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Irradiation-induced amorphization: Effects of temperature, ion mass, cascade size, and dose rate
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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 parametér 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, ais 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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[. INTRODUCTION have shown that the amorphous region is formed directly
from an individual cascade. X-ray diffraction studies on

Many materials become amorphous as a result of ion irmetamict zircon have also suggested that the irradiation-
radiation. Factors that affect ion-beam-induced amorphizalnduced amorphization is due to direct-impact damidgé.

tion include sample temperature, ion mass, ion energy, dosE'€ defect-accumulation model assumes that the incoming

rate, and the properties of the target material. Previous stucﬁ’—art'de produces defects and that the defects accumulate

) PR luring continued irradiation until an amorphous phase forms
ies have focused on two aspects of radiation-induced amogvhen the local defect density reaches a threshold

phization: (1) the susceptibility of a material to amorphiza- evel| 7191819

tion, and (2) the detailed evolution of the crystalline-to- Béth the direct-impact and the defect-accumulation mod-
amorphous transition during ion beam irradiation. The firsty s \vere developed by GibboAg\ccording to Gibbons, the
issue has_ been gddrgssed from different perspe_ctives: th‘?fhange in amorphous fraction with ion dose is sim,ply an
modynamic stability;* the topology of the atomic scale exponential function for the direct-impact model; while for
structure; physical propertie$, and ease of glass the defect-accumulation mod@r overlap moda| the func-
formation™® There is a strong correlation between thetion is sigmoidal. For heavy-ion irradiations, especially at
irradiation-induced amorphization and glass formatin. |ow temperatures, the amorphization process was assumed to
This is because radiation-induced amorphization and glasse caused by direct amorphization within the cascade. For
formation are the result of the failure of a material to crys-light ions (or electrons and neutronghe dominant mecha-
tallize from a highly disordered state. The thermodynamianism was assumed to be by defect accumulattdrt?Other
approach has also shown that the enthalpy difference banodels have been developed to interpret and to model amor-
tween the amorphous and the crystalline states contributes fhization induced by ion bombardméft®~?**Most of the

the tendency toward the amorphizatioBoth kinetics and recent models are based on defect accumulation or are com-
thermodynamics contribute to the amorphization process béined with the direct-impact modgf.?2* _
cause together they control the rate of crystallization. Many Carter's* modified Avrami-Johson-Mehl model qualita-
crystalline substances that have corresponding glasses of tHgely showed that the accumulation of amorphous fraction
same chemical composition can be readily amorphized bgth increasing ion dose changed from a simple exponential

ion irradiation® On the other hand, substances that cannot b&'™ LO a sigmoidal form. :ﬂqvlve\éer,_ ths pgrame:\ters zﬂ‘fei\cting
amorphized by ion irradiation are generally not found tolN€ change were not explicily derived. Carter's model pre-
dicts a smaller amorphization dose at higher temperature.

form glasses. : . . .
In this paper, we focus on the second aspect Of'I'hls contradicts experimental resuls.g., Ref. 5. In this

irradiation-induced amorphization, the detailed process opaper, we present another mo_del n which amorph|za_t|on IS
assumed to be the result of direct impact of energetic par-

the crystalline-to-amorphous transition. There are two gen:. les. We al | the effects of t f g N
eral approaches used to describe radiation-induced amopcies: We also analyze the efiects of temperature, dose rate,

