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Abstract Deep level transient spectroscopy shows that defectsectdgtalpha ir-
radiation of germanium are annealed by low energy plasms ignto a depth of
several thousand lattice units. The plasma ions have eseodi2-8 eV and there-
fore can deliver energies of the order of a few eV to the gerammatoms. The most
abundant defect is identified as the E-center, a complexecddipant antimony and
a vacancy with and annealing energy of 1.3 eV as determinedbymeasurements.
The inductively coupled plasma has a very low density andnalegv flux of ions.
This implies that the ion impacts are almost isolated botimie and at the surface
of the semiconductor. We conclude that energy of the orden@V is able to travel
a large distance in germanium in a localized way and is dei/é the defects ef-
fectively. The most likely candidates are vibrational nie@ar wave packets known
as intrinsic localized modes, which exist for a limited raraf energies. This prop-
erty is coherent with the fact that more energetic ions a® dédficient at producing
the annealing effect.
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1 Introduction

In science like in many other aspects of human activity,elae often fortunate
coincidences that orientate research in unexpected iinsctin 2012 there was
an international workshop in Pretoria, South Africa, chlMEMI 2012, several
theoreticians and nonlinear physicists attended, amag there were two of the
authors. Several talks were intended for non specialistderhat physics students
could be able to understand them. One of the subjects wasmeanlocalized ex-
citations that travel along a periodic media without losemgrgy and keeping their
shape. They are called intrinsic localized modes (ILMS)isciette breathers (DBs).
The first name emphasizes the internal character of the pieman and reminds
us of the linear vibration modes or phonons. The latter naomees from the ob-
servation of the internal vibration they experience that ba compared with the
breathing of a living being. They were first obtained as arcesalution for the
continuous sine-gordon equatian [26]. Simulations usirgecular dynamics are
able to reproduce them in several solids with energies obtéler of a few tenths or
a few units of an eV.

Among the attendants was a PhD student, part of a research gfthe Univer-
sity of Pretoria working on defects in semiconductors, ipalarly in germanium.
They have obtained unexpected results while treating Ge laiit energy (2-8 eV)
plasma ions. Those energies are known as subthresholddeetteithreshold en-
ergy to produce displacements of atoms in germanium is leetdi&.5 for thg111)
direction and 19.5 eV for th€L00) direction [12]. However, they had observed that
something was penetrating at least tyym inside the germanium wafer and was
able to anneal several defects, in particular, the mostddntrone, the E-center.
The energy for annealing an E-center is about 1.3 eV, acogrdi our measure-
ments and theoretical calculations [23]. On the other haedniaximum energy
that an Ar ion of 4eV can transmit to a Ge atom is 3.6 eV, theeethe energies
were precisely what was expected for ILMs. A line of colladt@n was started that
joined nonlinear theory, computer simulations, plasmasptsyand semiconductor
physics that eventually confirmed ILMs as the most likelyssaof the annealing[1]
and also suggested them as the explanation for other Iatgrdie effects such as
the modification of defects by electron beam deposition revtiee energy transmit-
ted was below 1.3eV_[5]. In this workd we will try to give an dapation of the
different branches of the physics involved and to analyezeréfasoning that leads
to the ILM explanation and the consequences both for serdigzinr physics and
nonlinear physics.



Experimental observation of moving intrinsic localizeddae in germanium 3

2 Germanium

The diamond structure of germanium is well known, each ataswdovalent bonds
with the four nearest neighbours at the vertices of a tethameas shown if Fid.]1.
Normally a conventional cubic unit cell comprised of 8 atdmgsed. The diamond
structure can be seen as an fcc lattice with two atoms atpdir, 0) and at 1/4 of
the diagonal[2]. The lattice unit = 5.66A for Ge, slightly larger than 5.48for

Si and even larger than 3.&7or C diamond. The diamond structure is not the best
for moving ILMs because there is no chain of nearest neigrgfmuming a straight
line. This is a reason for which, although stationary ILMyéd&een constructed
with molecular dynamics [24], the attempts to construct mgW_Ms have failed so
far. Several lines of research seem promising, one optittndenstruct ILMs in the
next neighbour directions such @900 where there is a straight line of atoms. Other
is to study polarizations as the ones observed for ballgtanons in germanium or
silicon [13)/19] which can travel distances of 160 nm. It seaiso possible that
ILMs can be nonlinear perturbations of linear optical modéh high energy, high
velocity, short wavelength and low dispersion, such asettddle of the Brillouin
zone for optical branches.

