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Irradiation-induced amorphization: Effects of temperature, ion mass, cascade size, and dose rat
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An empirical model based on cascade ‘‘quenching’’ and epitaxial recrystallization has been developed to
describe the accumulation of the amorphous fraction during ion beam irradiation experiments. The model is
based on the assumption that the amorphous fraction that remains after the formation of a cascade is related to
a crystallization efficiency parameterA. For low values ofA, as would be expected at low temperatures, for
heavy-ion irradiations, or for materials that are good glass formers, the accumulation of the amorphous fraction
as a function of dose is an exponential function. For high values ofA, as would be expected at elevated
temperatures, for light-ion irradiations, or for materials that are poor glass formers, the accumulation of the
amorphous fraction as a function of dose is a sigmoidal function. Amorphization dose varies as a function of
temperature and is reflected by the temperature-dependent crystallization efficiency. The effects of ion mass
and energy on critical amorphization dose and temperature are discussed in terms of the cascade size. The
dose-rate effect on the critical temperature of amorphization is derived considering the thermal annealing of the
damaged material.
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I. INTRODUCTION

Many materials become amorphous as a result of ion
radiation. Factors that affect ion-beam-induced amorph
tion include sample temperature, ion mass, ion energy, d
rate, and the properties of the target material. Previous s
ies have focused on two aspects of radiation-induced am
phization:~1! the susceptibility of a material to amorphiz
tion, and ~2! the detailed evolution of the crystalline-to
amorphous transition during ion beam irradiation. The fi
issue has been addressed from different perspectives:
modynamic stability,1,2 the topology of the atomic scal
structure,3 physical properties,4 and ease of glas
formation.5,6 There is a strong correlation between t
irradiation-induced amorphization and glass formation5,6

This is because radiation-induced amorphization and g
formation are the result of the failure of a material to cry
tallize from a highly disordered state. The thermodynam
approach has also shown that the enthalpy difference
tween the amorphous and the crystalline states contribute
the tendency toward the amorphization.1 Both kinetics and
thermodynamics contribute to the amorphization process
cause together they control the rate of crystallization. Ma
crystalline substances that have corresponding glasses o
same chemical composition can be readily amorphized
ion irradiation.6 On the other hand, substances that canno
amorphized by ion irradiation are generally not found
form glasses.

In this paper, we focus on the second aspect
irradiation-induced amorphization, the detailed process
the crystalline-to-amorphous transition. There are two g
eral approaches used to describe radiation-induced a
phization: the direct-impact model7,8 and the defect-
accumulation model.7,9,10 The direct-impact model assume
that the amorphous domain forms directly in the core o
displacement cascade in a manner similar to liq
quenching.7,11–14 Recently, molecular-dynamic simulation
0163-1829/2000/63~2!/024105~8!/$15.00 63 0241
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have shown that the amorphous region is formed dire
from an individual cascade.15 X-ray diffraction studies on
metamict zircon have also suggested that the irradiat
induced amorphization is due to direct-impact damage.16,17

The defect-accumulation model assumes that the incom
particle produces defects and that the defects accumu
during continued irradiation until an amorphous phase for
when the local defect density reaches a thresh
level.7,9,18,19

Both the direct-impact and the defect-accumulation m
els were developed by Gibbons.7 According to Gibbons, the
change in amorphous fraction with ion dose is simply
exponential function for the direct-impact model; while f
the defect-accumulation model~or overlap model!, the func-
tion is sigmoidal. For heavy-ion irradiations, especially
low temperatures, the amorphization process was assum
be caused by direct amorphization within the cascade.
light ions ~or electrons and neutrons!, the dominant mecha
nism was assumed to be by defect accumulation.7,10,12Other
models have been developed to interpret and to model am
phization induced by ion bombardment.18,20–26Most of the
recent models are based on defect accumulation or are c
bined with the direct-impact model.9,20,24

Carter’s24 modified Avrami-Johson-Mehl model qualita
tively showed that the accumulation of amorphous fract
with increasing ion dose changed from a simple exponen
form to a sigmoidal form. However, the parameters affect
the change were not explicitly derived. Carter’s model p
dicts a smaller amorphization dose at higher temperat
This contradicts experimental results~e.g., Ref. 5!. In this
paper, we present another model in which amorphizatio
assumed to be the result of direct impact of energetic p
ticles. We also analyze the effects of temperature, dose
and ion mass.