phization: the direct-impact modél and the defect- and ion mass.
. ,9,10 . =
accumulation modef: Th_e direct impact model assumes Il. GENERAL EQUATIONS
that the amorphous domain forms directly in the core of a
displacement cascade in a manner similar to liquid The target material is assumed to be a thin foil with a
quenching*1* Recently, molecular-dynamic simulations thickness less than the ion range. Each incident ion creates
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one or more damaged regions or individual subcascadeBnear relation of recrystallization to crystalline fraction is
When the atoms within an individual damage region sharearbitrary. This is because the sites for epitaxial growth are
high enough energies-1 eV), the atoms in the region col- directly related to the fraction of the aréether than vol-
lectively behave like a “hot zone.?” The occurrence of ume thatis periodic at the subcascade boundary. The recrys-
such a volume eliminates atomic scale periodicity. By energyallized volume may develop in any direction from that sur-
dissipation, the “hot zone” may be “quenched” into an face. In this model, we have adopted a simple formulation to
amorphous phase, or partial recrystallization may occur, dedescribe the recrystallization process: adding a third term to
pending on atomic mobility and the rate of energy dissipathe right-hand side of Eq(l). This nonlinear termAV
tion. This process is analogous to glass formation by quench=A(1—A)mV,(V./V1)?, is formulated based on the analy-
ing from a melt. Thus, this process is called “cascadesis that(1) AV=0 when A=0 (in this case, there is no
quenching.”® recrystallization (2) AV=0 whenA=1 for complete recrys-

The boundary of the cascade may be defined by the temallization (this restriction simply requires that the recrystal-
perature contour of the melting temperature. The size of thézed volume not be greater than the subcascade volume
cascade is the maximum size of the “melt zone” because thand(3) AV is larger for large/./V1, because the nonlinear
“melt zone” expands and shrinks with the dissipation of term is also controlled by the abundance of crystallization
energy. A general result of cascade quenching is an amosites. The third term is the nonlinear contribution to the re-
phous core and a recrystallized siéif® Because of the crystallized fraction that is affected by the geometry and dis-
presence of a crystalline matrix surrounding the cascade, theibution of previously damaged regions; however, the exact
dominant recrystallization process is epitaxial. We have asvalue of the exponent is not known. Thus, the exponent is a
sumed epitaxial recrystallization is the only crystallizationfitting parameter. Integer®, 3, 4, and bwere used in order
process during cascade quenching in order to simplify theo obtain a simple solution to Eql). A value of 3 for the
analysis. exponent provides the best fit to available data.

The initial equation for the description of the process is Integrating the equation from 0 t§ ions, and using the
based on the lifetime of a single cascade. The formation oinitial condition thatV./V;=1 whenN=0, the amorphous
the individual cascade with a volumé&, removes all of the  fraction f, is
crystallinity within its boundary. During energy dissipation,
atomic diffusion (which is radiation enhanced due to the Ve 1

highly energetic state of atomsauses recrystallization. We = 'a~ 1- Vo =1- mv. 112
use the “crystallization efficiencyA to represent the vol- A+(1—A)exp(—02(1—A)N”
ume fraction of the recrystallized shell within a single cas- \%;

cade, for a crystalline matrix. If there are amorphous ()
“cores” left in the displacement cascades, the amorphougjsing D for ion dose (ions/cnf), the amorphous volume
fraction will accumulate with the increasing ion dose. Be-fraction is
cause epitaxial growth relies on a crystalline interface, an
increasing amorphous fraction in the material reduces the 1
extent of recrystallization of a cascade. This process is ex- fa=1- 7 3
pressed by the following differential equation: A+(1—A)ex;{m—V02(1—A)D”

h

3
=— mVOEjLAmVOﬁ +A(1—A)mvo(ﬁ) , whereh is the sample thicknegassumingh is less than the
\%; Vy Vr ion range.

@ The termmV,/h is the cross-sectional area of an ion
track. We simplify the above equation by combining the
term[D(mVy/h)] into the normalized ion dose,. D, rep-
resents the total number of atoms in all damaged redions
. o 2 cascades divided by the total number of atoms in the
crystalline volume_W|th|nVT, and V_O |s_the v_olume of a sample.D,, is similar in form to the definition of displace-
subcascade. The first term on the right in Ek).is the crys- ments per atonidpa. D, is proportional to dpa but larger