The number of Ge atoms per unit volume can be obtainedsas= 8/a3 =
4.42 x 10??cm?. Other properties of interest are atomic number 32, atondesm
M = 72.61amu, density = 5.323g/cn?, sound velocitycs = 5400 m/s, Debye
temperaturdp = 360K, Einstein temperatuf: = 288 K, covalent radius 1.8
atomic radius 1.54, melting point 1210.55K, 1st ionization energy 7.899 e an
specific heat 0.32 J/gK at 300K.

1 NEMI 2012: 1st International Workshop: Nonlinear effectsraterials under irradiation, March
12-17, 2012, Pretoria, South Africa. P. Selyshev, chairman

Fig. 1 Diamond structure

of germanium. Each atom

is bonded with four nearest
neighbours at the vertices of a
tetrahedron. The conventional
cubic unit cell usually used

is also shown. It includes 8
atoms and can be seen as an
fcc lattice with two atoms at

0 and at 1/4 of the diagonal.
The primitive cell has these
two atoms as a basis and the
primitive vectors have their
origin at O and end at the
center of each adjacent face
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3 Phononsin Ge

The objective of this subsection is to review the well knovemaepts of lattice
dynamics and to see how they apply to Ge and to justify sulesequalculations.
Phonons are the usual means for energy transport in a ceystathe responsible
party for thermal annealing of defects. With this review wanivto demonstrate
that they cannot be th responsible for the annealing of therier defect during Ar
plasma bombardment. We will frequently use general coscfdattice dynamics
and the reader can consult any textbook, for example Refg].[2

In classical mechanics for a crystal withy; per unit volume, there aren
degrees of freedom. In the harmonic approximation the gubeh of uy, =
Aexp(ik-r — wt) in the equation of movement leads tay&different linear modes of
frequencyw, wave numbek, phase velocitg = w/k and polarizatiorA. They are
organized in branches = w(Kk), three of them are acoustic, thatisvanishes lin-
early withk in the long wavelength limit. If the crystal has a basipaftoms or ions
in each primitive cell, there are als¢f3— 1) optical branches, that are bounded from
below. In Ge with two Ge atoms in the unit cell, there are thoptcal branches.
Each branch hasge/2 modes. In the classical description, each mode can have
any energyE with a probability at temperatur€ given by Maxwell-Boltzmann
equatiorP(E) = exp(—E /ksT)/ksT, which leads to an average enefgyl thatis
identical for each mode. Therefore, it is trivial to obtdie tenergy per unit volume

Frequency (THz =10'%Hz)

DOS

L r K X W L K W X r

Fig. 2 Phonon dispersion and density of states for Ge. Experirhealizes are shown as circles
and theoretical calculation are shown as solid lines. Matbesit the center of some optical bands
with high frequency, large group velocity, short wavelénghd low dispersion may convert into
ILMs when the amplitude enters the nonlinear range. Remedlwith permission from: Wei, S.,
Chou, M.Y.: Phonon dispersion of silicon and germanium ffast principles calculations. Phys.
Rev. B50, 2221 (1994). Copyright (1994) by American Physical Sgciet
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Fig. 3 Primitive Wigner-Seitz
reciprocal cell for an fcc
lattice such as Ge, showing
the directions irk-space and
points that appear in the
spectrum shown in Figl2. The
point ™ corresponds to wave
numberk = 0, where the three
acoustical bands originate.
The Wigner-Seitz cell is the
region ofk-space that is closer
to (0,0,0) than to any other
point of the lattice. Modes
with wave vectors about the
middle of I -L, -K and " -X
may convert into ILMs when
their amplitude increases.
Axes are the same as in Fig. 1

u = 3keT nge and the specific heat at constant voluoge= du/0T = 3kgnay, a re-
sult known as the Dulong-Petit law. This result is approxeva room temperatures
and above but fails spectacularly at lower temperatureghlbd to the quantum
description of the harmonic crystal. The classical desionypof the linear modes of
the crystal remains valid but the statistics are quite cbffie

In quantum mechanics a linear oscillator with frequeacgan only have ener-
gies given by, = %h‘w+ nhw, wheren is the excitation or occupation number. As
the ground state ener@;ﬁw cannot be lost we will usually suppress it and use

En=nE, with E=ho, (1)

whereE = hw is the quantum of energy, also called the energy level.
At a given temperatur€, the average values) and(E,) can be obtained with
Bose-Einstein statistics. They are

<n>:ﬁ ; <En)=<n>E=eE/kbLT_1, (2)

wherekg = 8.617x 10 °eV/K is the Boltzmann constant.

