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A model of amorphous phase formation in ion-bombarded metallic alloys is proposed and com-
pared to experimental results recorded with various techniques. The elementary mechanism is the
formation of small amorphous clusters in the bombarded layer as soon as a favorable short-range
order (threshold ion concentration) and a given topological disorder (threshold defect concentra-
tion) are locally established. The influence of the bombardment temperature is also discussed. Sta-
tistical considerations concerning the final spatial distributions of ions and defects allow us to ac-
count for the results obtained at low temperature, where implanted ions and radiation defects are
immobile in the bombarded layer. A sigmoidal shape of the amorphization kinetics is obtained in
implantation experiments or irradiation experiments with very light ions, while a nearly linear
fluence dependence of the amorphous fraction is observed in irradiation experiments with heavy
ions. At temperatures where implanted ions and radiation defects become mobile in the bombarded
layer, the statistical description fails and ion trapping as well as defect recombinations have to be
considered to reproduce experimental data. There is evidence that the amorphization model de-
scribed in this paper for metallic systems also holds for other crystalline materials such as semicon-
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ductors or insulators.

I. INTRODUCTION

The study of amorphous metallic alloys' is interesting
from the double point of view of fundamental research
(study of the influence of the structure on the physical
properties of an alloy) and technological applications (for
example, the possibility of improving the hardness and
ductility of materials or reducing their corrosion).
Among the large variety of techniques generally used to
prepare metallic glasses (splat-cooling, vapor quenching,
sputtering, electrodeposition, or chemical deposition), ion
bombardment presents the advantage of allowing a direct
study of the mechanisms by which amorphization occurs.

An energetic ion which penetrates into a solid loses its
energy via both electronic excitation and/or ionization
and elastic collisions with the nuclei of the target atoms
before coming to rest in the host lattice. The latter pro-
cess (nuclear energy loss), dominant at low ion velocity,
leads to the creation of radiation damage. Amorphiza-
tion of a crystalline metallic alloy by an ion beam then
generally results from the presence of lattice disorder and
impurities acting as disorder stabilizers. The temperature
at which the system is bombarded is an important param-
eter for the study of the amorphization mechanisms since
it governs the mobility of both implanted ions and de-
fects.

Several models describing the amorphization of crys-
talline solids by ion bombardment have been de-
veloped?~!"? which stress the respective roles of radiation
damage production and implanted species in the amorph-
ization process. In the case (hereafter referred to as “ir-
radiation” experiments) where the chemical short-range
order (CSRO) of the amorphous system is basically iden-
tical to that of the ordered compound (semiconductors,
metallic alloys presenting an amorphous counterpart),
atomic displacements are only needed for amorphization.
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The mechanisms are then sup-
pose —16.18 t5 depend mainly on the energy density
deposited by the ion beam. In the displacement spike re-
gime (irradiation with heavy ions), amorphization would
result from a direct ion impact mechanism; in the linear
cascade regime (irradiation with light ions), amorphiza-
tion would be due to defect accumulation above a critical
defect density. In the case (hereafter referred to as “im-
plantation” experiments) where the CSRO of the system
has to be modified in order to stabilize the induced amor-
phous structure, atomic displacements play no role in the
amorphization kinetics since the topological disorder is
already saturated at ion fluences far below the fluences
generally involved. The amorphization models'®—1%1719
are then more or less related to the compositional change
of the implanted layer.

This paper attempts to unify the different approaches
by the establishment of a unique model reproducing both
irradiation and implantation experimental results. The
foundations of this model are developed in Sec. II. Sec-
tion III provides examples of application of the model to
recent experimental results. The values of the different
parameters extracted from the analysis of the amorphiza-
tion kinetics are discussed in the last section.

amorphization
d2 —-9,13

II. MODEL OF AMORPHIZATION
BY ION BOMBARDMENT

A large number of results concerning implanta-
tion, !0~ 1217:19=41 jrradiation,*® 4%~ % and ion-mixing®—8!
experiments show that the crystalline-to-amorphous tran-
sition in ion-bombarded metallic alloys generally results
from the combination of two effects: disorder production
(radiation damage) and stabilization of the disorder by
the establishment of a favorable CSRO (already existing
in the alloy or brought by implanted ions). Since the
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fraction of amorphous volume (amorphous fraction) in
ion-bombarded systems changes continuously with the
ion fluence,%1219.37,38,40,41,47,5T-54,51,59—63 4t i¢ Clear that
this transition is not global but occurs locally. We are
then led to the assumption that amorphization takes
place by the formation of amorphous islands (called in
the following amorphous clusters) as soon as the concen-
tration of defects and stabilizer atoms locally exceed a
given threshold concentration.

