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Evolution of Helium Platelets and Associated Dislocation Loops ina-SiC
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Implantation of 2450 at. ppm helium into silicon carbide at room temperature results in the forma
of helium platelets with surprisingly uniform diameters about 9 nm, remaining constant upon annea
up to 1270 K. Estimation of the pressure in the platelets suggests the presence of solid helium
above ambient temperature. The narrow size distribution and the limitation of growth of the platele
attributed to their trapping by circular dislocation dipoles forming close to their rim when they reac
critical size. Upon annealing toø1500 K, the platelets disintegrate into disks of bubbles and, attach
to them, interstitial-type dislocation loops appear. The total volumes of bubble and loop componen
such complexes are found to be equal. This striking relation is attributed to the transfer of matrix a
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
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Because of its extremely low solubility in crystalline
materials, helium strongly tends to precipitate into bubbl
[1,2]. At medium temperatures where He interstitial atom
are mobile but matrix atoms are still immobile, the absor
tion of He interstitial atoms by existing bubbles may resu
in the building up of extremely high pressures close to t
theoretical shear strength of the material [3,4]. Thus,
implantation of mobile insoluble gas atoms into elastical
very strong materials such as silicon carbides or even d
mond, the highest static pressures in terrestrial laborato
may be attained [4]. It is of fundamental interest to stud
the conditions under which such pressures can be reach
From a practical point of view, helium bubbles in silicon
carbide may be important for the proposed use of these m
terials in fusion reactors or in nuclear waste managem
as well as for the introduction of bubbles suggested for g
tering metallic impurities in microelectronic devices.

Previous investigations on helium induced microstru
tural changes in SiC were confined either to shallow im
plantation of helium ions in the keV range [5] or to neutro
irradiation of boron doped material [6,7]. In the prese
work, a particles with ranges up toø200 mm were used,
allowing the study of helium clustering unaffected by su
faces (due to shallow implantation) or grain boundari
(due to boron segregation).

The material investigated was hot-pressed SiC
ø98.5% purity and 3.2 gycm3 density (EKasic-HD).
X-ray analysis and transmission electron microsco
(TEM) gave about 80%6H-SiC, 18%4H-SiC, and small
amounts of3C-SiC sb-SiCd, 15R-SiC, and free carbon.
Helium implantation was performed at room temper
ture with a 26.3 MeVa beam in a vacuum chambe
sø1023 Pad, using a degrader wheel to obtain homog
neous distribution up to maximum depths which could b
adjusted up to200 mm. Annealing was performed by
dropping the specimens into a hot tube furnace in a UH
chamber. Estimated heating and cooling times were
the order of a few seconds. TEM foils were prepared
0031-9007y99y82(13)y2709(4)$15.00
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ion milling the specimens from both sides after annealin
for details, see Ref. [8].

Specimens irradiated at room temperature with tran
mitting protons, i.e., without helium implantation, to
displacement doses up to 0.2 dpa (displacements
atom), showed no microstructural changes in TEM
neither after irradiation nor after subsequent annealin
This means that the amorphization dose for light ion
is substantially higher than for Ar or Xe bombard
ment [9], and that all of the microstructural feature
observed after implantation of SiC are closely relate
to helium. After implantation of 2450 at. ppm helium
(2.26 3 1022a m22, ø0.15 dpa, for the calculation of
the displacement dose see [10]) at ambient temperatu
two-dimensional platelets in the grains became clea
visible by TEM (Fig. 1). These are similar but more
pronounced than in Si [11], B4C [12,13], Mo [14], Ti
[15], and Ni [16]. The defects in the grain interior ar
separated by defect-free zones of about a0.5 mm width
from the boundaries. Analysis of the platelets in Fig.
gives habit planes of (0001) [Fig. 1(a)], and through-foc
bright-field imaging clearly shows that the platelets are
a cavity type [Figs. 1(b) and 1(c)]. The size distributio
of the platelets is surprisingly narrow with an averag
diameter of about 9 nm and an opening ofø0.6 nm,
corresponding to about 2.4 lattice distances along (000
Upon annealing up to 1270 K, the number density of th
platelets increases, but the diameter and opening of
platelets stay almost constant.

At lower concentrations, platelets become visible on
after annealing toø1500 K. Also around this tempera-
ture, platelets start to transform into disks of spheric
bubbles, and associated dislocation loops or even sta
of loops become visible (Fig. 2). These loops are of a
interstitial type and have habit planes (0001) with Burge
vectors1

4 or 1
6 of [0001] in 4H- and6H-SiC, respectively.