II. GENERAL EQUATIONS

The target material is assumed to be a thin foil with
thickness less than the ion range. Each incident ion cre
©2000 The American Physical Society05-1
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one or more damaged regions or individual subcasca
When the atoms within an individual damage region sh
high enough energies~;1 eV!, the atoms in the region col
lectively behave like a ‘‘hot zone.’’27 The occurrence of
such a volume eliminates atomic scale periodicity. By ene
dissipation, the ‘‘hot zone’’ may be ‘‘quenched’’ into a
amorphous phase, or partial recrystallization may occur,
pending on atomic mobility and the rate of energy dissi
tion. This process is analogous to glass formation by quen
ing from a melt. Thus, this process is called ‘‘casca
quenching.’’5

The boundary of the cascade may be defined by the t
perature contour of the melting temperature. The size of
cascade is the maximum size of the ‘‘melt zone’’ because
‘‘melt zone’’ expands and shrinks with the dissipation
energy. A general result of cascade quenching is an am
phous core and a recrystallized shell.5,6,28 Because of the
presence of a crystalline matrix surrounding the cascade
dominant recrystallization process is epitaxial. We have
sumed epitaxial recrystallization is the only crystallizati
process during cascade quenching in order to simplify
analysis.

The initial equation for the description of the process
based on the lifetime of a single cascade. The formation
the individual cascade with a volumeV0 removes all of the
crystallinity within its boundary. During energy dissipatio
atomic diffusion ~which is radiation enhanced due to th
highly energetic state of atoms! causes recrystallization. W
use the ‘‘crystallization efficiency’’A to represent the vol-
ume fraction of the recrystallized shell within a single ca
cade, for a crystalline matrix. If there are amorpho
‘‘cores’’ left in the displacement cascades, the amorph
fraction will accumulate with the increasing ion dose. B
cause epitaxial growth relies on a crystalline interface,
increasing amorphous fraction in the material reduces
extent of recrystallization of a cascade. This process is
pressed by the following differential equation:

dVc

dN
52mV0

Vc

VT
1AmV0

Vc

VT
1A~12A!mV0S Vc

VT
D 3

,

~1!

whereN is the number of ions,m is the number of individual
subcascades created by one incident ion,VT is the total vol-
ume of the thin sample~or the damaged layer!, Vc is the
crystalline volume withinVT , and V0 is the volume of a
subcascade. The first term on the right in Eq.~1! is the crys-
talline fraction lost due to cascade formation by a sin
incident ion. The second and the third terms represent
volume that has recrystallized during the quench
process.13 In the second term,AmV0 is constant for a spe
cific experiment andV0 /VT is the fraction of crystalline ma
terial in the matrix. Thus, the second term represents rec
tallization that is proportional toVc /VT . The first two terms
give a result that is similar to the direct-impact model
Gibbons.7 However, the direct-impact model by Gibbons h
been found to have limited application.7,20 Because of this,
Gibbons has used a multiple-overlap model~using various
overlap times for the cascades!.7 In fact, the assumption of a
02410
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linear relation of recrystallization to crystalline fraction
arbitrary. This is because the sites for epitaxial growth
directly related to the fraction of the area~rather than vol-
ume! that is periodic at the subcascade boundary. The rec
tallized volume may develop in any direction from that su
face. In this model, we have adopted a simple formulation
describe the recrystallization process: adding a third term
the right-hand side of Eq.~1!. This nonlinear term,DV
5A(12A)mV0(Vc /VT)3, is formulated based on the analy
sis that ~1! DV50 when A50 ~in this case, there is no
recrystallization! ~2! DV50 whenA51 for complete recrys-
tallization ~this restriction simply requires that the recrysta
lized volume not be greater than the subcascade volum!,
and~3! DV is larger for largerVc /VT , because the nonlinea
term is also controlled by the abundance of crystallizat
sites. The third term is the nonlinear contribution to the
crystallized fraction that is affected by the geometry and d
tribution of previously damaged regions; however, the ex
value of the exponent is not known. Thus, the exponent
fitting parameter. Integers~2, 3, 4, and 5! were used in order
to obtain a simple solution to Eq.~1!. A value of 3 for the
exponent provides the best fit to available data.