In a solid with 3;; degrees of freedom and therefore the same number of lin-
ear modes, each one is equivalent to a linear oscillator avigiven frequency.
It is usual to describe them as phonons or quasi-particlésanse the expression
n phonons of a particular type with ener§y= hw instead of a linear mode or
state with frequencw and excitation number. We will also follow this conven-
tion although in some instances it may be more conveniergvert to the original
terminology.

As the number of frequencies is very large and they are vesegb andE = hw
are considered as quasi-continuous variables. Most ef@nglg are degenerate, i.e.,
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Fig. 4 Comparison with the number function or normalized densitgtates for germanium: ob-
tained from Fig[R and Ref. [25] (—); Einstein model wifl = 288 (vertical —) ; Debye model
with Tp = 360 (- -). The mean mode energy is for the first thig, = kg Te ~ 25 meV. The Debye
model by definition has a maximum enel§yTp = 31 meV with average energy 23.3 meV equiv-
alent to 270K (vertical - -) smaller than the Einstein’s one. The acoustic and optiaatlb can be
seen although they overlap

there is more than one mode with that energy, and in the quainuous descrip-
tion there are very many in an interJ#, E + dE].

A variable density of states (DOS)E) is introduced, also some times called
the density of levels. It is defined such@& )dE is the number of linear modes or
quantum phonon states per unit volume with energies bet&wesdE + dE. For a
discrete system the phonon spectrum is always bounded froweathat is, there is
a maximum frequency and energy; andEy = hwy, therefore

= §(E)dE = 3na. 3)

A rough estimate of the maximum value of energy level for theustic modes
can be obtained using the fact that the minimum value of theelgagth is twice
the lattice unit of the primitive celtla, thenEy ac =~ htm ac = hc2mm/2d,, with ¢
the speed for the mode. For Gla,= a/v/2 = 4.00A and usingcs = 5400 m/s, we
obtainEy ac= 28 meV andfy ac = 6.7 THz similar at the observed values in Figs. 2
and3. However, such a simple estimate for the optical madestipossible because
the phase velocity tends to infinity wh&n- 0.

Generally speaking there is no minimum frequency or enes@xplained above,
however, when considering only a part of the system, it catelseribed as subjected
to an external potential representing the interaction withrest of the crystal. In
this case the phonon spectrum becomes optical, i.e., bddrata below.

The energy of the solid per unit volume is given by
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Fig. 5 (Left): Average number of phonons with respect to tempeedbetween room temperature
Tr = 300K and E-center annealing temperatilixe= 423 K. From bottom to top: optical phonons
with Eqp = 35 meV; Einstein phonons wite = 24.9 meV; average number of phonons with Ge
DOS; acoustic phonons with,=10. (Right): Average energy for different phonons, frontttim

to top: optical phonons witkg,, =35 meV; Einstein phonons withe = 24.9 meV (g = 288 K)
indistinguishable from the one obtained with Ge DOS; adoystonons withE;c = 10 meV and
average classical energyT . It can be seen that the acoustic modes have more phononsaxad m
energy than the optical ones and at room temperature ané almyantum description is necessary

Et Et E
e = [ nE)EQENE = [~ = o(E)E, (4)

We will also use the number density or normalized densitytafes f(E) =
9(E)/3nge, With the property that a$(E)dE is the fraction of modes with ener-
gies betweert andE + dE and therefore the normalization condition and average
phonon energ¥, are given by

T f(E)d T Ef(E)d
/0 E)E=1 , Eph:/o Ef(E)dE. 5)

There are two approximations frequently used for the dgp$gtates: the Debye
and the Einstein models. In the Debye model, all phonon madesubstituted by
three acoustic branches with dispersion relatios ck, with the samee, which is
an average velocity. These acoustic branches lead to aylefisiodes or states per
unit volumegp (E) = 3/(2m?R%)c3E? [2]. Then, fp(E) = g(E)/nat = apE?, with
the constantip depending on the particular solid througland na. The energy
has a cutoff valu&p such that the condition of normalizatigfbl:rD fo(E)dE=11is
fulfilled. Therefore,aDES/C% = 1. The value€p andTp = Ep /kg are known as the
Debye energy and temperature, respectively. Therefore th@nly one unknown,
eitherc or Tp, either of which cannot be measured as they do not corresfpond
real magnitudes. What is done is to chod@gesuch that the specific hea§(T)
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fits the measurements. For Ge, a valudpf= 360K or Ep = kgTp =311 meVis
usually given, which correspondsae- 3420 m/s. This velocity is not a real quantity
but coherently it is approximately the mean of the velositéthe two transversal
modes,~ 2500 m/s, and the longitudinal one, 5400 m/s [15]. The Deligeaision
relation works, of course, better for the acoustic branemessmall wave vectors.

