PHYSICAL REVIEW B, VOLUME 64, 125206

Multiaxial channeling study of disorder accumulation and recovery in gold-irradiated 6H-SiC
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Single crystal &1-SiC has been irradiated 60° off normal with 2 MeV Zuions at 300 K to fluences of
0.029, 0.058, and 0.12 ions/Amwhich produced relatively low damage levels. The disorder profiles as a
function of ion fluence on both the Si and C sublattices have been determined simultarieaigiyusing
Rutherford backscattering and nuclear reaction analysis with 0.94MeYons in channeling geometry along
the (0001, (1102), and(1011) axes. Along the(0001) axis at these low doses, similar levels of Si and C
disorder are observed, and the damage accumulation is linear with dose. Howevet1di6Pgand(1011),
the disorder accumulation is larger and increases sublinearly with dose. Furthermore, a higher level of C
disorder than Si disorder is observed along ¢h&02) and(1011) axes, which is consistent with a smaller
threshold displacement energy on the C sublattice in SiC. The mean lattice displacement, perpendicular to each
corresponding axis, ranges from 0.014 to 0.037 nm for this range of ion fluences. A steady accumulation of
small displacements due to lattice stress is observed alongléid) axis, and a detectable reduction of the
lattice stress perpendicular to th8001) axis occurs at 0.12 Ai/nm?. There is only a moderate recovery of
disorder, produced at and below 0.0582Alnn?, during thermal annealing at 570 K; more significant recov-
ery is observed for 0.12 Ati/nn? along both the0001) and(1102) axes.

DOI: 10.1103/PhysRevB.64.125206 PACS nunider61.80.Jh, 61.72.Cc, 61.82.Fk, 61.8P.

[. INTRODUCTION irradiation-induced disorder in SiC has been determined by
means of multiaxial channeling analysis. In one of the few
Significant research efforts have been devoted to the studyultiaxial studies on Siéz,_RBS_/C results obtained along
of silicon carbide(SiC) polytypes in the past decade becausethe (100 and(011) channeling directions in G-SiC irradi-
of the excellent physical and chemical properties of SiC thagted with Al and Si" indicate a “preferential” disordering
make it a prominent candidate for the fabrication of high-process on the Si sublattice along (8d.1) direction, which
temperature, high_power, and high-frequency microe|ecj.5 due to the uniaxial irradiation-induced lattice strain along
tronic and optoelectronic devicés? Silicon carbide has also the (100 axis. This behavior was later CO,”f'T‘.ed In an In-
been proposed for potential nuclear applications that inclug¥estigation of damage accumulation in “Arrradiated
: - , C-SiC.® In another study, the accumulated disorder on the
the structural component in fusion reactbrsdadding mate- ) e , ) e
fial for gas-cooled fission reactdtsaind an inert matrix for S sublattice in &-SiC, derived fromin situ RBS/C along

the transmutation of plutonium and other transurafiEx-  the(1102) axis, was observed to increase more rapidly with
. . . . . . .. . i H ia7,34
tensive experimental investigations of irradiation-induceddose than that determinezk situalong the(0001) axis.
damage accumulation and recovery in SiC have beedhe different axial behavior in 18-SiC was attributed to
performed 1 leading to improved understanding and mod-€ither defect recovery at room temperature or enhanced
els of damage accumulation proces¥esin addition, dechanneling along thel102) direction due to the uniaxial
molecular-dynamics (MD) simulations of damage strain along th&000D. Similarly, there are very few, if any,
productiod®*° and accumulatici?~?? processes are consis- multiaxial studies on thermal recovery of irradiation-induced
tent with many experimental observations and are providinglisorder in SiC. Additionain situ studies of damage accu-
atomic-level insights into ion-irradiation effects in SiC. mulation and recovery along multiple channeling directions
lon-channeling methods based on Rutherford backscattegre clearly needed to develop a better understanding of the
ing spectrometryRBS/Q are frequently employed in studies nature and recovery of irradiation damage in SiC, not only
of SiC to quantitatively determine the depth profiles of dis-on the Si sublattice but also on the C sublattice. The results
order on the Si sublattice®'%1123-24ore recently, the au- of such a study on the accumulation and recovery of disorder
thors have utilized both RBS/C and nuclear reaction analysien both the Si and C sublattices in Auirradiated 4-SiC
in channeling geometrfNRA/C) to profile damage accumu- usingin situ multiaxial RBS/C and NRA/C methods are re-
lation on both the Si and C sublatticEs’’ Most of the pre-  ported in the present paper.
vious studies employing channeling methods have been car-
rieq out along pnly one major crysFaIIo.graphic axis; however, Il CRYSTALLOGRAPHIC STRUCTURE OF 6 H-SiC
using only a single crystallographic direction, some types of
defects may not be observed due to shadowing effects. Al- Silicon carbide is a covalently bonded compound that has
though angular scans around multiple axes have been appliedout 200 existing polymorphs with the same basal plane but
in other materials to determine the site locations of somalifferent stacking order. One of the most common polytypes
implanted specié&?® and lattice displacements of host of interest is &-SiC, which has a hexagonal structure and
atoms3%3! there are few studies where the accumulation ofconsists of a six-layer repeat sequend@CACB-) along
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<0001> <1012> <1011>

0.255 nm
e SiSublattice 6H-SIC o C Sublattice

- Sij 6H-SIC FIG. 2. Lattice sites of Si and C atoms i6€SiC along(0001),
(1012), and(1011) axes. The lattice constaatis 0.3081 nm, and
the height of a unit celt is 1.5117 nm.