Fall@ne frgction lost due to cascade .formation by a Singlethan dpa because we consider all atoms inside a cascade as
incident ion. The second and the third terms represent the. /. " Ao\ ih dpa, D,, is actually an alternative expres-
volume that has recrystallized during the quenching_; . ! : :

: sion of ion dose. Usin@®,, we have a simple expression for
process? In the second termAm\, is constant for a spe- P P P

e ) . i . amorphous fraction as a function of ion dose:
cific experiment and/,/V is the fraction of crystalline ma- P

dv,
dN

whereN is the number of iongnis the number of individual
subcascades created by one incident Wpjs the total vol-
ume of the thin sampléor the damaged laygrV, is the

terial in the matrix. Thus, the second term represents recrys- 1

tallization that is proportional t&/./V+. The first two terms fo=1— _ (4)
give a result that is similar to the direct-impact model of \/A+(1—A)exp[2(1—A)Dn]

Gibbons’ However, the direct-impact model by Gibbons has

been found to have limited applicatidR’ Because of this, The amorphous fraction as a function@f, is plotted for

Gibbons has used a multiple-overlap mogesing various different crystallization efficiencie@=ig. 1). For smallA, f,
overlap times for the cascad€dn fact, the assumption of a behaves like a simple exponential function. In fagt=1

024105-2



IRRADIATION-INDUCED AMORPHIZATION: EFFECTS . .. PHYSICAL REVIEW B 63 024105

1.0 . 1.0 = E.f1 1
s 000 ot exg—|=—=|| for T<T,
:. 08 | = 08} A= k TC T (6)
S o7t 2orf
Eosf £osl 1 for T=T..
8 05t % 0.5
2 o4} £ 04 Another form of crystallization efficiency, the tempera-
§oap g 03 ture ratio form, has also been propog@dhis form of A is
< 02 < 02 . . -

o 01 empirical and was formulated based on the idea of a “lig-

00 e 0.0 el . uidlike” cascade quenchintf. The general form is

0 2 4 6 8 10 0 50 100 150 200 250 300
(a) lon dose, D, (b) lon dose, D, T.—T\P
Cc
) i — ) for T<T,
FIG. 1. Amorphous volume fractiofy as a function of normal- A= To—T 7)

ized ion dose for different crystallization efficienci@s 1 for T=T,,

—exp(—D,) whenA=0 in Eq.(4). This is the result of Gib- Wwhereb is a subcascade shape parameter that has a value
bons’s direct-impact modélFor largeA, especially forA  between 2 and 3, depending on cascade sliape for a
close to 1, théf,~D,, curve is sigmoidal, and the sigmoidal cylinder,b=3 for a sphere, and2b<3 for an ellipsoid;
character of the curve becomes more obvious with increasind, is the melting temperature; affg is the critical tempera-
A. WhenA=1, f, is zero. ture of the sample above which full recrystallization occurs.

The f,~D curves in Gibbons’s overlap model can be We use the exponential form & in our discussion be-
closely matched by Eq4) using differentA values. As will ~ cause it is commonly acceptéd® The temperature ratio
be discussed, the distances between the curves in Fig. 1 rierm of Ais used as an alternative because it uses a different
flect the temperature dependence of the amorphization dosget of parameters. The simplicity of the temperature ratio
form makes it useful for efficient modeling of experimental
data and investigating the effect of cascade size on amor-
phization.

BecauseA represents the extent of recrystallization, it var-  The crystallization efficiency represented by K6) in-
ies with temperature and the properties of target materialludes all of the possible factors that could affect the anneal-
We assume that recrystallization at the cascade-matrix intefng process, such as temperature. A higher temperature cor-
face is controlled by thermal diffusion under irradiation- responds to a largeA value and more annealing. The
enhanced conditions(as assumed by Morehead and activation energy varies for different materiefs, is a func-
Crowdef and by Weber, Ewing, and Waffy A diffusion-  tion of atomic bonding and the properties of the cascage.
controlled process is dramatically different from the processilso varies for different materials. Another factor that should
of thermal annealing of defects. The recrystallization withinaffect the critical temperature is the cascade size. Based on a
a cascade may be considered as “irradiation-enhanced” dysmall-volume(such as a cascadquenching and recrystalli-
namic annealing® due to the uneven distribution of vacan- zation analysis, we obtained an approximate relatiofi.ab
cies and interstitials and the high-energy state of the atomsother parameters:

