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in Au-ion-irradiated 6 H-SIC

W. Jiang¥ Y. Zhang, and W. J. Weber
Pacific Northwest National Laboratory, P.O. Box 999, Richland, Washington 99352, USA
(Received 8 April 2004; published 25 October 2p04

Disorder accumulation and amorphization iH-8iC single crystals irradiated with 2.0 MeV Auions at
temperatures ranging from 150 to 550 K have been investigated systematically based on 0.B4 blew-
neling analyses along th®001) axis. Physical models have been applied to fit the experimental data and to
interpret the temperature dependence of the disordering processes. Results show that defect-stimulated amor-
phization in A¢*-irradiated &1-SiC dominates the disordering processes at temperatures below 500 K, while
formation of clusters becomes predominant above 500 K. Two distinctive dynamic recovery stages are ob-
served over the temperature range from 150 to 550 K, resulting from the coupled processes of close-pair
recombination and interstitial migration and annihilation on both sublattices. These two stages overlap very
well with the previously observed thermal recovery stages. Based on the model fits, the critical temperature for
amorphization in Bl-SiC under the A& ion irradiation conditions corresponds to 501+10 K.
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[. INTRODUCTION semiconductor and nuclear applications. The data for higher
temperatures are still largely absent, and the disordering be-
Over the last decades, considerable efforts have been dRravior is less understood. This paper reports the dependence
voted to the study of radiation effects and defect recoveryf disorder accumulation and dynamic recovery i-8iC
processes in silicon carbidésiC). The research has been on irradiation temperature, and an interpretation of the ex-
greatly inspired due to the many outstanding propertieperimental results is given based on model analysis of the
(wide band gap, high thermal conductivity and stability, highdata.
breakdown electric field strength, high saturated drift veloc-
ity, etc) that make SiC a prominent candidate for high-

temperature, high—powgr and high?f_reque_ncy microelectronic Il. EXPERIMENTAL PROCEDURES
and optoelectronic devicég.In addition, SiC has been pro- o _ ..
posed for structural components in fusion reactared clad- Irradiation with 2.0 MeV Ad* ions was performed 60°

ding materials for gas-cooled fission reactbmshere high- ~ Off the surface normal in different areas @001-oriented
temperature and high-radiation environments are involved. AH-SiC single crystal wafers at various temperatures ranging
fundamental understanding of the disordering behavior ifrom 150 to 550 K. A chromel-alumel thermocouple was
SiC is essential to advance its utilization in these applicaclamped onto the sample surface for temperature measure-
tions. ments. lon fluences up to 15 Aunn? were applied to pro-
Since irradiation-induced amorphization processes aréuce damage levels from low defect concentrations to the
both fundamentally and technologically important, variousfully ~amorphous state. lon fluxes ranged from
physical models for amorphization in different structures and®.0038 to 0.0087 Atf/nn¥/s, representing only a small
compositions of ceramic materials have been developed ari@riation at different irradiation temperatures, as given in
reviewed® Although these models yield insights into the ki- Table 1. Also included in Table I is the local dose rate in
netics of amorphization, very few experimental data aredisplacements per atom per secofpa/g at the damage
available to determine the parameters for most of the existingeak. The local dose rate was obtained from the ion flux
models. A simple, useful model for disorder accumulationusing a conversion factdi0.6273 dpafAu*/nm?)] calcu-
has been recently proposed to account for the total disorddated from thesrimo7 simulation!® where the displacement
that consists of the contributions from amorphization, pointenergy was taken as 20 eV for C and 35 eV for Si sublattice,
defects, in-cascade clusters, and extended defect cl@stershich are recommended values based on molecular dynam-
Experimentally, ion-channeling methods based on Rutherics simulations and experimental resuft$s combination of
ford backscattering spectrometfigBS/C) or a combination  0.94 MeVD* ?Si(d, d)**Si RBS/C and““C(d,p)**C NRA/C
of RBS/C and nuclear reaction analy§idRA/C) have been at the scattering angle of 150° was used to simultaneously
frequently employed in the studies to quantitatively deter-determine the disorder on both the Si and C sublattfcas
mine the degree of disorder in S*> While most of the the depth(116 nm of the damage peak. The analyzing
previous irradiation studies on disorder accumulation in SiCbeam, which was centered in each irradiated area, had an
were carried out at or below room temperature, disorderingingular dispersion of less than 0.05° and induced negligible
processes in SiC at higher temperatures, which involve sigdamage in the investigated depth region during the channel-
nificant defect recovery and efficient interstitial precipitationing analyses. For the Atiirradiations below room tempera-
processes during ion irradiation, may be more relevant taure, the irradiated samples were maintained at or below the
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TABLE I !Ex.peri.mental .conditions used in this study for the ol sIH-sn: |
Au?* ion irradiation in 6H-SiC. 2 Mev ac®*
wogh * 150K i
Temperature lon flux Dose rate -§ a; ;ggﬁ
(K) (Au?*/nné/s) (dpa/9 go‘e < 300K ]
- O 370K
150 0.0066 0.004 14 n v 410K
170 0.0038 0.002 38 204 s
250 0.0043 0.002 70 50‘2 o
300 0.0063 0.003 95
370 0.0049 0.003 07 0.0
410 0.0050 0.003 14
450 0.0087 0.005 46
500 0.0042 0.002 63 10
550 0.0087 0.005 46
508
B
irradiation temperature during the interim technical proce- i§°'6
dures for switching from Aff to D* ions and realigning the 7)
irradiated crystal to the incide@* beam and duringn situ 50.4
channeling analysis. For irradiations at or above 300 K, dis- 2
order measurements were perforniegitu at room tempera- o2
ture. These procedures are considered important to minimize
0.0

