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Evolution of Helium Platelets and Associated Dislocation Loops ie-SiC
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Implantation of 2450 at. ppm helium into silicon carbide at room temperature results in the formation
of helium platelets with surprisingly uniform diameters about 9 nm, remaining constant upon annealing
up to 1270 K. Estimation of the pressure in the platelets suggests the presence of solid helium even
above ambient temperature. The narrow size distribution and the limitation of growth of the platelets is
attributed to their trapping by circular dislocation dipoles forming close to their rim when they reach a
critical size. Upon annealing t&1500 K, the platelets disintegrate into disks of bubbles and, attached
to them, interstitial-type dislocation loops appear. The total volumes of bubble and loop components in
such complexes are found to be equal. This striking relation is attributed to the transfer of matrix atoms
from the bubbles to the associated loops by dislocation core diffusion. [S0031-9007(99)08776-1]

PACS numbers: 61.82.Ms, 62.20.Mk, 61.72.Qq

Because of its extremely low solubility in crystalline ion milling the specimens from both sides after annealing;
materials, helium strongly tends to precipitate into bubblegsor details, see Ref. [8].

[1,2]. At medium temperatures where He interstitial atoms Specimens irradiated at room temperature with trans-
are mobile but matrix atoms are still immobile, the absorp-mitting protons, i.e., without helium implantation, to
tion of He interstitial atoms by existing bubbles may resultdisplacement doses up to 0.2 dpa (displacements per
in the building up of extremely high pressures close to theatom), showed no microstructural changes in TEM,
theoretical shear strength of the material [3,4]. Thus, byeither after irradiation nor after subsequent annealing.
implantation of mobile insoluble gas atoms into elasticallyThis means that the amorphization dose for light ions
very strong materials such as silicon carbides or even dids substantially higher than for Ar or Xe bombard-
mond, the highest static pressures in terrestrial laboratorierent [9], and that all of the microstructural features
may be attained [4]. It is of fundamental interest to studyobserved after implantation of SiC are closely related
the conditions under which such pressures can be reachdd. helium. After implantation of 2450 at. ppm helium
From a practical point of view, helium bubbles in silicon (2.26 X 102« m~2, =0.15 dpa, for the calculation of
carbide may be important for the proposed use of these mahe displacement dose see [10]) at ambient temperature,
terials in fusion reactors or in nuclear waste managemertwo-dimensional platelets in the grains became clearly
as well as for the introduction of bubbles suggested for getvisible by TEM (Fig. 1). These are similar but more
tering metallic impurities in microelectronic devices. pronounced than in Si [11], &£ [12,13], Mo [14], Ti

Previous investigations on helium induced microstruc{15], and Ni [16]. The defects in the grain interior are
tural changes in SiC were confined either to shallow imseparated by defect-free zones of abolt%um width
plantation of helium ions in the keV range [5] or to neutronfrom the boundaries. Analysis of the platelets in Fig. 1
irradiation of boron doped material [6,7]. In the presentgives habit planes of (0001) [Fig. 1(a)], and through-focal
work, a particles with ranges up t&200 wm were used, bright-field imaging clearly shows that the platelets are of
allowing the study of helium clustering unaffected by sur-a cavity type [Figs. 1(b) and 1(c)]. The size distribution
faces (due to shallow implantation) or grain boundarieof the platelets is surprisingly narrow with an average
(due to boron segregation). diameter of about 9 nm and an opening 0.6 nm,