Integrating the equation from 0 toN ions, and using the
initial condition thatVc /VT51 whenN50, the amorphous
fraction f a is

f a512
Vc

VT

512
1

FA1~12A!expS mV0

VT

2~12A!ND G1/2.

~2!

Using D for ion dose ~ions/cm2!, the amorphous volume
fraction is

f a512
1

FA1~12A!expS mV0

h
2~12A!D D G1/2, ~3!

whereh is the sample thickness~assumingh is less than the
ion range!.

The term mV0 /h is the cross-sectional area of an io
track. We simplify the above equation by combining t
term@D(mV0 /h)# into the normalized ion doseDn . Dn rep-
resents the total number of atoms in all damaged regions~or
cascades! divided by the total number of atoms in th
sample.Dn is similar in form to the definition of displace
ments per atom~dpa!. Dn is proportional to dpa but large
than dpa because we consider all atoms inside a cascad
mobile. As with dpa, Dn is actually an alternative expres
sion of ion dose. UsingDn we have a simple expression fo
amorphous fraction as a function of ion dose:

f a512
1

AA1~12A!exp@2~12A!Dn#
. ~4!

The amorphous fraction as a function ofDn is plotted for
different crystallization efficiencies~Fig. 1!. For smallA, f a
behaves like a simple exponential function. In fact,f a51
5-2
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2exp(2Dn) whenA50 in Eq. ~4!. This is the result of Gib-
bons’s direct-impact model.7 For largeA, especially forA
close to 1, thef a;Dn curve is sigmoidal, and the sigmoida
character of the curve becomes more obvious with increa
A. WhenA51, f a is zero.

The f a;D curves in Gibbons’s overlap model can b
closely matched by Eq.~4! using differentA values. As will
be discussed, the distances between the curves in Fig.
flect the temperature dependence of the amorphization d

III. CRYSTALLIZATION EFFICIENCY

BecauseA represents the extent of recrystallization, it va
ies with temperature and the properties of target mater
We assume that recrystallization at the cascade-matrix in
face is controlled by thermal diffusion under irradiatio
enhanced conditions~as assumed by Morehead an
Crowder8 and by Weber, Ewing, and Wang26!. A diffusion-
controlled process is dramatically different from the proc
of thermal annealing of defects. The recrystallization with
a cascade may be considered as ‘‘irradiation-enhanced’’
namic annealing,26 due to the uneven distribution of vaca
cies and interstitials and the high-energy state of the ato

As in many thermally controlled processes, such as
defect mobility,29 annealing of radiation tracks,30 atomic
diffusion,8 and irradiation-induced amorphization,24,31 we
have assumed that the recrystallization rateR has an Arrhen-
ius form: R5R0 exp(2Ea /kT). Thus, the crystallization effi-
ciencyA can be written as

A5A0 exp@2Ea /~kT!#, ~5!

whereA0 is a preexponential constant,Ea is the activation
energy for the dynamic annealing of a cascade,k is the Bolt-
zmann constant, andT is the sample temperature.

The preexponential constantA0 can be determined by
specifying a boundary condition. According to Eq.~5!, A
increases with increasing temperature. When the tempera
reaches a certain value,A51 ~A is 1 at higher temperature
because that is the maximum extent of recrystallization!. At
that critical temperature,Tc , the entire damaged region
recrystallized ~no further amorphization occurs whe
T>Tc!. We define this temperature as the critical tempe
ture for amorphization,Tc . Using Tc as a boundary condi
tion, Eq. ~5! becomes

FIG. 1. Amorphous volume fractionf a as a function of normal-
ized ion dose for different crystallization efficienciesA.
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A5H expFEa

k S 1

Tc
2

1

TD G for T,Tc

1 for T>Tc.