As in many thermally controlled processes, such as the
defect mobility?® annealing of radiation track§, atomic Te=Tm= (Tm= Tg)Reryst/ (roB), (8)
diffusion® and irradiation-induced amorphizatiéh®! we _ B _
have assumed that the recrystallization Rieas an Arrhen- Where Tg is the glass-transition temperaturBe; is the
ius form: R=R, exp(—E,/kT). Thus, the crystallization effi- crystallization ratey is the subcascade radius, aBds a

IIl. CRYSTALLIZATION EFFICIENCY

ciency A can be written as constant rela_ted to he_at diffusivity. Thus, we may identify
general relationships in Ed8): (1) for materials that are
A=A exd —E,/(kT)], (5) good glass formerdlarger Ty, smaller crystallization raje

T. is larger;(2) a smaller cascade corresponds to a smaller

whereA, is a preexponential constari, is the activation Tc: and(3) for materials with high crystallization rateg, is
energy for the dynamic annealing of a cascads,the Bolt-  higher.
zmann constant, anfl is the sample temperature.

The preexponential consta, can be determined by IV. APPLICATIONS OF THE MODEL
specifying a boundary condition. According to E®&), A
increases with increasing temperature. When the temperature
reaches a certain valuA=1 (A is 1 at higher temperatures ~ The amorphous fraction accumulation is expressed by Eq.
because that is the maximum extent of recrystallizatisn ~ (4) and shown in Figs. 1 and 2. The amorphous fraction
that critical temperatureT,, the entire damaged region is accumulation of 360-keV Ar irradiation of a-SiC measured
recrystallized (no further amorphization occurs when by the Rutherford backscattering spectroscopy techifque
T=T.). We define this temperature as the critical temperacan be fitted using Ed4) (Fig. 3). The curve drawn accord-
ture for amorphizationT.. Using T. as a boundary condi- ing to our model, for a crystallization efficienc&=0.75,
tion, Eq.(5) becomes shows a good fit to the experimental data.

A. Amorphization accumulation during irradiation
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showing the gradual change of curve shape as a function o Cry%\?lylar irradiated by various ions. lon dose is in energy fluence, eV

tallization efficiencyA. monomer. Solid line is fit to the data using Ed).

In another example, the crystalline fraction of Mylar as afor most experimental techniques. Replacifig=1-f,)

function of ion dosé is shown in Fig. 4. The curves are with A, in Eq. (3) and because A/§>A: the critical amor-
plotted using Eq(4). The different curves represent the ef- phization dose is

fect of ion mass. The shape of the amorphous accumulation
curve changes with ion mass. This is also reflected in the
values ofA. With decreasing ion masa,values increase and
approach 1 for lighter ions. This ion mass effect is predicted
by the model and will be discussed in detail in a following
section.

h

In(1/A2)—In(1—A)
Dc_2mv0

1-A

C)

The explicit temperature dependence can be obtained by
inserting one of the expressions f&fEqgs.(6) and(7)] into
Eqg. (9). Thus, we have two expressions for the temperature
dependence of amorphization:
1 1)
T. T

The temperature dependence of the amorphization dose E

can be easily obtained by solving forin Eq. (3). We define h In(1/A %) — In[ 1—ex;{f(
“2mv, ) E./1 1
AT T

B. Temperature effect

A, as the detection limit of the crystalline fraction below
which the sample is assumed to be “fully amorphoud.
depends on the technique used in measuring the point of
“complete amorphization.” A value of 1-5% may be used