Only a few percent are ons2110d or s0110d habit planes.
The vertical extension of stacks can be roughly estimat
© 1999 The American Physical Society 2709
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FIG. 1. Down-axis image with electron beam directionf2110g
(a), and kinematic bright-field images [(b),(c)] with under
focused (b) and over-focused (c) beams of directionsf0110g,
of a 4H-SiC grain as implanted with 2450 at. ppm He a
ambient temperature. The stripes in (a) are superlattice fring
of 4H-SiC.

to ø10 nm and their diameters to values closely aroun
220 nm, respectively. Apart from one observation ne
metallic precipitates in Si [17], this is the first time tha
stacks of interstitial-type loops are reported. Various typ
of bubble disks are observed, mostly with smaller bubbl
in the middle and a few larger bubbles at the periphery, b
also large central bubbles surrounded by smaller ones.
quantitative analysis of the bubble-loop complexes sho
that the ratio of the total volumeVB of bubbles and the total
areaAL of loops within a complex have an approximatel
constant value around 0.23 nm (Fig. 3). This ratio is
close agreement with the separation distance, 0.25 nm
the (0001) planes. Above 1700 K the stacks of loops c
alesce and form single loops. Annealing at$2100 K
gives still larger loops that have lost the association wi
their bubbles. Also the average bubble size is increased
with a more homogeneous size distribution than at 1500
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 remova
In SiC the energetica particles produce about 60 Frenke
pairs, mainly at the end of their range. During implanta
tion sT # 350 Kd, interstitial helium atoms are sufficiently
mobile to reach a vacancy thus forming substitutional h
lium [18]. A substitutional helium atom can become mo
bile again by the recombination of a self-interstitial atom
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FIG. 2. Kinematic bright-field images of bubble-loop com
plexes [(a),(b)] and weak-beam dark field image (c) of loo
stacks in4H-SiC with 600 at. ppm He annealed at 1700 K fo
1 h. Electron beam direction is close to [0001] in (a) and (
andf0331g in (c). The arrow in (c) gives theg vector.

(SIA) with the vacancy or by thermal dissociation. A
the number of He atoms is still much lower than that
vacancies, formation of larger helium clusters during im
plantation of 2450 at. ppm cannot be due to remobilizati
of He by Frenkel pair recombination, but must be attribut
to thermal dissociation from vacancies and long-range d
fusion of interstitial helium. Thus, helium clusters shou
be able to grow continuously during implantation as we
as during annealing by the absorption of newly implant
or resolved mobile He interstitials, respectively.

For the growth of He clusters by absorption of inters
tial He, lattice space must be supplied. Possible mec

FIG. 3. Ratio of total volume of bubbles or bubble disks t
the area of associated singlessd or multiple loops sdd of
4H-SiC with 600 at. ppm He after annealing for 1 h at 1700 K
The dashed line gives the separation of (0001) planes.



VOLUME 82, NUMBER 13 P H Y S I C A L R E V I E W L E T T E R S 29 MARCH 1999

e
n
re

le
-
by
ol-

h
n
ed

m
ax-
ts
le.
nd

m
e

of
K.

s
n-

ith
lar.
ble
on

s
he
w

),
ots
nisms for the removal of matrix atoms are (1) removal o
atoms by thermal or irradiation induced vacancies (se
diffusion); (2) transport of matrix atoms along dislocatio
cores (“conservative climb”); (3) thermal or irradiation in
duced emission of SIAs and transport through the bul
(4) emission and gliding away of dislocation loops due t
repulsion by the overpressurized cluster (“loop punching
[19]. Diffusion measurements show that in SiC the firs
process takes off only above 2000 K [20,21]. The seco
process may become viable at temperatures$1400 K, if a
similar relation to bulk diffusion as in metals is assume
For metals, no experimental evidence exists for the thi
process, but only indications from desorption measur
ments (“trap mutation”) [22,23], and from computer simu
lation [24,25]. On the other hand, loop punching has be
observed by TEM in some metals (V, Mo). But in SiC
probably neither SIAs (process 3) nor loops (process
can escape from the cluster, due to low mobility and hig
glide resistance, respectively. Under these conditions,
only way by which the cluster can acquire space is the fo
mation of a crack, opened by a two-dimensional heliu
precipitate (platelet) between two lattice planes.

The pressure in such a platelet can be estimated by tre
ing them as gas-filled, oblate ellipsoids of radiusr and
short axiss ss ø rd [26], the free energy of which has
elastic, surface, and gas contributions [27–29]. Oblate g
ometries are favored when elastic contributions domina
compared to surface energy [30]. Minimization with re
spect tor ands yields two equations from which expres-
sions for pressurep and surface energyg, corresponding
to the Griffith criterion, can be derived:

p 
p

2
m

s1 2 nd
s
r

, (1)

g 
p

4
m

s1 2 nd
s2

r
 p

s
2

, (2)

wherem is the shear modulus andn Poisson’s ratio. With
m  192 GPa,n  0.16, r ø 4.5 nm, ands ø 0.3 nm,
Eqs. (1) and (2) yieldp ø 24 GPa andg ø 3.6 Nym2,
respectively. To our knowledge this value ofg represents
the first, although crude, experimental determination of th
(0001) surface energy ofa-SiC. This value agrees rea-
sonably with an estimate based on bond energies (3.1 e
derived from the formation energy (1195 kJymol SiC),
giving g ø 3.5 Nym, and also scales reasonably withg

of diamond. The high pressure value of 24 GPa gives
pym ratio close to the value of 0.2 as expected for loo
punching [3] and has a very interesting consequence:
extrapolating the melting curve of helium, described b
pfGPag ø 1.691 3 1023T1.555

m for 0.1 # p # 2 [31] to
higher pressures, a melting point ofTm ø 468 K is ob-
tained. Thus helium in the platelets should clearly be so
at room temperature.