. - 0.01 0.1 1 10
channeling analysis. Dose (dpa)

the thermal recovery of disorder in the samples prior to the

FIG. 1. Relative disorder at the damage pédépth=116 nm
1. RESULTS AND DISCUSSION on (a) the Si and(b) C sublattices as a function of local dose in
displacements per atomdpa for 6H-SiC irradiated with
2.0 MeV A" ions at temperatures ranging from 150 to 550 K.
The accumulated disorder at the damage pé&ddépth  The solid lines are the model fits to the data using Etjs<(4).
=116 nm for both the Si and C sublattices is shown in Fig.
1 as a function of dose fort6 SiC irradiated at temperatures f,=1-(0,+ oJl{os+ o,exfd(o,+ odD]}, (2)
ranging from 150 to 550 K. The disorder was extracted
from the 0.94 MeVD* (000))-aligned RBS/C and NRA/C
spectra using a linear dechanneling approximatiofihis  where o, is the amorphization cross section for the direct-
simple method is useful to obtain the disorder at the damaginpact processgs is the effective cross section for defect-
peak with comparable precision to an iterative procedure thagtimulated amorphization, and is the local dose. As dis-
can extract the depth profile of disord&r?°The solid lines cussed in detail elsewhetethe DI/DS model [Eq. (2)]
in the figure are data fits using a recent mddéh this  provides an analytical solution to the amorphization rate
model, the total disordefS, produced under ion-beam irra- within the Hecking modet?
diation and measured by ion-channeling methods is given by The contribution of irradiation-induced point defects is
the expressidh based on a simple defect accumulation mééétrather than
the Hecking modet? and is expressed by the relatfgi

A. Disorder accumulation

S=fat S+ S, (1)
. o Si=S1-exd-BD)](1-fo), (3)
where f, and S; are the contributions from irradiation-
induced amorphization and irradiation-induced point defects
and in-cascade clusters in the residual crystalline regionirnryheresfj is the saturation value for the defect-induced disor-
respectively’! The third term(S,) corresponds to the contri- der observed along a specified channel direction, which is
bution from extended defect clusters or precipitates formegbroportional to the local displacement rate, @ propor-
at high temperatures. A related model for disorder accumutional to an effective recombination volume for the specific
lation based on a rate-theory expression was proposed iefects giving rise t&;. As noted previousl§?! Eq. (3) is
Hecking and co-workers for silicotf,but a complete analyti- consistent with the observed behavior for the accumulation
cal solution is unavailable. of point defects in electron-irradiated Sf€.
The amorphous fractionf,, is well described using a As a first-order approximation, the disorder accumulation
direct-impact/defect-stimulated (DI/DS) model for due to extended defect clusteégshas a form similar to the
amorphizatior? point defect productiof,
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TABLE Il. Model parameters from fits of Eq$1)—«4) to the experimental data in Fig. 1.