The Einstein model supposes that there axg.Bnodes with the same frequency
e, beingEg = haw: andTe = Eg /kg, the Einstein energy and temperature, respec-
tively. The value ofTg is chosen so as to fit the specific heat of the solid, bEingn
average energy of the phononsin the crystal. For germanswvaliue isTe = 288K
and will be used in this work. In this model the mean energyyset volume at
temperaturd in germanium is simply

. 3NGe
UE = e/t _1 ©)

The actual phonon dispersion relation and the density eéstaave been ob-
tained and checked with experimental ones in Ref. [25]. Badlgnitudes are shown
in Fig.[2. The normalized density of staté&E) can be obtained from it but as the
resolution is poor for low energies we have substituted plast by the Debye one.
The Ge density of states is shown in Fify. 3 together with tlieesponding one for

0 100 200 300 400 500 600
T (K)

Fig. 6 Comparison of the experimental specific heat per degreeeeflém: () using germa-
nium density of state§ [25]; (- -) the Einstein model with= 288; (— - —) the Debye model with
Tp = 360; () and @) experimental values from Ref5J[3]17], respectively. ibezontal line cor-
responds to the classical Dulong-Petit law. The Einsteththa Debye model are slightly better at
intermediate temperatures, because they have been fittdthfoAt high temperatures the experi-
mentalc, becomes larger because actual frequencies also incretiseemperature. The two sep-
arated dotted curves correspond to two Einstein modelsamighgiesE,. = 10 andEq, = 35 meV,
the upper and lower curves, respectively. These valuegpregentative of the acoustic and optical
branches
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the Debye and Einstein model for comparison. &) two concentrations of states
appear near the top and near the bottom of the spectrum, withstic simplifica-
tion we can describe them as an optical band ardzggd= 35 meV and an acoustic

one arounde;c = 10 meV. The mean phonon enerﬁf f(E)EdE is approximately
equal to the Einstein energy.

Figure[3 represents the number of phonons and the averaggiesnas a func-
tion of temperature for acoustic phonons, optical phon&isstein phonons, and
average values obtained with the density of stgt&s. It can be seen that the clas-
sical statistics is not valid at the temperatures of intarethis work and that there
are significant differences between optical and acoustimphs. The energy in the
acoustic modes is larger than in the optical ones in spiteawviny less energy but
with more phonons. It can also be seen that the average nushpapnons(n) is
smaller or closer to one which indicates that the classieatdption is not good at
room temperatures and above.

Figurd 3 represents the specific heat at constant volumiebtiom these mod-
els. There is no significant difference at the temperaturggerest in this work be-
tween room temperatuiik = 300K and the annealing temperature of the E-center
Ta = 423K. This justifies the use of the Einstein density of statea good approxi-
mation for calculations. The specific heats for two Einsteodels withEac andEgp
are also represented for comparison.

4 Defects and their detection with DLTS

Point defects in the structure or the type of atoms of the sentiuctor can appear
with some probability due to the temperature but they caa bés created by ra-
diation. In the experiments described in this work most ef defects are created
by 5MeV alpha radiatiori [14, 21] produced in the decay of tme@cium isotope
241Am. A Ge sample with dimensions:>35 x 0.6mm is brought into contact with
americium foil for 30 minutes.

Defects can be of many types, some simple examples are simakig.[4, such
as a vacancy, a substitutional atom, a self-interstitidr@ign interstitial, a Frenkel
pair that is, a combination of a vacancy and a self-intémstind an E-center, which
is a combination of a dopant substitutional atom and a vacdrte germanium
sample used in this work is doped with antimony (Sb), with paid concentration
nsp = 1.3 x 10%%m3. Dopant atoms as Sb atoms occupy substitutional positions
but are not considered defects as they are an essentialfthe eemiconductor
electrical properties. The main defect appearing aftémradiation is the E-center
already described. There are many others types such ascyamamplexes like the
di-vacancy (V-V), the tri-vacancy (3, the tetra-vacancy () and combinations of
interstitials as di or tri-interstitials £] 13). Also, hydrogen (H), due to its small size
is able to penetrate almost everywhere and can combine widr defects forming
complexes such as \fflwhere n is an integer with values from-14. A variant of
the E-center is the A-center, a complex of an oxygen inte&kéind a vacancy.
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Fig. 7 Examples of some point defects in a crystal. The E-centeliesdiin this work is a complex
of a vacancy and a substitutional dopant Sb

