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Mass effects on regrowth rates and activation energies of solid-phase epitaxy
induced by ion beams in silicon
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The effect of ion mass on ion-beam-induced epitaxial crystallization of silicon has been examined for five
types of ion~C, Si, Ge, Ag, Au! at energies of 1.5, 3.0, and 5.6 MeV. Regrowth rates have been normalized to
the number of displacements or nuclear energy deposition at the interface to evaluate the contribution of defect
generation to crystal growth. The normalized regrowth rate increased by a factor of 4 with decreasing ion mass
from Au to C, showing a similar behavior to dose rate dependences previously reported at lower ion energies.
However, the dose rate dependence for 3.0 MeV Au and Ag deviated from this mass dependence curve at low
dose rates, indicating that significant cascade density effects~instantaneous dose rate effects! coexist with
average dose rate effects. This implies that the crystal growth rate is affected by defect interactions within
individual cascades as well as by defect interactions between different cascades. Activation energies measured
for four types of ion at 3.0 MeV are also mass dependent and varied from 0.18 to 0.40 eV. These results
indicate that ion-beam-induced epitaxial crystallization cannot be characterized by a single activation energy.
Our data have been compared with a number of models for ion-beam-induced crystallization and found to be
inconsistent with a process controlled by a single defect type. We suggest that several rate-limiting defect
processes may be involved and the dominance of a single defect depends on the ion mass~cascade density!,
average dose rate, and temperature regime.@S0163-1829~99!08323-X#
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I. INTRODUCTION

Ion-beam-induced epitaxial crystallization~IBIEC! of sili-
con has been extensively studied over the past two dec
because of possible insight into fundamental crystallizat
processes and technological importance.1–4 Ion-beam-
induced epitaxy occurs at temperatures as low as 200
while pure thermal solid-phase epitaxy is observed at hig
temperatures above 400 °C. Typical activation energies
IBIEC are found to be around 0.3 eV,3–6 one order of mag-
nitude lower than that of thermal epitaxy~2.7 eV!.7 The dop-
ant dependence and orientation dependence of IBIEC
found to be weaker than those of thermal epitaxy.3,8,9 A
unique feature of IBIEC is that epitaxial crystallization r
verts to ion-beam-induced interfacial amorphization~IBIIA !
below a zero growth temperature depending on dose r
and ion species.2,10,11

The basic mechanism of IBIEC has been discussed
many papers on the assumption that point defects gene
by ion irradiation induce crystallization or amorphizatio
Time-resolved reflectivity was used to measure regro
rates for comparison with calculated displacement den
~vacancy concentration! as a function of depth.9,12 The re-
growth rate was found to closely follow the generated
cancy concentration at the amorphous/crystalline interfa
This result suggested that the regrowth rate of IBIEC is
sociated with point defect generation close to the interfa
The contribution of point defects to beam-induced crysta
zation has been more directly demonstrated in the cas
electron-beam-induced epitaxial crystallization.13 Electron
PRB 590163-1829/99/59~23!/15214~11!/$15.00
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beam irradiation at energies below the threshold for ato
displacements induced no crystal growth, while irradiation
energies above the threshold induced crystal growth.
origin of ion-beam-induced defects responsible for crysta
zation was investigated by channeled ion irradiation to
duce defect generation in the crystalline region6,14 or low-
energy ion irradiation to confine most of the nuclear ene
deposition in the amorphous region.15 However, it was diffi-
cult to draw definite conclusions as to which region~i.e., the
crystalline side, the amorphous region, or exactly at the
terface! is the dominant source of the defects for IBIEC.

IBIEC is found to exhibit a weak dose rate dependence
regrowth rates and also for zero growth temperature.11,16,17

Furthermore, the crystallization induced by pulsed bea
showed a dependence of the regrowth rate on pu
frequency.16 Measured dependences suggested that the
time of defects contributing to crystallization was approac
ing 1 s insome cases and that defect interactions were
nificant influencing factors. Hence it is impossible to simp
correlate the regrowth rate with defect generation or nuc
energy deposition at or near the amorphous/crystalline in
face. It is important to take account of dynamic defect int
actions during irradiation involving migration, recombin
tion, and annihilation. In addition, cascade shapes~i.e.,
instantaneous point defect distributions in collision cascad!
strongly affect the efficiency of producing long-range m
grating defects.18 Previous studies have not investigated
discussed this effect.

Some papers on beam-assisted annealing or crystalliza
suggested that an ionization effect from the electronic ene
15 214 ©1999 The American Physical Society



o
a-
a
ts
e

e
tin
e

an
s
5.
t

ra
r

os
a
d
tio

a
es

e
on
n

pr
ith
d
ap
ilt
cu
ck

e
5

m
re
t
id
th
le

by

at-

an-
tal
s
t

n-
ted
-
l-
ed

on
po-
n-

the
en-
of

e

the
c-

ed
gy
of
o-
n-
en-

th

tal

PRB 59 15 215MASS EFFECTS ON REGROWTH RATES AND . . .
loss contributes to the defect annealing
crystallization.19–22 Since defect ionization reduces migr
tion energies of defects, activation energies of IBIEC c
give important information on possible ionization effec
However, activation energies previously reported are wid
different and range from 0.18 to 0.6 eV.5,6,8,9,16,22–26To date,
the diversity of the measured activation energies has b
considered to be due to experimental error or compe
thermal epitaxy in many cases. No detailed study has b
performed to establish the cause of this diversity.

