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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 effettantaneous dose rate effgctoexist 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 i¢caswte density
average dose rate, and temperature regji$e163-1829)08323-X]

[. INTRODUCTION beam irradiation at energies below the threshold for atomic
displacements induced no crystal growth, while irradiation at
lon-beam-induced epitaxial crystallizatiGfBIEC) of sili- energies above the threshold induced crystal growth. The

con has been extensively studied over the past two decadesigin of ion-beam-induced defects responsible for crystalli-
because of possible insight into fundamental crystallizatiorzation was investigated by channeled ion irradiation to re-
processes and technological importahck. lon-beam-  duce defect generation in the crystalline re§ithor low-
induced epitaxy occurs at temperatures as low as 200 °@nergy ion irradiation to confine most of the nuclear energy
while pure thermal solid-phase epitaxy is observed at highedeposition in the amorphous regibhHowever, it was diffi-
temperatures above 400 °C. Typical activation energies ofult to draw definite conclusions as to which regiae., the
IBIEC are found to be around 0.3 €¥° one order of mag- crystalline side, the amorphous region, or exactly at the in-
nitude lower than that of thermal epitax®.7 e\).” The dop-  terface is the dominant source of the defects for IBIEC.
ant dependence and orientation dependence of IBIEC are IBIEC is found to exhibit a weak dose rate dependence of
found to be weaker than those of thermal epitd®y.A  regrowth rates and also for zero growth temperattfé’
unique feature of IBIEC is that epitaxial crystallization re- Furthermore, the crystallization induced by pulsed beams
verts to ion-beam-induced interfacial amorphizatitBllA)  showed a dependence of the regrowth rate on pulse
below a zero growth temperature depending on dose ratdeequency'® Measured dependences suggested that the life-
and ion specie$!%!! time of defects contributing to crystallization was approach-
The basic mechanism of IBIEC has been discussed iimg 1 s insome cases and that defect interactions were sig-
many papers on the assumption that point defects generatedficant influencing factors. Hence it is impossible to simply
by ion irradiation induce crystallization or amorphization. correlate the regrowth rate with defect generation or nuclear
Time-resolved reflectivity was used to measure regrowthkenergy deposition at or near the amorphous/crystalline inter-
rates for comparison with calculated displacement densityace. It is important to take account of dynamic defect inter-
(vacancy concentratioras a function of depth!? The re- actions during irradiation involving migration, recombina-
growth rate was found to closely follow the generated va-+ion, and annihilation. In addition, cascade shapes.,
cancy concentration at the amorphous/crystalline interfacanstantaneous point defect distributions in collision cascades
This result suggested that the regrowth rate of IBIEC is asstrongly affect the efficiency of producing long-range mi-
sociated with point defect generation close to the interfacegrating defect$® Previous studies have not investigated or
The contribution of point defects to beam-induced crystalli-discussed this effect.
zation has been more directly demonstrated in the case of Some papers on beam-assisted annealing or crystallization
electron-beam-induced epitaxial crystallizatiSnElectron  suggested that an ionization effect from the electronic energy
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TABLE I. Irradiation conditions in this study. 2.0 T T T
Average 3MeV  350°C
Energy  dose rate Dose Tempera- 800eV/atom (a/c interface)
lon (MeV) (cm™2s7Y (cm™? ture (°C) 1.5 , 7]
Au Ag Ge Si
C 15-56 10°-5x10° 5.8x10°-2.4x10"7 150-400 L

Si  1.5-5.6 10°-5x102 3.8x10'%-9.0<10'® 250-400
Ge 1.5-5.6 X10-5x10% 3.4x10"-1.1x10'® 250-400
Ag 1.5-5.6 1x10'-5x102 2.3x10"-7.0x10" 250-400
Au 1.5-5.6 2<10%-5x102 1.2x10°-1.5x10'® 225-400

YIELD (10°counts)
o

©
o

loss contributes to the defect annealing or
crystallization'®~?2 Since defect ionization reduces migra-

tion energies of defects, activation energies of IBIEC car 0.0 1.1
give important information on possible ionization effects. ENERGY (MeV)

However, activation energies previously reported are widely i i ) _

different and range from 0.18 to 0.6 &\§:8:9.16,22-26r date, FIG. 1. Channeling spectra showing the difference in regrowth

the diversity of the measured activation energies has bedfficknesses among four different ion spedis, Ag, Ge, and Siat
considered to be due to experimental error or competing * M€V Irmadiation doses were adjusted to provide the same total
thermal epitaxy in many cases. No detailed study has beenuclear energy depositioi800 eV/atom to the initial amorphous/
. ) L . crystalline interfaces.
performed to establish the cause of this diversity.
In this study, the effects of ion mass on regrowth rates and

activation energies have been investigated for five types ditached to the sample holder.
ion species from C to Au at energies of 1.5, 3.0, and 5.6 Regrowth thicknesses after irradiation were measured by

