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Following a description used to explain a phase transformation observed after pulsed femtosecond
laser irradiation, a transient thermal process is used to describe latent-track formation after high elec-
tronic excitation induced by energetic (GeV) heavy ions. The transient thermal calculation is restricted
to the amorphous materials a-Ge, a-Si, and a-FegsB,s, for which nearly all latent-track radii and/or mac-
roscopic thermodynamic properties are known. The heat-flow equation is solved numerically in cylin-
drical geometry. The time-dependent heat-generation term is assumed to be due to the electron-atom in-
teraction. The characteristic length A of the energy transport by secondary electrons is taken as the only
free parameter and the maximum diameter of the cylinder of liquid matter is considered as the diameter
of the observed latent track. Using the single value A=14 nm, we have been able to calculate these di-
ameters in a-Si and a-Ge in reasonable agreement with experimental track diameters, taking into ac-
count the large differences between the macroscopic thermodynamic parameters of both materials. This
A value is less than that for the crystalline state. In the case of a-FegsB,s, the diameters calculated with
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use of A=19 nm are in agreement with the ones determined recently by electrical-resistivity change.

I. INTRODUCTION

The recent and systematic use of heavy-ion accelera-
tors has increased the total number of materials found to
be sensitive in bulk to the electronic excitation induced
by high-energy heavy-ion irradiation.!”?*> The most
striking results are for metals and semiconductors for
which the amorphous phases are more sensitive to elec-
tronic excitation'®”'® than the crystalline phases.'®™??
One relevant difference is the smaller electron mobility in
the amorphous phase. In pure metals and semiconduc-
tors,? the large electron mobility has been suggested as
the main reason for which significant atomic rearrange-
ment does not occur in response to electronic excita-
tion.?> In the amorphous phases the lower electron mo-
bility may allow the energy deposited in the electronic
system to be confined long enough to form a transiently
heated region. Following earlier works,® %2324 we at-
tempt to use a thermal-spike calculation to describe the
effects produced following the electronic excitation of
amorphous metals and semiconductors a-Si, a-Ge, and a-
FegsBys.

In the first section we give arguments which motivated
a transient thermal calculation. In the second part a
transient thermal calculation is developed and applied to
amorphous germanium.'® In the third part the calcula-
tion is extended to two other amorphous materials, a-Si
and a-Feg;Bys.

II. ARGUMENTS MOTIVATING
A TRANSIENT THERMAL CALCULATION

A transient thermal calculation is developed in order
to account for the following experimental results ob-
tained in the electronic-stopping-power (dE /dx) regime.
In amorphous Si and Ge (Ref. 16) prepared by vacuum
evaporation, bulk latent-track diameters have been deter-
mined by electron microscopy. The electron-diffraction
patterns from the track areas exhibited ring patterns in
addition to halo patterns, suggesting that the tracks con-
sist of small recrystallized particles. In the framework of
the present model, we assume that a latent track results
from the rapid quenching of a cylinder of molten
matter.'® In amorphous FegB;s, the dE /dx threshold
value!” for bulk damage creation is measured. This
threshold is associated with the energy needed to induce
a liquid phase along the heavy-ion path. Moreover, near-
ly all the macroscopic thermodynamic parameters of
these amorphous materials are known. This allows quan-
titative comparisons between calculated and measured
values of track diameters and thresholds.

The thermal-spike model’ #2*72° was initially pro-
posed to explain track formation in thin films or in
small-size grains of pure materials. Quantitative develop-
ment of this model was performed by Izui.® He suggest-
ed that the energy is shared between the electrons in a
time of the order of 107 !° s and that the electron energy
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is transferred to the atoms via an electron-atom interac-
tion in a time of 5X107!*s. In this model the main pa-
rameter is the grain size, which is considered as reducing
the thermal conductivity® or limiting the motion of the
excited electron clouds.” These two effects confine the
energy in a small volume of the material, which is then
warmed up very rapidly into a liquid and even a vapor
phase. At that time that model was speculative because
of the scarcity of the experimental data and because of
the lack of precision of the thermodynamic parameters
for this kind of material. Later on, the thermal-spike
model was developed in order to explain the track forma-
tion in insulators’® using a set of two equations describing
hydrodynamic propagation of energy in electron fluid
and ionic fluid, respectively. A time of 10~ 12 5 is estimat-
ed for heating up solid argon®® ions to an energy of 1 eV.
Even if a complete analysis of this core plasma varying in
space and time is not straightforward, the time neces-
sary to heat the argon ions is in agreement with the esti-
mate of Izui.®