In this study, the effects of ion mass on regrowth rates
activation energies have been investigated for five type
ion species from C to Au at energies of 1.5, 3.0, and
MeV. The use of different ion species makes it possible
change cascade density and dimensions and also adjust
between nuclear energy deposition and electronic ene
deposition. In addition, MeV ion beams can produce alm
uniform damage profiles and induce higher ionization th
low-energy~below MeV! ion beams. This enables improve
accuracy for measurement of regrowth rates and activa
energies.

II. EXPERIMENTAL PROCEDURE

p-type ~100!-oriented Si~B doped, 8–12 or 1–10V cm!
was first amorphized by Ge implantation at 200 keV to
dose of 131015cm22 at room temperature. The sampl
were cut into small pieces and then mounted on
temperature-controlled sample holder. Silver paste and m
clamps were used to fix the sample with good thermal c
tact. Before the irradiation for beam-induced crystallizatio
preannealing was performed at 450 °C for 1 h in vacuum to
obtain sharp amorphous/crystalline interfaces. These
cesses resulted in an amorphous layer at the surface w
thickness of about 0.2mm. Incoming beams were collimate
by a 2-mm-diam graphite aperture or 3-mm-diam silicon
erture to define irradiated areas. The sample holder was t
7° off the ion beam direction to avoid channeling. The ac
racy of irradiation doses was checked by Rutherford ba
scattering~RBS! of implanted Au ions. Five types of ion
species~C, Si, Ge, Ag, Au! from tandem accelerators wer
used to stimulate IBIEC. Ion energies were 1.5, 3.0, and
MeV, with ion charge states of11, 12, and 13, respec-
tively. The irradiation conditions used in this study are su
marized in Table I. A temperature rise of the irradiated a
was estimated to be less than 1 °C on the assumption tha
heat flow is one dimensional from the surface to the backs
of the sample. The sample temperature was stabilized wi
62 °C during the irradiation as measured by thermocoup

TABLE I. Irradiation conditions in this study.

Ion
Energy
~MeV!

Average
dose rate

~cm22 s21!
Dose

~cm22!
Tempera-
ture ~°C!

C 1.5–5.6 231012– 531012 5.831016– 2.431017 150–400
Si 1.5–5.6 231012– 531012 3.831016– 9.031016 250–400
Ge 1.5–5.6 231012– 531012 3.431015– 1.131016 250–400
Ag 1.5–5.6 131011– 531012 2.331015– 7.031015 250–400
Au 1.5–5.6 231010– 531012 1.231015– 1.531015 225–400
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attached to the sample holder.
Regrowth thicknesses after irradiation were measured

ion-channeling analysis with 1.5 or 2 MeV He1 beams from
Van de Graaff accelerators. A glancing geometry with a sc
tering angle of 110°~for 1.5 MeV! or 100°~for 2 MeV! was
used to enhance the depth resolution. Spot sizes for the ch
neling analysis were smaller than those for the crys
growth. Both the ion irradiation and channeling analyse
were performed at two different laboratories with differen
implantation and analysis systems,27 and both sets of results
were consistent with each other. Distributions of nuclear e
ergy deposition and vacancy concentrations were calcula
by theTRIM code,28 with a full cascade mode and an appro
priate fitting procedure to avoid statistical fluctuations in ca
culated profiles. The displacement energy of Si was assum
to be 14 eV in the calculation.

III. RESULTS

Regrowth thicknesses were measured for different i
species to evaluate the contribution of nuclear energy de
sition or defect generation. In order to reduce the experime
tal error for a light ion of which the regrowth thickness is
much smaller than that of a heavy ion at the same dose,
irradiation dose was increased depending on the nuclear
ergy deposition. Figure 1 shows typical channeling spectra
the preannealed sample~initial! and samples after irradiation
with 3.0 MeV Au, Ag, Ge, and Si at 350 °C. The dose rat
was 231012cm22 s21 for all ions. Different doses were cho-
sen to provide the same total nuclear energy deposition at
depth of the initial amorphous/crystalline interface. The a
tual dose was increased from 1.531015 to 9.031016cm22

with decreasing ion mass. The regrowth thickness increas
with decreasing ion mass, while the total nuclear ener
deposition is nearly constant for all ions within the range
the measured depth. If the regrowth thickness is simply pr
portional to the nuclear energy deposition, it should be co
stant except for a small discrepancy due to the depth dep

FIG. 1. Channeling spectra showing the difference in regrow
thicknesses among four different ion species~Au, Ag, Ge, and Si! at
3.0 MeV. Irradiation doses were adjusted to provide the same to
nuclear energy deposition~800 eV/atom! to the initial amorphous/
crystalline interfaces.
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dence of the nuclear energy deposition~14% at maximum in
this case!. The observed differences between the regrow
thicknesses were much greater than the deviation in
nuclear energy deposition. Clearly, the crystallization p
cess depends on the ion mass at constant average dos
and for the same total nuclear energy deposition at the in
face. This is ascribed to different average nuclear ene
deposition rates of each ion species.