MeV. The use of different ion species makes it possible tgon-channeling analysis with 1.5 or 2 MeV Héeams from
change cascade density and dimensions and also adjust rati$@n de Graaff accelerators. A glancing geometry with a scat-
between nuclear energy deposition and electronic energifing angle of 110tfor 1.5 MeV) or 100°(for 2 MeV) was
deposition. In addition, MeV ion beams can produce almosf‘s‘?d to enhan_ce the depth resolution. Spot sizes for the chan-
uniform damage profiles and induce higher ionization thar€ling analysis were smaller than those for the crystal
low-energy(below MeV) ion beams. This enables improved growth. Both the ion irradiation and channeling analyses

accuracy for measurement of regrowth rates and activatioere performed at two _different laboratories with different
energies. implantation and analysis systefisand both sets of results

were consistent with each other. Distributions of nuclear en-
ergy deposition and vacancy concentrations were calculated
Il. EXPERIMENTAL PROCEDURE by the TRIM code?® with a full cascade mode and an appro-

p-type (100-oriented Si(B doped, 8—12 or 1-10 cm) priate fitting.procedure. to avoid statistical quctqations in cal-
was first amorphized by Ge implantation at 200 keV to aculated proﬂl_es. The dlspla_cement energy of Si was assumed
dose of 1x10cm 2 at room temperature. The samples [0 be 14 eV in the calculation.
were cut into small pieces and then mounted on a
temperature-controlled sample holder. Silver paste and metal IIl. RESULTS
clamps were used to fix the sample with good thermal con- ’
tact. Before the irradiation for beam-induced crystallization, Regrowth thicknesses were measured for different ion
preannealing was performed at 450 °C foh invacuum to  species to evaluate the contribution of nuclear energy depo-
obtain sharp amorphous/crystalline interfaces. These praition or defect generation. In order to reduce the experimen-
cesses resulted in an amorphous layer at the surface withtal error for a light ion of which the regrowth thickness is
thickness of about 0.2m. Incoming beams were collimated much smaller than that of a heavy ion at the same dose, the
by a 2-mm-diam graphite aperture or 3-mm-diam silicon ap4rradiation dose was increased depending on the nuclear en-
erture to define irradiated areas. The sample holder was tiltegrgy deposition. Figure 1 shows typical channeling spectra of
7° off the ion beam direction to avoid channeling. The accu-the preannealed samgi&itial) and samples after irradiation
racy of irradiation doses was checked by Rutherford backwith 3.0 MeV Au, Ag, Ge, and Si at 350 °C. The dose rate
scattering(RBS) of implanted Au ions. Five types of ion was 2x 102cm ?s ! for all ions. Different doses were cho-
species(C, Si, Ge, Ag, Al from tandem accelerators were sen to provide the same total nuclear energy deposition at the
used to stimulate IBIEC. lon energies were 1.5, 3.0, and 5.6lepth of the initial amorphous/crystalline interface. The ac-
MeV, with ion charge states of1, +2, and +3, respec- tual dose was increased from X530 to 9.0x10*®cm™2
tively. The irradiation conditions used in this study are sum-with decreasing ion mass. The regrowth thickness increased
marized in Table I. A temperature rise of the irradiated areavith decreasing ion mass, while the total nuclear energy
was estimated to be less than 1 °C on the assumption that tlideposition is nearly constant for all ions within the range of
heat flow is one dimensional from the surface to the backsidéhe measured depth. If the regrowth thickness is simply pro-
of the sample. The sample temperature was stabilized withiportional to the nuclear energy deposition, it should be con-
+2°C during the irradiation as measured by thermocouplestant except for a small discrepancy due to the depth depen-
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FIG. 2. Normalized regrowth rates as a function of defect gen-  F|G. 3. Channeling spectra for 3.0 MeV Si and Ag. The
eration rate for five ion specie€, Si, Ge, Ag, and Auat three  1x 10" cm 25! Ag irradiation and 2 102cm 2s ™! Sj irradia-
energies(1.5, 3.0, and 5.6 Me)with two dose rate$2x 10> and  tion provide the same nuclear deposition rate at the initial
5x10%cm 2s™h). amorphous/crystalline interface. Irradiation doses were adjusted to

provide the same total nuclear energy depositdd0 eV/atom at
dence of the nuclear energy depositidd% at maximum in the initial interface.
this cas¢ The observed differences between the regrowth

thicknesses were much greater than the deviation in thﬁ/hererd is the regrowth thickness normalized to the number

nuclear energy depos_mon. Clearly, the crystallization Pro- s displacementsg’ is a constant value, arglis the defect
cess depends on the ion mass at constant average dose rate

and for the same total nuclear energy deposition at the imelgeneratlon_rate. Equatia@) 1S the_ca_se In F'g' 2. The curve
face. This is ascribed to different average nuclear energ? a_gooc_j f!t to the Qgta points W'th'r.] expenmental error for
deposition rates of each ion species. he |rraQ|§tlon (.)Ol'ldlltIOHS employed_ln Fig. 2.

Figure 2 shows the regrowth rates normalized to displace- Irradiation with different ion species at the same dose ratg
ments per atontdpa as a function of defect generation rate (0€am currentchanges the average nuclear energy deposi-
for five ion speciesC—Au) at three energie€.5-5.6 Meyy  tion rate or defect generation rate quite dramatically. This
and two dose rate@ x 1012 and 5x 1012cm 2s7Y). The sub-  Substantially affects the crystal growth rate as observed, and
strate temperature was 350 °C. The number of displacementgis would appear to indicate that defect-defect interactions
per atom was calculateffrom TrRiM (Ref. 28] from the at high-energy deposition rates reduce the efficiency of crys-
number of displacementsacanciesgenerated by ion or re- tal growth. In addition, the cascade sidecal energy depo-
coil collisions with substrate atoms at the interface withoutsition density per ionalso varies dramatically with ion mass.
taking account of defect migration and annihilation. TheTherefore, in order to identify the intrinsic nature of the mass
number of displacemen{sacancieswas calculated for both effect, it is necessary to adjust the nuclear energy deposition
initial and final amorphous/crystalline interfaces, and therate or defect generation rate among different ion species.
mean value was used for normalization. The normalized reThe channeling spectra in Fig. 3 show the result of such an
growth rate of C was approximately 4 times the normalizedexperiment, where the dose rate of Ag was reduced to
regrOWth rate of Au for 1.5 and 5.6 MeV, noting that the 1X 1ollcm_25_l to provide the same average nuclear en-
defect generation rate of Au was approximately 3 orders ofrgy deposition rate at the interface as Si irradiation at a dose
magnitude higher than that of C._ This behavior is similar t0,5ta of 2x 1022cm2s L. The nuclear deposition rate of Ag
Fhe ?601376 rate dependence prewpusly rePOTted for 300 ke)l 20 times the nuclear deposition rate of Si with the same
IIOBrIEC H((jaedraet al. propc()jseﬁ a dll‘lftéslon—:Jm;]te_d rr;]odel fpr Idose rate. The total doses were chosen for Ag (2.3