More recently, a transient thermal model was
developed to explain the phase transformation of silicon
surfaces observed after femtosecond (fs) laser irradiation.
With the recent development of fs pulse techniques, it is
possible to supply energy to the electronic carriers in a
time shorter than the characteristic time for energy ex-
change with the lattice.' %6 Laser irradiation would
thus initially create an extremely hot carrier gas in a cold
lattice as for a heavy-ion irradiation.*’ In a fs laser irra-
diation, the increment of the lattice temperature is due to
the electron-atom interaction after the thermalization of
the energy deposited on the electron system. The mea-
sured electron thermalization time3* is less than 107 s,
time which decreases when the deposited energy in-
creases. Such a value was assumed by Izui in the
thermal-spike model. Then the hot electrons are cooled
down by sharing their energy with the cold electrons and
also by an electron-atom interaction inducing a lattice
temperature increase®>3%36:37:40:45,46 55 observed in the fs
laser experiments. These experimental observations sup-
port the statement that the energy deposited during elec-
tron excitation is rapidly shared with the lattice even if
the electron temperature may be sustained® by refilling
the electronic holes. The measured electron-atom
energy-transfer time follows an exponential decay®**®
with a characteristic time between 0.5 and 3 ps in agree-
ment with the previous estimate with either a metal or a
semiconductor. Moreover, if atomic motion could occur
before melting, 32 the fs laser experiments show that, as a
matter of fact, a subsequent increase of temperature
would arise anyway.

Thus, following the same idea, the phase transforma-
tion induced by heavy-ion irradiation may result from an
increase of the lattice temperature due to a two-step pro-
cess: thermalization of the deposited energy on the elec-
tron system via electron-electron interaction and transfer
of this energy to the lattice via electron-atom interaction.
As the electron and atom systems are not in thermal
equilibrium with each other, the space and time evolu-
tions of electronic system and lattice temperatures, 7,

e
and T, respectively, are governed by a set of coupled non-
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linear differential equations®® in cylindrical geometry:

c(T 8T, & K(T)STe +Ke(Te) 6T,
pC.(T.) 8t or | ¢ ¢ &r or
—g(T,—T)+ A(r), (1)
ST _ 8 [o 8T |, K(I) BT,
pC(T) 5r  or K(T) or + . o +g(T,—T),

(2)

where C,,C and K,,K are the specific heat and thermal
conductivity for the electronic system and lattice, respec-
tively, p is the material density, g is the electron-atom
coupling, A4 (r) is the energy brought on the electronic
system in a time considerably less than the electronic
thermalization time, and r is the radius in cylindrical
geometry with the heavy-ion path as the axis.

As a phase change in the material may occur, the two
differential equations can be solved only numerically. If
we use the explicit method,*® %! a convergence criterion
links the time step At to the thickness 4 of the considered
slice of matter. The criterion is KAt <pCh?/2, where K
and C can be applied either for the electronic or atomic
system. Applying it to the electronic system with h =1
nm, At should be less than 107 s. With this time step
the calculation is computer time consuming. As our
main objective is the transient thermal process on the
atoms, we shall limit ourselves to Eq. (2), replacing
g(T,—T) by N(r,t), which is the energy density generat-
ed per unit time in the lattice by the excited electrons. It
is an analytical solution of Eq. (1) with the assumption of
mean values of the electron diffusivity
D,=K,(T,)/pC,(T,) and of the electron-atom interac-
tion time 7,=pC,(T,)/g over a large range of electron
temperature. This approximation is valid because the
electron-electron interaction time is at least one order of
magnitude less than the electron-atom interaction time,
and consequently the solution of Eq. (1) can be assumed
to be in a steady state as compared with the solution of
Eq. (2). Hence the main parameter will be A=1/D,7,,
which is the mean free path of electron scattering, taking
into account electron-electron and electron-phonon in-
teractions.

