.

During the collision process between the gas atom and
the chain, a large portion of the colliders translational energy
was transferred to the chain. Due to the chosen mass combi-
nation in each scattering event there were two or more colli-
sions between the projectile and the chain. The number of
collisions during a trajectory was related to the initial kinetic
energy of the projectile E,. Hence, the amount of energy
transfer also varied with E, and was found to be in the range
10%-50%. This energy transfer between the collider and
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Distance [a.u.]

Distance [a.u.]

FIG. 1. The electronic wave function imbedded on the effective electron
solid potential. (a) Shows the ground state and (b) the first excited elec-
tronic state for N, = 10.

the chain caused an intensive phonon excitation (vibrations
of the chain). Typical oscillations of the chain during a tra-
jectory are shown in Fig. 2 for two values of E; and N, = 10.
Here the variation in chain length (distance between the first
and last atoms) as a function of propagation time, are
shown. Itis clear that an increase in the value of E,, results in
a corresponding increase in the fluctuations of the chain
length.

The goal of the present work was to establish a relation-
ship between the excitation probability P, and various char-
acteristics of the system. In particular, the influence of E,,
band gap magnitude, existence of impurities, and the direct
interaction between the electron and the projectile on P,
were investigated. The results obtained for each one of the

30 A

DR [a.u]

-3.0 T T T )
0.0 12500 25000 37500 50000

time [a.u.]

FIG. 2. Variation of chain length as a function of time for E; = 30 000 K
(solid line) and E, = 130 000K (dashed line) for N, = 10 (2.59 and 11.21
eV, respectively).

above parameters will be described and discussed in the fol-
lowing subsections.

A. Dependence on £, and band gap magnitude

The first system which was studied corresponds to
N_. = 10. The form of the wave function at five instances
during the a trajectory for E, = 170 000 K (14.66 eV) is
shown in Fig. 3. It is clear that in spite of the large magnitude
of the chain’s vibrations they induce only small variations in
the shape of the wave function. The variation of electron
energy, collider translational energy, and average chain ki-

Distance [a.u.]

FIG. 3. The electronic wave function at five instances during the trajectory
superimposed on the equilibrium electron chain potential. The various
curves correspond to ¢ = 0, 7000, 13 200, 20 000, 27 300 a.u.
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.,

20000 -

Energy (K)
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FIG. 4. Variation of electronic energy (solid line), gas atom energy (dashed
line), and average chain kinetic energy (dashed—dot line) as a function of
time for N, = 10 and E, = 30 000 K. The arrow indicates the instant of the

second collision.

netic energy as a function of time are shown in Fig. 4 for
E, =30000K (2.59eV). At this value of E;, about 25% of
the projectile translational energy is transferred to the chain
during two consecutive collisions. The fact that two con-
secutive collisions take place is evident from the change in
the projectile’s kinetic energy at ¢ = 16 500 a.u. (indicated
by a small arrow). The energy transferred to the one-dimen-
sional solid seems to be evenly distributed between the elec-
tron and the chain atoms. In both subsystems (electron and
chain atoms) one can observe the existence of dumped oscil-
lations in the energy values. The dumping is related to the
energy dissipation to the rest of the solid which take place via
the fictitious particle.

The magnitude of the electronic excitation probability

1.0 Ho
20
Eo = 200000 K
30 4
[
& 40 A
§> Eo = 50000 K
50
60
70
80 -+ T T T J
0. 12500 25000 37500 50000

time [a.u.]

FIG. 5. The variation of the electronic excitation P, as a function of time for
two values of E,, 50 000 and 200 000 K, and N, = 10 (4.31 and 17.24 ¢V,
respectively).

during the evolution of a trajectory for N, = 10 and two
values of E,, is shown in Fig. 5. Similarly, Fig. 6 presents the
variation of P, for N, = 20 and two values of E,. Inspection
of these results shows that in both cases the initial value of P,
has a magnitude of approximately 10~ '°. This low value
corresponds to the occupation of the excited state at room
temperature (in all the calculations the surface temperature
was taken to be 300 K). Inspection of these results shows
that rapid oscillations in the magnitude of the excitation
probability occur during the whole period of the trajectory
propagation. These rapid oscillations correspond to transi-
tions between the two states of the dynamical system under
investigation.'® The oscillations should be proportional to
the energy difference between the two states, namely, the
band gap in the example used. A short time averaging proce-
dure was then used to filter out the high frequency compo-
nent. Results of such a time averaged trajectory were practi-
cally identical to an average of over 15 trajectories chosen
with the random initial vibrational phase of the chain.

