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Abstract The creation of point defects in the crystal lattices of @asi semicon-
ductors by subthreshold events has been reported on by aemaihgroups. These
observations have been made in great detail using sensigigical techniques but
there is still much that needs to be clarified. Experimenisgu&e and Si were
performed that demonstrate that energetic particles,ribdugts of collisions in the
electron beam, were responsible for the majority of electyeam deposition (EBD)
induced defects in a two-step energy transfer process. tiogvthe number of col-
lisions of these energetic particles with the semicondudtising metal deposition
was accomplished using a combination of static shields apdrgor vacuum result-
ing in devices with defect concentrations lower thadl@n 2, the measurement
limit of our deep level transient spectroscopy (DLTS) sgsteligh energy electrons
and photons that samples are typically exposed to were fho¢irced by the shields
as most of these particles originate at the metal targetdtinénating these parti-
cles as possible damage causing agents. It remains uncegodckets of energy
that can sometimes be as small of 2 eV travel up fomainto the material while
still retaining enough energy, that is, in the order of 1 eMcause changes in the
crystal. The manipulation of this defect causing phenomenay hold the key to
developing defect free material for future applications.
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1 Introduction

Process induced defect creation in semiconductors is @hpaunt importance as
device performance is influenced, adversely or beneficialithese defects$ [26].
Semiconducting materials offer the ideal platform for ggdnto point defects with
energy levels in the bandgap as ultra-pure material is Iyeadhilable and can then
be investigated using techniques like deep level transgettroscopy (DLTS) [30]
to measure the energy level of the defect, also known as tleetdenthalpy, de-
fect concentration and apparent capture cross-sectioditiaally, Laplace DLTS
resolves two or more defect levels that present as a singkdlpeak in the con-
ventional DLTS spectrunm [16] further clarifying complexsgvations. While these
techniques are unable to provide a physical descriptiordefect, they are sensitive
to defect concentrations as low asti@m 2, in our experiment. Semiconductors
are technical materials that now enable us to directly mreake effects of radiation
on structured systems.

A sample is typically exposed to 10 keV electrons duringtetecbeam deposi-
tion (EBD) although sources with higher acceleration detgxione of them exceed
60 keV. All electron beam (EB) heated sources rely on eneemster from incident
electrons to thermally evaporate any one of a large variedplad targets. The mod-
ern electron gun (EG or E-gun) that was introduced in theyel#60s, remaining
virtually unchanged since then, has found application itaffization on semicon-
ductors, opticd[22] and in industrial processes like theodé@ion of corrosion pro-
tective coatings on strip metal [35]. A detailed descriptod the EBD source and
the power supplies that control it [22] will not be repeateddin, however a brief
description will follow to describe the source used for tihigestigation.

The EBD source consists of three components: the electrdttegnmagnetic
lens and water-cooled cavity or hearth. The emitter is eiiahlly located out of
line-of-sight of the evaporant and the electron beam fddlevcircular path curved
by the magnetic lens through 2760 as to impinge on the centre of the hearth. This
protects the emitter from becoming coated by the evapottaum, lowering the risk
of short circuits and also conveniently shields the subsfram energetic particles
that may be accelerated by the high potential of the emilteree power supplies
are required, first to heat the filament (tungsten coil) thresiding a source of elec-
trons, secondly to accelerate these electrons and fingligwter the electro-magnets
of the lens to control the electron beam. 10 kV is the most comaccelerating
voltage at a current of up to.3 A and was the source used for this investigation.
In modern systems most tetrode based high voltage powelissiiave been re-
placed with solid state equivalents that are well protefieah short circuits due to
arcing. For safety in operation, today’s electron guns laavegnetic lens that con-
sists of a permanent magnet to direct the electron beam devtae hearth centre,
as well as electro-magnets to focus and raster the beam.rivlotgnet supplies no
longer defocus the beam to cover a larger area of the evagmrarather maintain
a focused beam that is scanned over the target surface in@eopattern at a fre-
quency not exceeding 200 Hz. This arrangement ensureshihgariget material is
evenly heated thus better utilised and should the magnptstgil then the electron
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beam remains focused on the centre of the hearth. Duringatiperefficient water
cooling is of paramount importance if the hearth is to reniaént so as to ensure
the purity of the deposited film.