~6!

Another form of crystallization efficiency, the temper
ture ratio form, has also been proposed.13 This form of A is
empirical and was formulated based on the idea of a ‘‘l
uidlike’’ cascade quenching.13 The general form is

A5H 12S Tc2T

Tm2TD b

for T,Tc

1 for T>Tc,

~7!

where b is a subcascade shape parameter that has a v
between 2 and 3, depending on cascade shape~b52 for a
cylinder, b53 for a sphere, and 2,b,3 for an ellipsoid!;
Tm is the melting temperature; andTc is the critical tempera-
ture of the sample above which full recrystallization occu

We use the exponential form ofA in our discussion be-
cause it is commonly accepted.8,26 The temperature ratio
form of A is used as an alternative because it uses a diffe
set of parameters. The simplicity of the temperature ra
form makes it useful for efficient modeling of experiment
data and investigating the effect of cascade size on am
phization.

The crystallization efficiency represented by Eq.~6! in-
cludes all of the possible factors that could affect the ann
ing process, such as temperature. A higher temperature
responds to a largerA value and more annealing. Th
activation energy varies for different materials.Ea is a func-
tion of atomic bonding and the properties of the cascadeTc
also varies for different materials. Another factor that sho
affect the critical temperature is the cascade size. Based
small-volume~such as a cascade! quenching and recrystalli
zation analysis, we obtained an approximate relation ofTc to
other parameters:13

Tc.Tm2~Tm2Tg!Rcryst/~r 0B!, ~8!

where Tg is the glass-transition temperature,Rcryst is the
crystallization rate,r 0 is the subcascade radius, andB is a
constant related to heat diffusivity. Thus, we may ident
general relationships in Eq.~8!: ~1! for materials that are
good glass formers~larger Tg , smaller crystallization rate!,
Tc is larger;~2! a smaller cascade corresponds to a sma
Tc ; and~3! for materials with high crystallization rates,Tc is
higher.

IV. APPLICATIONS OF THE MODEL

A. Amorphization accumulation during irradiation

The amorphous fraction accumulation is expressed by
~4! and shown in Figs. 1 and 2. The amorphous fract
accumulation of 360-keV Ar1 irradiation ofa-SiC measured
by the Rutherford backscattering spectroscopy techniqu32

can be fitted using Eq.~4! ~Fig. 3!. The curve drawn accord
ing to our model, for a crystallization efficiencyA50.75,
shows a good fit to the experimental data.
5-3
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In another example, the crystalline fraction of Mylar as
function of ion dose33 is shown in Fig. 4. The curves ar
plotted using Eq.~4!. The different curves represent the e
fect of ion mass. The shape of the amorphous accumula
curve changes with ion mass. This is also reflected in
values ofA. With decreasing ion mass,A values increase an
approach 1 for lighter ions. This ion mass effect is predic
by the model and will be discussed in detail in a followin
section.

B. Temperature effect

The temperature dependence of the amorphization d
can be easily obtained by solving forD in Eq. ~3!. We define
Dc as the detection limit of the crystalline fraction belo
which the sample is assumed to be ‘‘fully amorphous.’’Dc
depends on the technique used in measuring the poin
‘‘complete amorphization.’’ A value of 1–5 % may be use

FIG. 2. Double logarithmic scale off a as a function of ion dose
showing the gradual change of curve shape as a function of c
tallization efficiencyA.

FIG. 3. Relative Si disorder ofa-SiC sample irradiated by 360
keV Ar21 at 300 K~Ref. 32!. Solid line is fit to the data using Eq
~4!.
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for most experimental techniques. Replacingf c(512 f a)
with Dc in Eq. ~3! and because 1/Dc

2@A, the critical amor-
phization dose is

Dc5
h

2mV0

ln~1/Dc
2!2 ln~12A!

12A
. ~9!