The material investigated was hot-pressed SiC oforresponding to about 2.4 lattice distances along (0001).
~98.5% purity and 3.2 g/cm® density (EKasic-HD). Upon annealing up to 1270 K, the number density of the
X-ray analysis and transmission electron microscopyplatelets increases, but the diameter and opening of the
(TEM) gave about 80%H-SiC, 18%4H-SIiC, and small platelets stay almost constant.
amounts of3C-SiC (B-SiC), 15R-SiC, and free carbon. At lower concentrations, platelets become visible only
Helium implantation was performed at room tempera-after annealing te=1500 K. Also around this tempera-
ture with a 26.3 MeVa beam in a vacuum chamber ture, platelets start to transform into disks of spherical
(=103 Pa), using a degrader wheel to obtain homoge-bubbles, and associated dislocation loops or even stacks
neous distribution up to maximum depths which could beof loops become visible (Fig. 2). These loops are of an
adjusted up t200 um. Annealing was performed by interstitial type and have habit planes (0001) with Burgers
dropping the specimens into a hot tube furnace in a UHWectorsi or % of [0001] in4H- and6H-SiC, respectively.
chamber. Estimated heating and cooling times were o®nly a few percent are of2110) or (0110) habit planes.
the order of a few seconds. TEM foils were prepared byThe vertical extension of stacks can be roughly estimated
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FIG. 1. Down-axis image with electron beam directjan 10] FIG. 2. Kinematic bright-field images of bubble-loop com-
(a), and kinematic bright-field images [(b),(c)] with under- Plexes [(a),(b)] and weak-beam dark field image (c) of loop
focused (b) and over-focused (c) beams of directighg 0], stacks in4H-SiC with 600 at. ppm He annealed at 1700 K for
of a 4H-SiC grain as implanted with 2450 at.ppm He at 1 h. Electron beam direction is close to [0001] in (a) and (b)
ambient temperature. The stripes in (a) are superlattice fringe®d[0331]in (c). The arrow in (c) gives the vector.

of 4H-SiC.

(SIA) with the vacancy or by thermal dissociation. As
to =10 nm and their diameters to values closely aroundhe number of He atoms is still much lower than that of
220 nm, respectively. Apart from one observation neavacancies, formation of larger helium clusters during im-
metallic precipitates in Si [17], this is the first time that plantation of 2450 at. ppm cannot be due to remobilization
stacks of interstitial-type loops are reported. Various type®f He by Frenkel pair recombination, but must be attributed
of bubble disks are observed, mostly with smaller bubble$o thermal dissociation from vacancies and long-range dif-
in the middle and a few larger bubbles at the periphery, butusion of interstitial helium. Thus, helium clusters should
also large central bubbles surrounded by smaller ones. A€ able to grow continuously during implantation as well
quantitative analysis of the bubble-loop complexes showgs during annealing by the absorption of newly implanted
that the ratio of the total volurmiés of bubbles and the total Or resolved mobile He interstitials, respectively.
areaA; of loops within a complex have an approximately For the growth of He clusters by absorption of intersti-
constant value around 0.23 nm (Fig. 3). This ratio is intial He, lattice space must be supplied. Possible mecha-
close agreement with the separation distance, 0.25 nm, of
the (0001) planes. Above 1700 K the stacks of loops co-
alesce and form single loops. Annealing @2100 K
gives still larger loops that have lost the association with i T
their bubbles. Also the average bubble size is increased but
with a more homogeneous size distribution than at 1500 K,
i.e., no large bubbles form.

In the following, these results will be rationalized in
terms of diffusion and clustering of He and transforma-
tion of the resulting He platelets by matrix atom removal. 0.0
In SiC the energetie particles produce about 60 Frenkel
pairs, mainly at the end of their range. During implanta- A_[x10° nm?]
tion (T = 350 K), interstitial helium atoms are sufficiently . .
mobile to reach a vacancy thus forming substitutional he%:hlfa3 'a?;'ea %?t'gsggé?;?édvgﬁgé)gfoeumﬁispg Igléggl(e.c)hs;s to

lium [18]. A substitutional helium atom can become mo-4x-SiC with 600 at. ppm He after annealing for 1 h at 1700 K.
bile again by the recombination of a self-interstitial atomThe dashed line gives the separation of (0001) planes.
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nisms for the removal of matrix atoms are (1) removal ofform there (Fig. 4). It should be noted that this is not the
atoms by thermal or irradiation induced vacancies (selfeonventional loop punching. The energy for the formation
diffusion); (2) transport of matrix atoms along dislocation of the dipole is supplied by the relaxation of the pressure
cores (“conservative climb”); (3) thermal or irradiation in- in the crack, i.e.,
duced emission of SIAs and transport through the bulk; .
(4) emission and gliding away of dislocation loops due to Ey = f pdv, (3)
repulsion by the overpressurized cluster (“loop punching”) p

[19]. Diffusion measurements show that in SiC the first herep, and p; are the pressures before and after dipole
process takes off only above 2000 K [20,21]. The secongyrmation. The critical crack size at which the forma-

process may become viable at temperatar@00 K., ifa 4oy of 5 dipole becomes favorable can be estimated by