FIG. 1. First four Si layer$ABCA) of the crystallographic struc-
ture in 6H-SiC with the axeg0001), (1012), and(1011) indi-
cated. A complete six sequence of Si layers kh-6iC corresponds
to ABCACBwith carbon layers in-between.

atomic spacing along thel 102) and(1011) axes of either
Si or C sublattice has an average distance of 0.4626 and
0.6538 nm, respectively. The geometrical and atomic param-

eterse, d, andzz along the three axes are summarized in
1.5117 nm. The lattice parametaiis ~0.3081 nm and cor- Table |, which will be used for the evaluation of mean lattice

responds to the distance between neighboring Si or C atom@iSPlacement distanag in Sec. V.
Each carbon atom is positioned at the center of a Si tetrahe-
dron, and the distance between the C atom and each of the Si Ill. EXPERIMENTAL PROCEDURE

atoms .'SN0'1887 nm. The first four Iayer(sABCA) .Of S.' A single crystal 61-SiC wafer from Cree Research, Inc.
atoms in the 61 stacking sequence are illustrated in Fig. 1. L > .
as used in this study. The low value of the minimum yield

The lattice atoms are represented by circles, where the fille ; .
e min~3%) for the as-received sample confirms the excellent
ones denote the on-axis Si atoms. The three crystallograph . . o o )
crystalline quality of the wafer. Both ion irradiation and ion-

axes(0003, (1012), and(1011) of interest in this study are peam analysis were performed within the Environmental
also shown in the figure, which are situated in the sameqlecular Sciences Laboratory at the Pacific Northwest Na-
plane. The next two Si layers in the period are the mirror;g4) Laboratory.

image of the layer8 andC with respect to the top laye. In this study, three areas on th&i6SiC wafer were irra-
Carbon layers between each succeeding Si layers are ngfsied at 300 K with 2 MeV A&' ions to fluences of 0.029,

shown for the sake of clarity. The first carbon layer, Iocatedo_os& and 0.12 ions/rfprespectively. The ion fluences were
midway between the Sh andB layers, has the structure of qjacted  based on previous 2 MeV 2Au irradiation

the SiC layer, with all the Si atoms replaced by C atoms'studie§2'13 to produce relatively low damage levels along
The next five successive carbon layers resemble the Si layejige (0001 direction. A large tilt angld60° off the (0001-

A, B, B, A andC, respectively. Note that from both crystal- g, rface normlwas chosen to produce shallow damage that
lographic and channeling viewpoints, t{&012) axis is  could be readily measured liy situ channeling methods. A
completely equivalent to th¢1102) axis that was actually low ion-beam flux of ~10"Au®*/cn?/sec was utilized to
used in this study. Alsa/0001) and(lOTl) axes in 64-Sic ~ avoid high-dose rate effects on damage production and to

correspond to(111) and (100), respectively, in the cubic Prevent significant beam heating during irradiation. A small
structure of T-SiC (ABCABG-- or ACBACB-+). irradiation area of 1.8 1.2 mnt was used for each dose with

The lattice positions of six double layers of Gilled @ uniform beam intensity across the afséit settings: 0.5

circles and C (open circles atoms plus two double-layers X 1.2mnf). Subsequent to irradiatiorin situ channeling
belonging to the next period ink6-SiC are illustrated along analyses were performed using 0.94 M&/ ions along

the (0001), 1012 , and 1011) axes in Fig. 2. Also shown ) ) . )
are<the ?el<ative >orientz‘;<1tions>of the threge axes. There is a TABLE 1. Axial angle () relative t{0003 axis, average Iinter-
horizontal shift to separate the Si and C layers for clarity20Mic spacing ) and mean atomic numbeZ{) along (0002,
The (0001 axis contains both Si and C atorfieixed atomic ~ (1012), and(1011) axes in 1-SiC.

rows) with an average atomic numb§2 of 10; both the

(1012) and (1011) axes comprise either Si or C atoms
(monoatomic rowg which make an angler of 35.22° and (000} O 0.3779 10 mixed Si and C rows
54.69°, respectively, with théD001) axis. The lattice atoms (1012)  35.22 0.4626 6 o0r 14 monoatomic rows
on the(0001) axis are distributed uniformly with an inter- (1011) 54.69 06538 6orld monoatomic rows

atomic spacing?equal toc/4 (0.3779 nm), while the inter-

the (0001 axis that corresponds to a unit-cell heighof

Axis a(deg d (nm) Z, Comments
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(0001, (1102), and (1011) axes. The analyzing beam WhereR(x) is the local production rate of displaced atoms
(0.5x0.6 mn?) was collimated to an angular dispersion of (displacements/ion/cjrat depthx, Nis the atomic density of
less than 0.05° with a typical beam current 20 nA,  6H-SIC (9.64x 10**atoms/cr), and @ is the ion fluence
which was centered in each irradiated area. The damage iions/cnf). The value ofR(x) is the total number of dis-
duced in the investigated depth region during the analysi®laced atoms on both the Si and C sublattices, which has
was negligible according to experimental observations an§een calculated for Au ions usingriv-97 full-cascade
SRIM-97 simulations® Beam alignment to each of the chosen Simulations® under the assumptions of a sample density of
crystal directions was accurate to better than 0.05° by taking-21 g/ci and threshold displacement energies of 20 and 35
advantage of a precision manipulator on which the crysta€V for the C and Si sublattices, respectivélyrhe factor
wafer was mounted. The step-motor-driven manipulatorR(x)/N for conversion from ion fluence (At/nn¥) to dose
controlled by an end-station computer, provides two tilt axedn dpa is 0.5915 at the damage peak=(108 nm) under the
(polar and flip perpendicular to the beam direction and anirradiation conditions of this study.