Figure 2 shows the regrowth rates normalized to displa
ments per atom~dpa! as a function of defect generation ra
for five ion species~C–Au! at three energies~1.5–5.6 MeV!
and two dose rates~231012 and 531012cm22 s21!. The sub-
strate temperature was 350 °C. The number of displacem
per atom was calculated@from TRIM ~Ref. 28!# from the
number of displacements~vacancies! generated by ion or re
coil collisions with substrate atoms at the interface witho
taking account of defect migration and annihilation. T
number of displacements~vacancies! was calculated for both
initial and final amorphous/crystalline interfaces, and
mean value was used for normalization. The normalized
growth rate of C was approximately 4 times the normaliz
regrowth rate of Au for 1.5 and 5.6 MeV, noting that th
defect generation rate of Au was approximately 3 orders
magnitude higher than that of C. This behavior is similar
the dose rate dependence previously reported for 300
ions.16,17 Heeraet al. proposed a diffusion-limited model fo
IBIEC and demonstrated the validity of their theoretic
curve by fitting to previously published data on dose r
dependence.29 The solid line in Fig. 2 is a least-squares fit
a theoretical curve based on this diffusion-limited model.
simplified functional form of the curve can be written as

r f5c j21/4, ~1!

wherer f is the regrowth thickness normalized to the dosec
is a constant value, andj is the beam current. Under a simp
approximation, Eq.~1! can be extended to

r d5c8g21/4, ~2!

FIG. 2. Normalized regrowth rates as a function of defect g
eration rate for five ion species~C, Si, Ge, Ag, and Au! at three
energies~1.5, 3.0, and 5.6 MeV! with two dose rates~231012 and
531012 cm22 s21!.
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wherer d is the regrowth thickness normalized to the numb
of displacements,c8 is a constant value, andg is the defect
generation rate. Equation~2! is the case in Fig. 2. The curv
is a good fit to the data points within experimental error
the irradiation conditions employed in Fig. 2.

Irradiation with different ion species at the same dose r
~beam current! changes the average nuclear energy dep
tion rate or defect generation rate quite dramatically. T
substantially affects the crystal growth rate as observed,
this would appear to indicate that defect-defect interacti
at high-energy deposition rates reduce the efficiency of c
tal growth. In addition, the cascade size~local energy depo-
sition density per ion! also varies dramatically with ion mass
Therefore, in order to identify the intrinsic nature of the ma
effect, it is necessary to adjust the nuclear energy depos
rate or defect generation rate among different ion spec
The channeling spectra in Fig. 3 show the result of such
experiment, where the dose rate of Ag was reduced
131011cm22 s21 to provide the same average nuclear e
ergy deposition rate at the interface as Si irradiation at a d
rate of 231012cm22 s21. The nuclear deposition rate of A
is 20 times the nuclear deposition rate of Si with the sa
dose rate. The total doses were chosen for Ag (
31015cm22! and Si (4.531016cm22! to obtain the same
total nuclear energy deposition~400 eV/atom! at the initial
interface. Figure 3 also shows the channeling spectrum
the Ag irradiation with the same dose rate (
31012cm22 s21) as the Si irradiation. When the dose rate
the same, the irradiation of the heavier Ag induced less
growth than the irradiation of the lighter Si as shown in F
2. However, even when the nuclear energy deposition
was the same between Ag and Si, the Ag irradiation s
induced less regrowth than the Si irradiation. The differen
observed in Fig. 3 is ascribed to a cascade size effect s
rated from the average dose rate effect. In this case, the
fect of increased cascade density and instantaneous en

- FIG. 3. Channeling spectra for 3.0 MeV Si and Ag. Th
131011 cm22 s21 Ag irradiation and 231012 cm22 s21 Si irradia-
tion provide the same nuclear deposition rate at the ini
amorphous/crystalline interface. Irradiation doses were adjuste
provide the same total nuclear energy deposition~400 eV/atom! at
the initial interface.
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deposition density~instantaneous defect density! for the
heavier ions probably reduced the efficiency of crys
growth.

Figure 4 directly compares the dose rate dependenc
3.0 MeV Au and Ag with the mass dependence shown
Fig. 2. Since the dose rate for Au ranged over 3 orders
magnitude, the implanted dose of Au was checked by R
for each spot to calibrate the dose and dose rate. The in
ence of any leakage or current integration problems at
dose rates~i.e., low beam current! can be avoided by this
calibration procedure. The solid line shows the fitting cur
calculated for Fig. 2. The dose rate dependence of Au
Ag in Fig. 4 deviates from the fitting curve at low defe
generation rates. The functional form for the dose rate
pendence is different from the solid line and appears to fi
straight line ~dotted line!. The results in Fig. 4, taken to
gether with those of Fig. 2, also indicate the role of t
cascade size effect coexisting with the effect of the aver
defect generation rate.

Figure 5 shows an Arrhenius plot of regrowth rates n
malized to the number of displacements as a function
reciprocal temperature for 3.0 MeV Si, Ge, and Au with
dose rate of 231012cm22 s21. Regrowth thicknesses wer
calculated as differences between irradiated and unirradi
~control! samples. The control samples underwent the sa
temperature treatments as the irradiated samples, and h
pure thermal epitaxy can be neglected in this case. Diffe
doses were used for each ion in the range from 1.531015 to
4.531016cm22 to obtain appropriate regrowth thickness
and reduce experimental error. The regrowth thickness m
sured by the channeling measurement was normalized to
number of displacements in the same way as Fig. 2. Act
tion energies determined from Fig. 5 were 0.2960.02, 0.29
60.01, and 0.3860.02 eV for Si, Ge, and Au, respectively
The error values of each activation energy are the stan
deviations determined from the least-squares fitting calc
tion. Figure 6 also shows a similar Arrhenius plot of t
regrowth rates normalized to the number of displaceme
for 3.0 MeV C, Si, and Au with a dose rate o
531012cm22 s21. The doses used were in the range fro