'S:'m”ar re:atlon to bulk dlffusllon .‘ZS in metals '? asiumﬁ_d. ssuming a power law relation between pressure and vol-
or metals, no experimental evidence exists for the thir me at high pressures, i.e2/po =~ (Vo/V)® with a =

rocess, but only indications from desorption measure-_ . o :
IOments (“trap mutz;/tion”) [22,23], and from cgmputer simu- (9Inp/3InV)r. Using this in Eq. (3), we obtain
lation [24,25]. On the other hand, loop punching has been poVo e
obser\Eed by] TEM in some metals (\5), Fl)\/lo). B?,It in SiC @ — 1 [1 = (p1/p0)' "] = Ear. 4)
probably neither SIAs (process 3) nor loops (process 4) . o )
can escape from the cluster, due to low mobility and high™ Value ofa ~ 3 can be estimated from an existing high
glide resistance, respectively. Under these conditions, thef€ssure equation of state for helium [32]. If the formation
only way by which the cluster can acquire space is the for€nergy of the dipole is estimated from the energy needed
mation of a crack, opened by a two-dimensional heliunfO create an internal surfa¢g;, ~ 4mybr), Egs. (2) and

0

precipitate (platelet) between two lattice planes. (4) give
The pressure in such a platelet can be estimated by treat- ,r 3 I 1/a
ing them as gas-filled, oblate ellipsoids of raditsnd 5 =3 (a—=1)/[1 = (pi/po) 1. (5)

short axiss (s < r) [26], the free energy of which has .
elastic, surface, and gas contributions [27—-29]. Oblate gelhe experimental values of~ 4.5 nm andb = 0.25 nm
ometries are favored when elastic contributions dominat@r€ consistent with Eq. (5) for a reasonable valugpo of
compared to surface energy [30]. Minimization with re-0-76. Consequences of dipole formation are further helium
spect tor ands yields two equations from which expres- absorption by the crack due to temporary pressure relax-
sions for pressure and surface energy, corresponding ation and inhibition of growth due to elastic constraints
to the Griffith criterion, can be derived: associated with the presence of the dislocation dipole.
Pressure increase may induce the formation of a second
— —, (1) dipole on the other side of the crack, but eventually helium
2 =w)r absorption will cease when inflow and resolution become
_ T M f _ 5 @) balanced. This explains the narrow size distribution of
4 A—-vw)r P the cracks and its temperature independence up to 1270 K.
wherep is the shear modulus andPoisson’s ratio. With Unfortunately, the postulated circular dislocation dipoles
w =192 GPa,» = 0.16, r ~ 4.5 nm, ands ~ 0.3 nm,  close to the rim of the cracks cannot be revealed by con-
Egs. (1) and (2) yieldp ~ 24 GPa andy ~ 3.6 N/m?,  Vventional TEM techniques, since the strain contrasts with

respectively. To our knowledge this valuepfepresents and without such dipoles are expected to be rather similar.
the first, although crude, experimental determination of théN the other hand, the high pressure platelets are stable
(0001) surface energy af-SiC. This value agrees rea- ONly at specimen thicknesses which make high resolution
sonably with an estimate based on bond energies (3.1 eV)EM very difficult. -~ , _

derived from the formation energy (1195/kdol SiC), Around 1500 K, diffusion along the dislocation cores
giving vy =~ 3.5 N/m, and also scales reasonably wigh Pecomes fast enough to allow stress relaxation in the
of diamond. The high pressure value of 24 GPa gives ®latelet by the transport of matrix atoms. The loops grow
p/u ratio close to the value of 0.2 as expected for loop
punching [3] and has a very interesting consequence: By
extrapolating the melting curve of helium, described by —— ————— —

T M s

p[GPd =~ 1.691 X 1073T,5% for 0.1 = p =2 [31] to e

higher pressures, a melting point Bf, = 468 K is ob- o e e e e e e e e e e -
tained. Thus helium in the platelets should clearly be solid ————-***' """ ""° s —
at room temperature. T —

On the other hand, at such high pressures, the theoreticalg 4 schematic view of the helium filled crack (platelet),

shear strengtfiu /27 ~ 30 GPa may be exceeded at the constrained by two dislocation dipoles on both sides. The dots
rim of the crack and a circular edge dislocation dipole mayindicate solidified helium atoms.
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