The disadvantage of EBD is that it introduces defects iniseasemiconductors
[9,[27,28]. This damage has previously been attributed teraission of soft x-
rays or energetic electrons that are most probably reflefctad the target([22].
The magnetic field of the E-gun will cause the majority of retibel electrons to
be captured by the shield placed over the permanent magdes ansignificant
part of the design as approximately 30% of the beam energflscted. A small
portion of the evaporant flux is ionised as it passes throhghricident electron
beam further complicating matters. Another source of estergarticles that has
previously been neglected is those ions that are creatdeeirlectron beam path
by collisions between electrons and residual gas atoms twamles. Even for fast
moving atoms like hydrogen the probability of collision \eéhtraversing a typical
10 kV, 0.1 A electron beam is above one. Furthermore, as an evapom@ticeeds
the vacuum pressure tends to increase with increasing ssitgpdue to heating of
the vacuum chamber and the components in the chamber,imgsalthe number
of available particles that may undergo collisions inciegproportionately with an
increase in pressure.

2 Radiation enhancement through intermediate collisions

To account for subthreshold electron damage a two-stegepsowas suggested [6,
1531/ 38] where an intermediate light impurity atom, suglhydrogen, could pro-
duce a displacement of a germanium atom. This process esgtlie electron to
first strike the light atom that then strikes the germaniuomatransferring almost
three times more energy than a direct collision. The elactihoeshold energy for
such a displacement was found to be 90 keV, assuming that 1breYuired to dis-
place a germanium atom from the latticel[12]. While this #fw@d is much higher
than the typical available electron energy, defects olegkirvgold and copper were
postulated to be due to ever present impurity atdms [10]il&ily, in germanium,
light-atom impurities are the most probable subthreshatdimnism agent. Naber
and James [33] only considered atoms present in the cradtiazld, but using light
atoms that are present in the vacuum to transfer energytitelatoms theoretically
yields the same result. From conservation of momentum aedygnif we consider
two particles denoted by the subscripts 1 and 2 themjeaindnm, be the masses,
u; andu, be the velocities before collision awg andvs be the velocities after an
elastic collision then:

MyU1 + MU = My + Mo 1)
and 1 1 1 1
§m1u5+ émzuéz émlﬁJr Esz% )
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Fig. 1 Theoretical maximum energy transfer in an elastic coltigiba 10 keV electron (black plot
with filled circles) or between a 24 eV hydrogen atom (bluehdalst) and particles of increasing
mass. Bars denote the energy variation dependent on theityedd the second particle in a vac-
uum, parallel to the direction of the impinging particle.|&#istic considerations were included
but only accounted for a.9% increase in energy transferred.
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Fig. 2 Maximum energy transfer in an elastic collision between riga (particle 1) and a sta-

tionary Ge lattice atom (green plot) where particle 1 wakdilty accelerated by a collision with a
10 keV electron (black solid plot). The dashed line represéme maximum energy that is trans-
ferred irrespective of particle 1 mass. A maximum energy.8fel was transferred to Ge using H
as the intermediate atom whereas directly, onBAGV was transferred
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For the simplest case af = 0 the maximum energy transferred to particle 2 is
given by:

o Ammy . Ampmy
1

K —}mzvz—}mu
M 22T 2  mrmy)2 T (4 )2

3)

assuming a one dimensional case of an elastic collisionevReis the initial en-
ergy of particle 1. This energy transfer between a 10 keVtelaand particles of
atomic mass from 1 to 75 is illustrated in Hig). 1 (black soliokpvith filled circles).
The red bars denote the energy variation if the velocity efdbcond particle in
vacuum is taken into account and including this considenatien the maximum
energy transferred to a H atom is approximately 24 eV. Pigtthe example of col-
lisions between a 24 eV H atom and particles of atomic mas&5 tthustrates that
this knock-on process is capable of transferring the samly for AMU = 1) or
more energy than a direct collision with an electron. To eatd this process for the
specific case of Ge, Figuké 2 plots the knock-on energy teamsftween particles
of various masses that were initially accelerated in a 10 &e¢tron collision and
then collide with a stationary Ge atom. Collisions of théhtist particles with Ge
result in the highest energy transfer, that is, at mo&,eV. This is not sufficient
to displace a Ge atom from the lattice but Chen et al [12] ntitetl defects were
only produced in Ge grown in a H atmosphere thus it is likebt td in the crystal
lattice played a role. The direct electron-Ge elastic swlh process only resulted
in 0.34 eV being transferred to a stationary Ge atom.