As the energy deposited on the electronic system is
transferred to the atoms in a cylindrical geometry with a
characteristic time of the order of 10~ !2 s, the quenching
rate of the molten cylinder will be governed by the
thermal properties of the amorphous materials. In that
case it will be shown later by calculation that the quench-
ing rate is of the order of 10> K/s. The amorphous me-
tallic alloys a-FegsB, s used by Audouard et al.'” were ob-
tained by melt spinning with a quenching rate of 10% K/s.
With a larger quenching rate, it is known that another
amorphous phase can be obtained.*? In the case of amor-
phous semiconductors irradiated by ns laser pulses, it is
known that the nonequilibrium melting and solidification
are a complex problem.> Experimentally, Izui and
Furuno'® have observed that tracks consist of small re-
crystallized particles. This can be explained as resulting
from a lower thermal conductivity in amorphous materi-
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als than in crystalline materials. The amorphous phase
surrounding the ion track can severely impede the heat
flow, leading to a lower cooling rate than the one result-
ing from vacuum evaporation. In the framework of the
transient thermal calculation, the crytallization will be a
consequence of the very high mobility of the lattice atoms
in the liquid phase.

However, it is known that it is necessary to have a
source of defects, such as a surface,’* 37 in order to in-
duce melting. In the case of amorphous materials, the
existing free volume can act as a source of defects. It is
for this reason that we limit the present calculation to
amorphous materials only. Moreover, in the case of sil-
icon, the liquid density is higher than the solid density. If
the pressure is increased in the volume, the melting tem-
perature decreases and melting will not be hindered.
Another difficulty arises from the very fast energy gen-
eration in the lattice: Superheating can occur.3* Pulsed
laser irradiations®® have shown that the total energy
necessary for melting does not exceed the energy needed
to raise the temperature up to the melting point plus the
heat of fusion. In the following we shall admit that cri-
terion.

III. NUMERICAL ANALYSIS:
APPLICATION TO AMORPHOUS GERMANIUM

A. Numerical analysis

Following the finite-difference method outlined in pre-
vious works, ¥ 73! Eq. (2) is developed numerically:
At
T;(t +At) T,-(t)+[Q(T,»)+N,~(r,t)]pC(Ti) )]
It means that the temperature T;(z +At) of the slice of
matter with a thickness 4, labeled i, at a time ¢ + At and
at a distance r from the cylinder axis is equal to the tem-
perature T;(t) of the same slice at a time ¢ increased by
the effects of the thermal diffusion Q (T;) and of the heat
generation N,(r,t). To take into account the discontinui-
ties due to the phase change, thermal diffusion is defined
as

K,(T) KAT)
Q(Tl):T(Ti_1~Ti)+T(Ti+1_Ti)
L 5T g )+K’(T‘)(T T,
2rh ( i i—1 2rh i+1 i’
with

K,(T)=[K(T,_)+K(T)]/2,
K(T)=[K(T,,)+K(T)]/2.

The definition of K (7;) and K,(T;) is useful when the
slice i is being melted. In that case K (T;) is taken in ei-
ther liquid (lig) or solid (sol) state depending on the phase
state of the neighboring slice, i.e., K, =K, and K; =K ;.
For the slice i =1, the first boundary condition implies
K (T,)=0, and for the last slice, the second boundary
condition gives K,(T;)=0 for i—c. When T, reaches
the melting temperature T,,, the heat entering the slice i

M. TOULEMONDE, C. DUFOUR, AND E. PAUMIER 46

is used for the latent heat of fusion and not for raising the
temperature. The temperature is maintained equal to T,
until the slice i is completely melted. The initial tempera-
ture is the substrate temperature T and T (r,?) for r —
is constant and equal to T.