As far as the general case, where both implanted ions
and defects play a role in the amorphization process, is
considered, the calculation of the fluence dependence of
the amorphous fraction (amorphization kinetics) must de-
velop a functional relation between the spatial distribu-
tions of ions and defects. Such a relation is not easy to
derive, due to the large number of parameters (nature of
the incident ion and of the target, incident-ion energy,
temperature, etc.) to be considered. Nevertheless, since
the number of defects present in a small volume v of the
ion-bombarded crystal weakly depends on the number of
ions implanted into this volume (radiation defects present
in v are generally issued from incident ions coming to rest
outside of v), it is possible, in a first approximation, to as-
sume that the concentrations of ions and defects located
in v are independent.

In light of the hypotheses discussed above, the amor-
phous fraction at a given depth in a crystal subjected to
ion bombardment can be written

d>d, c>c,

=f(d,d,Tglcc,T),
(1)

where P(d,T) and Q (c, T) are the probabilities that there
will be, at a temperature T, a concentration of defects d
and a concentration of implanted atoms c inside an ele-
mentary volume of the target, respectively, and d, and c,
are the corresponding threshold concentrations for
amorphization.

The derivation of f(d,d.,T) and g(c,c,,T) then
strongly depends on the temperature range considered.

A. Low-temperature limit

The low-temperature limit concerns the case where
both implanted ions and created defects are totally immo-
bile in the host alloy. The probability laws governing
their spatial distribution will be examined in the follow-
ing subsections.

1. Ions

Since implanted ions are supposed to be immobile in
the host alloy and according to the fact that ion implan-
tation is a uniform process all over the target area, the
spatial ion distribution in the implanted layer obeys Pois-
son statistics. Noting N; as the mean number of ions
(corresponding to a mean concentration ¢) implanted into
the elementary volume v, the probability distribution of
N, around N, can be written
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Q(e,T<T;,)= exp(—N;) . )
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According to Eq. (1), g(c,c., T) is then

A
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g(C,CC,T< T,' ):'
N,

i ic

exp(— (3)

Il 8
M

where N, is the critical number of ions above which v is
amorphous (N;. corresponds to the threshold concentra-
tion ¢, in this volume) and 7; is the temperature at which
implanted ions become mobile.

2. Defects

The statistics governing the spatial distribution of radi-
ation damage cannot be described by the simple equation
(2), since point defects are created in a cascade mecha-
nism, involving the primary ion and different types of
secondary knocked atoms (with various energies). Actu-
ally, each (primary or secondary) atom with an energy
higher than the displacement threshold energy of the tar-
get atoms creates, in small volumes along its trajectory, a
number of point defects (depending on its energy) accord-
ing to a Poissonian process. Since, around the maximum
disorder depth (which constitutes the region of interest in
ion-beam-induced amorphization studies), the mean num-
ber of defects created per length unit is nearly constant,
the number of secondary atoms with a given energy is in
a quasisteady state in a volume v located in this region.
The probability to get n,; defects initiated by a single pri-
mary atom in v is then

i u,

nd>~EII

i=1

exp(—p;) , 4)

where p; (and [i;) are the number (and mean number) of
defects created in v by the primary (i =1) and the secon-
dary (is£1) atoms, and where the sum is over all the y;
with the condition 3%_, u;=n,

Equation (4) can also be written

(74)"

V4 (nd )= nd!

with 7, = 3%_, [i; as the mean number of defects per pri-

mary atom created in v, according to the slowing-down
theories.’>%

Since the number of ions responsible for the creation of
radiation defects is distributed following Poisson statis-
tics (as demonstrated in Sec. II A) with a mean value 7,
the probability of getting a total number of N, defects in
v at a given ion fluence obeys the compound Poisson law:

exp( —ny ) (5)

— n,

(niﬁd)Nd

o

PAT<T)=3

n, =0 i

exp(—#;)

Xexp(—n;fiy) (6)

with a mean value N, =77, (corresponding to the mean
defect concentration d), a variance o>=72; + 7 7;, and
a characteristic function
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M (t)=exp[7;(exp{A [explit)—1]—1})] . (7

Equations (1) and (6) then lead to

n

®© © ﬁ)
fld,d,T<Ty)= 3 3 exp(—1,)
N =N, n=0 !
(n;ig)e o
X N, exp(—n;ny),

(8)

where N, is the critical number of defects above which v
is amorphous (N, corresponds to the threshold concen-
tration d, in this volume) and T, is the temperature at
which radiation defects become mobile.

In order to make the analysis of experimental data
easier, Eq. (8) can be simplified depending on the value of
the mean number of defects created in v per incident ion.

a. iy << 1 (very-light ion or electron irradiation). When
iy << 1, the characteristic function (7) becomes

Mp(t)=explif;igt —1) . )

Since Eq. (9) represents the characteristic function of a
Poisson law with a mean value #;7;, Eq. (8) can be writ-
ten

= ()
frldd,T<T)= 3

N exp(—n;fy) .
Ny=Ny d:

(10)

b. ny;>1 (heavy-ion irradiation). The function
P(d,T <T,) can be decomposed in many subpeaks #n;, of
total area (ﬁ,-n‘ /n)exp( —7;), distributed following the
expression [(n;7;) ¢/N,!lexp(—n;f,;) with a standard
deviation o;=(n;7,)!/>. When 7, > 1 the ratio between
o, and the spacing 7; between the various subpeaks be-
comes small. The first subpeaks are then well separated,
so that they can be approximated by delta functions. As
in Eq. (8), the integration starts from N ., which general-
ly lies in the region of the first subpeaks where the contri-
bution of subpeaks with high n; is negligible, equation (6)
can then be approximated by

nn

R

Ps(Ny)= i exp( —7; )S(Nd niiy) (11)
where & is the Kronecker delta and the characteristic

function corresponding to (11) is given by
M (t)=exp{n;[expliiyzt —1)]} . (12)

It is worth noting that M (¢) tends to M;(¢) when ¢ be-
comes small. In such a case, the first moments of the dis-
tributions (6) and (11) are close to each other. According
to Eq. (11), Eq. (8) can be approximated by the well-
known Gibbons’s equation:

10 207

e ('—i,')n'
fG(d’dc’T<Td): E n.l
Nd=Ndc o

exp(—n;)8

(Ngonig) *

(13)

The major part of the experimental data concerning
metallic alloys irradiated with heavy ions can be analyzed
using Eq. (13). However, in some cases, it is necessary to
consider the effect of bombarding ions on the fraction of
the crystal which has already been amorphized (i.e., the
creation of free volume inside the amorphous regions)
leading to an increase of the size of these regions. This
extension’® of Gibbons’s description is presented in the
Appendix.

B. Influence of the temperature

When the temperature at which the crystal is bom-
barded is high enough to allow implanted ions and point
defects to migrate into the host lattice, Egs. (3) and (8)
are no longer valid. The influence of the mobility of both
species on the derivation of f(d,d,.,T) and g(c,c,,T) is
discussed in the following subsections.

1. Ions

Migration affects the final spatial distribution of ions.
A simple way to account for the observed effect is to as-
sume that ions implanted into a volume v,, (correspond-
ing to N,, atoms) can migrate to trap themselves into a
small volume v inside v,,. This volume v becomes amor-
phous as soon as it reaches a size v, and contains a num-
ber of implanted ions equal to the threshold value N,
(corresponding to the amorphization concentration c,
and to the amorphization density D.). As ion implanta-
tion continues, v grows to attain the size of v,, leading to
total amorphization of the implanted layer by coales-
cence of such amorphous volumes.

Since the number of ions N,, implanted into v,,
Poisson law (see Sec. IT A 1) with a mean value N,

sponding to the mean density D,, ),
ten, 8 i

obeys a

(corre-
g(¢,c., T) can be writ-
in analogy with the low-temperature case

D, < (N, " —
glee,,T>T;)= D. o EN N1 exp(—N,,)
e 1= = (N, exp(—N,.)
I—c ¢ Ny S N,! B
(14)
with N,,,=v.D, and N,, =v,,D,,.

The derivation of the amorphization kinetics in a tem-
perature range where T is close to T; is more difficult
since it implies a good knowledge of the mechanisms by

which ion migration occurs.

2. Defects

When radiation damage is concerned, the main effect
of the temperature is to affect N; and 7, (in a first ap-
proximation N, can be considered as unaffected) since
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defect recombinations, due to migration, occur. Equa-
tion (8) remains valid but N, and 7; must be replaced, re-
spectively, by the number N, and mean number #,, of
defects remaining in the volume v after recombination.
Approximations (10) and (13) are then no longer based on
the value of 7i; but on the value of 7, (which is obviously
smaller), so that the amorphization kinetics can present a
shape different from that obtained at low temperature for
the same irradiating ion. Moreover, in all cases, for a
given ion-target system, the irradiation fluence needed to
reach total amorphization (or any value of a) is necessari-
ly greater than at low temperature. The ratio between
the fluences required for total amorphization in both
cases gives an indication of the degree of defect recom-
bination.

III. APPLICATION OF THE MODEL
TO EXPERIMENTAL RESULTS

The amorphization model developed in the previous
section allows us to derive expressions of the amorphous
fraction as a function of the ion fluence at various tem-
peratures. Experimentally the amorphization kinetics
can be studied by several techniques with different sensi-
tivities:®® transmission electron microscopy (TEM), graz-
ing x-rays (XR), hyperfine interactions (HFI), electrical
resistivity (ER), and Rutherford backscattering and chan-
neling (RBS). All these techniques permit analysis of the
very thin layers involved in ion-beam experiments (a few
thousand angstroms) and are able to detect small
amounts of amorphous (or crystalline) volume embedded
in a crystalline (or amorphous) matrix. It must also be
noted that the last two techniques (ER and RBS) need ad-
ditional information, obtained via a complementary
diffraction technique (TEM or XR), to establish the
amorphous nature of the phase formed.

Since no experiments have yet been performed to study
simultaneously the influence of both terms in Eq. (1), we
will consider in the following subsections the two extreme
cases where either g(c,c.,T), or f(d,d,,T) governs the
amorphization process.