azimuthal rotation axis, having an angular precision of The relative disordeny on the Si(or C) sublattice as a
0.009°/step, 0.0005°/step, and 0.00044°/step, respectively. fiinction of depthx can be obtained from the RBS/@r
addition, three linear translation stagesy, and z integral NRA/C) spectra using the expression

with the manipulator were used for selection of separate

spots on the target for study. A random-equivalent spectrum _ h(X) = xr(x) 2

was obtained from the spectra that were recorded under vari- Na= 1—xr(x) @

ous off-axis orientations with different combinations of polar

and flip angles ranging from 3° to 7°. Angular scans aroundvhereh(x) is the yield ratio of the aligned spectrum from
the (0001, (1102), and(1011) axes were also conducted e damaged crystal to the random spectrum at depamd
with an increment of 0.1° in a range from2° to 2° along  Xr(X) is the random(or dechanneledfraction at depthx.
random to random direction. The intermittent action of NOte that the random fraction in an undamaged crystal is the
sample rotation and data collection was fully controlled byYi€ld ratio of the aligned virgin spectrum to the random spec-

the end-station computer using a self-developed code. THEUM: however, the introduction of irradiation-induced de-
charge of the incident beam was accurately integrated b{fCtS increases the random fraction with depth due to the
applying a high positive voltag@00 V) to the target in order angular dispersion of the incident beam caused by the pres-
to suppress the secondary electron emission from the targl'ce Of the defects; thus, more dechanneling events are pro-
Simultaneous determination of disorder on both the Si an§uced from the on-axis atoms. A linear dechanneling ap-

C sublattices in SiC was achieved based on the channelingfXimation has been used fgr(x), and the _effec_t’@ from
geometry for 28Si(d,d)%SiRBS/C  combined  with complex types of defects on the dechanneling yields are as-

12c(d,p)®C NRA/C at a scattering or reaction angle of sumed to be negligible. To minimize statistical errors, experi-
150°.'The lowD™ energy??’ (0.94 Me\) was selected to mental spectra were smoothed using the averages of five ad-

improve the depth resolution for profiling the narrow disor-jacent points pr_ior o anglysis.

der distributions in the irradiated specimen. The energy sta- | N€ conversion from ion energipr channel numbgrto
bility of the incidentD* ions was better than: 3 kev, depthxfor the Si sublattice was accomplished by
which is necessary to allow accurate analysis of the C sub- _
lattice from the(d,p) reaction. During both the ion irradiation x=(kEq—E1)/(kSy/c0s0,+ Sqi/c0sb;), 3

and the channeling measurements, the vacuum in the targgherek is the kinetic factor for SiE, is the incidenD* ion
chamber was typically in the range of 10Pa, and carbon energy, ancE; is the energy detected for the ions backscat-

contamination on the sample surface was not obseted. oraq from Si at depth. The parameters, and ¢, are the

situ isochronal annealing experiments were also performegmgﬂes between the sample normal and the direction of the

in vacuum at 570 K for 20 min. Similar ion-beam methods;ncigent beam and of the scattered particles, respectively.

were employed to analyze the residual disorder in the aNeguation(3) assumes that the ion stopping powers along the
nealed sample, and for these measurements, the channelipg - 4 (S,) and outward §,,) paths are both constants
. n ou "
analysis was performed at room temperature to ensure thitlso, a mean-energy approximation approiahas applied
the recovery processes were quenched. Other experimenigl jotermining the stopping powers. For the analysis of irra-
details, including the accelerator facility, target chamber anQjizted areas. random stopping powers from #rem-o7
In situ temperature control systems have been describefaanas¥ are adopted. From a similar energetic consider-
elsewheré’ ation for the*?C(d,p)*°C reaction with an energy release of
Q=2.723 MeV, the depth scale for C sublattice can be ob-
IV. DATA ANALYSIS tained. N
. The relationship between the root-mean-squane.s)
lon fluences have been converted to an equivalent Bose displacementi; (nm) and the observed angular half-width

in unitzlgf displacements per atofupa that is given by the ¥, , (degreg is given by the following expressidit:
formul

12uy
TF

a )‘I’lv (4)

D=[R(x)/N]®, 1) Ve O'SFRS(
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whereFgg &) is the square root of the Molie string poten-

/L

tial that has been tabulated by BarétfThe quantitiesarr 4000} 7 ) o ' ]
(nm) and ¥, (degre¢ are the Thomas-Fermi screening ra- 6H-SiC, 2 MeV Au™", 300 K
d_ius and the Lin(_jhard critical angle for chann_eling, respec- % 3200 55 By A nm? ]
tively. The analytical forms foatr and¥, are given by =
- —2a—0.12
0.04685 - % 2400
8 I = [0+
Zl/2+z_'|./2)2/3 )
(7742 X 1600
and 8
7 2 1/2 E
\Iflzo.097]( 1_2> , (6) 3
Eod 2

120 160

whereZ; andfz denote the atomic number of the projectile Channel Number

and the average atomic number of the host atoms on the axis,

respectively;E, is the incident ion energy in MeV and FIG. 3. In situ 0.94 MeVD " (000}-aligned RBS/NRA spectra
(nm) is the mean interatomic spacing along the axial direcfor 6H-SIC irradiated with Ag" at 300 K. Also included are ran-
tion. dom and channeling spectra from a virgin area.