Si sublattice C sublattice
T Oy O B R Oy O B R
(K) (dpal) (dpa?l) S* (dpa®) S (dpal) (dpa?) (dpa?) S* (dpa®) S (dpa®)
150 2.0 51.5 0.045 100 0.0 2.0 51.5 0.060 100 0.0
190 2.0 50 0.042 100 0.0 2.0 48.0 0.055 100 0.0
250 2.0 30 0.032 100 0.0 2.0 28.0 0.050 100 0.0
300 2.0 20.7 0.025 100 0.0 2.0 20.3 0.040 100 0.0
370 2.0 20.0 0.020 100 0.0 2.0 19.5 0.030 100 0.0
410 1.30 17.0 0.015 100 1010 12 1.30 15.0 0.025 100 %1010 12
450 0.80 7.85 0.010 100 0.030 12 0.80 5.95 0.020 100 0.039 12
500 0.08 1.66 0.007 100 0.120 12 0.08 0.78 0.010 100 0.125 12
550 0.0 ‘e 7x107* 100 0.115 12 0.0 e 1x1073 100 0.120 12
SC:SZ[]_ -exg—-RD)J(1-f,), (4) discussed further below. It is noted that the model fits for

both the Si and C sublattices deviate from the experimental
data at doses above 1 dpa for the irradiation at 550 K. This
could be attributed to several effects. The primary disorder-
ing process at this temperature is associated with the forma-

. ) Clion of stacking faults and dislocation loops during irradia-
treatment of clustering requires a rate-theory approach, &gy |nteractions between the interstitial precipitates and the

suggested in the Hecking modélbut is beyond the scope of |atice atoms at this temperature can cause a deformation of
the present investigation. _ the local crystal structure, which enhances the backscattering
Based on Eqs(1)—(4), the fitting parameters for the Si yjeld. Likewise, the possible formation of vacancy clusters
and C data in Figs. (&) and Xb), respectively, are summa- or voids within the crystal structure can also modify the local
rized in Table II. The dotted spaces Riat and below 370 K structure and result in additional lattice displacements. More-
indicate that theS; term [Eq. (4)] was not included in the over, a possible change in diffusion efficiency due to the
data fitting, and those fors at 550 K mean that defect- modification of the local structures and compositions of the
stimulated amorphization does not play a role sifige0  implanted Au could lead to an alteration of the disordering
when 0,=0 [see EQ.(2)]. Parameter8 and R are only behavior at the damage peak, since substantial diffusion of
weakly dependent on irradiation temperature, and the valuese Si(and Q interstitials occurs during Ad irradiation in
of B andR, which are the same for the Si and C sublatticesgH-SiC at 550 K* In spite of these possible effects that
were estimated to be 100 and 12 dpaespectively, over the could increase the total disorder, the level of total disorder at
entire temperature range investigatgdb0—-550 K. While  the damage peak is relatively low because a great majority of
o is slightly sublattice dependeriteflecting the different point defects produced during Auirradiation are simulta-
mobilities of defects on the sublattices in $iG, is identical  neously recovered at this temperat(5&0 K).
for the Si and C sublattices because of the stoichiometric The fitting results for the Si sublattice at 150, 300, 500,
nature of the amorphous state in Si®., no local enhance- and 550 K are shown in Figs(@-2(d), respectively, along
ment in either elementSome physical constraints were ap- with the contributions from each of the modeled processes
plied during the fitting procedure. For instan&g decreases (amorphization, point defects and in-cascade clusters, and
with irradiation temperature, whilg, contributes to the total precipitates The results for the C sublattice exhibit similar
disorder only at higher temperatures, where loop formation i$ehavior and thus, are not discussed here. There are several
observed. prominent features involved in the disordering processes
In Fig. 1, there is a similar disordering behavior on the Siover this temperature range. At temperatures below 300 K,
and C sublattices inH-SiC under the irradiation conditions. amorphization processes dominate over nearly the entire
The accumulation curve shifts to a higher dose with increasrange of dosgFigs. 2a) and 2b)]. Point defect production
ing temperature due to a higher rate of simultaneous recowat 150 K contributes significantly to the total disorder at low
ery at higher temperatures. The dose shift is very small bedoses below 0.02 dpa. However, the concentration of point
tween 150 and 190 K and between 300 and 370 Kdefects that survive in the irradiatedH&5iC decreases no-
indicating that two dynamic recovery stages exist over theaiceably at 300 K and effectively vanishes at 550 K. Intersti-
irradiation temperature range between 190 and 300 K, antlal precipitation does not play an important role until the
above 370 K. The amorphization dose increases fronirradiation temperature reaches about 500 K, where the Si
0.12 dpa at 150 K to 3.76 dpa at 500 K. Complete amorinterstitials also become mobile. At 500 K, nucleation and
phization does not occur at 550 K for doses up~th0O dpa, growth of clusters are the dominant disordering process at
where defect precipitation is a dominant process as will beloses below 0.3 dpa, and continue to significantly contribute