FIG. 4. Dose rate dependence of 3.0 MeV Au and Ag compa
with the fitting curve for Fig. 2. The silver data were taken from t
channeling spectra in Fig. 3. The solid line is the fitting cur
shown in Fig. 2.
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1.231015 to 2.431017cm22 in this case. The regrowth thick
ness for Au at 225 °C was measured to be almost zero~not
shown in Fig. 6!, and this is therefore close to the ze
growth temperature between crystallization and interfac
amorphization regimes. We note that the zero growth te
peratures for other irradiations in Figs. 5 and 6 should be
than 225 °C because of the relationship between zero gro
temperature, dose rate, and ion mass.11 From Fig. 6, activa-
tion energies for Si and Au were 0.2760.01 and 0.40
60.02 eV, respectively, which are essentially the same
those obtained for the lower dose rate in Fig. 5. The acti
tion energy of C appeared to be temperature dependent.
temperature regime for C can be conveniently divided int
and activation energies were calculated as 0.1860.02 eV
~150–275 °C! and 0.3760.01 eV~275–400 °C!.

Some activation energies published to date have been
termined from regrowth rates normalized to dose.6,23,24Since

d

FIG. 5. Temperature dependence of regrowth rates normal
to the number of displacements for 3.0 MeV Si, Ge, and Au wit
dose rate of 231012 cm22 s21.

FIG. 6. Temperature dependence of regrowth rates normal
to the number of displacements for 3.0 MeV C, Si, and Au with
dose rate of 531012 cm22 s21.
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the regrowth rates normalized to the number of displa
ments can suffer from errors caused by the displacement
culation, we also determined activation energies from
regrowth rates normalized to dose. Results obtained wer
good agreement with the activation energies determi
from Fig. 6. Therefore, the difference between the two me
ods was negligible in this study.

IV. DISCUSSION

Solid-phase epitaxy of Si is strongly influenced by t
presence of various impurities in amorphous layers.30 This
study aims to investigate the ion mass effects caused by
difference in radiation damaging effects, whereas the im
rity effect is a chemical or electronic effect and differe
from a radiation damage effect. Therefore, it is necessar
first discuss and eliminate any influence of the impurity
fect of irradiated ions themselves. Generally speaking,
projected ranges of irradiated ions in this study were alw
deeper than the amorphous/crystalline interface and alm
all the implanted ions are distributed far from the amorpho
layer. A heavy ion has a shallower projected range tha
light ion, but the dose for the heavy ion was always low
than that of the light ion to obtain a similar regrowth thic
ness. Hence an impurity concentration in the amorph
layer does not increase very much even in the case
heavy ion with a shallower projected range. Indeed, ther
no impurity effect of implanted Si on the crystalline grow
and the influence of Ag is expected to be negligible.31 The
concentration of C, Ge, or Au at the amorphous/crystall
interface was estimated to be less than 0.1 at. %. At
concentration, the impurity effects on solid-phase epitaxy
negligible.30,31 Note that all samples have a Ge distributi
from the amorphizing implant, with a peak concentration
about 0.2 at. %. Despite this, the growth rate through
layer was nearly constant for ions of constant nuclear ene
deposition and did not vary with changing Ge concentrati
In any case, Prioloet al. measured activation energies of th
IBIEC process for Si doped with B, P, and Ge.9 They con-
cluded that the activation energy was independent of
dopant within experimental accuracy. Based on these con
erations, we conclude that the results obtained in this st
are caused by differences in the radiation-damaging eff
of ion species~i.e., ion mass effects! and not the implanted
ion itself.

A clear average dose rate dependence for MeV ion
observed as shown in Fig. 4. This result itself is illuminati
with regard to the operative mechanism of IBIEC. The
have been some previous dose rate data mainly for med
or low energies below 1 MeV.16,17,32 Because of possible
problems with beam-heating effects and only a weak d
rate dependence, there have previously been no system
data for MeV ions except for the data near the zero gro
temperature.11 The current study substantially improved th
accuracy of such measurements over larger temperature
dose rate ranges. Small spot sizes and low average dose
were used to minimize beam heating effects. The use of
ions allowed us to calibrate dose and dose rate by measu
the RBS of implanted Au atoms in the sample.

A significant average dose rate dependence of IBI
growth rate~Fig. 4! implies that the defects responsible f
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IBIEC survive long after the initial annihilation proces
within individual cascades. Linnros and Holmen measure
frequency dependence of regrowth rates of IBIEC w
pulsed ion beams, where the time constant of the process
determined to be of the order of 0.3 s.16 This value is many
orders of magnitude longer than the time scale for def
interactions within a collision cascade~of the order of a pi-
cosecond! as calculated by molecular dynamic
simulations.33 Our dose rate results support this conclusio
but also suggest that defect interactions, which are enhan
when dose rates~defect production rates! are higher, lower
the efficiency of IBIEC.