The r.m.s. displacement; can be approximated by the
r.m.s. thermal vibration amplitude, for the atoms not dis- perature are shown in Fig. 4 for comparison. The slight chan-
placed in a perfect crystal. It can also be determined from theel shift of the damage peak is due to the different depth
r.m.s. thermal vibration amplitude and the mean lattice disscales for the different orientations. Lower background
placement distanced; in a damage region by the dechanneling yields on both the Si and C sublattices are

relationshig®>! observed along thé0001) axis than along thé1102) and
o = (1011) axes. This is because there is a more open space
U= V(1—-fyui+fydg, (1) accessible in thé0001) channel that leads to a smaller prob-

ability for ions to be dechanneled and backscattered. In ad-

wherefq is the mean fraction of the displaced atoms over Hition, although the normalized dechanneling yields just be-
chosen depth region. The displaced atoms from the atom'ﬁind the damage peaks are the same on the Si and C

strings include slightly displaced atoms due to lattice stress, plattices along th€000D) axis (0.25 vs 0.25 they are
single-interstitial configurations, interstitial clusters consist- ' -

ing of two or more atoms, and randomly arranged atoms iftigher on the C sublattice along both 1E102) a_nd(;O;l}
amorphous domains. axes(0.79 vs 0.65 and 0.69 vs 0.64, respectiyelgimilar

results on the minimum vyielg,, just behind the surface

V. RESULTS AND DISCUSSION peak have been obtained from an unirradiated $patia not

A. Depth profile of disorder

In situ (0001)-aligned spectra for i8-SiC irradiated at 40001 ) . 2 T
300 K with 2 MeV A" to three low fluences are shownin _ i 6H-SIC, 0.12 Au™"/nm®, 300 K
Fig. 3. Also included are random agd00D-aligned spectra g 32004 Bgj(d,d)
from a virgin area, which respectively define the upper and>= —a— <0901> ]
lower levels of the scattering yields from the amorphous and € Random —v—<1102>

essentially defect-free SiC materials. From Fig. 3, the dam-2 2400[

age peaks on the Si sublattice for the irradiated specimen:
are readily resolved from th® *RBS/C. Although the dam- &

—o—<1011>

age peaks on the C sublattice also appear in the RBS/C spe(g) 1600 [ Aligned x4 ]
tra, accurate analysis of C disorder is not straightforward.S " | 20(d,p)
because of the low C scattering yield and spectrum overlapg 800} '

At higher energieglarger channel numbersthe dechannel- S

ing contributions from the'?C(d,p)*C NRA/C (multiplied ¢ 0 ' . . .

by a factor of 4 in Fig. B appear in a background-free re- 120 160 20 800 820

gion; thus, the C disorder is completely resolvable from the
RBS/C spectra. This condition allows simultaneous analysis Channel Number
of disorder on both the Si and C sublattices from one mea- giG. 4. In situ 0.94 MeV D* (0002-, (1102)-, and

surement. _ _ (1011)-aligned RBS/NRA spectra for H-SiC irradiated to 0.12
The (0001-, (1102)-, and (1011)-aligned RBS/NRA  Au?*/nn? at 300 K. Also included are random and channeling spec-
spectra for &1-SiC irradiated to 0.12 A /nn? at room tem-  tra from a virgin area.
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with heavy ions, such as At. Under the experimental con-
ditions, srRIM-97 simulations indicate that the sputtering rate

0.8t . o012 0.8 at the SiC surface corresponds to about 0.1(Aof"/nm?),
o 0.058 <0001> assuming that the average surface binding energy is 6.05 eV
0.6l 0.6 (srim-97 default value for both the Si and C sublattices. This
v 0029 .- low sputtering rate causes a removal of less than one atomic
---- SRIM-97 AN layer (0.012 nm for the highest A&" fluence used in this

Relative Si Disorder
o =]
i!\‘) E-N

=) o)
N H
Relative C Disorder

study. Compared with the depth at the maximum damage
(108 nm), as well as with the full width of the damage pro-
files (180 nm), the sputtering processes do not significantly
affect the depth scale or the damage profiles at different ion
fluences.

0.0

Also included in Fig. 5 arsRim-97 results for comparison.
The damage profiles and depth scale are in excellent agree-
ment with thesrim-97 simulation results. The simulated lev-

220100
60 120 180 240

0 60 120 180 240
Depth (nm)

FIG. 5. Depth profiles of disorder on the Si and C sublattices inels of relative disorder on both the Si and C sublattices pro-

duced at 0.12A% /nn? (shown by a lower dashed linare
much lower than the respective experimental values. Such
behavior suggests that the efficiency of disordering is higher
than the displacement rate under these irradiation conditions,
which is consistent with defect-stimulated disordering
processed? On the Si sublattice, the shape of the disorder
profiles is quite consistent between the experiment results
and thesrim-97full-cascade simulations for each ion fluence;
an example for the highest dose is given in Fig. 5, where the
— . . simulated results are multiplied by a factor of 6.2 to match
(1011) axes(Fig. 2 and Table)l According to Eq(6), the C  the height of the Si damage pe@hown by a upper dashed
strings along the(1102) or (1011) channel provide a line). This suggests that the defect-stimulated disordering
smaller critical angleV; for channeling than the Si strings; processes increase the Si disorder at a rate nearly propor-
consequentlyD* ions that can still be channeled along the tional to the damage level. On the C sublattice, there is a
Si strings, may jump to C strings where there is a highelarger discrepancy between experiment and simulation. At
probability for dechanneling because of the smaller criticalthese low ion fluences, there is a notable distortion of the C
angle (';). Similar behavior of energetic ions channeled in disorder profiles characterized by disorder peaks that are flat-
a crystallographic plane has been well understtadow-  tened out and defect concentrations that are higher than ex-
ever, for ions initially channeled along the C strings, chan{pected in the near-surface region. The results may be attrib-
neling along the Si strings is also possible because of largarted, in part, to C defect migration at 300 K, simultaneous
;. In spite of these jumping processes, the above data sugi-cascade and dynamic defect recovery processes during ir-
gest that the dechanneling yield on the C sublattice is notadiation, defect shielding by th@®001) atomic strings, and
significantly enhanced in the damage region along any of thenadequacy of the linear dechanneling approximation for the
directions. NRA/C data.