and demonstrated the validity of their theoretica % 10%cm3) and Si (4.5¢10cm 2) to obtain the same

curve by fitting to previously published data on dose ratetotal nuclear energy depositidd00 eV/atom at the initial

dependerjcég. The solid ling in F'.g' 2. IS a_leas_t-squares ft of interface. Figure 3 also shows the channeling spectrum for
a theoretical curve based on this diffusion-limited model. A . - )
the Ag irradiation with the same dose rate (2

simplified functional form of the curve can be written as % 1012cm 2573 as the Si iradiation. When the dose rate is

i the same, the irradiation of the heavier Ag induced less re-
re=cl = (1) growth than the irradiation of the lighter Si as shown in Fig.

. ] ] 2. However, even when the nuclear energy deposition rate
wherer 4 is the regrowth thickness normalized to the dase, \yas the same between Ag and Si, the Ag irradiation still
is a constant value, arjds the beam current. Under a simple jnqyced less regrowth than the Si irradiation. The difference
approximation, Eq(1) can be extended to observed in Fig. 3 is ascribed to a cascade size effect sepa-

rated from the average dose rate effect. In this case, the ef-
rq=c’'g (2)  fect of increased cascade density and instantaneous energy
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FIG. 4. Dose rate dependence of 3.0 MeV Au and Ag compared 10°7/T (K7)
with the fitting curve for Fig. 2. The silver data were taken from the
channeling spectra in Fig. 3. The solid line is the fitting curve

shown in Fig. 2.

FIG. 5. Temperature dependence of regrowth rates normalized
to the number of displacements for 3.0 MeV Si, Ge, and Au with a
dose rate of X10?cm 2571,
deposition density(instantaneous defect dengityor the
heavier ions probably reduced the efficiency of crystall.2x 10" to 2.4< 10" cm™2in this case. The regrowth thick-
growth. ness for Au at 225 °C was measured to be almost zeo0

Figure 4 directly compares the dose rate dependence shown in Fig. 6, and this is therefore close to the zero
3.0 MeV Au and Ag with the mass dependence shown irgrowth temperature between crystallization and interfacial
Fig. 2. Since the dose rate for Au ranged over 3 orders oémorphization regimes. We note that the zero growth tem-
magnitude, the implanted dose of Au was checked by RB$eratures for other irradiations in Figs. 5 and 6 should be less
for each spot to calibrate the dose and dose rate. The influhan 225 °C because of the relationship between zero growth
ence of any leakage or current integration problems at lowemperature, dose rate, and ion mdsBrom Fig. 6, activa-
dose ratedi.e., low beam currentcan be avoided by this tion energies for Si and Au were 0.2D.01 and 0.40
calibration procedure. The solid line shows the fitting curve=0.02 eV, respectively, which are essentially the same as
calculated for Fig. 2. The dose rate dependence of Au anthose obtained for the lower dose rate in Fig. 5. The activa-
Ag in Fig. 4 deviates from the fitting curve at low defect tion energy of C appeared to be temperature dependent. The
generation rates. The functional form for the dose rate detemperature regime for C can be conveniently divided into 2
pendence is different from the solid line and appears to fit @nd activation energies were calculated as 0182 eV
straight line (dotted ling. The results in Fig. 4, taken to- (150-275°C and 0.370.01eV(275-400 °G.
gether with those of Fig. 2, also indicate the role of the Some activation energies published to date have been de-
cascade size effect coexisting with the effect of the averagtermined from regrowth rates normalized to d8$&2*Since
defect generation rate.

Figure 5 shows an Arrhenius plot of regrowth rates nor- TEMPERATURE (°C)
malized to the number of displacements as a function of 108 200 500 200
reciprocal temperature for 3.0 MeV Si, Ge, and Au with a :
dose rate of X10*?cm ?s 1. Regrowth thicknesses were
calculated as differences between irradiated and unirradiated
(contro) samples. The control samples underwent the same
temperature treatments as the irradiated samples, and hence
pure thermal epitaxy can be neglected in this case. Different
doses were used for each ion in the range fromx1L6' to
4.5x 10'°cm™2 to obtain appropriate regrowth thicknesses
and reduce experimental error. The regrowth thickness mea-
sured by the channeling measurement was normalized to the
number of displacements in the same way as Fig. 2. Activa-
tion energies determined from Fig. 5 were (*Z902, 0.29
+0.01, and 0.380.02eV for Si, Ge, and Au, respectively.
The error values of each activation energy are the standard 10‘1 . 1'6 1'8 2'0 Y EEEY)
deviations determined from the least-squares fitting calcula- ’ ’ 10° /T (‘K_u) ) )
tion. Figure 6 also shows a similar Arrhenius plot of the
regrowth rates normalized to the number of displacements FIG. 6. Temperature dependence of regrowth rates normalized
for 3.0 MeV C, Si, and Au with a dose rate of tothe number of displacements for 3.0 MeV C, Si, and Au with a
5x10%cm ?s 1. The doses used were in the range fromdose rate of % 10'2cm 2s™%,

[ C 3 MeV .