A. Implantation experiments

In implantation experiments, the CSRO of the system
is modified by implanted species which allow the stabili-
zation of the ion-beam-induced disorder. Concurrent
atomic displacements play no role in the amorphization
kinetics since the topological disorder is saturated at ion
fluences far below the fluences generally required (higher
than 10'® atoms cm~?) to modify the CSRO. The func-
tion f(d,d,,T)=1 in Eq. (1) and the amorphous fraction
can be written with Egs. (3) or (14), depending on the
temperature range considered.

1. Low-temperature experiments

Figures 1 and 2 present RBS results recorded at 90 K
on, respectively, metal-metalloid'®*** and metal-
metal’”* systems. Figure 3 presents XR results recorded
at 80 K on metal-metalloid systems.'>!® Tt is quite clear
that the different curves, which all present a sigmoidal
shape (with a marked ion-concentration threshold), are
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FIG. 1. Metalloid concentration dependence of the amor-
phous fraction a for 90-K-implanted metal-metalloid alloys,
studied by RBS experiments. Solid lines represent the best fits
to experimental data using Eq. (3) of the text.

well reproduced with Eq. (3). The values of the critical
ion concentrations ¢, (corresponding to N, ) and critical
volumes v, (obtained from N;) of the amorphous clusters
formed, extracted from the fits to experimental data using
(3), as well as the values of the ion concentrations cy at
which total amorphization of the bombarded layer is
reached, are given in Table I for the various systems stud-
ied.

2. High-temperature experiments

Experimental results recorded at room temperature,
where implanted ions are mobile in the host lattice, are

1 — :
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Ni concentration (at. %)

FIG. 2. Nickel concentration dependence of the amorphous
fraction a for a 90-K-implanted Al-Ni alloy, studied by RBS ex-
periments. The solid line represents the best fit to experimental
data using Eq. (3) of the text.
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FIG. 3. Metalloid concentration dependence of the amor-
phous fraction a for 80-K-implanted metal-metalloid alloys,
studied by XR. Solid lines represent the best fits to experimen-
tal data using Eq. (3) of the text.

are presented in Figs. 4 and 5 for, respectively, metal-
metalloid'®*® and metal-metal’”*' systems studied by
RBS, and in Fig. 6 for Nb-B studied by XR.!” The
different curves, which vary nearly linearly with the im-
planted ion concentration, are obviously well reproduced
with Eq. (14). Table II gives the values of the critical ion
concentrations ¢, and critical volumes v, of the amor-
phous clusters formed and of the migration volume v,,,
extracted from the fits to experimental data using (14), as
well as the values of the concentrations ¢4 at which total
amorphization occurs, for the various systems studied.

B. Irradiation experiments

In irradiation experiments, the incoming ions create to-
pological disorder without modifying the chemical nature
of the alloy. This is achieved by implanting low fluences
(generally less than 10'> atoms cm~2) of chemically inert
ions or by using high-energy ions which do not come to
rest in the amorphized layer. In this case, as the alloy
composition remains fixed (with ¢ >¢,), g(¢,c,,T)=1 and
the amorphous fraction can be written with the general
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FIG. 4. Metalloid concentration dependence of the amor-
phous fraction a for 300-K-implanted metal-metalloid alloys,
studied by RBS experiments. Solid lines represent the best fits
to experimental data using Eq. (14) of the text.

equation (8) or with approximations (10) or (13) depend-
ing on the mass of the irradiating ion, i.e., on the value of
fig.

The value of 7; can unfortunately not be a priori calcu-
lated for a given ion-target combination, since it depends
on the volume v, of the amorphous clusters formed dur-
ing irradiation. However, it is possible, from the
slowing-down theories,?>%3 to calculate the mean number
of defects created per length unit by an incoming ion:
dv/dt. The experimental results recorded in the case of
implantation experiments have shown that the values of
v. deduced for the various systems studied are very close
to each other and lie between 1 1072! and 4 10~%! cm?
(see Table I), leading to a mean diameter (assuming
spherical clusters) of the order of 10 A. We will therefore
in the following discuss the irradiation results via the pa-
rameter dv/dt where the depth interval dt will be taken
equal to 10 A.

TABLE 1. Parameters extracted from the fits to experimental data recorded on low-temperature
ion-implanted metallic alloys using Eq. (3) of the text. ¢, and v, are, respectively, the critical ion con-
centration and critical volume of the amorphous clusters formed; ¢y is the ion concentration at which

total amorphization is achieved.

Implantation

temperature
System (K) c. v (cm?) cr Ref.
Ni-P 90 0.120 4.0x10~% 0.150 10,38
Ni-B 90 0.093 1.5x 1072 0.140 38,40
Pd-Si 90 0.085 4.0x1072 0.120 38
Nb-B 80 0.072 4.0x107% 0.140 12
Mo-B 80 0.085 4.0% 1072 0.150 19
Al-Ni 90 0.070 2.0x 1072 0.115 37,41
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FIG. 5. Nickel concentration dependence of the amorphous
fraction a for a 300-K-implanted Al-Ni alloy, studied by RBS
experiments. The solid line represents the best fit to experimen-
tal data using Eq. (14) of the text.