Defects can experience many processes like diffusiorraatien between them,
modification, annealing and others. Generally speakinthelie processes are en-
hanced by temperature and the rate at which the processpkesdepends in an
Arrhenius form on a quantity known as the enthalpy for thecpss or sometimes
referred to as the activation energy or barrier energy feipttocess. That is

K 0 e AH/keT (7)

The semiconductor Ge has a band gafgg 0.67 eV. Some defects introduce
electrical levels inside the band of a semiconductor, askample in Sb-doped
Ge, Sb introduce levels very close to the conduction bandettthey are within
the band gap and more than 0.1 eV from the conduction or tregalbands they
are consideredeep. Usually they are called electrdraps when they introduce an
electron level and hole traps when they introduce a hold,lesgpectively. We will
write only about electron traps for simplicity, becausettieatment of holes is very
similar, and because the main defect we are interestedak-ttenter, is an electron
trap. The E-center is locatedigt = 0.38 eV below the conduction band. The same
defect has also been reportedss= 0.37.

When an electron is in a trap level it has a mean time of permzem® and its
inversee, = 1/1; is the probability of emission per unit time. This magnitadel its
dependence on temperature are key to defect detectionsabé actual magnitude
measured in DLTS [16, 22]. This dependence can be easilycgeldu

Suppose that there aMy traps per unit volume, the probability for an electron
occupying the trap level of ener@y (notEr which isEr = E¢ — E) is given by the

Fermi-Dirac distribution 1

ft = 4e(Et*EF)/KBT + 1 ) (8)
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whereEg, the Fermi energy is located near the middle of the phonod.ban

The probability that a moving electron is captured by a tsagiven byc, =
OappVthNT (1— )N, whereoappis the capture cross section of an electron for the trap,
vth is the thermal velocity of the electronsr the trap concentratioril — f;) the
probability of the trap being empty amthe number of electrons per unit volume.
The latter quantity can be obtainedras N;exp(—(E. — Eg) /ksT), whereE; is the
bottom energy of the conduction band; being the effective mass of an electron

andN; = 2(2711”r1;k.3T/h2)3/2 is the effective density of states in the conduction

band [2]. The thermal velocity can also be obtainedsgs= (2E,/mg)Y/2, with
Eih = 3/2ksT.

The trap emission rate, is given byr, = Ny fie,, that is, the concentration of
traps multiplied by the probability of being occupied ane giobability of emission
per unit time for a trap. At thermal equilibrium = r,, ande, can be isolated as

€h = Gap[Nthh exp(— ET/kBT) , (9)

with Er = E; — K, that is, the distance of the trap level to the conductiordban

It is easy to check that the pre-exponential factor is propoal to T2 as the
effective mass is approximately constant at the bottome€tnduction band where
most of the occupied states are.

Some authors discuss the interpretation of this expressidime emission rate
[6] as a function of the capture parameters, howewgp and Er are considered
the defect signature and used worldwide. Independentih@mhteaningiapp, has
the right dependence on the temperature and should simpbidered simply as a
parameter of the defect.

The technique known as DLTS, deep level transient spedpysases a pn junc-
tion or a metal-semiconductor junction known as a Schottegel A voltage pulse
is sent through the junction in reverse bias, so as to flodtaliraps with electrons,
which after the pulse start to emit electrons towards thedaotion band at a rate
given by Eq.[(®). The capacitance of the junction depend$iercharge accumu-
lated in the traps and therefore changes with time as the begome depleted. It is
measured at two different timeégsandt,. If Cy is the capacitance & andAC the
change in the capacitance betwégandty, it can be demonstrated that the relative
change in the capacitang¥C/Cy has a maximum when the so called rate window
equals the emission probability:

RW = In(ts/ta) _ a. (10)
t1—1t

Typical rate windows are 80$ and 200s'. Measurements of the DLTS signal
AC/Cy are performed while the temperatdrés changed. When the RW equals the
emission rate of some defect a peak appears in the pE@E, with respect to T.