Since a one-dimensional system has was in this work,
the only feature with a random nature was the vibrational
phase of the chain. Thus, the results should be averaged over
this phase. As a result, most of the data described below
corresponds to the outcome of a single trajectory which was
time averaged.

Once the collision process starts, a large increase in exci-
tation probability is observed. It is clear that the magnitude
of this increase in P, strongly depends on the translational
energy of the projectile and on the magnitude of the band gap
(chain length). Even for the low collision energy, 50 000 K
(4.31 eV), one obtains 3—4 orders of magnitude increase in
the excitation probability. Inspection of Fig. 5 shows that
even at large collision energies, when the amount of energy
transferred to the solid is much larger than the magnitude of
the band gap, only a small probability of excitation was ob-
tained. This means that the energy channeled into the elec-
tronic degrees of freedom in the system, results in an adiaba-
tic increase of the electron energy. In other words, the
electron follows the nuclear motion adiabatically without

Eo « 170000 K
10
Eo = 50000 K
20
30
k]
L 40 -
g 50 -
60 A
70
8.0 , T T )
0.0 12500 25000 37500 50000

time {a.u.]

FIG. 6. Same as Fig. 5 for E, = 50 000 and 170 000 K and N, = 20 (4.31
and 14.66 eV, respectivly).
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1.0 A
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803 50000 100000 150000 200000
Energy [K]

FIG. 7. The logarithm of the average electronic excitation as a function of
the incident kinetic energy for three values of ¥, 10, 12, and 20.

exhibiting a large electronic excitation. On the other hand, it
is clear from Figs. 5 and 6 that compared to the initial excita-
tion probability (before the collision) there are many orders
of magnitude increase in P, during and after the collision.
Moreover, it is clear from these results that the amount of
electronic excitation shows a marked increase when the
band gap decreases.

In Fig. 7 the variation of the average value of log(P, ) as
a function of the collider translational energy is shown for
three values of the band gap (e.g., for N, = 10, 12, and 20).
Inspection of these results shows that for a given value of the
band gap the excitation probability increases approximately
exponentially with increasing values of E,. For N, =20
(the smallest band gap) a saturation in the excitation above
E, = 100000 K (8.62 eV) is obtained. At low E, values,
there is a threshold value below which very little excitation
occurred. This threshold value is classically equal to the
band gap, however, due to the tunneling small amounts of
electronic excitation occur even at smaller E, values. It is
clear from the results in Fig. 7, that a decrease in the band
gap value from 0.468 ¢V (N, = 10) t0 0.346 eV (N, = 12)
results in a relatively small increase in the excitation proba-
bility. This increase in P, is not monotonic, in the energy
range of E, = 50000-100000 K (4.31-8.62 eV), where
about one order of magnitude change is observed. For colli-
sion energies outside this range, the influence of the band gap
magnitude on P, is less pronounced. Further decrease of the
band gap to a value 0.163 eV (N, = 20) shows an marked
increase in the excitation probability. Here, one obtains a 2—
4 orders of magnitude increase in the values of P, for any
given K value in the range studied. Thus, it seems that there
is a stronger dependence of P, on the magnitude of the band
gap, as compared to the dependence on the magnitude of the
collision energy.

At high collision energies, E, = 170 000K (14.66eV),
a resonance behavior is observed for N, = 10 and 12, while
for N, = 20 this energy corresponds to the saturation value
of P,. It has been verified that this resonance is real by calcu-
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lating a few trajectories for each E, value around
E, =170000 K (and N, = 10). The nature of the reso-
nance is unclear at present and it is a subject for further
investigation.

B. Direct interaction between the electron and the
projectile

In the past, Kirson et al. have calculated the energy
transfer to an electron in the metal during the collision of
various projectiles with the metal.® In these studies the ener-
gy transfer to the electron was due to the direct interaction
between the electron and the collider. The functional form of
the interaction was taken to be given by*®®

Veg(Rg - re) = _Aoe‘*#(Rg—?})z’ 3.0

where 4, and u were taken to be 0.25 a.u. and 0.17 bohr ~2,
respectively. This form of the electron-projectile interaction
potential accurately describes the results of electron scatter-
ing from atoms. In the work of Kirson ef al., only the attrac-
tive part of the potential was used, Eq. (3.1), since its range
covered all the important range of electron—collider dis-
tances.