1. Very-light-ion irradiation

For the case of very-light-ion irradiation where
fiy~dv/dt <<1 (H, He-ion, and electron irradiation), Eq.
(8) reduces to Eq. (10. In this equation,
n;fig=v,Pdv/dt, where v, is the critical volume of the
amorphous clusters formed and @ is the irradiation
fluence.

Figure 7 presents RBS results recorded on the Ni;B
(Refs. 41 and 62) and NiAl (Ref. 63) systems irradiated at
15 K with D ions. According to Eq. (10), the amorphiza-
tion kinetics exhibits in both cases a sigmoidal shape with
a clear ion-fluence threshold. The values of the critical
defect concentrations d, (corresponding to N,.) and criti-
cal volumes v, of the amorphous clusters formed, extract-
ed from the fits to experimental data using (10), as well as
the values of dv/dt and of the defect concentrations dr
required to reach total amorphization of the irradiated
layer, are given in Table III for the two systems studied.

2. Heavy-ion irradiation

In the model developed in Sec. II, heavy-ion irradiation
means irradiation with ions such that 7, ~dv/dt > 1 (in
most cases ions with a mass higher than that of boron).
Equation (8) can then be approximated by Eq. (13), in
which 7;=a® where a is the amorphization cross sec-
tion, or leads to the extended Gibbons’s equation (A 10).
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FIG. 6. Boron concentration dependence of the amorphous
fraction a for a 300-K-implanted Nb-B alloy, studied by XR.
The solid line represents the best fit to experimental data using
Eq. (14) of the text.

Figures 8 and 9 present RBS and ER results recorded,
respectively, on the Ni;B (Refs. 38, 40, 54, and 61) and
NiAl (Refs. 57 and 59) systems irradiated at various tem-
perature with ions of mass ranging from B to Bi. The
amorphization kinetics obviously depend on the value of
N, and are well reproduced using Eq. (13) or the
modified equation (A10). The values of the critical defect
concentrations d, and critical numbers of ion impacts n;,
(both corresponding to N, ) required to form an amor-
phous cluster, and of the parameters a and b, extracted
from the fits to experimental data using (13) or (A10), as
well as the values of the defect concentrations d; at
which total amorphization occurs, are given in Table IV
for the systems represented in Figs. 8 and 9. This table
also reports the values of these parameters obtained in
the case of Ni;B (Refs. 38 and 61) and NiTi (Refs. 52 and
53) alloys irradiated at room temperature with various
ions.

IV. DISCUSSION

Tables I-III present the values of the critical ion (c,)
and defect (d,.) concentrations and of the critical volumes
(v.) of the amorphous clusters formed in ion-implanted
and light ion-irradiated systems. It can be noticed that at
low implantation temperature, ¢, varies from 0.07 (for
Al-Ni) to 0.12 (for Ni-P), i.e., values well below those cor-

TABLE II. Parameters extracted from the fits to experimental data recorded on high-temperature
ion-implanted metallic alloys using Eq. (14) of the text. ¢, and v, are, respectively, the critical ion con-
centration and critical volume of the amorphous clusters formed; v,, is the volume inside which im-
planted ions can migrate to form amorphous clusters of volume v,; ¢z is the ion concentration at which

total amorphization occurs.

Implantation

temperature
System (K) c, v, (cm?) v, (cm?) cr Ref.
Ni-P 300 0.19 1.4x 102 3.0x10~2 0.19 10,38
Ni-B 300 0.24 8.5x10~% 1.0x 1072} 0.24 38
Pd-Si 300 0.12 43%x10~% 8.5x10~% 0.12 38
Pd-Si 473 0.12 3.2x1072 1.2x 102 0.12 38
Nb-B 300 0.15 4.0%x10~% 1.0x 1072 0.15 19
Al-Ni 300 0.18 2.3%x 10722 1.2x 1072 0.18 37,41
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FIG. 7. Defect concentration dependence of the amorphous
fraction a for Ni;B (upper curve) and NiAl (lower curve) alloys
irradiated at 15 K with D ions, studied by RBS experiments.
Solid lines represent the best fits to experimental data using Eq.
(10) of the text. The irradiation fluence ® has been converted
into a number of displacements per atom (dpa) using the TRIM
program (Ref. 83).