The depth profiles of disorder analyzed along (6@02) The depth profiles of disorder on both the Si and C sub-
axis for different irradiation doses are shown in Fig. 5. Full|attices, as observed along ti@001), <1T02>, and(lOTl}
amorphization corresponds to a relative disorder of 1.0. Th@xes, are shown in Fig. 6 for H5-SiC irradiated to
disorder profiles are determined from the results in Fig. 3.12 Ai*/nn? at 300 K. The results indicate that the relative
using Eq.(2) under the assumption of a linear dechannelingdisorder on the C and Si sublattices, as observed along the
approximation foryg(x).* This procedure extracts the prob- (0003 axis, is of similar magnitude but much less than that

ability of close encounters between the energetic particlegy, g g along either tH@ 102) or (1011) direction. Since

and the displaced atoms, which is directly proportional to theexactly the same damage states exist during the measure-
disorder concentration. The method gives the best evaluatio?entS along each channeling direction, the results in Fig. 6
of disorder concentration at and close to the damage peagqqy syggest that a significant amount of disorder on the C
but brings about a slightly distorted depth profile on both, .y 5j gypiattices is shielded by #@001) atomic strings. At
sides.” However, the total number 0fd|splaced atoms can b.qhis ion fluence, the relative shielding efficiency on the Si
evaluated o reason.able accuracy by integrating the_ent_wgnd C sublattices is largest fg0001) and decreases for
damage profile despite the distortion. The depth scale in F|g<10T1> and(lTOZ) respectively. At and below a fluence of

h hich is the di
> has been converted based on &), which is the distance 0.058A"/nn?, the shielding efficiency decreases in the or-

from the surface along the normal directi@different geom- _ = _
etry has been taken into accoyrit should be noted that due der{000, (1102), (1011) (data not shown The results in

to sputtering processes, removal of Si and C atoms in th&ig. 6 also suggest that channeling analysis of disorder along
near-surface region might be a concern during the irradiatiothe (1102) or (1011) axis may be advantageous at low

6H-SiC irradiated to 0.029, 0.058, and 0.12%Atnn? at 300 K,
observed along0001) axis. Also included are therim-97 results for
0.12 Av*/nn? (lower dashed lineand the results multiplied by a
factor of 6.2 (upper dashed lineto match the height of the Si
damage peak.

shown of 6H-SIC, which is consistent with the behavior
observed in virgin &-SiC.*? This phenomenon is attributed

to the separate monoatomic rows along #€102) and
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i ' " AR ' dose in dpdgconverted from ion fluence using E€L)]. In
v <0001>  gh sic, 0.12 Au?/nm? general, the accumulated disorder shows a strong orientation
0.8t o <1102> 300 K dependence at the low doses, as has been observed for the
a <1011> highest dose in Fig. 6. While damage accumulation is linear
along(000Y in this dose regime, it is significantly larger and
sublinear along both1102) and(1011). The results for the
(0001 axis in Fig. 7 are quantitatively consistent with the
published dat¥ for 6H-SiC irradiated at room temperature
with Au?* over a full range of damage levels. A lower level
0.2} of disorder on both sublattices is observed along(6@01)
axis than along the other two axes studied. This result is
0.0 Ly 00 consistent with previous result§ for 6H-SiC irradiated at
"0 60 120 180 240 60 120 180 240 300 K with Ar?* ions, where a lower level of disorder on the
Depth (nm) Si sublattice was observed along tt@001) channel than
along the(1102) channel. Similar results have also been
FIG. 6 De_pth profiles of disorder on the Si and C sublattices i“reported for B -implanted Si, where a lower concentration
6H-SiC irradiated to 0.12 Ati/nn? at 300 K, observed along of s; disorder is observétlalong the(111) axis (equivalent
(0001, (1102), and(1011) axes. to the (0001 axis in the hexagonal structure oHESIC).
Since amorphous domains or larger three-dimensional defect
doses(low damage levelsbecause more types of defects or clusters should be equally observable along all channeling
disorder induced by Adi in 6H-SiC are probed by the in- directions, the results in Fig. 7 suggest that some interstitial
cident beam, and thus can be analyzed. Td@0D-axial  defect types in SiC are well aligned with tk@001) axis or
channeling, however, may be the best choice for the study afhielded along(0001) by the stacking arrangements. This
amorphization processes because the dechanneling yieh&havior may be associated with shielded interstitial configu-
along this axis is minimized and any amorphous domainsations, such as the split interstitidumbbel) defects that
and/or large clusters in the crystal structure should be reare the most stable interstitial configurations i@-3iC ac-
vealed more clearly. For the same reason, (B@01) axial  cording to recenab initio calculations?®
channeling is also more suitable to use in studying high dam- The results in Fig. 7 also show that a higher level of
age levels and for determining the dose for completedisorder is observed on the C sublattice than on the Si sub-

amorphizatior(:'#*27 lattice along the1102) and(1011) axes, and a comparable
level of disorder on both sublattices is observed along the
B. Disorder accumulation (0001 axis. These results suggest that more C defects than
Si defects are shielded by th@®001) atomic rows. The