whereS; is the saturation value of disorder due to formation
of the extended clusters ailis proportional to an effective
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FIG. 3. Model parameters,, S, andS.” as a function of irra-
diation temperature. The solid lines are drawn for different param-

10f 20 . eters to guide the eye.
5 o0sl i to the total disorder up to doses of about 1 dpa. Amorphiza-
g 6H-SIC tion is not active below about 0.1 dpa at 500 K, but domi-
g 06l 300K 1 nates the disordering process above 1 fiig. 2c)]. Com-
& — Total Disorder plete amorphization at 550 K does not occur in the?’Au
© 04 —0— Amorphization irradiated 6H-SIC, and the predominant disordering process
2 —4— Point Defects & at this temperature is defect precipitatidfig. 2(d)]. In gen-
K] Small Clusters .
@ 0.2 —o— Precipitates eral, for temperatures at or below 500 K, greater contribu-
@ © tions to the total disorder are found for point defe(@s ) at
0.0 1 low doses, for extended clustefsc*) at low to medium
0.1 1 10 N :
Dose (dpa) doses, and for amorphizatign, and o) at higher doses. As

expected, the results are consistent with those forirédi-
ated 4H-SiC over a similar temperature rafige.

1or 6H-SIC Figure 3 shows the temperature dependence of the amor-
5 oslh 500 K phization cross sectlo(loaz and the saturation values for
'g ' defect-induced disordefS,; ) and for precipitated clusters
2 0| _T_Xma' Disorder | (S.) in Au?* irradiated 6H-SiC observed along tk@001)
morphization d .
& —A— Point Defects & axis. Because of the shadowmg effects from (@601
Q 04t Small Clusters / 1 atomic strings in 6H-SiG! the S, value will be greater,
£ —v— Precipitates particularly for the C sublattice, when viewed along other
E) 0.2} . off-axes for the channeling measurements. From Fig. 3 and
e © Table II, the parametety,, for both the Si and C sublattices
O : 0 remains constant at 2.0 dpdetween 150 and 370 K, above
Dose (dpa) which the o, value decreases with increasing temperature
and vanishes at500 K. The constant value of, in the low
T y T temperature range indicates that the amorphization process
1or 6H-SIC 7 due to direct impact of Atf ions onto 6H-SiC crystals is not
% 05| 550 K | significantly affected by thermal processes during ion irra-
- ) diation at the low temperatures. Between 370 and 500 K,
2 06l Iletzﬁ;"a’g:; ] however, more thermal processes become active, which de-
; —A— Point Defects & crease the amount of direct-impact amorphization. With the
© 04} Small Clusters i increase of temperature in this range, a larger amount of
£ v~ Precipistes amorphization from the direct-impact process is prohibited
n?:’ 02} ] due to the increasing rate of competitive recovery processes,
e @ r.esultin.g i|j a _mpnotonic decrease in tlwg value. For
0.0 Xy X : 10 Ilghte_r-lon |rrad|at|on_s that produce a .Iowe.r damage energy
’ Dose (dpa) density, the amorphization cross section, is expected to

start decreasing at lower temperatures. Again from Fig. 3, the
fitting parameters, , decreases linearly with irradiation tem-
perature, andS, becomes a nonzero value at 450 K and