The present work was aimed to establish the relation-
ship between the magnitude of electronic excitation in a sem-
iconductor and the form of the direct electron~projectile po-
tential (in addition to the electron~phonon interaction).
However, in the energy range used in the present study the
classical turning point of the collider was quite close to the
surface, hence it seemed therefore that to the potential in Eq.
(3.1) a repulsive part should be added. Thus, the form used
here to represent ¥V, was

V"g (Rg - re) = Aoe"u(R*’_ ch 4 Boe—a(Rn* ’c)z,
(3.2)

where the values of the four parameters in Eq. (3.2) are
given in Table I

The results of four typical trajectories are shown in Fig.
8. These results describe the variation of the electronic exci-
tation probability during the evolution of the trajectory for
E, = 150000 K (12.93 ¢V) and N, = 10. Curve 1 (in Fig.
8) corresponds to an attractive electron—projectile interac-
tion without a repulsive part, curves 2 and 3 correspond to a
sum of attractive and repulsive terms (with parameters de-
scribed in Table I), while curve 4 includes only electron—
phonon interaction and was added as reference. It is clear
from these results that when the electron—projectile interac-
tion contains only an attractive part, a huge increase in the
magnitude of P, is obtained. The magnitude of the excitation
probability reaches a saturation value close to unity during
the approach of the projectile to the chain. This situation,
with only an attractive electron—collider interaction, may
lead to the ionization of the projectile where an electron is
transferred from the solid to the gas atom. Indeed, inspec-
tion of the electron wave function during the approach of the
projectile, shows that it starts to localize around the position
of the gas atom when it is located near the classical turning
point. However, the grid used to span the electron wave
function was not large enough to allow charge transfer from
the chain to the collider.
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TABLE I. Parameters of potential, grid, and propagation method, used in the simulation of electon~hole pair dynamics.

Electron solid potential Electron collider potential
Z, - oy — 2Ry — r)?
eI Vo= — e 8D 4 B he
Z;=01au. Ay = 0.25 0.75 1.5
a=0.1au u=017au
Ar=3.779 504 a.u. By = 0.3824 1.1472 1.6944
a=0.34au.
Masses mg = 28.12 amu
my, = 131.29 amu
Grid
for 10 atoms N=128 Ax=0295274
for 12 atoms N=128 Ax =0.354329
for 20 atoms N=256 Ax =0.295274
Chebyshev time propagation
convergence criteria €<10-?
time step for relaxation At=4.1335a.u.
time step for propagation At=4.13350 a.u.
total number of steps N, =12000

When a repulsive part was added to ¥, all the addi-
tional electronic excitation was suppressed. Comparison
between the results of curves 2, 3, and 4 shows that there is
practically no difference between these trajectories. Thus, if
only the attractive part of the potential between the electron
and the projectile is included, ¥, dominates the electronic
excitation mechanism. However, if a repulsive part is added
to ¥,,, the dominant process which lead to electronic excita-
tion is the electron—phonon coupling.

C. The influence of impurities

It is well known that real semiconductor crystals exhibit
some amount of defects. These defects may be vacancies,
interstitial atoms, and various impurities. In some situations

00 12500 25000 37500 50000

time {a.u.}

FIG. 8. Electronic excitation as a function of time for N, =10 and
E, = 150 000K (solid line). Curve 1 corresponds to an attractive only gas
atom electron interaction, the two light dashed lines include a repulsive
term in the electron gas atom interaction potential, Eq. (3.2), and the dark
dashed line is a reference without any electron gas interaction.

these defects tend to segregate to the surface, hence, their
concentration at the solid surface may be quite large. More-
over, in many cases the semiconductor is doped by a given
impurity (to alter its electronic properties) where the do-
pant concentration and distribution in the solid is well de-
fined. In the following calculations will be described in
which the existence of vacancies and impurities were exam-
ined.

The simplest way to simulate the existence of an impuri-
ty in the system described above was to alter the magnitude
of the nuclear charge Z, on a given atom in the chain. If the
nuclear charge on one of the chain atoms was taken to be
zero, the electron did not interact with this atom. Such a
situation corresponds to the existence of a vacancy (from the
electrons point of view). To simulate the existence of an im-

purity atom, Z; was varied between the values zero and two.
The electron—chain potential and the ground state wave
function of the electron for three values of Z; (for a static
chain of length N, = 10) are shown in Figs. 9. In Fig. 9(a),
Z, = 0.01 corresponds to the existence of a vacancy in the
middle of the chain. The existence of a vacancy is clearly seen
in the form of the electron—chain interaction potential. In
this case the electron is repelled from the vacancy and its
wave function is clearly localized in the inner part of the
chain. Similar behavior was obtained for Z; = 0.5 as shown
in Fig. 9(b). Once Z; = 1.5, Fig. 9(c), a deep well is formed
at the chain center and the electron wave function is highly
localized at this well. In Fig. 10 the electron—chain interac-
tion potential at t = 0 (Z; = 0.5 and N, = 10) is shown to-
gether with the electronic wave function at a number of time
intervals during the collision process. It is clear that once the
collision starts, the chain compresses. As a result, the ampli-
tude of the wave function near the surface increases. More-
over, it is clear that the variations in the electronic wave
function mimic the motion of the chain atoms.