higher C disorder observed alof102) and(1011) is at-
tributed to a smaller threshold displacement energy on the C
sublattice, which is consistent with molecular dynamics
(MD) simulation$®?! and other experimental measure-
ments*’ It is worth noting that although the results do not
completely overlap the corresponding curves at the damage
peak (Fig. 7), the accumulation of disorder in the near-
surface regimé~50 nm) and over the entire damage region
(data not shown shows similar behavior of interstitial
shielding by thg0001) atomic strings and a higher level of C

disorder along 1102) and(1011) axes.
From previous thermal annealing studt&st®?’ it is
. known that both single-interstitial configurations and large
defect clusters are simultaneously produced in%Au
irradiated 64-SiC. In recent MD simulation¥) it has been
found that besides the efficient production of dispersed
single interstitials (and vacancies a few larger three-
- L. L . dimensional defect clusters containing up to 35 interstitials
0.02 0.04 0.06 are produced in a single subcascade by Au projectiles in
Dose (dpa) 3C-SiC. In these MD simulations of Au cascad@she larg-
est clusters are amorphous in character, and the ratio of the
FIG. 7. Relative disorder on the Si and C sublattices, observedhterstitial clusters containing two or more interstitials to the
along (0001, (1102), and(1011) axes, as a function of dose in total number of interstitials is 0.53. The types and distribu-
displacement per atorfupa at the damage peak inBSiC irradi-  tions of the irradiation-induced defects irH6SIiC are be-
ated with A¢* at 300 K. lieved to be similar to those inG-SiC because the local

c
o

b
o

0.6f

0.4}

55
N E-N
Relative C Disorder

Relative Si Disorder

The accumulated disordeny) at the damage peak for
both the Si and C sublattices, observed alof@§01),

(1102), and(1011) axes is shown in Fig. 7 as a function of

6H-SiC <0001>: w Si

08¢F 2 MeV AU2+ <1:|-02>: [ ] SI,
<1011>: Si,

b 0 <&

06

0.4

0.2

Relative Disorder
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0.1 1 0.0L—u e : . 10.0
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0.0 L . . Tilt Angle From <0001> Axis (Degree)
0.00 0.02 0.04 0.06 i ] ]
D d FIG. 9. Angular dependence of the normalized scattering yield
oseé ( pa) around(0001) axis in 6H-SiC irradiated with A@" to low doses at

) . — — 300 K. Also included are the profiles from an unirradiated area.
FIG. 8. Relative disorder alongl102) and(1011) subtracted

from the disorder along0001) as a function of dosé¢dpa at the

damage peak in18-SiC irradiated with A" at 300 K irradiated with AG* to low fluences at 300 K, the dose

needed to achieve interstitial saturation alofigl02) is

tetragonal structure is identical for all SiC polytypes. Fromhigher than that along1011).
the results in Fig. 7, the ratio of the total relative disorder
(fraction of the displaced Si and C atoymaong (0001 to C. Lattice displacement distance

that along(1102) and(1011) ranges from 0.31 at 0.017 dpa  The angular yield profiles around th@001) axis in
to 0.59 at 0.068 dpa, which is consistent with the ratio of6H-SiC irradiated to the three low fluences at 300 K is
interstitials in clusters to the total number of interstitials. shown in Fig. 9. Also included in the figure are the dip
Since large interstitial clusters and amorphous domaingurves from an unirradiated area. To achieve better statistics
should be equally observable along all the three directionswithout introducing significant damage from the analyzing
these results, taken in light of the MD simulation results,beam, the yield integration in Fig. 9 was performed over a
suggest that the primary disorder observed along®e€1  depth region from 30 to 220 nm, corresponding to channel
axis may be in the form of large interstitial or amorphousnumbers 177—194 for Si and 817—827 for C, where the dam-
clusters. Likewise, the results suggest that a majority of thege profiles were located. As expected, the normalized yield
irradiation-induced single interstitials may be shielded by thencreases and the angular half-width ;, decreases with in-
on-axis atoms along0001. While this interpretation may creasing dose. Angular profiles around the other two axes
be consistent with the MD simulatioffsand with the (data not shownexhibit similar behavior.
stable interstitial configurations predicted bab initio The angular yield curves for the Si and C sublattices
calculations' it should be considered as only speculative.around<000]> (1TOZ> and(lOTl) axes in 6H-SiC irradi-
More work will be required to confirm this intei)retation. ated to a fluénce of 6.058&&/nmz at 300 K are shown in
The excess disorder observed along ##102) and  Fig. 10. Clearly, the angular profiles for the Si and C atoms
(1011) directions relative to that observed alot@p01) is  around the0001) axis completely overlap at both unirradi-
obtained by subtracting th@®001) results in Fig. 7 from the ated and irradiated spots. This is because along the mixed
other results. This excess disorder is shown in Fig. 8 as atomic rows of thg0001) axis (Fig. 2), ions experience an
function of dose at the damage peak. The solid lines are thaverage potential created by the Si and C atoms on the axis,
data fits using a damage ingrowth model for defectresulting in the same angular widti'¢,,) for the Si and C
accumulatiorf® The relative excess disorder excludes thesublattices. In contrast, the C angular profiles around both
contribution of three-dimensional interstitial and amorphousthe<1T02> and(lOTl) axes show a smalle¥ ;,, because of
clusters that are observable along all axes; thus the results {Re smaller atomic number on the C strings along the axes.
Fig. 8 should be largely representative of the stable singleThis merit is often applied to identify the exact substitutional
interstitial concentrations along each respective axis. The répcation of implanted species in crystal structufeSimilar
sults in Flg 8_indicate that the unshielded Si and C interStifeatureS of angu|ar prof“dﬂot shown for other doses were
tials along(1011) tend to saturate at0.02 dpa, while those also observed.
along(1102) show a slower approach to saturation. The re- Based on the angular profil¢gigs. 9 and 10 and other
sult suggests that the dose for the saturation of unshieldedfta not showp the half-widths¥,, have been evaluated
interstitial concentrations is orientation dependent. Above théor both the Si and C sublattices, and the results are given in
saturation dose, cascade overlap and cluster coalescence mi@ple Il. Since¥,, is closely associated with the mean lat-
occur, as observed in recent MD simulatiGhgor 6H-SiC  tice displacement distancéy from the atomic rows, the
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The mean fraction of displaced atoriysover the damage
region (30—220 nm is assumed to be the average disorder
concentrationny over the same damage region as for the
angular profilegfrom 30 to 220 nmand is given in Table Il.
Since the as-receivedHs SiC wafer had a high crystalline
quality (xmin=3% on Si along000D), zero displacement is
assumed for both the Si and C sublattices in th¢-8iC
crystal prior to irradiation. The disorder in the Auinduced
damage layer includes all types of defects, clusters and amor-
phous domains that may be formed by damage cascades.