The comparison of the dependences of IBIEC on ion m
and dose rate as embodied in Figs. 2 and 4 raises s
interesting issues relating to defect interactions and their
fects on IBIEC. In the dose rate experiments~Fig. 4!, the
same ion was used at different dose rates and hence size
densities of collision cascades are statistically identical
all ~similar ion! data points. On the other hand, different io
are used at the same average dose rates in the case o
mass dependence experiments~Fig. 2!. For example, Fig. 7
quantifies this difference for ion species used in this stu
where the mean free path between collisions, which prod
primary recoil atoms, is plotted as a function of the averag
primary recoil energy. Mean-free-path calculations used
method described in Ref. 33, and the average primary re
energy was found as described in Ref. 34. For the irradia
energies used in this work, Au has a 2 orders of magnitude
smaller mean free path for recoiling collisions than C.
addition, the average recoil energies are more than 20 ti
higher for Au than C. Since the number of point defec
generated roughly scales with average recoil energy,
overall cascade for heavy ions such as Au consists of o
lapping subcascades involving a very high density of po
defects. On the other hand, light ions give rise to smal
well-separated subcascades and the overall cascade has
dilute point defect distributions. We also note that chang

FIG. 7. Primary recoil energy and mean free path between
mary collision events in Si for ions used in this study. T
weighted-average recoil energy given by Averbacket al. was used
for this plot ~Ref. 34!. The mean free path was defined as a me
distance between collision events in which projectile ions prov
target atoms with energies more than a displacement energy~Ref.
33!.
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the ion mass is more significant than changing the ion ene
in terms of the density of point defect distributions in th
study. It is additionally important to note that, at the te
peratures used in this study, point defects generated in
cades start to diffuse after cascade quenching and som
them recombine to annihilate or form more complex defe
Hence the nature of residual defects should strongly dep
on defect interactions and on the size and density of c
cades.

The issues discussed above, in terms of ion mass
cascade density effects on the formation of stable defe
have been previously extensively developed for defect
mation in metals.34,35 For example, a projectile-mass depe
dence of the amorphization of metals or metallic alloys su
as Cu, NiAl3, CuTi, and Zr3Al was observed and interprete
in terms of differences in the point defect density with
individual cascades.35–38 In semiconductors and Si in
particular,39,40 ion mass and cascade effects on amorph
tion have also been studied. Similar trends on irradiated m
als were obtained for Si amorphization at low temperatu
under electron and ion beam irradiation.41 Although there
has been no previous study on the effect of cascade size
density on migrating defects and induced crystallization
silicon, there are some reports on both metals and semi
ductors of relevance for the present study. For exam
Rehnet al. measured the relative efficiency of different io
~H, He, Li, Ni, Kr at MeV energies! for producing freely
migrating defects by radiation-induced segregation of Ni
alloy.18 They observed a strong mass dependence of rela
efficiency for producing long-range migrating defects, whe
the efficiency decreased from 48% to,2% with increasing
ion mass. Indeed, Keskitalo and co-workers reported an
mass dependence of defect structures~ratio of the divacancy
V2 and the vacancy-oxygen complexVO! measured by deep
level transient spectroscopy~DLTS! for MeV ions~H, He, O,
S! implanted into Si.42 They ascribed the change inVO/V2
ratio to different cascade size~or density! depending on the
ion mass.42,43 Therefore, it is important to take into accou
the instantaneous defect generation rate~instantaneous
nuclear energy deposition rate!, namely, the local density o
point defects within individual cascades just after casc
formation, in addition to the average defect generation r
~average nuclear energy deposition rate!. Both effects are
clearly important.

Based on the above arguments, we attribute the differe
between the energy deposition rate for different mas
~mass dependence in Fig. 2! and the dose rate dependen
for the same mass~Fig. 4! to cascade density effects. Suc
effects involve large changes in the instantaneous defect
eration rate per ion for different mass ions~see Fig. 7! even
when the average energy deposition rate is constant. In
paper on the diffusion-limited model for IBIEC,29 Heera
et al.demonstrated a fit of aj 21/4 curve@see Eq.~1!# to dose
rate data, which is actually a fit of an Sn21/4 curve ~Sn:
average nuclear energy deposition! when different ion
masses are involved.44 Essentially, thej 21/4 curve, according
to Heeraet al., should include both effects of the avera
defect generation rate~dose rate dependence! and instanta-
neous defect generation rate~mass dependence!. However,
the dose rate dependence data in Fig. 4 deviate from
mass dependence curve (} j 21/4) at lower defect generation
gy
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rates. This implies that the assumption used in the diffusi
limited model does not adequately cater to the differen
between these two effects. Their paper showed that the
mula, derived from the diffusion-limited model, is a good
to the regrowth rates previously published. However, the
sults in the present study show that their formula does no
extended dose rate data for the same ion. Our results, th
fore, indicate that the concentration of ‘‘defects,’’ which su
vive recombination and annihilation following collision ca
cade quenching and which mediate IBIEC, can
significantly influenced by both cascade density and aver
energy deposition rates.

Previous studies on IBIEC argued for a single activat
energy which represents the rate-limiting step of IBIEC, b
in practice the measured activation energies were diffe
and ranged from 0.18 to 0.6 eV.5,6,8,9,16,22–26The differences
among reported values were considered to be due to ex
mental error, competing thermal epitaxy in higher tempe
ture regimes, and beam-induced amorphization at lower t
peratures. However, the data in Figs. 5 and 6 also sho
several activation energies from 0.18 to 0.40 eV, where
ferences are larger than error values calculated from
least-squares fitting and where extreme care was take
minimize low- and high-temperature effects. Thus our resu
unequivocally indicate that IBIEC cannot be characteriz
by a single activation energy. To some extent, our measu
activation energies are consistent with those previously
ported values. In general, when a heavy ion or a lower
ergy ion is used, higher activation energies are obtained,
when light ion with a higher energy is used, lower activati
energies are obtained. Interestingly, a least-squares fit
single line for all the C data~150–400 °C!, as shown in Fig.
8 ~solid line!, exhibits an apparent activation energy of 0.
eV, which is lower than the activation energies of Si, Ge, a
Au. Hence our data indicate that the activation energy
creases as the ion mass and the instantaneous energy
sition density is increased. It should be noted for Fig. 8 t
another fit ~dotted line! to the higher temperature regim

FIG. 8. A single least-squares fit~solid line! to all the carbon
data of Fig. 6. The activation energy from the slope of the solid l
was 0.24 eV. For comparison, another least-squares fit to the 2
400 °C regime is shown~dotted line!.
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~275–400 °C! deviates at the lower temperatures more th
the length of error bars and hence it is appropriate to h
two fits to the different temperature regimes as shown in F
6. In the case of activation energy, there appears to b
negligible dose rate effect~for similar ions!.