In this way the different defects appear. At the peak
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Fig. 8 DLTS Arrhenius plots
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whereNp is the number of dopants in an n-type semiconductor#nid the num-
ber of traps corresponding to the peak. Using several RWgralevalues ofe,
can be obtained for different temperatures, bdinghe slope of the representation
In(T2/en) with respect to 1T. From the same representation the valuegj, can

be obtained and therefore the defect is fully characterizenim the height of the
peak the concentration of the defégt can also be obtained. The value of the re-
verse bias determines the depth of the measurements and &iothe plotting of
the profile ofNt as a function of the depth of the sample. This procedure to- cha
acterize the E-center in Ge was performed in Ref. [5] and tireekius plots for
several defects can be seen in Eig. 8.

5 Experiment of plasma-induced annealing

The main experimentis done as follows: (a) The Ge wafer isi@aed with 5 MeV
alpha particles during 30 minutes and it is left for 24 hounr®am temperature for
the defects to stabilize as initially there is a fast kintit]; (b) The surface of Ge

is divided into two part#\ andB, then a diode is made using resistive evaporation of
Au on partA and DTLS is performed to measure the defect concentrationshe

Ge sample is introduced into an inductively coupled plasia@®) with 4eV Ar
ions and pressure of 0.1 mb for half an hour in intervals of 11@utes to allow for
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cooling; (d) DTLS is performed in pa&, where ICP has been done through Au,
(e) A diode is evaporated on p@twhere ICP has been applied directly on the Ge
surface, and then, DTLS is performed there.

The short time of alpha irradiation is done to allow for befl® TS measure-
ments. A concentration of about 10%0d#, as the was obtained, or less is ideal

The results of the three measurements are presented i Fig.\ill concentrate
on the most abundant defect, the E-center. (1) The condemtedter alpha damage
and 24 hours rest iy = 1.07 x 10*cm3; (2) After direct ICP on germanium it
is reduced by 30%; (3) If the ICP is applied through the Au aeottthe reduction is
about 7%, smaller but still significant.

Other details of interest are: (4) The sample heats up totatBG in spite of the
cooling intervals; (5) If there is no cooling the sample Bagt to about 65C and
the decrease in the rate of annealing is dramatic; (6) Thectkefire annealed up
to a depth of 2600 nm inside the Ge sample [1]; (7) If other isetee used for the

Alphas only —= 1
0.04 | 1 00
ICP on Au ——=>|a 110
0.03 ] 8x1013(\")E
) ICP on Ge —> ] o
i c
| el
&} 4 6x10” §
~ 1 c
O 0.02 1 3
< 4 c
- g
- 13
] 4x10 45
L
7 [0]
0.01 ] a
4 2x10"®
0.00 0

50 100 150 200

Temperature (K)

Fig. 9 DTLS spectra showing the experimental results. The defeatentrations on the right axis
are only valid for the peaks. The main peaks correspond t&ibenter defect. A 30% diminution
of the concentration of this defect can be observed after iBOtes under the action of an induc-
tively coupled plasma (ICP) with 4 eV Ar ions. If the ICP is &ipd through the Au contact the
diminution exists although it is substantially smallerpReluced with permission from: Archilla,
J.ER., Coelho, S.M.M., Auret, F.D., Dubinko, V.I., Hizlakov, V.: Long range annealing of de-
fects in germanium by low energy plasma ions. Physic20D, 5661 (2015). Copyright (2015)
by Elsevier
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contact the annealing also takes place as with Au but thetefégpends on the metal
used; (8) If a plasma of larger energy 8 eV is used the anreedie increases, but
given that a plasma of larger energy also has a larger fluxgffeet per Ar ion is
much smaller (see below); (9) The temperature to achievaitesirate of annealing
is 150°C as deduced in Se€l. 7 and by other autHors [18].

There was no measurable concentration of Ar after ICP whisdadds Ar chan-
nelling. Other explanations were considered and discardBef. [1] such as mul-
tivacancy production, production of minority charge cansi production of defects
that could diffuse and interact with the E-center and diffaof H that could passi-
vate the vacancies in the E-center.