The explicit temperature dependence can be obtained
inserting one of the expressions forA @Eqs.~6! and~7!# into
Eq. ~9!. Thus, we have two expressions for the temperat
dependence of amorphization:

Dc5
h

2mV0

ln~1/Dc
2!2 lnH 12expFEa

k S 1

Tc
2

1

TD G J
12expFEa

k S 1

Tc
2

1

TD G
~10!

or

Dc5
h

2mV0

ln~1/Dc
2!23 lnS Tc2T

Tm2TD
S Tc2T

Tm2TD 3 . ~11!

The above equations can be simplified by ignoring
less important terms.13 The simplified forms of the tempera
ture dependence of amorphization dose are

Dc5
D0

12expFEa

k S 1

Tc
2

1

TD G ~12!

or

Dc5
D0~Tc /Tm!3

S Tc2T

Tm2TD 3 , ~13!

s-
FIG. 4. Crystalline fraction change with ion dose for polym

Mylar irradiated by various ions. Ion dose is in energy fluence,
monomer. Solid line is fit to the data using Eq.~4!.
5-4
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where D0 is the amorphization dose extrapolated toT
50 K. D0 incorporates all the temperature-independ
terms~h, m, V0 , andDc!. Equation~12! is identical to that
derived by Weber, Ewing, and Wang.26 Numerous
experiments5,13,26 support the temperature dependence
amorphization dose as given by Eq.~12! In Fig. 5, the data of
1.5-MeV Xe1 irradiation of phases in Al2O3-SiO2 system5

are compared to the model based on Eq.~12!. The activation
energies obtained are quartz~0.17 eV!, sillimanite ~0.041
eV!, kyanite ~0.038 eV!, andalusite~0.036 eV!, and mullite
~0.028 eV!. The value of the activation energy is muc
smaller than that expected for thermal annealing. For Si,
activation energy for thermally induced epitaxy is 2.35 e
~Ref. 34! and 0.22 eV for epitaxial recrystallization induce
by ion irradiation.35 The meaning and the validity of thi
activation energy of dynamic annealing during irradiati
have been discussed by several authors.34,36However, an ex-
plicit explanation has not been developed. We may callEa in
Eq. ~6! an ‘‘apparent activation energy.’’ The small activ
tion energy may be due to the high-energy state and none
librium condition within a cascade.

Many experiments have shown that temperature dep
dence of critical dose has steps or stages at
temperatures.26,37,38Figure 6 is the temperature dependen
of amorphization dose of zircon under 1.5-MeV Kr1 irradia-
tion ~data from Weber, Ewing, and Wang26!, where the step
at about 300 K is clearly shown. A reasonable explanat
for this phenomenon is that there is significant annealing
relatively low temperatures, and the annealing is complet
the temperature slightly above the step. Weber, Ewing,
Wang attributed the occurrence of the step in theD;T curve
to the annealing of intracascade defects. To model the s
we consider the intercascade defects as small-sized casc
A common picture of cascade formation is that of a larg
cascade surrounded by individual displacements or sm
damage regions. We assume that one incident ion crean
large subcascades andm smaller subcascades. We assu

FIG. 5. Temperature dependence of amorphization dose~in en-
ergy loss by nuclear collision! of 1.5-MeV Xe1 irradiation of three
Al2SiO5 polymorphs, mullite, and quartz~Ref. 5!.
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that they act independently, each having their own criti
temperaturesTc1 and Tc2 , and activation energiesEa1 and
Ea2 . From Eq.~12! we have

Dcn5
D0n

12A1
for large cascades,

Dcm5
D0m

12A2
for small cascades.

Combining these two equations, we have

Dc5
D0~m1n!

m~12A1!1n~12A2!
, ~14!

where

Ai5H expFEai

k S 1

Tci
2

1

TD G for T,Tci

1 for T>Tci.

~15!