First, we discuss the possible cause of this activation
ergy difference in terms of electronic energy deposition~Se!
or ionization. Based on the reported activation energies
about 0.3 eV, it has been proposed that the rate-limiting
fect responsible for IBIEC may be a neutral vacancyV0 of
which the migration energy is 0.33 eV.5 An ionized vacancy
V22 has a lower migration energy~0.18 eV! than the neutral
vacancy, and if ionization increases the mobility of such
fects, then it may enhance the crystallization.2,23 If defect
ionization is effective in IBIEC, a reduction of the activatio
energy can be expected with increasing ionization/de
generation ratio~i.e., Se/Sn!. In this study, four types of ion
species C, Si, Ge, and Au at 3 MeV were used for the a
vation energy measurements. The ionization energy loss~Se!
at the depth of 0.2 mm is estimated to be 1 – 3
3102 eV/Å/ion, nearly the same for the four ion specie
The ionization energy per displacement~vacancy! at 0.2mm
is 23104, 43103, 33102, and 13102 eV/vacancy for C,
Si, Ge, and Au, respectively. These values are different
more than two orders of magnitude between C and Au.
though at first sight there may be a trend for the low
ionization/vacancy value~Au! to have the highest activatio
energy of about 0.4 eV, a close examination of the data d
not indicate consistency. For example, Ge and Au are c
in terms of ionization/vacancy values, but have a large a
vation energy difference. On the other hand, there is no
ference between the Si and Ge values within experime
error. Thus no consistent relationship was found between
activation energy and possible ionization effects, and we
lieve that ionization is a minor contributing factor to IBIEC

Jackson proposed a theoretical model which appare
fits well to selected experimental data such as the dose
data near the zero growth temperature and a pulsed-b
frequency dependence.45 He mentioned that the slope of th
flat portion of the temperature dependence curve~the region
where we extract the low IBIEC activation energies betwe
thermal and amorphization regimes! has no physical signifi-
cance and should not be attributed to a separate activa
process. If the Jackson model is correct, it is natural to
serve various apparent activation energies depending on
mass and dose rate. To check whether our IBIEC data
consistent with the Jackson model, we can examine the fu
tional form obtained by Jackson for the temperature reg
where IBIEC dominates and compare it with the form of o
data. In this regime, Jackson assumed that the rate at w
beam-induced defects annihilated at or close to the inter
was fast compared with the ion arrival rate. Based on a sin
defect process controlling layer-by-layer crystallization a
amorphization at the interface, he derived the following
lation for the crystal growth rate~growth thickness normal
ized to dose! r f :

r f5c1~c22E/kT!, ~3!

whereE is the activation energy for the defect migration,T is
the irradiation temperature, andc1 and c2 are constants as
n
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sociated with damage production and annihilation. In
case of Eq.~3!, Jackson actually assumed that the ratio of
defect decay rate to the ion arrival rate~which he calledg!
was large~g@1!. In the Appendix, we give further details o
the functional forms of the rate of interface motion accordi
to the Jackson model and their relation to the present stu
What is important here is thatr f is linearly dependent on 1/T
at constant dose rate, according to Eq.~3!. Indeed, Jackson
applied Eq.~3! to selected data from Ref. 46 with som
success in the temperature range close to the zero gro
temperature.

Figures 9 and 10 examine the validity of Eq.~3! for our
data from Figs. 5 and 6. The vertical axes of Figs. 9 and
are not logarithmic scales, but linear, different from t
Arrhenius plots in Figs. 5 and 6, and represent growth ra
normalized to a dose of 131016cm22 at a constant dose rate
If Eq. ~3! is valid, the data points should fit to a linear fun
tion. The dotted lines drawn in Figs. 8 and 9 represent le
squares fits of a straight line to the data points. A simi
nonlinear behavior is observed for all ion species and is p
ticularly significant for C, where measured growth rates
substantially higher than the fitting lines at low and hi
temperatures. Based on the consistency of the data fo
masses, it is difficult to see how experimental error or ot
factors could have caused this discrepancy from a lin
form for the following reasons. We note again that grow
thicknesses were calculated with controls which underw
the same temperature treatment as ion-irradiated areas
hence the contribution of pure thermal epitaxy can be
glected. Thus the higher regrowth rates in the hig
temperature regime of Figs. 9 and 10 are not due to a c
tribution from thermal epitaxy. We can also explore t
lower-temperature regime of Figs. 8 and 9. In this case,

FIG. 9. Linear regrowth rate normalized to dose as a function
reciprocal temperature for 3 MeV Au, Ge, and Si ions with a do
rate of 231012 cm22 s21 ~same as Fig. 5!. The dotted lines are
least-squares fits to data points.
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can examine the validity of the assumption, in deriving E
~3!, that g is large ~g@1!. As we show in the Appendix
wheng,1, Jackson finds that the growth rate is given by

r f5c3 exp~2E/2kT!, ~4!