D¢

(10)
I | ] | or
T ) - In(1/A2) 3 In|
c D — h ¢ Tn—T 11
:g 0.8 [~ ] C_ZmVO (TC_T)S ( )
Q
£ -SiC, 360 keV Ar+ Tn—T
o 06 300 K _ _ o
F The above equations can be simplified by ignoring the
s 0.4 _ less important term& The simplified forms of the tempera-
'g' ‘ A=0.75 ture dependence of amorphization dose are
<
0.2 = o - Do 1
c 1 Ea 1 1 ( )
0 | | | | | | ex T T_C ?
0] 01 02 03 04 05 06 07
or
Dose (dpa)
o . o Do(Te/Tw)®
FIG. 3. Relative Si disorder af-SiC sample irradiated by 360- = (13

keV Ar?* at 300 K(Ref. 32. Solid line is fit to the data using Eq.

(4).
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FIG. 5. Temperature dependence of amorphization ¢iosen- FIG. 6. Temperature dependence of amorphization dose for 1.5-
ergy loss by nuclear collisigrof 1.5-MeV Xe' irradiation of three Mgv Kr* irradiation of zircon(Ref. 26. Solid line is fit to the data
Al,SiOs polymorphs, mullite, and quar{Ref. 5. using Eq.(14).

that they act independently, each having their own critical

where Dg is the amorphization dose extrapqlated To temperature§,; and T,,, and activation energie&,; and
=0K. Dy incorporates all the temperature-independeniz ,. From Eq.(12) we have
a2- .

terms(h, m Vy, andA.). Equation(12) is identical to that

derived by Weber, Ewing, and WanAy. Numerous Don
experiments'®2® support the temperature dependence of Den=7—;- for large cascades,
amorphization dose as given by E§?2) In Fig. 5, the data of '
1.5-MeV Xe' irradiation of phases in AD;-SiO, systent Dom
are compared to the model based on @@). The activation D.m= for small cascades.

: . o C1-A
energies obtained are quart2.17 eV}, sillimanite (0.041 2

eV), kyanite (0.038 eV}, andalusite(0.036 eV}, and mullite =~ Combining these two equations, we have

(0.028 eV). The value of the activation energy is much

smaller than that expected for thermal annealing. For Si, the D.— Do(m+n) (14)

activation energy for thermally induced epitaxy is 2.35 eV ¢ m(1-A)D+n(1—A,)’

(Ref. 39 and 0.22 eV for epitaxial recrystallization induced

by ion irradiation®® The meaning and the validity of this

activation energy of dynamic annealing during irradiation [{Eai< 1 )
ex - =

where

have been discussed by several autibf8However, an ex- for T<Tg

plicit explanation has not been developed. We mayEainh
Eq. (6) an “apparent activation energy.” The small activa- 1 for T=Tg;.
tion energy may be due to the high-energy state and nonequi-
librium condition within a cascade.

Many experiments have shown that temperature depe

(15

Equation(14) features two stages on tiiz~T plot. De-
feending on the ratio of/n the step may be obvious or too
dence of critical dose has steps or stages at lo mall to be detected. The two stages are clearly shown in the

temperature$®3"-*8Figure 6 is the temperature dependence\}v'gxivﬁﬁhe"gg'a\}\"%ne%feﬁ;rcgggjge' ?j)e :nségaciqéﬁ%,e data
of amorphization dose of zircon under 1.5-MeV Kirradia- P P P