It is also of interest to know how the transfer of energy irlisimins depends on
the angle. Supposing that a particle of magsand kinetic energik; experiences a
collision with a particle of massy, and this one exits the collision with enerlfy
with angleg with respect to direction of the incident particle. Thenisieasy to
demonstrate that the curl® / max(K;) with respect tag does not depends on the
masses or on the energy of the incident particle as can bers&&n[3. There is a
significant interval of exit angles for whidk, is close to the maximum.

1
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function of the exit angle with o

7 . >
respect to the incident particle 504
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the final energy is close to the 0 20 4 60 80 100

0
maximum Angle
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3 EBD experimental details

A Ge (111) wafer, bulk grown and doped with Sb to a concermtnatif 1 x 10°
cm—3 was degreased in successive 5 minute ultrasonic bathschfdroethylene,
isopropanol and methanol before being etched for 1 minute olution of 5:1
H,0:H,0, (30%). To create an ohmic contact, AuSb was deposited ikedisbn
the wafer back surface and then annealed in an Ar ambient08C3%o lower the
contact resistance. Samples cut from this wafer were thgnedsed and etched
again before EBD of Pt through a metal contact mask was chorieto yield eight
Schottky barrier diodes (SBDs) with a diameter d&d @m and 50 nm thick on each
sample’s front surface. All SBD depositions were carrietusing an electron beam
with an accelerating voltage of 10 keV and beam current of@pmately 100 mA.
Current-voltage measurements were carried out on all ditmheerify their suitabil-
ity for DLTS analysis.

Conditions in the EBD chamber were varied during diode mactufe by a)
not applying any counter measures, b) back-filling the chambith forming gas
(H2:N,, 15%:85%) to 10* mbar, ¢) back-filling with forming gas and placing one
shield (B, in Fig.[4) to shield from direct particles, d) back-fillingtwiforming gas
and applying 2 shields (Band B) so that particles reflected off the chamber wall
are also shielded for and e) superior vacuum with loswchncentration as well as
both shields in place. The measures taken to ensure thattiertentration was

Fig. 4 EBD chamber layout
detailing the positioning of ‘ O
static shields (B and B)

used to shield samples from
energetic particles created
in collisions with the high
energy electrons of the elec-
tronic beam (C)
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maintained below 10° mbar and the DLTS spectra obtained have been published
previously [13].

To investigate the role of energetic particles arrivinghst semiconductor sur-
face during EBD, clean samples were exposed to the conditdiEBD without
any evaporation taking place, termed electron beam expq&BE) herein, and
thereafter Schottky barrier diodes (SBDs) were evaponasidtively onto the ir-
radiated Ge. These samples were exposed for 50 minutes amAGizam current
as this was approximately the same amount of exposure tha®ttfeBD diodes
received. The same measurement procedure was followegbbsdapreviously.

4 Defects after EBD and their origin

The defects introduced during EBD have been reported orréo{@d of which the
E-center is the most prominent. This defect consists of anvagcdopant complex,
the dopant in this case being Sb. A control sample manufedtusing resistive
evaporation RE), a technique known not to introduce defexc@Ge, had no mea-
surable defects in it. The peak heights of the DLTS spectwaralicative of defect
concentration as N 2AC
T

N~ C 4)
whereNr is the deep level concentratidWy is the concentration of shallow impuri-
ties,AC is the DLTS peak height ar@is the junction capacitance. The capacitance
of all the devices manufactured was found to be approximéaied same and thus
spectra can be compared directly.