where c3 is another constant depending on the irradiat
conditions. Wheng is close to 1, the functional form ofr f
changes from Eq.~4! ~at the low-temperature regime! to Eq.
~3! ~at the high-temperature regime! with increasing tem-
perature, showing an overall nonlinear behavior. Howev
we note again that Jackson fitted Eq.~3! ~g@1! to Xe growth
data on both sides of the zero growth temperature. In the
of Figs. 8 and 9, we are at temperatures considerably gre
than the zero growth temperature and hence we expect thg
should be.1 @i.e., Eq. ~3! is valid#. The question may be
asked as to whetherg remains.1 for the low-temperature C
data of Fig. 10, since, for the dilute C cascades, defects
take much longer times to annihilate at lower temperatu
Nevertheless, a linear relationship does not fit the C d
very well even above 300 °C. Therefore, based on the ab
arguments, our data are not consistent with the functio
form of interface growth based on the Jackson model. In f
there are other discrepancies noted in the literature at
temperatures.29,47 For example, Goldberg recently reporte
that several activation energies are observed for the
growth temperature as a function of dose rate,47 and yet the
Jackson model assumes a single activation energy~1.2 eV!
for zero growth. These results, taken together, strongly s
gest that the Jackson model is oversimplistic for treat
IBIEC and IBIIA in terms of a single~simple! defect con-
trolling both crystallization and amorphization processes.

Carter and Nobes have proposed an alternate approa
crystallization and amorphization induced by io
irradiation,48 which has some attraction based on the res
of our study. They basically considered the motion of
amorphous/crystalline interface under ion irradiation to
controlled by three activated processes, each of which

FIG. 10. Linear regrowth rate normalized to dose as a func
of reciprocal temperature for 3 MeV C ions with a dose rate
531012 cm22 s21 ~same as Fig. 6!. The dotted line is a least-square
fit.
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dominant in a particular temperature regime. The key diff
ence between this model and that of Jackson is that Ca
and Nobes generally assumed that up to three rate-limi
~defect-mediated! processes may describe interface motio
according to the formula

R5Ra2Rt2Ri , ~5!

whereR is the rate of interface motion,Ra is an amorphiza-
tion term,Rt is the normal thermal epitaxy term, andRi is an
ion-induced epitaxy term.Ra includes both the generation o
an amorphous zone during ion bombardment, which depe
on the nuclear energy deposition rate, and a temperat
dependent~exponential! shrinkage term, which allows fo
annealing of this amorphous region through defect inter
tion following cascade quenching.Rt and Ri are exponen-
tially temperature dependent as expected and given by

Rt5ct exp~2Et /kT! ~6!

and

Ri5ci exp~2Ei /kT!, ~7!

wherect and ci are constant values andEt and Ei are the
activation energies for thermal@2.7 eV ~Ref. 7!# and ion-
induced epitaxy, respectively. Three temperature regim
were identified where~i! thermal epitaxy (Rt) dominates
crystallization at high temperatures~.400 °C!, and ~ii ! the
amorphization term (Ra) dominates at low temperature
where theRt and Ri terms are negligible.Ra is both mass
dependent and dose rate dependent since the rate of gr
of amorphous zones depends on the rate of damage pro
tion and defect annihilation. Finally,~iii ! at intermediate
temperatures, IBIEC dominates. It may be possible that
of the terms in Eq.~5! are significant over a limited tempera
ture range. For heavy ions, for example, bothRa and Ri
could be operative over a reasonably wide temperature w
dow. This would effectively increase measured activat
energies for IBIEC, if this lower-temperature range was
cluded in the measurement of IBIEC activation energi
However, even if we exclude the lowest two or three te
perature values for Au from Figs. 5 and 6, the activati
energy for Au would not be substantially lowered. This
also true for the Ge and Si data. Our result for C irradiat
is also clearly not consistent with an assumption of a sin
activation energy. Although most of the temperatures exa
ined for C are well separated from the thermal epitaxy
gime at high temperature and the amorphization regime
low temperature, we appear to measure more than one
vation energy for C. Thus our data would appear to sugg
more than one activation energy for IBIEC, covering the i
mass, dose rates and temperatures investigated, wh
Carter and Nobes argue for a single activation energy
keeping with the simplicity of this model, however, it
tempting to add more than one activation term in the IBIE
regime, corresponding to different rate-limiting process
Finally, in view of our dose rate data in Fig. 4, the Carte
Nobes model predicts thatRi should be proportional to dos
rate for the same ion mass, as we observed.

The origin of the several activation energies can thus
ascribed to several competing defect-limiting processes
sponsible for IBIEC, involving more than one type of defe

n
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Indeed, ion irradiation, depending on ion mass, can prod
a range of metastable, simple, and more complex def
which can dissociate, annihilate, and interact with
amorphous/crystalline interface. Concentrations of each t
of defect will depend on many factors such as casc
shapes, diffusivities, interaction cross sections, and disso
tion energies. The irradiation of heavy ions generates de
cascades which enhance defect annihilation or interaction
produce more complex defect structures. On the contrary
irradiation with light ions generates dilute cascades wh
decrease annihilation and increase the time constant for
fect interactions. Hence the balance of various defect ty
would depend on both average and instantaneous defect
eration rates determined by ion mass. The dissociation,
gration, interaction, and evolution of defects are clearly te
perature dependent. Consequently, irradiation with differ
ion species at different temperature would be expected
result in different activation energies for IBIEC if it is me
diated by several competing defect-interaction processe
this regard, it is interesting to note that a similar conclus
has been made to explain observations in the low
temperature range where defect production and amorph
tion dominate~i.e., IBIIA regime!. For example, Goldberg
et al. reported on activation energies of end-of-range am
phization of Si irradiated with different ion species~from C
to Xe! and noted that apparent activation energies for
process varied from 0.7 to 1.7 eV depending on ion mas49

Their result suggested that contributions of several de
interactions caused a large variation in the measured ac
tion energy which characterized the amorphization proc
for different ion mass.