. . points. The parameters used in the data fitting e
tion (data from Weber, Ewing, and Waifyy where the step —300K, E,,=0.02eV, T.,=1120K, E,,=0.31eV, and

at about 300 K is clearly shown. A reasonable explana\tior};/nzz'2 (one large cascade accompanied with 2.2 small
for this phenomenon is that there is significant annealing a(t,ascade)s

relatively low temperatures, and the annealing is complete at
the temperature slightly above the step. Weber, Ewing, and
Wang attributed the occurrence of the step indheT curve

to the annealing of intracascade defects. To model the steps, Nuclear stopping power is larger for heavier incident ions.
we consider the intercascade defects as small-sized cascadébus, the subscascade size generally increases with ion
A common picture of cascade formation is that of a largermass®®~%° From the relationship betwed, and subcascade
cascade surrounded by individual displacements or smallegize in Eq.(8), heavier-ion irradiations lead to high&g and
damage regions. We assume that one incident ion createssmaller A. This is clearly shown in Figs. 4 and 7. In Fig.
large subcascades amd smaller subcascades. We assume7(b), the reciprocal of subcascade radiysshows an ap-

C. lon mass and energy effects
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X second"* which is much longer than that of a displacement
2«10t g 1300 cascade. The defects are mobile around the amorphous-
_ gt 1200 crystalline interface and contribute to the epitaxial recrystal-
s } 5 . 1100 R / lization in the time interval of the displacement cascade. This
S0 g £ glmapeeRE is the model used in the study of radiation-induced epitaxy of
g 2| # 0 eV /‘ crystalline-amorphous interfa®. Incorporating radiation-
b ooMe assisted epitaxy into our model, we substitute the single crys-

5 con mon ieoe antt Fien 05 1 15 tallization efficiencyA with A;+A, in Eq. (4).

(a) K (b) VYD, or 1ir, (arbitrary unit Ai1=Aq1 exp(—E;/KT) is the crystallization efficiency for
the dynamic annealing of cascade, aWg=Ag,Texp
FIG. 7. (a) Temperature dependence of amfrphization dose o{_E,/kT) is the crystallization efficiency for radiation-
G, Tiz0; irradiated by 1.5-Mev X8, 1-MeV K", and 0.6-MeV  aqqigted epitaxial annealing, and E, are the activation
Ar” (Ref. 3. (b) The trend ofT, of GG,Ti,O; changing with the oo ias for dynamic annealing and radiation-induced epi-
cascade size, for different ions(Ref. 38, where 1/o~1/D, and taxy annealing, respectively. The time interval of two con-

Ds is the dus_placement cross sectiomhich is pmp.ort'on.al o the tinuous cascades in the same regiom. iBynamic annealing
number of displacement events created by one ion, dlsplacementi{ . ) . . .
ion/A). \p is time independent bec_ause itoceurs in an apprOX|_ma_ter

fixed time. The defect-assisted annealing, however, is time

. . . . : dependent because its duration is restricted by the time inter-
roximately linear relation wi redi Ed8). ) . .
proximately linear relation witiT,;, as predicted by Ed8) al between two continuous cascadess the reciprocal of

The relative subcascade radii are derived from the squar, o .
roots of the displacement cross sections, which were Calc"ﬁ;:ng)?sis ratel. The complete form of crystallization effi-

lated usingTRIM96.4
The effect of ion energy is reflected both in subcascade _ _ _

size and activation energy. lons of higher energy usually A=A exp(—E1/KT) +Ag(10)exp(—E,/KT). (16)

have larger ionizing energy losses, which has been shown tat a critical temperaturd ., A=1, thus,

enhance annealing. Thus, one possible effect of increasing

energy is to decrease,. This has the effect of increasing 1=Ag1exp(—E1/KTe) +(Aga/J)exp( —Ex/KTe). (17)

the A value. If the ion energy increases, ion range increase . . L

Individual cascades tend to split into multiple smaller Sub_%zearrangmg this equation into

cascades. This will increase the crystallization efficiency due Aoy I=[exp(E,/KTo)][1—Agrexp — E; /KTo)],

to the greater surface area between the cascade and crystal- (18)

line matrix. This analysis is consistent with the observations

of 800-keV Kr" and 1.5-MeV K irradiations of zircon, We note the first term on the right-hand side of E#8)

where lower energy irradiation had a high® (1338 vs dominates over the second term with the variatiorT of If