6 ILM hypothesis

In this section we analyze the experiment and examine thehplity that Ar ions
produce intrinsic localized modes that travel in a localizay with little dispersion
through the semiconductor and are able to anneal the defdatsexact nature of
these ILMs is not yet known but here it is assumed that they lzavibrational
part due to their origin from an Ar ion hit. If they have alsars® charge or other
properties is unknown and not necessary for this hypothesis

The rate of ion-induced annealing is given by the followiggation:

dNr
dt

whereg; is an effective cross-section for defect annealing by ptagms. It is as if
imaginary Ar ions would penetrate Ge and anneal a defecttlibisastage there is
no need of an hypothesig; is just the probability per unit time and unit flux of Ar
ions that a defect is annealed. Integrating the equationealve obtain:

1, Ne)
"ot N (0)

Nr(t) =Nr(0)e" %Pt or o= (13)

For the experiment described with presspee 0.1 mb, that corresponds to 4 eV
ions, the flux is?; = 5.58 x 101%m2s1 [1]], t = 30x 60s andNt (t) /Ny (0) = 0.7,
anda; ~ 35.6 A2is obtained. This value should be compared wigh= (nge) 2/3 ~
8A2 that is, the average area corresponding to an atom of Gesauttiace of
the semiconductor, theo; ~ 4.40p. This result indicates that the process has an
enormous efficiency. It has to be considered with cautionlss rreutrals may be
arriving at the semiconductor surface, but it should nonhgeathe result by more
than one order of magnitude, probably by around a factor ofitwthe flux.

It is interesting to see what the change in efficiency is whe8 aV plasma is
used. The flux in this case i (8eV) = 1.35x 103cm2s~! [1] and using only
600 s time the concentration is reduced to 80% of the origifla¢ cross section
becomess;(8eV) ~ 0.26A2 ~ 0.0330y. Therefore a larger energy per Ar ion does
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not increase the efficiency of the ion-annealing processduluces it by a factor of
~ 140. This is coherent with our hypothesis that the" Ampacts produce ILMs,
because ILMs have a definite range of energies. More eneagywhat is required
will be dispersed into phonons which would interfere witle ffropagation of the
ILMs. It is also interesting to be aware of a few magnitudesppreciate what
could be happening in the semiconductor. Suppose that ItdM=®ltat a speed of
the order of magnitude of the speed of sound in &e; 5400 m/s, the time needed
for an ILM to travel the measured depth= 2600 nm isdt = 0.5ns. This means
that the area for an Arhit in &t is a circle with a radius of about §@attice units,
or in other words each impact and travel is completely isolat

Note also that the traps are almost isolatedNas) ~/ ~ 2200A or 370 lattice
units. Therefore there is no influence between them.

Let us introduce a couple of parametgrshe efficiency of ILM creation by Ar
ions, that is

Dim = y®; (14)

anda the cross section for ILM defect annealing measuregpinnits, that is
OiLm = 0 0p. (15)

Therefore
gi = ayoy (16)

anday~ 3.6. The cross section should be larger tligrbecause the size of an E-
center is at least two atoms and due to the complex nature,¢E@e probably have
also a complex structure with a few atoms involved perpandid¢o the movement
of the ILMs. If the interaction takes place at a distance afrfatoms thero ~
820y andy = 0.06. The latter result implies that about 20*Ahits are necessary to
produce an ILM. The number of Arto anneal a defect can also be calculated easily
as®;t/(0.3Nrd) ~ 1.2 x 104

In the following section it will be made clear that this rafeaonealing cannot be
produced only by the increase in temperature. Therefdtgah the numbers are
approximate and many objections can be made there are adanctinsequences of
this analysis: (1) Some entity which we call ILM, and mosglikit is a vibrational
entity, is able to travel distances of a few micrometergi@sbe in a localized way
and without losing much energy (2) There is a high efficiercyhie conversion
of Ar™ hits to ILMs; (3) There is a high efficiency for ILMs to anneal modify
defects.

Note that if the annealing barrier, it is neither necessary for an ILM to have
nor to deliverEr to anneal the defect. The change of the barrier due to théngass
of an ILM nearby brings about a change in the annealing ratetwtan be very
high. See Refs|[4]8-10].
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7 Thermal annealing

In this section we review thermal annealing and apply it tarGerder to compare
the temperature and energy needed to obtain the same rédwerofal annealing as
with Ar ions.
Thermal annealing of defects in semiconductors is giventingorder kinetic
dNy

5 = KNr, (17)

whereK, known as the reaction rate constant is given by an Arrhaypeslaw
K = Ae Ea/keT (18)

whereE, is known as the annealing energy afidas the pre-exponential factor.
Ea can be interpreted as the potential barrier which is necgdsasurmount in
order that the transformation or diffusion process for ating takes place. The
exponential term can be seen as the probability for an aclatiow of energy of
magnitudeE,. The pre-exponential terrA has units of frequency and it is also
known as the frequency factor. It is related to the numbettehepts per unit time
that the system tries to pass the barrier and with the cuwatithe energy with
respect to the reaction coordinafemay also depend on the temperature but in a
much weaker way than the exponential term. It also depentissoentropy change.