Having concluded that several defect-limiting proces
appear to control IBIEC, it is reasonable to ask which def
types are most likely to be involved and how far from t
interface can they be generated. Treating the second of t
two issues first, we note that our present data do not ad
to what is already known. Indeed, we have assumed, ba
on previous studies showing the IBIEC rate to scale with
nuclear energy deposition rate at the interface, that de
generation at or very close to the interface is dominant. P
vious studies have given no strong evidence for a role
defects migrating more than ten monolayers from
interface.5 In terms of which defects may be contributin
there have been several suggestions. Earlier we indicate
attraction of vacancies of various charge states as a resu
the similar values of migration energies of these defe
compared with IBIEC activation energies. However, the c
relation between the two processes is not close enough,
ticularly with the wide IBIEC activation energies measur
in this study, to suggest that vacancy migration is the ra
limiting process controlling IBIEC. Ultimately, it is a bond
breaking event at the interface which completes crystall
tion and early IBIEC studies suggested that the rate-limit
process of IBIEC is related to the migration energy of da
gling bonds~or kinks! along the interface.45,50 This simple
model is also questionable in view of the several activat
energies measured in this study. On the other hand, the
limiting effect may be the availability of appropriate crysta
lization sites at the interface, which are controlled by t
dissociation of more complex defects at or near the interfa
ce
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Finally, it is known that divacancies in Si are annealed o
at a temperature of 200–300 °C.51,52This temperature is very
close to the transition regime where the C activation ene
in this study appears to change from a low to a high va
~Fig. 6!. Linnros and co-workers attributed divacancy diss
ciation to the origin of the time constant in IBIEC and th
reversal interface motion at low temperatures.16,46 Thus the
result of C may support divacancy dissociation as one of
defect processes responsible for IBIEC in a limited tempe
ture regime. However, the operative mechanism of IBIE
over wide temperature and energy deposition regimes
clearly more complex than previous single-defect mod
suggest. Based on our observations, it is more natura
assume that several competing defect interactions and d
ciation of defect complexes~defect soup! provide the crys-
tallization sites at the interface that mediate IBIEC.

V. CONCLUSION

This study examined the effects of ion mass on regrow
rates and activation energies in ion-beam-induced epita
crystallization of Si with five types of ions at MeV energie
A strong mass dependence was observed for both the
growth rate and activation energy. The mass dependence
not simply translate to an average dose rate dependence.
implies that the instantaneous defect generation rate de
mined by cascade shapes and defect density is an impo
factor controlling IBIEC in addition to average defect ge
eration rates. Several activation energies~0.18–0.40 eV!
were observed depending on ion mass and temperature
dicating that IBIEC cannot be characterized by a single
tivation energy. There was no consistent relationship
tween ionization and measured activation energies under
conditions of this study. The results of this study are the
fore inconsistent with previously proposed models assum
that a discrete defect controls IBIEC. More complex pr
cesses involving several types of defect interaction may
operative in IBIEC.
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APPENDIX

Jackson defined the parameterg as the ratio of the defec
decay rate to the ion arrival rate@Eq. ~10! in the Jackson
paper#:

g5N0s2at0 /t j ~A1!

5N0s2at0n0 exp~2E/kT!, ~A2!

whereN0 is the defect density created at the interface ins
the defect cylinder along the ion track,s2 is the capture
cross section for one defect by another,a is the lattice pa-
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rameter,t0 is the period of ion arrivals, andt j is the time
between defect jumps which can be described by
Arrhenius-type function with a preexponential factorn0 and
an activation energyE ~k is the Boltzmann constant andT the
temperature!. A crystal growth rate can be written@Eq. ~18!
in the Jackson paper# as

R5~L l 0
2f/s2!ln$11~g/2!@11~114/g!1/2#%2Vaf,

~A3!

whereL is the crystal volume created per defect jump,l 0
2 is

the diameter of defect distributions along the ion path,f is
the incident ion flux, andVa is the volume of amorphou
zone created by each ion. For largeg ~g@1!, Jackson de-
rived a formula for a crystal growth rate normalized to t
dose@Eq. ~21! in the Jackson paper# as

R/f5~L l 0
2/s2!@ ln~f0 /f!2E/kT#, ~A4!

where we assume that the amorphization termVaf is negli-
gible. If we define constantsc15(L l 0

2/s2) and c2

5 ln(f0 /f), then Eq.~3! in the present paper is obtaine
sincer f5R/f:
B

,

o
-

l.
n
r f5c1~c22E/kT!. ~A5!

For smallg ~g!1!, Eq. ~A3! can be approximated by

R5~L l 0
2f/s2!g1/2. ~A6!

From Eqs.~A2! and~A6!, one can write, again assuming tha
the Vaf term is negligible

R5~L l 0
2f/s2!~N0s2at0n0!1/2exp~2E/2kT!. ~A7!

If we define a constantc35(L l 0
2/s2)(N0s2at0n0)1/2, we

obtain

R5c3f exp~2E/2kT!. ~A8!

The crystal growth rate normalized to the dose is

r f5R/f ~A9!

5c3 exp~2E/2kT!.
~A10!

This is Eq.~4! in the present paper.
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