The DLTS spectra in Figél 5 amnd 6 were all obtained from diqatepared in
the same EBD system. For spectrum a) a standard oil-filledyatane pump was
used but for all the other spectra an oil-free pump was usétedere-pump during
deposition. To further improve the vacuum all cruciblesevieaked out in situ us-
ing the electron gun. It is important that the pressure noease drastically during
evaporation although a change in vacuum pressure is ildwites fixtures heat up
during EBD and then outgas. Comparing spectrum a) with syedb) it is evident
that the peak heights of all the defects that are presenttimdmectra are reduced
by approximately 90% in spectrum b). A further reduction @ak heights can be
observed in spectra c), d) and e) once shields were applpettii®m e) that repre-
sents a diode prepared in a superior vacuum with two shielgkce presents as a
wavy plot, indicative of surface states, but sharp peakisateevidence of defects
with deep levels are conspicuously absent. Shieldau®l B were only capable
of blocking off energetic particles that were created wheérkdV beam electrons
collide with residual gas atoms or molecules and not fortedes reflected off the
evaporant surface. Also, it is expected that light ions feillow a curved trajectory
around shield B while acted on by the magnetic field of the electron beam thus
rendering the shield ineffective to some degree.
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Fig. 5 DLTS spectra recorded after electron beam deposition ofcRotiy barrier diodes un-
der various vacuum conditions. For plot a) standard vacuomditons apply and there were no
shields. For samples b), c) and d) the chamber was back-ligdforming gas at a partial pres-
sure of 104 mbar where b) no shields, c) one shield (direct particles) dntwo shields (also
the reflected particles) were applied. Plot e) represenisdedvaporated in a superior vacuum
with two shields in place. Reproduced with permission frooelfio, S.M.M., Auret, F.D., Janse
van Rensburg, P.J., Nel, J.: Electrical characterizatfotketects introduced in n-Ge during elec-
tron beam deposition or exposure. J. Appl. Piygl(17), 173,708 (2013). Copyright 2013, AIP
Publishing LLC.

The large difference in defect concentration between sp@jtand b) was sur-
prising when one considers that the only difference in thedd@ns was that less
hydrocarbon contamination was present during the manufacof sample (b) and
that the vacuum pressure was kept constant af hibar by introducing forming
gas into the chamber. Sample (a) was initially at a vacuursspire of 106 mbar
when the deposition started but this pressure quickly ased to 104 mbar or
more as the chamber heated up. The composition of the régjdsi@present during
EBD appears to be the largest contributor to the high defetentration in sam-
ple (a) as well as a higher partial pressure near the elegtinorwhere most of the
outgassing occurs. Crucibles used during these evaposatiay also have played
arole as the standard carbon crucible that was used whearprggample (a) had
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Fig. 6 DLTS spectra of a) RE Pd diode - the control, b) Pd EBD dioded})and e) EBE diodes
prepared by RE. Diode c) received 50 minutes of EBE followeRE Pd. Diode d) was exposed to
5 x 10 minutes EBE followed by RE Pd and diode e) received B) minutes of EBE followed by
RE Au. DLTS measurement conditions were as stated on theefifR@produced with permission
from Coelho, S.M.M., Auret, F.D., Janse van Rensburg, Rel,,J.: Electrical characterization of
defects introduced in n-Ge during electron beam deposaiagxposure. J. Appl. Phy414(17),
173,708 (2013). Copyright 2013, AIP Publishing LLC

a greater impact on the vacuum pressure than the FaBhwateible that was used
for other samples. The complex nature of conditions presering EBD is evident
in Figs[3 andb if one considers that the defect concentratimeased slightly with
the addition of a second shield, a measure designed to Ithweddfect concentra-
tion. This small difference was however not enough to dramctsions from but
most important was that all the counter-measures togethared the defect den-
sity to a level that could no longer be measured. For a diodp@ated onto Si the
same measures lowered the defect density so that, althbeddlTS peaks were
small, some defects could still be identified [7].

The maximum energy that can be transferred by impinging ationthe Ge lat-
tice per collision can be read off graph 2 (thick green pldteating all collisions
elastically is a reasonable simplification to obtain the imaxn possible energy
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that can be transferred whereas treating the electronivistfigally only served to
increase the energy transferred h9% and need not be taken into account. The
maximum energy that can be transferred to Ge was found to fir@@mately 13
eV via a light atom like H, with maximum energy transferrec¢asing as the
intermediate atom or particle increases in mass. This gnempt sufficient to dis-
lodge a Ge atom from its position in the crystal lattice butyrdéslodge a light
atom that has taken up a substitutional position in theckatir modify an existing
defect with an energy level too close to the band edges to teetde using DLTS.
Vacancy-hydrogen complexes have been reported on prdyiouse [14] and were
observed using infrared spectroscdpy [11]. There is agmta® certainty which of
these complexes plays a role in defect formation during EBEhair concentration
in bulk grown Ge is too low to be detected with infrared spestopy.