102}

REGROWTH RATE (&/dpa)
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the regrowth rates normalized to the number of displace- Q1o4 . , .
ments can suffer from errors caused by the displacement cal- ~ t E
culation, we also determined activation energies from the a Si substrate
regrowth rates normalized to dose. Results obtained were in S
good agreement with the activation energies determined w10 3 I\X E
from Fig. 6. Therefore, the difference between the two meth- gzt c ]
ods was negligible in this study. % L\O 1
m 10° Si E
IV. DISCUSSION % }’\O .
Solid-phase epitaxy of Si is strongly influenced by the w10 & 5.6Mev A9 fu £
presence of various impurities in amorphous lay&rghis & - e 3.0MeV ]
study aims to investigate the ion mass effects caused by the z 1 o 1.5MeV
difference in radiation damaging effects, whereas the impu- < 00 e . , ,
rity effect is a chemical or electronic effect and different 103 10% 108
from a radiation damage effect. Therefore, it is necessary to PRIMARY RECOIL ENERGY (eV)

first discuss and eliminate any influence of the impurity ef- ) ) ]
fect of irradiated ions themselves. Generally speaking, the F!G- 7. Primary recoil energy and mean free path between pri-
projected ranges of irradiated ions in this study were alwayQ1a"y collision events in Si for ions used in this study. The
deeper than the amorphous/crystalline interface and almo&{t'dnted-average recoil energy given by Averbatlal. was used
all the implanted ions are distributed far from the amorphousdc.’r this plot (Ref. 34. The mean free path was defined as a mean
. - istance between collision events in which projectile ions provide

'f"‘yer: A heavy ion has a shallower prOJeCted range than %rget atoms with energies more than a displacement er{&efy
light ion, but the dose for the heavy ion was always lower ).
than that of the light ion to obtain a similar regrowth thick-
ness. Hence an impurity concentration in the amorphoutBIEC survive long after the initial annihilation process
layer does not increase very much even in the case of within individual cascades. Linnros and Holmen measured a
heavy ion with a shallower projected range. Indeed, there ifrequency dependence of regrowth rates of IBIEC with
no impurity effect of implanted Si on the crystalline growth pulsed ion beams, where the time constant of the process was
and the influence of Ag is expected to be negligfl@he  determined to be of the order of 0.3%This value is many
concentration of C, Ge, or Au at the amorphous/crystallineorders of magnitude longer than the time scale for defect
interface was estimated to be less than 0.1 at. %. At thifnteractions within a collision cascadef the order of a pi-
concentration, the impurity effects on solid-phase epitaxy areosecong as calculated by molecular dynamics
negligible3>3! Note that all samples have a Ge distribution simulations>® Our dose rate results support this conclusion,
from the amorphizing implant, with a peak concentration ofbut also suggest that defect interactions, which are enhanced
about 0.2 at.%. Despite this, the growth rate through thisvhen dose rate@efect production ratésare higher, lower
layer was nearly constant for ions of constant nuclear energghe efficiency of IBIEC.
deposition and did not vary with changing Ge concentration. The comparison of the dependences of IBIEC on ion mass
In any case, Priol@t al. measured activation energies of the and dose rate as embodied in Figs. 2 and 4 raises some
IBIEC process for Si doped with B, P, and &&hey con- interesting issues relating to defect interactions and their ef-
cluded that the activation energy was independent of théects on IBIEC. In the dose rate experimefii&g. 4), the
dopant within experimental accuracy. Based on these considgame ion was used at different dose rates and hence sizes and
erations, we conclude that the results obtained in this studgiensities of collision cascades are statistically identical for
are caused by differences in the radiation-damaging effectall (similar ion) data points. On the other hand, different ions
of ion speciedi.e., ion mass effectsand not the implanted are used at the same average dose rates in the case of the
ion itself. mass dependence experime(fgy. 2). For example, Fig. 7

A clear average dose rate dependence for MeV ions iguantifies this difference for ion species used in this study,
observed as shown in Fig. 4. This result itself is illuminatingwhere the mean free path between collisions, which produce
with regard to the operative mechanism of IBIEC. Thereprimary recoil atoms, is plotted as a function of the averaged
have been some previous dose rate data mainly for mediuprimary recoil energy. Mean-free-path calculations used the
or low energies below 1 MeV2'"*2Because of possible method described in Ref. 33, and the average primary recoil
problems with beam-heating effects and only a weak dosenergy was found as described in Ref. 34. For the irradiation
rate dependence, there have previously been no systemagnergies used in this work, Au $i@a 2 orders of magnitude
data for MeV ions except for the data near the zero growtlsmaller mean free path for recoiling collisions than C. In
temperaturé! The current study substantially improved the addition, the average recoil energies are more than 20 times
accuracy of such measurements over larger temperature ahggher for Au than C. Since the number of point defects
dose rate ranges. Small spot sizes and low average dose ratgmerated roughly scales with average recoil energy, the
were used to minimize beam heating effects. The use of Awverall cascade for heavy ions such as Au consists of over-
ions allowed us to calibrate dose and dose rate by measuririgpping subcascades involving a very high density of point
the RBS of implanted Au atoms in the sample. defects. On the other hand, light ions give rise to smaller,

A significant average dose rate dependence of IBIEGwell-separated subcascades and the overall cascade has quite
growth rate(Fig. 4) implies that the defects responsible for dilute point defect distributions. We also note that changing
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the ion mass is more significant than changing the ion energy

in terms of the density of point defect distributions in this TEMPERATURE (°C)

. " ) 5 400 300 200
study. It is additionally important to note that, at the tem- 107 — : :
peratures used in this study, point defects generated in cas- ]
cades start to diffuse after cascade quenching and some of - 3 MeV Carbon .
Q-._. 5x10'% cm™%s™"

them recombine to annihilate or form more complex defects.