responding to eutectic or defined compound compositions
in the alloy equilibrium phase diagram (at which systems
prepared by quenching techniques become generally
amorphous) but close to the bond-percolation threshold
for the lattices considered. The values of d. found for the
two alloys studied are also around 0.12. Values of ¢, very
close to those reported in fast-quenching experiments are,
however, obtained in the case of systems implanted at
higher temperatures where ion migration was assumed to
fit experimental data. The values of v., measured at tem-
peratures where ions and defects are frozen in the host al-
loy, vary from 4.3X 10722 ¢m® (radius r, =4.7 A assum-
ing spherlcal clusters) for Ni;B 1rrad1ated with D ions to
4x1072' cm? (r,=9.8 A) for various implanted systems,
i.e., the distance over which short-range order can be
defined in a glassy material, and seem to depend on the
nature and composition of the alloy rather than on the
mass of the irradiating ion. A strong difference is here
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FIG. 8. Defect concentration dependence of the amorphous
fraction a for a Ni;B alloy irradiated at 90 K (upper curve) and
300 K (lower curve) with ions of mass ranging from B to Kr,
studied by RBS experiments. Solid lines represent the best fits
to experimental data using Eq. (A10) of the Appendix. The irra-
diation fluence P has been converted into a number of dpa using
the TRIM program (Ref. 83).

again noted with the results obtained at high implanta-
tion temperature where a reduction of the amorphous
cluster size is evidenced (r, varying from 2.7 A for B-
implanted Ni to 4.7 A for Si- 1mplanted Pd).

A thermodynamical calculation® of the energy needed
to form a spherical amorphous cluster of radius r allows
us to understand the origin of this temperature effect.
The total work required to form such a cluster is the sum
of the free volume enthalpy variation AG,, associated
with the external energy E.,, supplied to the system by
ion bombardment, and of the free surface enthalpy varia-
tion AG, due to the creation of the crystalline-amorphous
interface. Calling ¢ the alloy composition and T the tem-
perature, this total work can be written

W(r,e,T)= (47r*)[G,(c,T)—G (¢, T)—E ]
+4mriolce,T), (15)

TABLE III. Parameters extracted from the fits to experimental data recorded on metallic alloys irra-
diated with very light ions using Eq. (10) of the text. d. and v, are, respectively, the critical defect con-
centration and critical volume of the amorphous clusters formed; dr is the defect concentration at
which total amorphlzanon is achieved; dv/dt is the mean number of defects per incident ion created
over a distance of 10 A during irradiation, calculated using the TRIM program (Ref. 83).

Irradiation

temperature
Target Ion (energy) (K) v, (cm?) dr dv/dt Ref.
Ni;B D (15 keV) 15 0.11 4.3x10~% 0.22 0.08 41,62
NiAl D (15 keV) 15 0.13 1.2x10~% 0.21 0.12 63
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where G, and G, are the free enthalpies per volume unit
of the crystalline and amorphous phases, respectively,
and o(c, T) is the surface free enthalpy of the crystalline-
amorphous interface. The condition (dW/dr), =0
gives the critical radius of an amorphous cluster:

20(c,T)
ext_-[Ga(c, T)—‘GC(C, T)] ’

r.(c,T)= B (16)

The temperature dependence of G.(c,T), G,(c,T), and
o(c,T) must be established in order to account for the
differences in the size of the critical volumes obtained in
low- and high-temperature implantation experiments. As
long as T is lower than the glass transition temperature
T,, it is possible to write

g
G.(¢,T)=H,(¢c,T)—TS,(c,T)
T ’ ’
= H,(¢,0)+ [ 'y (e,T)dT
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=T |So+ fo [vale, T)/T"]dT" |, (17b) FIG. 9. Defect concentration dependence of the amorphous

where H, and H, are the formation enthalpies, S, and S,
the entropies, v, and y, the specific heats of the crystal-
line and amorphous phases, respectively, and S, is the ex-
cess entropy of the amorphous phase. Assuming that, in
a first approximation, o(c,T) is not affected by the in-

fraction a for a NiAl alloy irradiated at 10 K (upper curve) and
77 K (lower curve) with ions of mass ranging from Ne to Bi,
studied by ER experiments. Solid lines represent the best fits to
experimental data using Eq. (13) of the text. The irradiation
fluence ® has been converted into a number of dpa using the
TRIM program (Ref. 83).

TABLE IV. Parameters extracted from the fits to experimental data recorded on metallic alloys irradiated with heavy ions using
Egs. (13) and (A 10) of the text. d. and n, are, respectively, the critical defect concentration and critical number of ion impacts re-
quired to amorphize a given region of the crystal; a and b are, respectively, the amorphization cross section and the expansion cross
section of an amorphous cluster as it undergoes a subsequent ion impact; d is the defect concentration at which total amorphization
occurs; dv/dt is the mean number of defects per incident ion created over a distance of 10 A during irradiation, calculated using the
TRIM program (Ref. 83).