1101 K) and lower amorphization dog6.43 vs 0.51 dpa at we apply the typical values [for example, E,

0 K).2842Thus, in most cases, higher-energy irradiations cor=0.01-0.1eV,E,=1-10eV, and 8 (Aq;0rAgy) <1], we

respond to a larger value fak. This should lead to higher find the variation of the second term will, in comparison

amorphization dose and a more distinct sigmoidal shape fdio the first term, is insignificant so that it may be neglected.

the f,~D curve. In general, the ion energy effect is small in Thus, to simplify our analysis, we can treat the second part

comparison to ion mass, especially in the high-energy rangef Eq. (18) as a constant. The relationship of dose rate and

(>500 ke\). This is due to that fact that the subcascadeT, is then

breaks into smaller ones at higher energies so that the indi-

vidual subcascade size remains roughly constant. lon energy J=K exp{ - Ez) (19

effects are more complicated than the ion mass effect. The KT. /'

current model cannot provide a relationship of ion energy to ) o i ] )
T., because of the lack of knowledge of the relationshi whereK is a constant. This is a well-established relationship

between energy and cascade size. We can only test ofl} studies of amorphous-crystalline interface movement dur-

H fatiAn31,43,45 =
model precisely when cascade geometry variations with iof9 iradiation: Figure 8 shows the dose-rate depen-
energy are well understood. dence of critical temperature for Si under various ion

irradiations*® The linear relationship of I3 and 1T, exists
for all the ions from C to Xe. The increasifig from C to Xe
also supports the relationship as described in(Bg.Equa-

In above discussion, we have only considered dynamition (19) supports the temperature of zero growth rate of the
annealing during the cascade lifetime. If the time interval foramorphous-crystalline interfaé®. For a crystalline-
forming two cascades in the volunwg is long(more time to  amorphougof same compositioninterface, the zero growth
anneal or the sample temperature is hiflaster annealing rate temperature is found in experiments as a temperature
radiation-assisted thermal epitaxial annealing cannot babove which the interface grows toward the amorphous re-
ignored®***#3 The radiation-assisted epitaxy is due to thegion and below which the interface grows toward the crys-
abundant points defects produced by ion irradiafbithe  talline region*® This zero growth rate temperature has a
lifetime of mobile defects can be in the order of onesimilar meaning tdl ., as we have defined in our model.

D. Dose-rate effects
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decreasing glass-forming abilityl {) and decreasing crystal-
lization rate. These are reasonable results if one considers
radiation-induced amorphization to be similar to nanoscale
glass formatiof? by a quenching process.

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

In general, materials that are good glass formers have
smaller values ofA. This should be reflected in a lower
amorphization dose and a more exponential-like-D
curve. On the other hand, materials that are poor glass form-
ers tend to have a largek. This is reflected in a higher
amorphization dose and the more pronounced sigmoidal
shape of thef ;~D curve.

V. SUMMARY

Based on cascade quenching and the epitaxial recrystalli-
zation of a “liquidlike” cascade, we have developed a model
for irradiation-induced amorphization. For different crystal-

FIG. 8. The dose-rate dependence of critical temperature for Jization efficiencies (the extent of recrystallization the
irradiated with various ions. Data from Goldberg, Williams, and amorphous fraction accumulation curve changes from a
Elliman (Ref. 45. simple exponential to a sigmoidal form. From the tempera-

ture dependence of the crystallization efficiency, the tem-

Equation 19 is also consistent with the observation that g@erature dependence of amorphization dose has been de-
higher dose rate leads to a highEr in irradiation-induced  rived. Temperature, dose rate, ion mass, cascade size, and the
amorphizatiorf®*° Because thé\, term is generally smaller variation of material properties all affect the crystallization
than A; (due to the larger activation energy of thermal an-efficiency and ultimately the amorphous fraction accumula-
nealing, the equation for amorphized volume accumulationtion.
and the temperature dependence of critical dose is generally

valid.

E. Materials properties
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