The integration of Eq[{17) leads to the exponential dé¢ay) = N(0) exp(—Kt)
and comparing the experimental data witliNiit)) = In(N(0)) — Kt it is possible
to obtainK. Several data for E-center annealing have been publiSHEd#]. Here
we will use the results obtained by some of the authors agugtd the procedure
described in Ref[[20] and using the same dopant and defaceodration as in this
work. FigurdT(a) shows the exponential decay at'@6&nd Figur&l7(b) represents
In(Nr) with respect to time for three temperatures. The approxria¢ar depen-
dence can be seen. From the slopes, three values of theoreeattit constant are
obtained and in Fid.l7(c) [(K) is represented with respect to 10@0and the linear
dependence can be observed. Comparing witk = In(A) — E5/keT the values
A=55x10"s1 andE, = 1.3 eV are obtained. These numbers should be treated
with caution as the experimental procedure is very semsttivthe details of the
experimental technique. The sample has to be cooled andtezht®d measure the
defect concentration.

8 Comparison of thermal and plasma-induced annealing

Comparing the equations for thermal annealing Ed. (17) andriduced annealing
Eq. (I12) we can observe that if both process have the samefratmealing
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Fig. 10 (a) Defect concentration versus annealing tim& at 165°C. (b) Semi-log plot of de-
fect concentration versus annealing time at temperatus83C]l 160C and 168C from which
the annealing rate constari, is calculated. (c) The Arrhenius plot from whidp = 1.3eV,

A = 0.55THz andTa = 423K are obtained. Lines are fitted curves, circles anddtemare ex-
perimental values, the square in (c) corresponds to a themmealing rate equal to ion-induced
annealing. Details of the experimental procedure used earadd in Ref[[20]

K=agd or Ae Ea/kT —ga. (19)

From this equation, the value &f = 423 K is obtained.
The thermal energy &fx per unit volume using Ge density of statg&) from
Sect[3B is given by

Em
on= [ (MEQ(E)CE. (20)
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Note that the use of the Einstein model with= 288 K leads to very similar results.
The increment in energy from room temperatlise= 300K to Ty = 423K is given
by

Auph = Uph(Ta) — Uph(TR) ~ 2.9KJ/mol ~ 30.1 meV/atom (21)

The energy per unit volume of energy in ILMs is given by

Um = Pim Eiw (22)

wherep v is the density per unit volume of ILMs anf, \, is the mean ILM
energy. Both quantities are unknown but we can estimate Bogh maximum flux
of ILMs is the flux of ions®; and the maximum energy is the energy that a 4 eV Ar
ion can deliver to a Ge atom, 3.6 eV. Let us suppBsg ~ 3eV and® y ~ d.
The velocity of ILMs should be of the order of magnitude of theelocity of sound,
ViLm =~ Cs = 5400 m/s. Thepi v ~ @m /ViLw =~ 10°cm~3 and the ILM energy per
Ge atom is

U _ PuvltMEum 7 10 > meV/atom. (23)

NGe ViLm NGe
This value is so small because there is only an ILM for every '’ Ge atoms.
Therefore the ratiaum /Auph ~ 1016, which proves that an enormously larger
amount of energy in phonons is needed in order to producathe annealing effect
than the Ar ions produced. Changes in the ILM energy, thesedpthe number of
them created by neutrals in the plasma and other factorotahange their energy
density by a factor of 1.

9 Summary

In this work we have described an experiment in which a lowg@ndow flux Ar
plasma anneals defects in Sb-doped Ge up to a significarit defuw the surface.
The hypothesis advanced in Refl [1] and continued here tsAhéns produce
some kind of travelling localized excitation with great eiffincy. We call these en-
tities intrinsic localized modes or ILMs because their gyeand other properties
indicates that their energy is vibrational, although thiby no means demonstrated.
Some space has been dedicated to phonons in germanium imtoftkve a clear
picture of them and their energies and so doing clarify thay ttannot be respon-
sible for the annealing effect, because the ILM energy dgisimuch smaller than
the phonon density which produces the same annealing rkste we think that the
study of the dispersion relation can bring home ideas aboutth construct ILMs
in Ge, which will be the confirmation of the present hypothdzit seems to be a
daunting challenge.

The numbers are approximate, many hypotheses and estirm#itiat have been
advanced may be incorrect, however none of these problemsheage the fact of
the observation of long-range annealing in germanium prediby Ar plasma and
that ILMs are the most promising cause.
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