FIG. 2. Model-fitting results for disorder accumulation in 6H- increases to~0.12 at 500 and 550 K. The decrease in the

production rate of stable point defects with increasing tem-

SiC irradiated ata) 150 K, (b) 300 K, (c) 500 K, and(d) 550 K
with corresponding contributions from amorphization, point defectsperature is primarily attributed to more probable recombina-
and in-cascade clusters, and extended defect clugiegsipitates  tion events for close pairs and the annihilation of mobile
as a function of dose at the damage peak. interstitials at sinks. In general, interstitial migration and ag-
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TABLE lll. Activation energies(eV) measured for dynamic re-
so0b 6H-SiIC | covery in 6H-SiC in this study and predicted from molecular dy-
e os?ieolz v 2MeV AuZ* namics simulations in 3C-Si(Refs. 27 and 2P
=0. .2 ©
0} ) 1
— s z g' Dynamic C close Siclose Interstitial
'g 30} recovery pairs pairs migration
°©
w20t . j'gg:(;'uv. Stage |  0.7£0.2 0.9Sirc)  0.74(C)
S % Stage Il 1.3+0.2 1.3C-Si(110) 1.53(Si)
10 [ 1 1.6(Cro)

0 . , . A
100 200 300 400 500

Irradiation Temperature (K) 450 K2 however, the results in the present study are consis-
tent with the thermal annealing observed in 4H-SiC over the

due to thermal or irradiation-enhanced processes. The recov-
ery rate,K(T), for the irradiation enhanced or thermal an-
nealing process at temperatufie,can be expressed by

o
[S)
T

08rf 1 same temperature rangke.

6H-SIC Simultaneous recovery of the defects produced during ion
So6l Stage | 2 MeV Au** | irradiation may occur due to close-pair recombination and
B . long-range migration of point defects that result in recombi-
o] & Si : T . . .
@ AC nation or annihilation of the point defects in the crystalline
‘03,04 - Stage i | state and point defect annihilation or epitaxial recrystalliza-
= 4 tion at crystalline—amorphous interface. The recovery can be
©
©
14

(b)

0.0 1 1 L 1
100 200 300 400 500 = —
Annealing Temperature (K) K(T) = v exp(- B/kT), ®)

wherev is the effective attempt frequendy, is the activa-
FIG. 4. (a) Effective cross section for defect-stimulated amor- tjgn energy for an irradiation-assisted or thermal recovery
phization (o) as a function of irradiation temperature. The solid process, anét is the Boltzmann constant. The effective cross
line is the model fit from Eq(6); (b) isochronal recovery20 min  gaction for defect-stimulated amorphizatien, is dependent

of relative disorder on the Si and C sublattices in’Airradiated on K(T), and the temperature dependencespis given by
6H-SIiC as a function of annealing temperature. The solid line i%he exp,ressioﬁ'

drawn to guide the eye.
0s= 0y~ K(M)/p = oy — (vl p)exp(— E/KT), (6)
gregation produce extended defect clusters, and elevate

temperatures expedite the precipitation process. It is ex\{%erg the quant|t|ea"> anda_sf are the dose .ratéﬂpa/s) and
ffective cross sectiofidpa~) for defect-stimulated amor-

pected that the size of the precipitates increases with increa§) €Ct" i
ing ion fluence and irradiation temperature. phization atT=0 K, respectively. Based on recent molecular

dynamics(MD) simulations’’ the value ofv for close-pair
recombination in SiC ranges fromx310*? to 5x 104 s™.
Since most dynamic recovery will occur within the cascades,
Also of interest is the dynamic recovery during ion irra- a value ofv=103 s is assumed for the data fitting. Under
diation, since this process controls the temperaturethe experimental conditions of this studiable |, the aver-
dependent behavior during irradiation. Of the model paramage damage rate is abouk30 2 dpa/s. Using these values
eters used to fit the temperature dependent datas the for v and ¢, Eq.(6) has been fit to the results in Figa), as
primary parameter controlling amorphization. The values ofindicated by the solid curve. The values fey are deter-
o5 are shown in Fig. @) as a function of temperature for mined to be 50 and 20 dpa and the activation energies,
both the Si and C sublattices, and the results indicate twavhich are summarized in Table Ill, are 0.7+0.2 and
well-defined stages of decreasiagthat are due to dynamic 1.3%0.2 eV for the first and second dynamic recovery stages,
recovery processes. There is no significant difference in theespectively. The errors on the activation energies are asso-
behavior for Si and C, which is expected since amorphizaciated with uncertainties in the absolute temperatures and in
tion is largely a stoichiometric process. The dynamic recovihe value forv. The activation energy of 1.3+0.2 eV for the
ery stages represented in Figiagare similar to thermal second stage dynamic recovery is in excellent agreement
recovery stages previously observed during isochronal arwith the value of 1.3 eV determined for dynamic annealing
nealing of 6H-SiC irradiated with 2 MeV Ati,?® as shown in 4H-SiC by Kuznetsoet al28 This value is higher than the
in Fig. 4(b). While the incremental temperature steps arevalue of 0.9 eV estimated for the activation energy from the
larger in the prior thermal annealing study, there is a cleacritical temperature for amorphization in 4H-Si€but that
correlation between the dynamic and thermal recovenstudy assumea=10° s™%. If one assumes the same value of
stages. In contrast, 4H-SiC irradiated with* Abns exhibits v as in the present study, the results from that study yield an
rather continuous dynamic recovery between 150 andctivation energy of 1.25 eV in agreement with the results