Hence the nature of residual defects should strongly depend
on defect interactions and on the size and density of cas-
cades.

The issues discussed above, in terms of ion mass and
cascade density effects on the formation of stable defects,
have been previously extensively developed for defect for-
mation in metal$*° For example, a projectile-mass depen-
dence of the amorphization of metals or metallic alloys such
as Cu, NiAL, CuTi, and ZgAl was observed and interpreted
in terms of differences in the point defect density within 10" , , . L
individual cascade® % In semiconductors and Si in 14 16 1.8 2.0 22 2.4
particular’®° jon mass and cascade effects on amorphiza- 10°/T (K™)
tion have also been studied. Similar trends on irradiated met-
als were obtained for Si amorphization at low temperature%at
under electron and ion beam irradiatiinAlthough there
has been no previous study on the effect of cascade size a
density on migrating defects and induced crystallization in
silicon, there are some reports on both metals and semicomates. This implies that the assumption used in the diffusion-
ductors of relevance for the present study. For exampldimited model does not adequately cater to the difference
Rehnet al. measured the relative efficiency of different ions petween these two effects. Their paper showed that the for-
(H, He, Li, Ni, Kr at MeV energies for producing freely mula, derived from the diffusion-limited model, is a good fit
migrating defects by radiation-induced segregation of Ni-Sito the regrowth rates previously published. However, the re-
alloy.'® They observed a strong mass dependence of relativeults in the present study show that their formula does not fit
efficiency for producing long-range migrating defects, whereextended dose rate data for the same ion. Our results, there-
the efficiency decreased from 48% 2% with increasing fore, indicate that the concentration of “defects,” which sur-
ion mass. Indeed, Keskitalo and co-workers reported an ioRive recombination and annihilation following collision cas-
mass dependence of defect structuresio of the divacancy cade quenching and which mediate IBIEC, can be
V, and the vacancy-oxygen compl&) measured by deep- significantly influenced by both cascade density and average
level transient spectroscopLTS) for MeV ions(H, He, O,  energy deposition rates.

S) implanted into Sf? They ascribed the change YO/V, Previous studies on IBIEC argued for a single activation
ratio to different cascade siZer density depending on the energy which represents the rate-limiting step of IBIEC, but
ion mass'>*® Therefore, it is important to take into account in practice the measured activation energies were different
the instantaneous defect generation rdtestantaneous and ranged from 0.18 to 0.6 e\.89:16:22-26The differences
nuclear energy deposition rateamely, the local density of among reported values were considered to be due to experi-
point defects within individual cascades just after cascadenental error, competing thermal epitaxy in higher tempera-
formation, in addition to the average defect generation rateure regimes, and beam-induced amorphization at lower tem-
(average nuclear energy deposition yatBoth effects are peratures. However, the data in Figs. 5 and 6 also showed
clearly important. several activation energies from 0.18 to 0.40 eV, where dif-

Based on the above arguments, we attribute the differencerences are larger than error values calculated from the
between the energy deposition rate for different massegast-squares fitting and where extreme care was taken to
(mass dependence in Fig) and the dose rate dependenceminimize low- and high-temperature effects. Thus our results
for the same masgFig. 4) to cascade density effects. Such unequivocally indicate that IBIEC cannot be characterized
effects involve large changes in the instantaneous defect gepy a single activation energy. To some extent, our measured
eration rate per ion for different mass iofs®e Fig. 7 even activation energies are consistent with those previously re-
when the average energy deposition rate is constant. In thsorted values. In general, when a heavy ion or a lower en-
paper on the diffusion-limited model for IBIEE, Heera ergy ion is used, higher activation energies are obtained, and
et al. demonstrated a fit of g curve[see Eq(1)] to dose  when light ion with a higher energy is used, lower activation
rate data, which is actually a fit of an S¥f curve (Sn:  energies are obtained. Interestingly, a least-squares fit of a
average nuclear energy depositiowhen different ion single line for all the C dat&150—400 °Q, as shown in Fig.
masses are involvef Essentially, thg ~** curve, according 8 (solid line), exhibits an apparent activation energy of 0.24
to Heeraet al, should include both effects of the average eV, which is lower than the activation energies of Si, Ge, and
defect generation rat&lose rate dependencand instanta- Au. Hence our data indicate that the activation energy in-
neous defect generation rafmass dependenceHowever, creases as the ion mass and the instantaneous energy depo-
the dose rate dependence data in Fig. 4 deviate from thsition density is increased. It should be noted for Fig. 8 that
mass dependence curve ("4 at lower defect generation another fit(dotted line to the higher temperature regime

REGROWTH RATE (&/dpa)
o

FIG. 8. A single least-squares fisolid line) to all the carbon

a of Fig. 6. The activation energy from the slope of the solid line
was 0.24 eV. For comparison, another least-squares fit to the 275—
0 °C regime is showfdotted line.
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(275-400 °Q deviates at the lower temperatures more than TEMPERATURE (°C)

the length of error bars and hence it is appropriate to have 400 300 200

two fits to the different temperature regimes as shown in Fig. 8000 — ' ' ' ]
6. In the case of activation energy, there appears to be a 6000 [---.4 Au
negligible dose rate effecfor similar iong. 1 "\A\_