The quantity N,(r,t) is the heat density generated by
the electrons per unit time in the slice i at a distance r
from the axis and at a time ¢. It fulfills two criteria: The
spatial expansion of the electron energy is a solution of
Eq. (1), and the energy deposition from electrons to
atoms follows an exponential decay:*®

dE
N,-(r,t)ZE exp(—t/7,)B;(r) /7, ,

where 7, is the electron-atom relaxation time taken equal
to 1072 s as deduced from observations after pulsed laser
irradiations in the fs range,31’34’36’37"‘0"“"‘5"“"59 B;(r) is
the spatial energy distribution at a time ¢ in the slice i at a
distance r,

B;(r)= A exp( —r2/40?),

and dE /dx is the electronic-stopping-power value. The
slowing down process results in electron ionizations (lo-
calized electron plasma) and electron excitation.’® The
transfer of electron excitation to the localized electron
plasma occurs in a very short time (10715 5).% Conse-
quently, it is the total value of dE /dx (Refs. 60 and 61)
which has been taken into account.

The constant 4 =1/47o? is given by the condition
[&=Bi(r2mrdr=1. o*=(L/2n2)’+D,t,D, is the
diffusivity of the energy on the electronic system, taking
into account the electron-electron and electron-atom col-
lisions.%> As the collision frequency of the electron-
electron interaction is two orders of magnitude larger
than the electron-atom interaction,® D, mainly reflects
the electron-electron energy transfer. L is the half width
of the initial radial distribution of the energy deposi-
tion®%* and varies from 1.5 to 5 nm for incident ion ener-
gy ranging from 0.5 to 100 MeV/amu.

The material parameters*® %% are reported in Table
1. For silicon they are well known for both crystalline
and amorphous phases. The comparison between the pa-
rameters of crystalline and amorphous silicon is used to
evaluate the unknown parameters of amorphous germani-
um and amorphous FegsB,s from their values in the crys-
talline state. To our knowledge, the thermal conductivity
of the amorphous germanium is unknown. But its value
may be assumed to be nearly the same as the one deter-
mined for silicon.® It will be seen later that A is larger
than 10 nm. During a time of the order of 7,, the
diffusion length of heat through matrix atoms is about 1
nm, which is quite small compared with A. Thus we do
not need the exact value of thermal conductivity.

The net result of the calculation is the lattice tempera-
ture evolution in FegsBys, as an example, versus time (Fig.
1). From that calculation we can extract the radius of the
molten cylinder and the time of occurrence of the liquid
phase. The plateau corresponds to the latent-heat ab-
sorption (or release in the case of solidification). In order
to determine the maximum value of the radius of the
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TABLE I. Thermodynamic parameters of the different materials used in the calculation. Those of a-Ge, c-Si, and a-Si are found in
literature. For FegsB,s the choice of the two sets of parameters is explained in the text. In the case of FegsB;s (2), the specific heat of

the solid is taken equal to the one of the crystal FegsB,s (1).

a-Ge c-Si a-Si FegsB,s (1) FegsB,s (2)
Density (gcm™?)
Solid 5.32 2.32 2.3 7.5 7.5
Liquid 5.20 2.5 2.5 7.3 7.3
Heat of fusion 84[65] 430 329[65] 65 45
(calg™!)
Heat of vaporization 1065 2535 2535 1454 1454
Melting temperature 965[65] 1683 1420[65] 1520 1220
(K)
Vaporization 2628 3107 3107 3133 3133
temperature
Thermal conductivity
(cals"'cm™!'K™1)
Solid 0.005[50] T <1200: 364/T"%% 0.005[50][66] 0.005 0.005
T >1200: 2.15/T°%5%?
Liquid 0.05 0.14 0.14 0.1 0.1
Specific heat
(calg™'K™1) B
Solid [65],[50] 0.17exp(2.38X 107*T) [65],[50] 0.16+2.7X107°T—1.1/V'T ?
Liquid 0.25[49] 0.20 0.2 0.2 0.2

molten cylinder, we only need to know the thermo-
dynamic parameters of the amorphous and liquid phases.