B. Dynamic recovery
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here and those of Kuznetsat al?® While none of these sk

studies provided rigorous determinations of activation ener- =4 6H-SiC

gies, the results based on the different methodologies are ) 2 MeV AuZ

similar and suggest that the activation energy for the recov- 23F Stage Il ]

ery process that inhibits amorphization in SiC appears to be a E,=141ev

on the order of 1.3 eV. S2f N 1
Since the near-neighbor environments in the 6H and 3C ‘g’ Stago !

polytypes are the same, the activation energies for close-pair 1} E =078V ]

recombination in 3C-SiC determined by MD simulatiéhs Q \

are relevant to the present study. The MD simulations indi- 5 0 . r o . .

cate that the activation energies for close-pair recombination 0 100 200 300 400 500

in 3C-SiC are mostly in the range of 0.23—0.38 eV, which Irradiation Temperature (K)

are below those. esymated herg. However, .the aC.tI.V&tIOI’] en- FIG. 5. Temperature dependence of dose for full amorphization
ergy for recombination of the Si tetrahedral interstiti@irc) in 6H-SIC under the A% ion irradiation. The solid lines are the
surrounded by four C atoms is 0.9 &Vable I1),2” which is  model fits to the data using E¢B).

in reasonable agreement with the activation energy deter-

mined for the first dynamic stage. The C£$10 split inter- C. Amorphization

stitial on a Si site and the C tetrahedral interstiti&ks)
surrounded by four Si atoms have activation energies fo
close-pair recombinatioTable Ill) of 1.3 and 1.6 eV,
respectively’’ which are also consistent with the activation
energy estimated for the second dynamic recovery stag
Furthermore, recent MD simulatioffsof intrinsic defect mi- Obviously, amorphization occurs only if the rate of amor-

gration in 3C-SiC indicate that long-range interstitial migra- phization or disordering is greater than the rate of simulta-

tion energies are 0.74 and 1.53 eV for C and Si interstitialsy,ggus recovery during irradiation. An expression from the

respectively, as indicated in Table Ill, which are consistenijnetic DI/DS model for amorphization has been deri%ed,
with the activation energies determined in the present studyyhich has the form:

The results in Table Il suggest that both Si and C close-pair

recombination and in-cascade short-range migration of C and D =(Dg+Ad¢ In{1 - AK(T)

Si interstitials may be responsible for the dynamic recovery X[1 - exp(— DyAd) /1 - AK(T)], 7)
stages. This interpretation is also consistent with the coupled

recovery observed on both the C and Si sublattices duringshere A=[¢(co,+09)]™ . By inserting Eq.(5) into Eq. (7),
thermal recovery, as shown in Fig(b. Eq. (7) becomes

r The dose required for full amorphizati@gamorphization
dose in 6H-SiC under the Aff irradiation conditions is il-
lustrated in Fig. 5 as a function of irradiation temperature.
The data points in the figure are taken from the experimental
Fesults shown in Fig. 1 and have an uncertainty~d0%.