Nl The mean lattice displacement distart;eperpendicular
) T ) T i) ] 00 to each respective axis, is evaluated using &g.and the
Tilt Angle From the Primary Axis (Degree) results are summarized in Table Il. This distance contains the
. contributions from not only stable single-interstitials and in-
FIG. 10. Angular dependence of the normalized scattering yielaterStitiaI clusters, but also the slightlwisplaced atoms due to
around(0003, (1102), and(1011) axes in 64-SiC irradiated with ~ 1attice distortion**“%In general, thed, values in Table Il
Au?" at 300 K. Also included are the profiles from an unirradiated@r¢ comparable for the Si and C sublattices under the irra-
area. diation conditions, except for the C sublattice along the
(1102) axis where a larger experimental error of tiig,,
change in¥ ,, values reflects the degree of lattice distortion. Might have occurred at the highest dose. The mean lattice
From Table II, the half-width decreases monotonically withdisplacement distance from @001, (1102), and(1011)
increasing ion fluence along all the axes studied. From Eqgsixes ranges from 0.014 to 0.037 nm in the applied dose
(4)—(6) and Table I, the root-mean-squafrem.9 displace- region. Comparable and larger values also have been deter-
mentsu; have been evaluated and are included in Table lImined in low-dose Sk irradiated InP(Ref. 3) and GaAs
Comparable values af; are found for the Si and C sublat- (Ref. 30 single crystals, respectively. From Table II, there is
tices along each axis at each ion fluence, except for the @ steady increase indy with ion fluence from the
sublattice along thé1102) axis, where the deviation at the (1011)-axial observation, while an increase followed by a
highest dose might be caused by a large experimental erralecrease irdy, is observed along thé0001) axis. These
of W1,,. The r.m.s displacement at zero dgfem an unir-  results may be qualitatively interpreted based on the lattice
radiated spotrepresents the thermal vibration amplitude for stress°3* At very low fluences, isolated defects can cause a
the unirradiated crystal and is generally smaller than that imemarkable lattice stress field. As a result, a larger number of
the damage region, as expected. small atomic displacements surrounding the defects are pro-

14 6H-SIC, 2 MeV Au™*, 300 K 14

12 <0001>

Normalized Yield

0.0

TABLE II. Angular half-width (¥,,,), root-mean-square displacement), mean fraction of displaced atomEdI, and mean lattice
displacement distancel{) perpendicular to each corresponding axis -&iC irradiated at 300 K.

W, (deg Uy (nm) fq dg (nm)
Fluence
(Au?*InnP) Si C Si c Si c Si C
(0001
0 0.600 0.595 0.0026 0.0026 0 0 0 0
0.029 0.475 0.475 0.0060 0.0060 0.0644 0.0994 0.022 0.017
0.058 0.420 0.430 0.0086 0.0081 0.0915 0.1290 0.027 0.022
0.12 0.395 0.385 0.0102 0.0109 0.2295 0.2855 0.021 0.020
(1102)
0 0.390 0.290 0.0113 0.0102 0 0 0 0
0.029 0.370 0.260 0.0126 0.0134 0.1304 0.2117 0.019 0.022
0.058 0.355 0.250 0.0140 0.0146 0.2660 0.3452 0.020 0.021
0.12 0.350 0.205 0.0144 0.0223 0.5068 0.6072 0.017 0.027
(1011)
0 0.295 0.220 0.0144 0.0133 0 0 0 0
0.029 0.295 0.210 0.0144 0.0146 0.1926 0.3732 0.014 0.017
0.058 0.280 0.200 0.0160 0.0163 0.2623 0.4415 0.020 0.019
0.12 0.215 0.150 0.0261 0.0288 0.4140 0.5652 0.037 0.037
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; ; ' = ' ' axial channeling studies forH6-SiC irradiated with Ag"
1.0f 6H-SIC  Au?/mm’ <0001> 1.0 and He ions up to much higher doses also indicated similar
Damage © 0.12 - - - -<1102> recovery process on both the Si and C sublattiéé&?’The
§ 08 peg & 0088 U <1011>  Jogy  results in Fig. 11 indicate that there is only a moderate re-
'g v 0029 ©-.__CSublattice 'g_ covery of disorder at low ion fluencetat and below
2 06} 0. sisublatice S Prmve0 1o 6 @ 0.058 _AL?*/r?mz) along each of the directions, which may be
a p o associated, in part, with the presence of defect clusters and/or
0 o amorphous zones formed during Zuirradiation at 300 K,
:'2_" 0.4y 0.4 _g as discussed above. More significant recovery is observed for
R = 0.12 A¢*/nn? along both the/0001) and(1102) axes, but
x 02 a— 0 1922 is not observed along thgl011) axis, indicating that most
0.0 V=0 0.0 of the recovered defects were well shielded by the atomic

300 400 500 300 400 500 strings along th¢1011) axis (equivalent to thé100) axis in
Annealing Temperature (K) 3C-SiC) and that recovery processes for these defects appear
) o to be coupled to disorder observed alddg01) and(1102).