B. Amorphous germanium

The first calculation has been performed for amor-
phous germanium. The molten cylinder radius R is re-
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FIG. 1. Temperature vs time in a-FegsB,s at different dis-
tances (see inset) perpendicular to the heavy-ion axis for a stop-
ping power equal to 30 keV/nm and A=19 nm. Open triangles
overlap solid squares for times larger than 2 ps.

ported for different A values versus the electronic stop-
ping power (Fig. 2). The measured values of latent-track
diameter'® have also been reported, and they are fitted by
the curve obtained with A=14 nm. This value is much
larger than the electron-electron mean free path®’ and is
in agreement with the previously reported values in a-Ge
(Ref. 68) determined by pulsed laser irradiation. The use
of the highest value of L (5 nm) instead of the lowest one
(1.5 nm) leads to a 10% change of the molten cylinder ra-
dius at the most.

The value of A can also be compared with the “at-
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FIG. 2. Radius of the cylinder of liquid matter vs stopping
power in a-Ge for different values of A. 1, 2, 3, 4, 5, and 6 corre-
spond to A =7, 9, 14, 19, 21, and 25 nm, respectively. The sub-
strate temperature is 7, =300 K. The points are the experimen-
tal values obtained by Izui and Furuno (Ref. 16).
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tenuation length” of hot electrons generated in crystal
during internal photoemission experiments.®~7! The
measured attenuation length is of the order of 70 nm,
larger than the one we have determined in an amorphous
material. With 7, = 1072 s and A=14 nm, the calcula-
tion of D, yields 2 cm?/s. This value cannot precisely
reflect the electron energy diffusivity in bulk material
since the a-Ge irradiation was performed on thin films.
However, it is reasonable to find a value for an amor-
phous material which is lower than the one which can be
expected in a crystal (150 cm?, for example, in gold” or
100 cm?/s for crystalline silicon?).

Figure 2 shows that the curve obtained with A=14 nm
does not agree with the lowest value track diameter mea-
sured.'® Consequently the calculated threshold is higher
than the experimental value which lies in between 1.3 and
5.3 keV/nm for a-Ge. !¢

IV. APPLICATION TO g-Si AND a-FegsB,

A. Amorphous silicon

Using the parameters of a-Si (Table I) and A=14 nm
determined from fitting the a-Ge results, the radius of the
molten cylinder is reported in Fig. 3 versus the electronic
stopping power at room temperature. The result is quite
in agreement with the experimental value.!®

For silicon, the melting temperature decreases if the
pressure increases since the liquid density is higher than
the solid density (Table I); thus fusion is not inhibited by
a pressure increase. Germanium presents the opposite
behavior, and consequently fusion could be inhibited by a
pressure increase. However, the overall agreement be-
tween the experimental and calculated results obtained
with the same A value in a-Si and a-Ge indicates that
there is no superheating effect in a-Ge. Thus it seems
that the free volume in the amorphous materials is the

0 5 10 15 20 25 30
dE/dx (keV/nm)

FIG. 3. Radius of the cylinder of liquid matter vs stopping
power in a-Si. Calculation was performed using the parameters
of a-Si in Table I for a substrate temperature 7, =300 K.
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source of defects which can initiate the transition into the
liquid phase.

A calculation was performed using the parameters of
crystalline silicon (Table I) in order to determine the A
value for which no melting occurs in a cylinder of 1-nm
radius for a stopping power of 25 keV/nm, excluding the
superheating effect: It was found that A should be larger
than 40 nm. If 'ra=10_12 s, it corresponds to D, >42
cm?/s, consistent with the determined value (100 cm?/s)
of the ambipolar diffusion in silicon.”