The defects that were observed after electron beam expoBGeethat numbered
ten different defects, in total, have not been observedrbefith the exception of
Eo.37 and B 3g (E-center). The defect concentration of EBE induced defeets
much lower than that measured after EBD for similar exposiones and this is
evident if one compares plots b) and c) of Hiy. 6. During EBB $kemiconductor
receives a measure of protection from impinging particked & exposed to radi-
ation through an ever increasing metal film. No such layerésent during EBE
thus it was expected that similar or more damage would bereédafter the EBE
process. One possibility for the great variety of differdafects observed is that
these defects are mostly due to atoms being implanted iet& BE treated Ge but
this cannot explain the absence of the EBD induced defebiast the metal layer
acts as a channel for energy to be transferred to the semictords a possibility
that will require further investigation. Samples exposadb0 minutes in 10 minute
increments interrupted with 50 minute periods to allow fookng exhibited signif-
icantly higher defect concentrations for all defects obsdr The sample that was
subjected to a continuous 50 minute EBE heated G 3Bore than the sample that
was allowed to cool. Differences in defect concentratioay ive due to annealing,
in part, but cannot explain why all the EBE induced defectsevesjually affected.
The other possibility is that sample heating interruptsehergy transfer process
leading to less defects being introduced. Detailed anmgatudies will be required
to shed more light on this result.

5 Intrinsic localized modes and defects

For many years the paradigm of considering phonons as titg gahsporting en-
ergy in a solid has been overwhelming. Phonons as it is welhknare obtained
under the hypothesis of small lattice vibration that alldtws linearization of the
dynamical equations of the system or equivalently allovesube of the harmonic
approximation for potentials. Perhaps one of the clearemingle of success was
Einstein solid theory where phonons were quantized in 4.4t the beginning of
XXth century. Linear systems and phonons have been extyessuetessful not only
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in the framework of quantum mechanics but also classicahamgcs linear lattice
theory has been very productive. Most of the theory of spsctpy is based on the
harmonic approximations and phonons.

5.1 Limitations of harmonicity

It is however based on several assumptions that are knowa ¢ofvenient mathe-
matical tools but not accurate representations of redlitgt, it is well known that
interatomic potentials are not harmonic, starting from elextrostatic interaction
and continuing from Van der Waals forces described for examvjgh Buckingham
potentialsV = Aexp(—E/ksT) — B/r®. However, the harmonic approximation is
quite convenient at temperatures of the order of room teatper and above, for
which the average atomic displacement are not too large.K€ievord isaver-
age, for average displacements or properties. At any temperdhere is a small
but finite probability that some displacements are largaughdor the harmonic
approximation to become invalid, but they will have a sméfia in the average
properties. However, even if considering only bulk projesttit is well known that
the harmonic approximation is not sufficiently accuratewshsa solid would not
experience thermal expansion and would have an infinitertalezonductivity [5].

There is a huge change, when interaction with radiation dft particles is con-
sidered. In this article, for example, we considered thesibdes interaction of very
low energy particles such as 10 keV electrons or 24 eV H at@aananium atoms
may acquire energies of 1 eV, forty times larger than theagethermal energy
at room temperature. For the displacements involved we eaute that nonlinear
effects will take place. If the interatomic distances beeamall enough, potentials
with a strong repulsive core such as Lennard-Jones or Zi@gbesack-Littmark
(ZBL) [411/42] need to be introduced to provide a realistisctgtion of the forces.
If the energies are large enough they will produce defecthansolid by displac-
ing atoms from their lattice positions, bringing about thenfiation of point defects
like interstitials or vacancies. In this article and in tkisction we will focus our
attention in energies that are not large enough to disruptatiice geometry, the
so called subthreshold radiation regime. The thresholdgrie Ge depends on the
lattice direction, being 11.5eV and 19.5eV for t{iel1) and (100) directions, re-
spectively[[25]. Conventional knowledge supposes thatittezgy just disperses into
phonons elevating locally the temperature of the sampbicrga thermal spike but
which soon would relax to thermal equilibrium with the rekthe crystal.