1 v E,
Do+ mln{l - mexp(— ﬁ) X [1-exg—Dg X (o4+ 0'5)]]}

D= E
v a
1- b X (o + aS)eXp<_ k_T)

(8)

The result from the data fit using E(B) is shown in Fig. 5 and Dy(l1)=0.41 dpa, respectively. The resulting values of
over the two temperature ranges, corresponding to the disogactivation energy agree well with those for the corresponding
der recovery stagegig. 4@)]. In the data fitting, the effec- dynamic recovery stagé&3able Ill). Note that the data fits in
tive jump frequency and dose rate were chosenwvas both Figs. 4a) and 5 are not perfect, particularly for stage Il.
=10 st and »p=3x 1072 dpa/s, respectively. These are the This is due to irradiation-assisted recovery processes that
same values as those adopted for fitting the data in k&). 4 provide an additional low-level of recovery over the tem-
From Table Il, the sum of the amorphization cross sectionperature range of each stage, as described elsewhsnegll

for direct impact and defect-stimulated procesgestog) is  as to a range of dynamic recovery processes with different
equal to 52 and 22 dpain the first and second dynamic activation energies and jump frequencies. The latter interpre-
recovery processes, respectively. As a result of the model fitsation is supported by the MD simulation resulf§able

the activation energy for the two stages corresponds tdll)?"2° that suggest comparable activation energies for Si
E.(1)=0.71 eV andE,(Il)=1.41 eV with Dy(1)=0.13 dpa (C) close-pair recombination and (Si) interstitial migration
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and annihilation at stage(ll). In addition, experimental er- energy density is produced, leading to the formation of more

ror (~10%) for the amorphization dose in Fig. 5 may also complex defects that affect the dynamic annealing behavior.

contribute to the deviation of the model fit from the dataA more detailed discussion about the effects of ion mass on

points. the critical temperature for amorphization has been provided
As the irradiation temperature approaches to 500 K, thgreviously®®

rate of simultaneous recovery increases exponentj#igy.

4(a)]. This leads to a slower rate of disorder accumulation IV. CONCLUSIONS

and a higher dose is required to achieve the same level of

disorder. At the critical temperatur@,, for amorphization,

complete amorphization does not occur due to the perfe

balance of disorder production and recovery. In this case, th

amorphization dosd), approaches infinity af.. According

It has been shown that the disordering behavior on the Si
nd C sublattices in AJ irradiated 6H-SiC is similar at
mperatures ranging from 150 to 550 K. Model fits indi-
Cate that amorphization in 6H-SiC under?uon irradiation
to Eq.(8): at temperatures below 500 K is a dominant process. Genera-

tion of point defects and in-cascade clusters that survive at
v -E, low temperature$150 K) contribute significantly to the total
1 —mex KT ) =0 atT=Te. disorder below 0.02 dpa. At 500 K, precipitation processes
a become dominant in 6H-SIC below 0.3 dpa, while amor-
Thus, phization governs the disordering process above 1 dpa.
Nucleation and growth of clusters is nearly the only active
Te=Ed/(kIn{v/[(ga+ a9 B]}), 9 process at 550 K and above. Two dynamic recovery stages

whereE, corresponds to the activation energy for the second'® observed with activation energies of 0.7+0.2 eV and
recovery proces$E,=1.41 e\J. Numerical evaluation re- 1.3+0.2 eV, respectively. In addition, model fits for the
sults in a value ofl.=501 K for 6H-SiC under the A& amorphization dose yield similar activation energi@sr1

C

irradiation conditions. This value, which has an uncertaintyand 1.41 ey for the two_cor_respond|_ng stages. The critical
of £10 K, should be viewed as an estimate only. This jslemperature for amorph|+z§1t|on_ IS esﬂmatt_eql to be 50110 K
because only a single thermal recovery process was used ﬁﬂr 6H-SIC under the Aff irradiation conditions.

fitting. More accurate determination ©f requires more data
points and a more rigorous model that includes irradiation-
assisted processes. However, from Figs. 1 and 5, it appears This research was supported by the Division of Materials
that the critical temperature for amorphization under the ir-Sciences and Engineering, Office of Basic Energy Sciences,
radiation conditions of this study is close to 500 K. While y s. Department of Energy. Support for the accelerator fa-
this critical temperature for SiC under 2 MeV Alirradia-  cilities within the Environmental Molecular Sciences Labo-
tion is higher than values for electrofi295 K)*° or lighter  ratory (EMSL) was provided by the Office of Biological and
ions, such as Ne(421 K),? Al* (450 K),® and X€ (485 K),°  Environmental Research, U.S. Department of Energy. The
it is consistent with the systematic increase in critical tem-Pacific Northwest National Laboratory is operated by Bat-
perature with damage energy densfign mas$ observed telle Memorial Institute for the U.S. Department of Energy
previously for 6H-SiC3° For larger masses, a higher damageunder Contract No. DE-AC 06-76RLO 1830.
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