The variation of the excitation probability during the
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FIG. 9. The ground electronic wave function imbedded on the potential for
three values of Z; and N, = 10. In (a) Z; = 0.01. In (b) Z; = 0.5, and in
(c) Z; =1.5.

Distance [a.u.]

FIG. 10. The electronic wave function at five instances superimposed on the
equilibrium electron chain potential for Z; = 0.5 and £, = 170 000 K and
N, =10. The various curves correspond to ¢ =0, 5000, 9000, 11 000,
13 000 a.u.

evolution of the trajectory for five values of Z; (N, = 10and
E, =170 000 K) are shown in Fig. 11. Curve 5 in Fig. 11
corresponds to Z; = 1.0, namely, a perfect chain without
impurity. Curve 1 corresponds to Z; = 0.01 which repre-
sents the existence of a vacancy, while, curves 2, 3, and 4
correspond to Z; = 0.5, 0.75, and 0.25, respectively. It is
clear that the existence of any type of defect in the chain
(vacancy or impurity) results in a marked increase of the
excitation probability. The largest values of P, were ob-
served for Z; = 0.5 which were about two orders of magni-

0.0 4
10 + Z=0.5
20 2=0.25
7=0.75
Z=0.01
3.0 A
[}
T 40 4 z-1.0
- 50 -
80 -
70 4
-8.0 T T T J
0.0 12500 25000 37500 50000

time [a.u.]

FIG. 11. The variation of the electronic excitation P, as a function of time
for E, = 170 000 K and N, = 10, for five values of Z;, 0.01, 0.25, 0.5, 0.75,
and 1.0
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FIG. 12. The logarithm of the average electronic excitation as a function of
the incident kinetic energy for two values of Z,, 0.5 and 1.

tude larger than those obtained for a perfect chain (curve 5).
For other values of Z; (curves 2, 3, and 4) one obtains an
increase in the magnitude of P, (as compared to Z; = 1.0)
but not as extensive a one as the one observed for Z; = 0.5.
This behavior is not uniform in the whole range of E, studied
here. In Fig. 12 the variation of log (P, ) as a function of E is
shown for Z; = 0.5 and 1.0. Except for E, values below
50 000 K the magnitude of P, for Z; = 0.5 is larger that
those for Z; = 1.0 by about one order of magnitude. At low
incidence energies the situation is reversed. The large differ-
ence in P, at E, = 170000 K is related to the resonance
which occurs for Z;, = 1.0 at this energy. It was not found
for Z;, = 0.5 (see Fig. 12).

IV. SUMMARY

The collision induced electron—hole pair formation in a
semiconductor has been examined using a single electron
and one-dimensional solid model calculations. The goal of
the study was to investigate the relationship between the
electronic excitation probability and the various characteris-
tics of the solid. It was found that even at low collision ener-
gies, a large probability for electronic excitation occurs (rel-
ative to the thermal value of P,). The magnitude of the
excitation probability was found to markedly increase when
the collision energy was increased. A strong dependence of
P, on the magnitude of the band gap was found. This depen-
dence tended to be equivalent to the dependence on E;. In
addition, the existence of defects and impurities in the solid
were shown to result in an additional increase in the value of
P.. The dependence of P, on the direct electron—projectile
interaction was also examined. It was found that this interac-
tion was the dominant one if only attractive interactions are
considered. On the other hand, it was unimportant (com-
pared to the electron—-phonon interaction) when both attrac-
tive and repulsive electron-projectile interactions were used.
As a conclusion ionization or electron attachment to the col-

Y. Zeiri and R. Kosloff: Electron-hole pair formation

liding projectile is an important contribution to the excita-
tion probability if this channel is available.

A comparison of the results of these calculations with
the experimentally observed values of P,° shows that the
experimental values are about one order of magnitude larger
than those obtained here. However, if one takes into account
that the real surface exhibits large number of defect sites and
impurity atoms which may contribute to electronic excita-
tion the discrepancy between the experimental and the cal-
culated results is diminished. In addition, in a three-dimen-
sional case collision of energetic atoms with the surface may
cause sputtering of surface atoms. This process may contrib-
ute to the increase of P,.

In the future, the plan is to generalize the model used
here to include electron—electron interactions and a two-di-
mensional solid model. Thus, sputtering processes will be
allowed and their contribution to the electronic excitation
will be examined.
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