B. Amorphous iron-boron alloys

The thermodynamic parameters of this particular
amorphous metallic alloy were not known. Therefore
several calculations are performed with an initial sample
temperature of 80 K and with different sets of parame-
ters. The first calculation [Table I, a-FegsB,5 (1)] corre-
sponds to the thermodynamic parameters of crystalline
iron, except for the thermal conductivity for which we
use the amorphous silicon values and except for the melt-
ing temperature for which we use FegsB,5 eutectic value.
In the second calculation [Table I, a-FeysBs (2)], the
melting temperature and latent heat are decreased by a
factor of 20% and 30%, respectively, as they are for a-Ge
and a-Si compared with their crystalline phases. This
latter set of parameters is the one used for a-FegsBs, giv-
ing the temperature-time evolution (Fig. 1) for different
distances with respect to the ion path. Melting a cylinder
of radius 3 nm takes about 7X107!* s. This molten
cylinder is then cooled in about 10~ '' s, With such a
quenching rate, the liquid should be stabilized in an
amorphous phase. If we do not have any information
about the melting temperature of a-FegsB,5, some indica-
tions about the decrease of the latent heat come from the
measurement of the enthalpy of crystallization, AHy, of
amorphous metallic alloys such as Fe;B,,_ Si,.”* In
that case AHy, is of the order of 20 cal/g, and conse-
quently the latent heat to transform the amorphous phase
into the liquid one should be of the order of 45 cal/g. A
third calculation is performed using T,, =800 K for the
melting point and Ly =30 cal/g for the latent heat in or-
der to follow the evolution of the results when the energy
necessary to melt is divided by about a factor 2 as com-
pared with the case FegsB;s (1) in Table 1. For all these
cases we have taken the specific heat of the crystalline
phase. Figure 4 shows the results of the different calcula-
tions. The melting threshold varies by 20% according to
the various calculations, whereas at high electronic stop-
ping power, the maximum radii for melting can vary by a
factor 2.

Figure 5 shows the molten cylinder radius versus the
stopping power for different values of A, taking the
second set of thermodynamic parameters for a-FegsB,5 in
Table 1. As it was observed for a-Si and a-Ge, the calcu-
lated electronic-stopping-power threshold is very sensi-
tive to the A value. As the experimental threshold is 13
keV/nm,!” a good agreement is obtained with A= 14 nm.

Hou, Klaumiinzer, and Schumacher”® and Audouard
et al.’® have shown that the anisotropic growth of amor-
phous samples (insulator and metallic materials) appears
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FIG. 4. Radius of the cylinder of liquid matter vs electronic
stopping power for different values of thermodynamic parame-
ters in FegsBys. Curve 1 corresponds to FegsB,s (1) of Table I
and curve 2 to FegsB,5 (2) of Table 1. For curve 3 the latent heat
of fusion is taken equal to Ly =30 cal/g and the melting point
to T,, =800 K. For all the calculations, A is taken equal to 19
nm. The substrate temperature is 7, =80 K.

after an incubation fluence. This incubation fluence is as-
sociated with a defect production.’® In the framework of
the present transient thermal calculation applied to
amorphous metallic alloys prepared by melt spinning
(quenching rate 10° K/s), the incubation fluence would
correspond to the fluence needed to create a new amor-
phous material, corresponding to a quenching rate of the
order of 10'* K/s. In fact, the defect production is sa-
turated”’ at F=7X10'? Xe/cm? for an irradiation per-
formed with a substrate temperature of 80 K. Thus, from
this fluence, we can calculate the cross section o =1/F
for creating this other amorphous phase, i.e.,
0=1.4X10"" cm? If we assume that the damage zone

0 10 20 30 40 50 60 70
dE/dx (keV/nm)

FIG. 5. Radius of the cylinder of liquid matter vs electronic
stopping power in a-FegsB, s for different values of A=7, 14, 19,
and 25 nm, labeled 1, 2, 3, and 4, respectively. The substrate
temperature is 7, =80 K. The points are extracted from the re-
sults of Audouard et al. (Ref. 79).
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is a cylinder with radius R, the radius will be equal to 2.1
nm for dE /dx =27 keV/nm, in fair agreement with the
one calculated (curve 3 of Fig. 5). In our calculation the
energy necessary to melt the material if the substrate
temperature T, is 220 K is only 5% less than if T, =80
K. This is consistent with the fact that the incubation
fluence for saturating the resistivity will be nearly the
same at 220 as 80 K. This has been observed by Au-
douard et al.”’