Irradiation

temperature
Target Ion (energy) (K) d, n;e a (cm?) b (cm?) dr dv/dt Ref.
Ni;B Kr (260 keV) 90 0.030 2 24x10°1 1.3x10° 1 0.038 38 38,54,61
Ni;B Ni (190 keV) 90 0.027 2 2.0x10°1 4.6x107 14 0.048 28 38,54,61
Ni;B B (40 keV) 90 0.026 2 1.5x 10~ 0.070 2 38,54,61
Ni;B Kr (260 keV) 300 0.22 2 3.3x10~ 1 1.0x 10~ 14 0.34 38 38,61
Ni;B Ni (190 keV) 300 0.28 2 1.9 10~ 23x10°1 0.58 28 38,61
Ni;B B (40 keV) 300 5.4 2 7.0x 10" 7.5 2 38,61
NiAl Xe (360 keV) 10 0.17 1 3.7x10~" 0.67 51 59
NiAl Ar (360 keV) 10 0.36 1 3.0x10° " 1.0 9 59
NiAl Ni (130 keV) 10 0.22 1 2.7x10°1 1.4 5 59
NiAl Bi (540 keV) 77 0.18 1 5.3x10~ 1 0.65 80 57,59
NiAl Xe (360 keV) 77 0.18 1 3.4x10°1 0.65 51 57,59
NiAl Ar (120 keV) 77 0.25 1 7.7x 1071 3.5 16 57,59
NiTi Ni (390 keV) 300 0.058 2 1.5x10° " 0.10 35 52
NiTi Ni (2.5 MeV) 300 0.095 12 1.4x10° 13 0.15 9 53
NiTi Ta (6 MeV) 300 0.092 12 1.0x 10712 0.15 62 53
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crease of the bombardment temperature and considering

that, as experimentally demonstrated, ¥,(c,T")
~v.(c,T') lead to the following expression of Eq. (16):
20(c)
(C, T) o~ . (18)
e E..—[H,(c,00—H_.(c,0)]+ TS,

Equation (18) shows that, as experimentally observed,
the critical radius of an amorphous cluster formed by ion
bombardment grows as the temperature decreases. An
estimation of the critical composition ¢, of amorphous
clusters is in principle also possible using Eq. (15). Such a
calculation, however, requires the knowledge of the vari-
ation of o(c,T) and G,(c,T) with ¢, quantities which
have up to now been neither calculated nor experimental-
ly measured.

The case of the irradiation of crystalline metallic alloys
with heavy ions cannot, as indicated in the previous sec-
tion, be described with Egs. (3) or (10). It is thus not pos-
sible to make a full comparison between the parameters
given in Table IV and Tables I-III. The defect concen-
tration d, needed to amorphize a given volume of the
bombarded layer has nevertheless been calculated in the
different cases and appears to be lower for low-
temperature heavy-ion-irradiated Ni;B. If one excepts
the case of Ne- and Ar-irradiated NiAl, for which the fits
to experimental data are not very accurate (probably be-
cause of the problem of the analysis of the damage contri-
bution at low fluence in ER experiments), it is worth not-
ing that the amorphization cross section increases with
the irradiating ion mass while d, is nearly independent of
it. At room temperature, the number of ion impacts
needed to amorphize a given region of the sample is gen-
erally the same as that at low temperature but the
amorphization cross section is lower, certainly due to a
high rate (higher in the case of light-ion irradiation) of
defect recombinations. The case of the irradiation of
NiTi with high-energy Ni and Ta ions is in this respect
not clear. The large value of n;, needed to fit experimen-
tal results is a strong indication that the irradiation tem-
perature was certainly higher than reported.

V. CONCLUSION

In favorable cases, the mechanisms governing the
crystalline-to-amorphous transition can be studied with
ion bombardment since (contrary to the case of amorphi-
zation studies using classical quenching techniques) the
amorphization process can be continually followed. The
study, by various experimental methods, of the ion-
fluence dependence of the amorphous fraction formed
into the bombarded layer (amorphization kinetics) has
shown that amorphization results from the creation (and
coalescence) of amorphous islands (clusters) as soon as
the concentration of both implanted ions (formation of a
favorable CSRO) and created defects (topological disor-
der) locally exceeds a given threshold. The predominant
role played by the ion-bombardment temperature has
also been emphasized.

The elementary process occurs at a temperature where
the implanted ions and radiation damage are totally im-
mobile in the host alloy. The spatial distribution of these
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two species in the bombarded layer can then be calculat-
ed from statistical considerations alone.

The distribution of implanted ions obeys a simple Pois-
son law. In the case of implantation experiments, the
amorphization kinetics then present a sigmoidal shape
with a threshold ion concentration. Values of the critical
ion concentrations ¢, and critical volumes v, of the amor-
phous clusters formed can be extracted from the fits to
experimental data using this statistical representation. It
is shown that ¢, varies very little with the alloy con-
sidered and is always small compared to the concentra-
tions required in similar alloys prepared by fast-
quenching techniques.