On the other hand, at such high pressures, the theoret
shear strengthsmy2p ø 30 GPad may be exceeded at the
rim of the crack and a circular edge dislocation dipole ma
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form there (Fig. 4). It should be noted that this is not th
conventional loop punching. The energy for the formatio
of the dipole is supplied by the relaxation of the pressu
in the crack, i.e.,

E21 #
Z p1

p0

p dV , (3)

wherep0 andp1 are the pressures before and after dipo
formation. The critical crack size at which the forma
tion of a dipole becomes favorable can be estimated
assuming a power law relation between pressure and v
ume at high pressures, i.e.,pyp0 ø sV0yV da with a 
2s≠ ln py≠ ln V dT . Using this in Eq. (3), we obtain

p0V0

a 2 1
f1 2 sp1yp0d121yag $ E21 . (4)

A value of a ø 3 can be estimated from an existing hig
pressure equation of state for helium [32]. If the formatio
energy of the dipole is estimated from the energy need
to create an internal surfacesE21 ø 4pgbrd, Eqs. (2) and
(4) give

r
b #

3
2 sa 2 1dyf1 2 sp1yp0d121yag . (5)

The experimental values ofr ø 4.5 nm andb  0.25 nm
are consistent with Eq. (5) for a reasonable valuep1yp0 of
0.76. Consequences of dipole formation are further heliu
absorption by the crack due to temporary pressure rel
ation and inhibition of growth due to elastic constrain
associated with the presence of the dislocation dipo
Pressure increase may induce the formation of a seco
dipole on the other side of the crack, but eventually heliu
absorption will cease when inflow and resolution becom
balanced. This explains the narrow size distribution
the cracks and its temperature independence up to 1270
Unfortunately, the postulated circular dislocation dipole
close to the rim of the cracks cannot be revealed by co
ventional TEM techniques, since the strain contrasts w
and without such dipoles are expected to be rather simi
On the other hand, the high pressure platelets are sta
only at specimen thicknesses which make high resoluti
TEM very difficult.

Around 1500 K, diffusion along the dislocation core
becomes fast enough to allow stress relaxation in t
platelet by the transport of matrix atoms. The loops gro

FIG. 4. Schematic view of the helium filled crack (platelet
constrained by two dislocation dipoles on both sides. The d
indicate solidified helium atoms.
2711
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by conservative climb, releasing the elastic constraint, a
the partially relaxed cavities transform to the now more f
vorable spherical shape, i.e., the platelets are replaced
disks of bubbles. Also the kinetic constraint against Os
wald ripening by the exchange of helium atoms betwe
bubble-loop complexes is released, resulting in an incre
of their average size.

Transport of matrix atoms is fastest from the rim o
the disk, which explains the larger bubble sizes the
[Fig. 2(a)]. When at a certain size, diffusion to the rim o
the dislocations becomes too slow, new loops are nuc
ated [Figs. 2(b) and 2(c)]. This explains the occurren
of stacks of loops with a narrow size distribution aroun
220 nm. Most probably loop nucleation takes place clo
to the center of the complexes, which favors the growth
large central bubbles in this case [Fig. 2(b)]. The muc
higher migration energy of atoms along the dislocatio
(about half self-diffusion energy) compared to helium di
fusion explains why stacks are formed only in a narro
temperature range: With increasing temperatures the
moval rate speeds up faster than helium absorption.
far, transport of matrix atoms is restricted within the com
plexes, explaining the observed exact equality of atom
sizes of cavities and associated loops (Fig. 3) [33]. On
around 2100 K this restriction is relieved, probably by th
beginning of self-diffusion.

In future work, attempts should be made to prov
the existence of dislocations loop dipoles close to t
rim of gas-filled cracks, for instance, by high resolutio
electron microscopy. Furthermore, scanning tunneli
microscopy (STM) could give more information on th
arrangement of the stacks of loops. In addition, it shou
be tried to demonstrate that the helium enclosed in t
cracks is crystalline at room temperature. We have star
experiments with helium implanted diamond where th
pressure is expected to be even higher than in SiC, a
where it should be easier to obtain sufficient electro
diffraction contrasts from the supposed helium crystallit
within the platelets.

This work was performed under Associatio
EURATOM-FzJ.
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