First, we discuss the possible cause of this activation en- 4000 i e 1
ergy difference in terms of electronic energy deposititg <& 2000 | A*'A--.\_ 4
or ionization. Based on the reported activation energies of 'c - A\A
about 0.3 eV, it has been proposed that the rate-limiting de- o° 0 : — : :
feclt respons_ible .for IBIEC may be a neqtra_l vacaimyof 3 1500 k. o Ge -
which the migration energy is 0.33 eé\VAn ionized vacancy o R
V2~ has a lower migration energ®.18 e\j than the neutral w1000 | S .
vacancy, and if ionization increases the mobility of such de- =z \"<-.._'
fects, then it may enhance the crystallizatfdni.If defect - 00F \‘%, 1
ionization is effective in IBIEC, a reduction of the activation % 0 ! . . A
energy can be expected with increasing ionization/defect & 400} ' ' ' ' '
generation ratidi.e., Se/Sh In this study, four types of ion g .0 Si
species C, Si, Ge, and Au at 3 MeV were used for the acti- S00F \\ i
vation energy measurements. The ionization energy(®as 200 | 0\0 .
at the depth of 0.2um is estimated to be 1-3 100 L \O |
x 107 eV/A/ion, nearly the same for the four ion species.

The ionization energy per displacemémacancy at 0.2 4m O T 7% 18 20 22 24
is 2x 10%, 4x10%, 3x10%, and 1x 10?eV/vacancy for C, 10%/T (K

Si, Ge, and Au, respectively. These values are different by

more than two orders of magnitude between C and Au. Al- FIG. 9. Linear regrowth rate normalized to dose as a function of
though at first sight there may be a trend for the lowesteciprocal temperature for 3 MeV Au, Ge, and Si ions with a dose
ionization/vacancy valuéAu) to have the highest activation 'ate of 2<10*2cm™?s™* (same as Fig. 5 The dotted lines are
energy of about 0.4 eV, a close examination of the data dod§ast-squares fits to data points.

not indicate consistency. For example, Ge and Au are closg,iateq with damage production and annihilation. In the

in terms of ionization/vacancy values, but have a large actiz,qe of Eq(3), Jackson actually assumed that the ratio of the

vation energy differencg. On the other han.d,_there is no dif- efect decay rate to the ion arrival ratehich he calledy)
ference between th.e Si and _Ge va}IueS within experimentg|,, 5 large(y>1). In the Appendix, we give further details of
error. Thus ho consistent re_Iahqns_hlp was found between thge fnctional forms of the rate of interface motion according
activation energy and possible ionization effects, and we beg, the jackson model and their relation to the present study.
lieve that ionization is a minor contributing factor to IBIEC. \ypatis important here is that, is linearly dependent on T/

_ Jackson proposed a tr_]eoretlcal model which apparentlgt constant dose rate, according to E8). Indeed, Jackson
fits well to selected experimental data such as the dose ra plied Eq.(3) to selected data from Ref. 46 with some

data near the zero growth temperature and a pulsed-beagiccess in the temperature range close to the zero growth
frequency dependené2 He mentioned that the slope of the temperature.

flat portion of the temperature dependence cutlie region Figures 9 and 10 examine the validity of E§) for our
where we extract the low IBIEC activation energies betweerbata from Figs. 5 and 6. The vertical axes of Figs. 9 and 10
thermal and amorphization regimesas no physical signifi- are not logarithmic scales, but linear, different from the

cance and should not be attributed to a separate activatioky henius plots in Figs. 5 and 6, and represent growth rates

process. If the Jackson model is correct, it is natural to O_bhormalized to a dose 0f2 10" cm2 at a constant dose rate.

serve various apparent activation energies depending on iQRg, (3) is valid, the data points should fit to a linear func-

mass and d_o;s]ehrate. -LO ChedeV\llhether our lB“.EC ?\at? alfon. The dotted lines drawn in Figs. 8 and 9 represent least-
consistent with the Jackson model, we can examine the funcg,, . ares fits of a straight line to the data points. A similar

tional form obtaingd by Jackson for th_e tgmperature regim%on”near behavior is observed for all ion species and is par-
where IBIEC dominates and compare it with the form of our

q In thi . Jack d that th h_éiﬁularly significant for C, where measured growth rates are
ata. In this regime, Jackson assumed that the rate at whictypsiantially higher than the fitting lines at low and high
beam-induced defects annihilated at or close to the interfa mperatures. Based on the consistency of the data for all
was fast compared with the ion arrival rate. Based on a singlg, 55qes it is difficult to see how experimental error or other
defect process controlling layer-by-layer crystallization andfa

o . : . ctors could have caused this discrepancy from a linear
amorphization at the interface, he derived the following re pancy

lation for th | h h thick | form for the following reasons. We note again that growth
i?ggrltootjrc:s;rcrySta growth ratégrowth thickness normal-  pjicknesses were calculated with controls which underwent
¢.

the same temperature treatment as ion-irradiated areas, and

hence the contribution of pure thermal epitaxy can be ne-
r4=_Ca(C,—E/KT), (3)  glected. Thus the higher regrowth rates in the high-

temperature regime of Figs. 9 and 10 are not due to a con-
wherekE is the activation energy for the defect migratidris  tribution from thermal epitaxy. We can also explore the
the irradiation temperature, ard andc, are constants as- lower-temperature regime of Figs. 8 and 9. In this case, we
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dominant in a particular temperature regime. The key differ-