Equation~14! features two stages on theD;T plot. De-
pending on the ratio ofm/n the step may be obvious or to
small to be detected. The two stages are clearly shown in
1.5-MeV Kr1 irradiation of zircon~Fig. 6!.26 Using Eq.~14!,
we can fit the stepwise temperature dependence of the
points. The parameters used in the data fitting areTc1
5300 K, Ea150.02 eV, Tc251120 K, Ea250.31 eV, and
m/n52.2 ~one large cascade accompanied with 2.2 sm
cascades!.

C. Ion mass and energy effects

Nuclear stopping power is larger for heavier incident ion
Thus, the subscascade size generally increases with
mass.38–40From the relationship betweenTc and subcascade
size in Eq.~8!, heavier-ion irradiations lead to higherTc and
smaller A. This is clearly shown in Figs. 4 and 7. In Fig
7~b!, the reciprocal of subcascade radiusr 0 shows an ap-

FIG. 6. Temperature dependence of amorphization dose for
MeV Kr1 irradiation of zircon~Ref. 26!. Solid line is fit to the data
using Eq.~14!.
5-5
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proximately linear relation withTc , as predicted by Eq.~8!.
The relative subcascade radii are derived from the squ
roots of the displacement cross sections, which were ca
lated usingTRIM96.41

The effect of ion energy is reflected both in subcasc
size and activation energy. Ions of higher energy usu
have larger ionizing energy losses, which has been show
enhance annealing. Thus, one possible effect of increa
energy is to decreaseEa . This has the effect of increasin
the A value. If the ion energy increases, ion range increa
Individual cascades tend to split into multiple smaller su
cascades. This will increase the crystallization efficiency d
to the greater surface area between the cascade and cr
line matrix. This analysis is consistent with the observatio
of 800-keV Kr1 and 1.5-MeV Kr1 irradiations of zircon,
where lower energy irradiation had a higherTc ~1338 vs
1101 K! and lower amorphization dose~0.43 vs 0.51 dpa a
0 K!.26,42Thus, in most cases, higher-energy irradiations c
respond to a larger value forA. This should lead to highe
amorphization dose and a more distinct sigmoidal shape
the f a;D curve. In general, the ion energy effect is small
comparison to ion mass, especially in the high-energy ra
~.500 keV!. This is due to that fact that the subcasca
breaks into smaller ones at higher energies so that the
vidual subcascade size remains roughly constant. Ion en
effects are more complicated than the ion mass effect.
current model cannot provide a relationship of ion energy
Tc , because of the lack of knowledge of the relations
between energy and cascade size. We can only test
model precisely when cascade geometry variations with
energy are well understood.

D. Dose-rate effects

In above discussion, we have only considered dyna
annealing during the cascade lifetime. If the time interval
forming two cascades in the volumeV0 is long~more time to
anneal! or the sample temperature is high~faster annealing!,
radiation-assisted thermal epitaxial annealing cannot
ignored.24,34,43 The radiation-assisted epitaxy is due to t
abundant points defects produced by ion irradiation.43 The
lifetime of mobile defects can be in the order of o

FIG. 7. ~a! Temperature dependence of amorphization dose
Gd2Ti2O7 irradiated by 1.5-MeV Xe1, 1-MeV Kr1, and 0.6-MeV
Ar1 ~Ref. 38!. ~b! The trend ofTc of Gd2Ti2O7 changing with the
cascade sizer 0 for different ions~Ref. 38!, where 1/r 0;1/ADs, and
Ds is the displacement cross section~which is proportional to the
number of displacement events created by one ion, displacem
ion/Å!.
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second,44 which is much longer than that of a displaceme
cascade. The defects are mobile around the amorph
crystalline interface and contribute to the epitaxial recrys
lization in the time interval of the displacement cascade. T
is the model used in the study of radiation-induced epitaxy
crystalline-amorphous interface.43 Incorporating radiation-
assisted epitaxy into our model, we substitute the single c
tallization efficiencyA with A11A2 in Eq. ~4!.