Very recently Audouard et al.”®” have developed a
model in order to simulate the resistance evolution in-
duced by high-energy heavy-ion irradiation versus the
fluence. With this model they are able to determine the
initial high electronic excitation damage cross section S,
in amorphous FegsB 5. Then the radius R of the cylinder
of matter in which there is an increase of resistivity is cal-
culated as S;=mR2 The values of the radii have been
reported in Fig. 5 and are also quite in agreement with
the calculation performed with A=19 nm (curve 3 of Fig.
5). As for amorphous germanium the calculated dE /dx
threshold value with A=19 nm is larger than the experi-
mental one.

Another interesting feature is the time ¢ during which a
cylinder around the heavy-ion path remains melted. The
mean value of ¢ is of the order of 20 ps for a stopping
power of 60 keV/nm. As the impurity diffusivity in a
liquid is of the order of 107#~107° cm?/s, their mean
free path during this time is between 0.5 to 0.2 nm, re-
spectively, i.e., of the order of one atomic distance.

V. DISCUSSION

Using the transient thermal calculation, we have ob-
tained a quantitative determination of track radii in
amorphous materials which are insensitive to a single
electronic excitation. The question is, can we extend the
calculation to electronic sputtering® %% and to bulk dam-
age in other materials such as amorphous insulators or
nonradiolytic crystalline materials, which are not very
sensitive to single electronic excitation? Klaumiinzer
et al.’%% have shown that all amorphous materials, ei-
ther metals, semiconductors, or insulators,®’ are highly
sensitive to high electronic excitation. We have applied
the transient thermal calculation to the first two kinds of
material. In insulators the electrons can readily interact
with the polar and acoustic modes of lattice vibrations,
suggesting a strong electron-atom interaction. In the
present formalism this will be described by decreasing the
value of A. As the energy needed to melt a-Ge and a-SiO,
is nearly the same, it is necessary to use a lower value of A
in order to reproduce the fact that the electronic-
stopping-power threshold of damage creation in vitreous
silica is lower than the one calculated for a-Ge.

It is tempting to extend such a calculation to nonradio-
lytic crystalline materials since it has been shown by
Sigrist and Balzer’ that the latent-track etchability
threshold can be better scaled by the thermodynamic pa-
rameters than by the parameters which drive the
Coulomb explosion displacement. We have not per-
formed it since bulk melting needs a source of defects.
This objection is no longer valid in the case of sputtering
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by fast heavy ions since the surface is a source of defects.
From the experimental point of view, the sputtering yield
and bulk damage cross section® 4 (4 =7R?) follow
(dE /dx)" power laws. In the case of sputtering, n varies
between 2 and 3.%978 For the bulk damage cross sec-
tion, it varies between 1 and 5 (Ref. 88) over a large range
of dE /dx for several materials. The value n =5 is ob-
tained just above the (dE /dx) threshold in a-FegsB,s, and
the value n =1 is obtained in a-Ge when the damage
efficiency (A4 /dE /dx) is maximum. Hence this large
range for bulk damage creation cannot be taken into ac-
count by sputtering models.

VI. CONCLUSION

Following the description of the phase change induced
by fs laser pulse irradiation, a set of coupled nonlinear
differential equations has been solved in order to deter-
mine the track radius and electronic-stopping-power
threshold value in a-Ge, a-Si, and a-FegsB 5, which have
been determined after heavy-ion irradiation. The first
equation which corresponds to the energy flow in the
electronic system is solved analytically using several ap-
proximations. This result is used as the energy-
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generation term in the second equation is solved numeri-
cally, which corresponds to the heat flow in the material.
The free parameter is A, the mean spatial expansion of
the energy of electrons interacting with lattice atoms. In
a-Ge and a-Si almost all the macroscopic thermodynamic
parameters are known and the calculated results fit the
experimental values of the track radii if A is taken as
equal to 14 nm for both materials. Thus it seems that
there is no effect of the pressure increase in the bulk since
such an increase would result in a decrease of the melting
temperature of silicon, whereas it would increase that of
germanium. Taking realistic values of the thermodynam-
ic parar eters for a-FegsB s, the radii of the latent tracks
are calculated using a larger value of A (19 nm). The cal-
culated radii are in agreement with the ones extracted
from a phenomenological model which reproduces the
resistance increase with the fluence.
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