TEMPERATURE (°C) ence between this model and that of Jackson is that Carter

60 4(.)0 . 390 . ZC.)O . and Nobes generally assumed that up to three rate-limiting
(defect-mediatedprocesses may describe interface motion,
S50l Carbon | according to the formula
£
(_oo \ 3MeV R= Ra_ Rt— Ri y (5)
© 40 . O 5x10"%em 2" . . . . .
= whereR is the rate of interface motiomR, is an amorphiza-
:30 L\ | tion term,R; is the normal thermal epitaxy term, aRdis an
'E‘_: A ion-induced epitaxy ternR, includes both the generation of
< \O an amorphous zone during ion bombardment, which depends
£ 20t \O 1 on the nuclear energy deposition rate, and a temperature-
3 N dependent(exponentiadl shrinkage term, which allows for
@10} O\O& g annealing of this amorphous region through defect interac-
o 0. . . .
o—o tion following cascade quenchinr; and R; are exponen-
0 ; . tially temperature dependent as expected and given by

1.4 1.6 118 210 2.2 2.4
10°/T (K™) R.=c,exp(— E,/kT) (6)

FIG. 10. Linear regrowth rate normalized to dose as a functiorand
of reciprocal temperature for 3 MeV C ions with a dose rate of
5x10%2cm ?s ! (same as Fig.)6 The dotted line is a least-squares Ri=c; exp(—E;/KT), @)
fit.
wherec, andc; are constant values arie, and E; are the
can examine the validity of the assumption, in deriving Eq.2ctivation energies for therm@p.7 eV (Ref. 7] and ion-
(3), that y is large (y>1). As we show in the Appendix, induced epitaxy, respectively. Three temperature regimes

when y<1, Jackson finds that the growth rate is given by Were identified where(i) thermal epitaxy R;) dominates
4 g g y crystallization at high temperaturés400 °Q), and (ii) the

r »=Czexp(— E/2kT), (4 ~ amorphization term R,) dominates at low temperatures
where theR; and R; terms are negligibleR, is both mass

where c; is another constant depending on the irradiationdependent and dose rate dependent since the rate of growth
conditions. Wheny is close to 1, the functional form af,  of amorphous zones depends on the rate of damage produc-
changes from Eq4) (at the low-temperature regimé Egq.  tion and defect annihilation. Finallyjii) at intermediate
(3) (at the high-temperature regim&ith increasing tem- temperatures, IBIEC dominates. It may be possible that two
perature, showing an overall nonlinear behavior. Howeverpf the terms in Eq(5) are significant over a limited tempera-
we note again that Jackson fitted E8). (y>1) to Xe growth  ture range. For heavy ions, for example, b&p and R;
data on both sides of the zero growth temperature. In the cas®uld be operative over a reasonably wide temperature win-
of Figs. 8 and 9, we are at temperatures considerably greatdow. This would effectively increase measured activation
than the zero growth temperature and hence we expecythatenergies for IBIEC, if this lower-temperature range was in-
should be>1 [i.e., Eq.(3) is valid]. The question may be cluded in the measurement of IBIEC activation energies.
asked as to whetherremains>1 for the low-temperature C However, even if we exclude the lowest two or three tem-
data of Fig. 10, since, for the dilute C cascades, defects mayerature values for Au from Figs. 5 and 6, the activation
take much longer times to annihilate at lower temperaturesnergy for Au would not be substantially lowered. This is
Nevertheless, a linear relationship does not fit the C datalso true for the Ge and Si data. Our result for C irradiation
very well even above 300 °C. Therefore, based on the abovis also clearly not consistent with an assumption of a single
arguments, our data are not consistent with the functionactivation energy. Although most of the temperatures exam-
form of interface growth based on the Jackson model. In factined for C are well separated from the thermal epitaxy re-
there are other discrepancies noted in the literature at logime at high temperature and the amorphization regime at
temperature$’*’ For example, Goldberg recently reported low temperature, we appear to measure more than one acti-
that several activation energies are observed for the zengation energy for C. Thus our data would appear to suggest
growth temperature as a function of dose f4tand yet the more than one activation energy for IBIEC, covering the ion
Jackson model assumes a single activation en€teV)  mass, dose rates and temperatures investigated, whereas
for zero growth. These results, taken together, strongly sugcarter and Nobes argue for a single activation energy. In
gest that the Jackson model is oversimplistic for treatindkeeping with the simplicity of this model, however, it is
IBIEC and IBIIA in terms of a singlgsimple defect con- tempting to add more than one activation term in the IBIEC
trolling both crystallization and amorphization processes. regime, corresponding to different rate-limiting processes.

Carter and Nobes have proposed an alternate approach Einally, in view of our dose rate data in Fig. 4, the Carter-
crystallization and amorphization induced by ion Nobes model predicts th& should be proportional to dose
irradiation?® which has some attraction based on the resultsate for the same ion mass, as we observed.
of our study. They basically considered the motion of an The origin of the several activation energies can thus be
amorphous/crystalline interface under ion irradiation to beascribed to several competing defect-limiting processes re-
controlled by three activated processes, each of which wasponsible for IBIEC, involving more than one type of defect.
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Indeed, ion irradiation, depending on ion mass, can produce Finally, it is known that divacancies in Si are annealed out
a range of metastable, simple, and more complex defec@t a temperature of 200—300 ®E°>This temperature is very
which can dissociate, annihilate, and interact with theclose to the transition regime where the C activation energy
amorphous/crystalline interface. Concentrations of each typ# this study appears to change from a low to a high value
of defect will depend on many factors such as cascadéFig. 6). Linnros and co-workers attributed divacancy disso-
shapes, diffusivities, interaction cross sections, and dissoci&lation to the origin of the time constant in IBIEC and the
tion energies. The irradiation of heavy ions generates dend€versal interface motion at low temperatute$? Thus the
cascades which enhance defect annihilation or interactions #&Sult of C may support divacancy dissociation as one of the