The distribution of radiation damage obeys a more so-
phisticated statistical law, due to the fact that defects are
created in a cascade process. The general equation
describing this process can be simplified in the two ex-
treme cases where the number of defects created over a
distance characteristic of the diameter of an amorphous
cluster is either much smaller (very-light-ion irradiation)
or greater (heavy-ion irradiation) than 1. In the former
situation, the damage distribution can be reproduced us-
ing a simple Poisson law, so that the amorphization ki-
netics obtained for systems irradiated with H or He ions
(and electrons) presents a sigmoidal shape (with a defect
concentration threshold) as in the case of implantation
experiments. The values of v, obtained from the fits are
then close to the values of v, extracted from implantation
data. The latter situation often leads to a linear fluence
dependence (with an exponential saturation at high
fluences) of the amorphous fraction, which can be as-
cribed to a direct ion impact amorphization mechanism.
The fits to experimental data using an equation similar to
that used by Gibbons in the case of semiconductor irradi-
ation give values of the amorphization cross sections
strongly dependent on the mass of the irradiating ion.

In the temperature range where implanted ions and ra-
diation defects become mobile, additional hypotheses
have to be used to account for experimental results. The
nearly linear shape of the amorphization kinetics ob-
served in implantation experiments can thus be repro-
duced by assuming that migrating ions trap themselves to
form amorphous clusters at lower mean ion concentra-
tions. Thermodynamical considerations show that the
critical ion concentration required to form an amorphous
cluster becomes comparable to that of a eutectic or a
defined compound in the alloy equilibrium phase diagram
and that the cluster size decreases. Irradiation experi-
mental results have shown that bombardment with light
ions (or electrons) generally does not lead to amorphous
phase formation while bombardment with heavy ions
may induce amorphization with a much smaller cross
section, due to a significant rate of defect recombinations.

The amorphization mechanisms investigated in this pa-
per concern ion-bombarded metallic alloys in an energy
range where ions mainly lose their energy by nuclear elas-
tic collisions with the target atoms. The amorphization
model developed above can easily be extended to the case
of other materials such as insulators or semiconductors.
We must, however, stress that the ion-beam-induced
amorphization experiments mentioned here to illustrate
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the model are all limiting cases where either f(d,d,,T) or
gle,c.,T) is equal to 1. In order to definitely check the
concomitance of CSRO modification and lattice disorder
production [Eq. (1)] in the amorphization process, it
would be particularly interesting to find a system where
f(d,d,,T) and g(c,c,,T) vary separately and in a con-
trolled way within the same experiment. It must finally
be mentioned that a very different type of disordering
process is presently observed at much higher ion energies
(in the hundred MeV range) where electronic energy loss
dominates the ion slowing-down process.?¢—38

APPENDIX

This appendix presents an extension®® of the model
developed by Gibbons* in the case of ion irradiation of
semiconductors. Here, we make the additional hy-
pothesis that when an amorphous zone undergoes a sub-
sequent ion impact, it expands, due to free volume
creation, at the expense of the nearest, most disordered
region®® with a (mean) cross section b. This assumption
leads to the coupled differential equation system:

dA,

do — 240>

dA,

P =—aAd,+aA,,

dA,

d(I) =—aAk+aAk_l y (Al)
dAn—l

——d—(p——=—aA,,~,+aA,,_2—ba ,

dAn da

do —do ettt

J
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where A, is the total normalized area of the region k
times disordered, ® is the irradiation fluence, @ is the
mean area disordered by a single ion impact, and »n is the
number of ion impacts needed to amorphize a, with the
following boundary conditions:

A0+A1+...+Ak+...+An_1+a=l

for all ®, (A2)
A():l, A1="'=Ak="’=A"_1=a=0
for ®=0. (A3)

The solution of the first equation of system (A1) with
the condition (A3) is

Ag=exp(—a®) (A4)

while the other equations with k <n —2, solved with the
method of Green’s function, give

(ad)k

Ae=""1,

exp(—a®) . (A5)

In the case of Gibbons’s model (where b =0), Eq. (AS)
is valid for k =n —1 and the amorphous fraction is given
by

n—1 n—1 k
a=4,=1-3 A;=1-3 (ad:) exp(—a®). (A6)
k=0 Ko k!

The solution of the last equation but one of the system
(A1) is

A,_,=exp[—(a _b)cp]fo"’exp[(a —b)D' 1D [ad, (D) —b+b[Ag(D)+ A, (D) + - + A, _,(®)]]

+C exp[ —(a —b)P],

where C is a constant.
After integration and consideration of the boundary
conditions (A3), one obtains

a
- |8

n

b exp[ —(a —b)®]

n—1—" a—b

(a(b)n—l

+—_—(n——l)! exp(—a®)
n—1 a jn—l—j ((J(D)I

- — —exp(—a®) . (A8)
e o !

The amorphous fraction is then given by

(A7)
[
n—1
__4a _|la
a= 7 b 1 b exp[ —(a —b)P]
n—1 (aq))l
-3 —, exp(—a®)
= ! .
n—1 Tn—1-j !
+3 & @) exp(—ad) (A9)
j=0 b 1=0 n
which can also be written
n—1
a a
a=—— 1— ‘b exp[ —(a —b)<1>]]
n—1 Jn—1-j i
+3 |2 @) yp(—a®).  (A10)
j=1 b 1=0 I

It is worth noting that Eq. (A10) gives the well-known
Gibbons’s equation (A6) as b tends to zero.
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