_FIG. 11. Thermal recover§20 min of relative disorder on the  Tnege defects may be in the form of single interstitials, pla-
Si and C sublattices at the damage peak, observed dW0®), 5 interstitial defectédislocations as observed by transmis-
(1102), and(1011) axes, in Ad"-irradiated 64-SiC as a function  sjon electron microscopy(TEM),%® the split interstitial
of annealing temperature. (dumbbel) defects predicted byb initio results*® and/or

_ _ other types of defects that were aligned with {t611) axis.
duced. During the stage of the small-displacement acCumusince the jon-channeling method does not generally identify
!at|0n, the mean lattice d|splapement Q|stance increases Wit gefect types present in crystals, complementary studies
increasing ion fluence. This is what is observed along th§sing computer simulations and TEM methods are necessary
(1011) axis. With further increase of ion fluence, defectto determine the nature of the defects and the related dy-
clustering can occur, which can efficiently reduce the latticenamic and kinetic processes iH6SIC.
stress. A reduction of the lattice stress is expected to result in
a decrease in the mean lattice displacement distance. This

may explain the change of the valuesdp perpendicular to VI. CONCLUSIONS

the (000D axis. The data further suggest that an observable . o
. ) Damage accumulation and recovery in “Auirradiated
reduction of the lattice stress occurs at a fluence of 0.1

AU INITR. H-SiC have been studied usinD™ channeling along

It may be worthwhile to mention that in combination with <0020+]>’ (1102), and (1011) axes. At and below 0.12
computer simulations, the lattice displacement distance cafiu /nm% a similar level of low disorder on both the Si and
be more accurately determinég within 0.02 A).5°51 Sey- C sublattices is observed along #@901) axis. Higher levels
eral research groups have recently applied a Monte carlef disorder and more C defects than Si defects are observed
method? to simulate the angular profiles of implanted spe-along the(1102) and(1011) directions. The results suggest
cies and determine their lattice displacement distance frorthat some of the Si and C defects are well aligned with the
the atomic row$®2°This method may also provide an effec- (0002 axis. Furthermore, more C defects than Si defects are
tive means for accurate determination of the lattice displaceshielded by the/0001) atomic rows than the{lTOZ) and

ment distance of host lattice atoms. Further analysis of th 1011) atomic rows. These shielded defects may include
current data and any additional new data will be performedinge interstitials and split interstitial defects. The higher C
using the computer simulations, and the results will be reyisorder at low doses is consistent with MD simulating:
ported at a later date. and other experimental d&fahat suggest a smaller thresh-
old displacement energy on the C sublattice. A similar be-
D. Disorder recovery havior of disorder accumulation at the piamage peak, i_n thg
near-surface regime and over the entire damage region is
) i observed under these low ion fluences. The mean lattice dis-
ated @H-SiC observed along(0001) axis, has been

reportedt? ! Since there are considerable shielding effects offlacement distance perpendmular to {0803, <1.102>’ and
the (0001 atomic rows on some types of irradiation-induced (1011) axes, determined by the angular half-width and mean
defects as discussed above, studies of defect recovery alofigction of displaced atoms, ranges from 0.014 to 0.037 nm
other axes might lead to some important insights. For thi@nd shows comparable values for the Si and C sublattices. A
reason, thermal annealing of the irradiated sample was peffeady accumulation of small lattice displacements due to
formed and multiaxial channeling analysis of the residualattice stress is observed along #i®11) axis, and a detect-
disorder at each ion fluence was measured. able reduction of the lattice stress perpendicular tq@081)

The isochronal annealing results at 570 K are shown iraxis occurs at 0.12 Ai/nn?. There is only a moderate
Fig. 11. Similar recovery behavior is observed on the Si ancamount of thermal recovery of disorder at 570 K at low ion
C sublattices along the three chosen axes. Prei@d8))-  fluences(at and below 0.058 A /nn¥) in 6H-SIiC. The

The general behavior of disorder recovery in“Aurradi-

125206-9



W. JIANG AND W. J. WEBER PHYSICAL REVIEW B64 125206

apparent recovery at 0.12 A/nn?, as observed along both U.S. Department of Energy. Support for the accelerator fa-

ET ot cilities within the Environmental Molecular Sciences Labo-
the_(OOO_J) ar\d <1_102_> directions, b‘_‘t .barely along the ratory (EMSL) was provided by the Office of Biological and
(1011) directions, indicates that a majority of the recoveredgironmental Research, U.S. Department of Energy. The
defects in the thermal annealing proc€s20 K, 20 min are  pacific Northwest National Laboratory is operated by Bat-
shielded by th€1011) atomic strings in 61-SiC. telle Memorial Institute for the U.S. Department of Energy
under Contract No DE-AC 06-76RLO 1830. The authors are
grateful to S. Thevuthasan and V. Shutthanandan for their
technical assistance with accelerator operations during ion
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