Another shortcoming of the phonon description is that pmsnare harmonic
waves that extend over the whole space. This is a very usefillematical hypoth-
esis and it is justified because the extension of the phosomsich larger than the
lattice unit. However, the impact of a 10keV electron or aZ4tatom on Ge is
clearly a localized phenomenon, because the de Broglielamyth is~ 10-2nm,
smaller than an atom size. In the harmonic approximatiortmsequence of such
an impact is a wave packet but because basically all mediispersive it soon dis-
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perses into phonons with different wavelengths and veéscand the localization
is lost.

However, if the nonharmonicity of the potentials is taketoiaccount such an
impact may produce what is called an intrinsic localized en@dM), also known
as a breather, depending on the context[[28, 32, 38, 39]. i$haslocalized wave
packet that does not spread, that is, it behaves like a caréisip. As ILMs are not
exact solutions they will eventually lose energy and dispénto phonons. How
long they can live, how many of them are there and how impotteay are, are still
open questions that are very much related and that we aduzessériefly. The key
concept to understand breather existence is the fact tadtetjuency of vibration
of nonlinear oscillators depends on the amplitude or enefghem, which does
not happen in a linear oscillator. If the frequency of theileor increases with the
amplitude, it is called &ard potential. This corresponds to a potential that grows
faster with the distance to the equilibrium point than wite harmonic one does,
while being equal at small distances. If the frequency obsallator decreases with
energy, it is called aoft potential and it grows more slowly than the harmonic one
does, as is illustrated in Figl 7. The phonon spectrum of id sbhlways bounded
from above, may have gaps, and in some cases may also be llduoiebelow,
in which it is calledoptical. If it is not bounded from below it is calledcoustic.
Vibrations with frequencies that are outside the phonogtspm cannot propagate
in the solid, bringing about localization of energy that slomt spread. Figuld 8
shows an example for a model of cations in a silicate layerckiproduces the
optical spectrum [4].

Breathers are well described mathematical objects andamg te produce in
macro and meso systems. For example, a chain of magneticipenslis easy to
construct and to experiment with [37]. Their existence imlkdss a more difficult
question for several reasons, to cite a few: a) the realigueEntum and not clas-
sical; b) the potentials are simplifications of complex iatgions; c) the lattice is
not perfect; d) the lattice is disordered due to temperafithrese subjects have been
studied, theories of quantum breathers exist and moledytamics using increas-
ingly realistic and complex potentials have been usefut@ating ILMs of energies
of the order of magnitude of eV [23,24,140] that propagateratefitemperatures.
But more importantly, there is growing experimental evickenf long range local-
ized transmission of energy. For example, it was observéptfiit subsequent to
the impact of an alpha particle on the surface of an insuldtere was transmission
of energy in a localized way along close packed lines thatakéesto eject an atom
at the surface of the crystal. For the material of intereshis article, germanium,
it was shown that the impact of Ar atoms of 2-8 eV were able toeah defects
2 um below the surface [L] 2]. Annealing and ordering of voidseneral crystals
attributed to ILMs[[19] is just another example.
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Fig. 8 Examples of phonon spectra for atoms in a system with a substrhich produces an opti-
cal phonon spectrum bounded from belbwft: the potentials are soft, and therefore, the energies
of the ILMs diminished below the phonon barRight: potentials are hard and the frequency of
ILMs increase with energy. This was obtained for a model tiboa in a silicate layer. Reproduced
with permission from: Archilla, J.F.R., Cuevas, J., Roméi®.: Effect of breather existence on
reconstructive transformations in mica muscovite. AIP {CBroc.982(1), 788-791 (2008). Copy-
right by American Institute of Physics
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5.2 Effect of intrinsic localized modes

One question s if ILM do exist in a solid, what will be the aftand on which prop-
erties. If there are many of them they will probably interaetween them and will
be dispersed. The main effect will be an increase of the teatye of the system,
similarly for a harmonic lattice. It seems that one of the hiogportant effects of
breathers could appear in connection with changes of streicinnealing, chemical
reactions and similar processes. Generally speakingabsses for which a poten-
tial barrier with some activation ener@y has to be overcome and with a probability
of happening proportional to efpE,/ksT ), that is, the constant rate of the process
is given by an Arrhenius type equation:

K =Aexp(—Ea/ksT). (5)

This equation is extremely sensitive to changeSjmnd it is also asymmetric, i.e.,
the increase in the rate corresponding to a decrease of enefdgy is much larger
than the decrease in the rate corresponding to an incregbe gime amount of
energy. An easy calculation shows it. Suppose that themme perturbation of the
barrierAE during some time\t and a perturbatioAE during the same time, then,
the mean rat&’ during the time interval 2t would be:

K = ﬁ (Ae (B AB)KeT pp 4 pe (Bt AE) KeT o)

_ % (eAE/kBT +e—AE/kBT)Ae_Ea/kBT — k. (6)

The amplification factor i = cosHAE /k,T) and can usually be approximated by
| ~ Jexp(AE /kgT). It does not depend on the height of the barBgbut only on
the ratio of the barrier variatioAE and the thermal energy of the lattice. It can be
seen in FiglB. An elaborate and rigorous theory is develap&efs. [17, 18, 20],
but the conclusions are the same. Therefore, ILMs of smaltgn both mobile or
stationary can produce a huge effect. Even more if we contlidé their energy is
localized and not extended as for phonons.

An example of this phenomenon in a silicate is described ifa [8f In an ex-
periment, reconstructive transformation of the mica mugeaonto lutetium disili-
cate was observed to occur several orders of magnitude thareexpected due to
the nature of the bonds that have to be broken. The explanatiopased on a fact
observed in numerical simulations: that breathers withdaenergy live longer,
therefore a temporary fluctuation that produces an accuionlaf vibrational en-
ergy and creates an ILM is not immediately destroyed [34¢ iifore energetic the
ILM the more unlikely, but also the longer the lifetime. Evaally an equilibrium
between ILM creation and destruction is achieved for ea@rgn This is a very
low population with no thermodynamical effects but withgar mean energy than
phonons. This energy is also localized and can be delivemd effectively to the
bonds that are to be broken. Another example for germaniusists of a series of
experiments where it was found that Ar plasma ions with eesrgf 2-8 eV were
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Fig. 9 Some amplification factors supposing that a potential éadecreases Y E during half
the time and increases by the same amount for the other ledfamplification function is simply

| = cosHAE/kgT) ~ %exp(AE/kBT). A similar process will occur when the barrier oscillates
while interacting with a moving or stationary breather

able to anneal defects like the E-center at least g below the surface [1]. On
the other hand EBD was found to create defects up to a depthegim [13].

6 Conclusions

It was established that during EBD energetic particles pttogluct of elastic col-
lisions between 10 keV electrons and residual gas atomsirngbuum, were the
primary cause of defects introduced in Ge and Si. High enelegtrons interacting
with the semiconductor directly were found to transfer émslenergy, per collision,
than if the energy transfer occurred through an intermgditom or molecule. The
maximum energy transferred via this two-step process wliaslesed to be approx-
imately 13 eV for particles with an atomic mass from 1 to 4 and then dishied
for heavier particles. This amount of energy, when tramsteto a Ge lattice atom,
is incapable of creating a Frenkel pair but may be sufficiemhodify an existing
defect structure that was previously invisible to DLTS. Sédnclusion can also be
drawn if n-Si is used[7]. The energies transferred to thengaium lattice by EDB
is typically of the order of magnitude of intrinsic localtzenodes. These nonlinear
localized wave packets have the property of significanttyeasing the probability
of structure changes by temporally lowering the potentatier for the process.
Therefore, intrinsically localized modes are very liketylde the cause of the ob-
served phenomenon
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Samples exposed to the conditions of EBD, without depaositiermed EB ex-
posure) did not contain the same defects as the EBD sampieptefor & 37 and
the vacancy-antimony center (V-Sb) 4. This implies that a necessary condition
for the introduction of EBD defects was a thin metal layeotilgh which energy
was transferred to the germanium crystal lattice. The EBsupe defects have not
yet been identified and may be related to impurities that vaeoelerated into the
germanium near-surface region before diffusing deepertimt material, although
this cannot explain the low defect concentrations obserguecially if the sample
temperature was allowed to increase during treatment.
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