produce more complex defect structures. On the contrary, thi€fect processes responsible for IBIEC in a limited tempera-
irradiation with light ions generates dilute cascades whicHUre regime. However, the operative mechanism of IBIEC
gver wide temperature and energy deposition regimes is

fect interactions. Hence the balance of various defect typeglearly more complex than previous ;lngle-defect models
Suggest. Based on our observations, it is more natural to

would depend on both average and instantaneous defect ge ssume that several competing defect interactions and disso-

eration rates determined by ion mass. The dissociation, mi; .- ¢ Jefect complexetdefect soup provide the crys-
gration, interaction, and evolution of defects are clearly temigjization sites at the interface that mediate IBIEC

perature dependent. Consequently, irradiation with different
ion species at different temperature would be expected to
result in different activation energies for IBIEC if it is me-
diated by several competing defect-interaction processes. In This study examined the effects of ion mass on regrowth
this regard, it is interesting to note that a similar conclusiorrates and activation energies in ion-beam-induced epitaxial
has been made to explain observations in the lowererystallization of Si with five types of ions at MeV energies.
temperature range where defect production and amorphiz# strong mass dependence was observed for both the re-
tion dominate(i.e., IBIIA regime). For example, Goldberg growth rate and activation energy. The mass dependence did
et al. reported on activation energies of end-of-range amorhot simply translate to an average dose rate dependence. This
phization of Si irradiated with different ion speciésom C  implies that the instantaneous defect generation rate deter-
to Xe) and noted that apparent activation energies for thénined by cascade shapes and defect density is an important
process varied from 0.7 to 1.7 eV depending on ion ass. factpr controlling IBIEC in gdd_ltlon to average defect gen-
Their result suggested that contributions of several defec@ration rates. Several activation energi@l18-0.40 ey
interactions caused a large variation in the measured activi/€ré observed depending on ion mass and temperature, in-

tion energy which characterized the amorphization procesg'caf"ng that IBIEC cannot be charact_enzed by a smg_le ac-
for different ion mass. tivation energy. There was no consistent relationship be-

Having concluded that several defect-limiting processe&ween ionization and measured activation energies under the

aopear to control IBIEC. it is reasonable to ask which defec onditions of this study. The results of this study are there-
P ) ' : ore inconsistent with previously proposed models assuming
types are most likely to be involved and how far from the

. ) that a discrete defect controls IBIEC. More complex pro-
mter_face can they be generated. Treating the second of theégsses involving several types of defect interaction may be
two issues first, we note that our present data do not add UDserative in IBIEC
to what is already known. Indeed, we have assumed, base(P '
on previous studies showing the IBIEC rate to scale with the

nuclear energy deposition rate at the interface, that defect ACKNOWLEDGMENTS
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compared with IBIEC activation energies. However, the cor-

relation between the two processes is not close enough, par-
ticularly with the wide IBIEC activation energies measured
in this study, to suggest that vacancy migration is the rate- Jackson defined the parameteas the ratio of the defect

limiting process controlling IBIEC. Ultimately, it is a bond- decay rate to the ion arrival raf&€q. (10) in the Jackson
breaking event at the interface which completes crystallizapapet:

tion and early IBIEC studies suggested that the rate-limiting

V. CONCLUSION

APPENDIX

process of IBIEC is related to the migration energy of dan- y= |\1002a7-0/7-j (A1)
gling bonds(or kinks) along the interfac&>>° This simple
model is also questionable in view of the several activation = Nyo2aryvy exp(—E/KT), (A2)

energies measured in this study. On the other hand, the rate-

limiting effect may be the availability of appropriate crystal- whereNg is the defect density created at the interface inside
lization sites at the interface, which are controlled by thethe defect cylinder along the ion track;? is the capture
dissociation of more complex defects at or near the interfacecross section for one defect by anothars the lattice pa-
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rameter, 7, is the period of ion arrivals, and is the time
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I’¢=C1(C2—E/kT). (AS)

between defect jumps which can be described by an

Arrhenius-type function with a preexponential facigyand
an activation energk (k is the Boltzmann constant aficthe
temperaturg A crystal growth rate can be writtdiq. (18)
in the Jackson papkas

R=(Al3¢/a?)In{1+ (y/2)[ 1+ (1+4ly) Y2} =V, &,
(A3)

whereA is the crystal volume created per defect jurkﬁjis
the diameter of defect distributions along the ion pahs
the incident ion flux, and/, is the volume of amorphous
zone created by each ion. For large(y>1), Jackson de-

rived a formula for a crystal growth rate normalized to the

dose[Eqg. (21) in the Jackson papkas
R/ ¢p=(A13/a?)[In( ol ) —EIKT], (A4)

where we assume that the amorphization t&tp is negli-
gible. If we define constantscl=(AI(2)/crz) and c,
=In(¢y/¢), then Eq.(3) in the present paper is obtained
sincer ,=R/¢:

For smally (y<1), Eqg. (A3) can be approximated by
R=(Al3¢l )y, (AB6)

From Egs(A2) and(A6), one can write, again assuming that
theV,¢ term is negligible

R=(AlZ¢/ %) (Ngo?arore) Y2exp —E/2KT). (A7)

If we define a constant;=(Al3/0?)(Ngo?aryrg)t? we
obtain

R=c5¢ exp(—E/2KT). (A8)
The crystal growth rate normalized to the dose is
ro=Rl¢ (A9)
=czexp —E/2KT).
(A10)

This is Eq.(4) in the present paper.
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