A15A01 exp(2E1 /kT) is the crystallization efficiency for
the dynamic annealing of cascade, andA25A02t exp
(2E2 /kT) is the crystallization efficiency for radiation
assisted epitaxial annealing.E1 and E2 are the activation
energies for dynamic annealing and radiation-induced e
taxy annealing, respectively. The time interval of two co
tinuous cascades in the same region ist. Dynamic annealing
A1 is time independent because it occurs in an approxima
fixed time. The defect-assisted annealing, however, is t
dependent because its duration is restricted by the time in
val between two continuous cascades.t is the reciprocal of
the dose rateJ. The complete form of crystallization effi
ciency is

A5A01exp~2E1 /kT!1A02~1/J!exp~2E2 /kT!. ~16!

At a critical temperatureTc , A51, thus,

15A01exp~2E1 /kTc!1~A02/J!exp~2E2 /kTc!. ~17!

Rearranging this equation into

A02/J5@exp~E2 /KTc!#@12A02exp~2E1 /kTc!#,
~18!

we note the first term on the right-hand side of Eq.~18!
dominates over the second term with the variation ofTc . If
we apply the typical values @for example, E1
50.01– 0.1 eV,E251 – 10 eV, and 0,(A01orA02),1#, we
find the variation of the second term withTc , in comparison
to the first term, is insignificant so that it may be neglect
Thus, to simplify our analysis, we can treat the second p
of Eq. ~18! as a constant. The relationship of dose rate a
Tc is then

J5K expS 2E2

kTc
D , ~19!

whereK is a constant. This is a well-established relations
in studies of amorphous-crystalline interface movement d
ing irradiation.31,43,45 Figure 8 shows the dose-rate depe
dence of critical temperature for Si under various i
irradiations.45 The linear relationship of ln(J) and 1/Tc exists
for all the ions from C to Xe. The increasingTc from C to Xe
also supports the relationship as described in Eq.~8!. Equa-
tion ~19! supports the temperature of zero growth rate of
amorphous-crystalline interface.43 For a crystalline-
amorphous~of same composition! interface, the zero growth
rate temperature is found in experiments as a tempera
above which the interface grows toward the amorphous
gion and below which the interface grows toward the cr
talline region.43 This zero growth rate temperature has
similar meaning toTc , as we have defined in our model.
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Equation 19 is also consistent with the observation tha
higher dose rate leads to a higherTc in irradiation-induced
amorphization.40,45 Because theA2 term is generally smalle
than A1 ~due to the larger activation energy of thermal a
nealing!, the equation for amorphized volume accumulati
and the temperature dependence of critical dose is gene
valid.

E. Materials properties

The different behaviors among materials are captured
their Ea and Tc values. From Eq.~8!, Tc decreases with

FIG. 8. The dose-rate dependence of critical temperature fo
irradiated with various ions. Data from Goldberg, Williams, a
Elliman ~Ref. 45!.
B

0241
a

-
n
lly

in

decreasing glass-forming ability (Tg) and decreasing crystal
lization rate. These are reasonable results if one consi
radiation-induced amorphization to be similar to nanosc
glass formation13 by a quenching process.

Because the activation energy for dynamic annealing
measure of the energy barrier to atomic movement, it i
function of the target material. Experiments have shown t
for a good glass former, the activation energy for dynam
annealing is larger.5 This is reasonable because it is th
larger resistance to atomic movement that makes a g
glass former.

In general, materials that are good glass formers h
smaller values ofA. This should be reflected in a lowe
amorphization dose and a more exponential-likef a;D
curve. On the other hand, materials that are poor glass fo
ers tend to have a largerA. This is reflected in a highe
amorphization dose and the more pronounced sigmo
shape of thef a;D curve.

V. SUMMARY

Based on cascade quenching and the epitaxial recrys
zation of a ‘‘liquidlike’’ cascade, we have developed a mod
for irradiation-induced amorphization. For different crysta
lization efficiencies ~the extent of recrystallization!, the
amorphous fraction accumulation curve changes from
simple exponential to a sigmoidal form. From the tempe
ture dependence of the crystallization efficiency, the te
perature dependence of amorphization dose has been
rived. Temperature, dose rate, ion mass, cascade size, an
variation of material properties all affect the crystallizatio
efficiency and ultimately the amorphous fraction accumu
tion.
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