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ABSTRACT

Cubic SiC layers grown on Si(110) contain a high density of widely spread and
intersecting stacking faults. Weak-beam transmission electron microscopy has
been used to determine the possible Burgers vectors of both widely spread
Shockley partial dislocations and sessile partial dislocations in such films.
Partial Shockley dislocations that restrict non-intersecting stacking faults were
characterized, and a stacking-fault energy of 0.1 mJm~> was determined. Edge
sessile dislocations with £(110) and £(001) Burgers vectors were identified at the
stacking-fault intersections.

§1. INTRODUCTION

SiC is a tetrahedrally bonded, classically polytypic IV-IV semiconductor
(Baumhauer 1912). More than 200 hexagonal (nH with different periodicities n)
and one cubic (3C) SiC polytypes exist. In general, fcc and hcp lattices may be
considered as different stacking sequences of close-packed planes that have the
same symmetry of atom location. In the fcc lattice all three possible A, B and C
positions are occupied. In the hep lattice the sequence is AB. .., with the A and B
planes shifted relative to one another by %(ITOO). In all other hexagonal polytypes
the C position is also occupied and the stacking sequence can be classified according
to its hexagonality. In 4H-SiC the stacking sequence is ABCB.. .., corresponding to
75% hexagonality, while in 6H-SiC it is ABCACB. .., corresponding to 66% hex-
agonality. The difference between the free energies of the stacking sequences can be
small (Limpijumnong and Lamprecht 1998, Fissel 2000), and the stacking sequence
can be changed by creating a stacking fault (SF). In fcc crystals, this occurs by the
formation of Shockley partial dislocations with Burgers vectors b, of the form
%(1 12), whereas, in hcp lattices, partial dislocations in the (0001) plane have
Burgers vectors of the form 1 (0110).

The equilibrium width of a SF is determined by a balance between the repulsion
of two partial dislocations of the same sign and the resulting increase in free energy
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(Siethoff and Alexander 1964). If the difference between the free energies of
polytypes is small, then widely dissociated perfect dislocations and even single
partials may be observed, as in ZnS crystals (Zaretskii et al. 1983). In SiC, widely
dissociated dislocations have been seen in both the cubic phase and the hexagonal
phase (Maeda et al. 1988, Ning and Pirouz 1996, Hong et al. 1999, 2000). The
stacking-fault energy (SFE) has been determined for both 4H-SiC (Hong et al.
1999) and 6H-SiC (Maeda et al. 1988, Hong et al. 2000). In 3C-SiC that has been
deformed by indentation at a high temperature, widely separated Shockley partial
dislocations result from the dissociation of 1(110)-type perfect dislocations in
addition to individual Shockley dislocations (Griffiths 1966, Ning and Pirouz
1996). Pirouz et al. (1987) studied lattice defects in chemically vapour-deposited
3C-SiC on Si(001).

Although the origin of the electrical activity of dislocations in semiconductors is
still not understood (Nakamura 1998), it is known that the electrical states of dis-
locations in semiconductors depend on their core structure (Ossipyan et al. 1986) and
influence their optical and electrical properties (Steeds 1989, Schubert et al. 1997,
Kaiser et al. 2000). The present work is devoted to a weak-beam diffraction contrast
microscopy study of dislocations in 3C-SiC on Si(110), which has a high density of
SFs that form dislocations at their intersections. To enable all possible Burgers
vectors to be determined with high accuracy, a particular procedure has been imple-
mented.

§2. EXPERIMENTAL DETAILS

Cubic SiC films 1 pm thick were grown epitaxially on to Si(110) by molecular-
beam epitaxy (Kaiser er al. 1999, Fissel et al. 2000). Cross-sectional transmission
electron microscopy (TEM) foils with [110] foil normals were prepared using
mechanical polishing, dimpling and small-angle Ar-ion milling and examined
using a JEM 2000F X transmission electron microscope. Weak-beam TEM images
were obtained at several zone axes to determine the Burgers vectors of dislocations.
Two (111) zones, four (112) zones and two (100) zones were within the tilt range
available (x axis, +45°; y axis, £36°). The g reflections and the zone axes used are
summarized in table 1.

Table 1. g reflections and zone axes used for the
experiments and calculations.

g Zone axes

002 110 010 100
200 010

020 100 _

111 110 121 211
111 110 121 211
220 110 111 1T
202 111 121 010
022 11 100 211
202 111 010 121

022 1T 211 100




Partial dislocation Burgers vectors in cubic SiC films 543

§ 3. BURGERS VECTOR DETERMINATION

In order to study dislocations in the cubic 3C-SiC films, we used the well-known
|g- b| criterion (Hirsch e al. 1965). Shockley and sessile partial dislocations were
initially distinguished. Individual SFs are bounded by Shockley dislocations, while
sessile dislocations are created as a result of the intersection of SFs. For Burgers
vector determination, weak-beam contrast was compared with calculated |g- b|
values, making use of the fact that |g- b|2 is proportional to the image intensity
(Hirsch et al. 1965, Cockayne et al. 1969, Cockayne 1972). Calculated |g- b| values
for Shockley dislocations, which are given in table 2, were used to determine the
Burgers vector of each dislocation unambiguously. In practice, some dislocations
may exhibit small differences in their |g- b| values (e.g. for [g-b| =0 and |g-b| =1
and hence small differences in their contrast. Therefore, the procedure was simplified
and clarified by first determining the SF plane. The four possible {111} SF planes are
defined in table 3, in which |g- Rgr| values (Rgp is the displacement vector for a SF)
are also given. (It should be noted that at [110] the (111) and (T11) planes can be
quickly identified from the selected-area diffraction pattern. The remaining (111) and

Table 2. Calculated |g- b| values for Shockley partial dislocations.

g- b for the following g

iﬂne b 002 200 020 111 111 220 202 022 202 022
(111)  by=121/6 1 1 2 1 2 1 0 1 2 1
b, =112/6 3 1 1 1 1 0 1 1 1 1
b,=211/6 1 2 1 2 1 1 1 0 1 2
(111) b, =211/6 1 2 1 1 0 1 1 2 1 0
b, =121/6 1 1 2 1 0 1 0 1 2 1
b, =T12/6 2 1 1 2 0 2 1 1 1 1
(11T) by =T121/6 1 1 2 2 1 1 2 1 0 1
by =211/6 1 2 1 1 2 1 1 2 1 0
b, =112/6 2 1 1 1 1 0 1 1 1 1
(I11)  bs=211/6 1 2 1 0 1 1 1 0 1 2
by =112/6 2 1 1 0 2 2 1 1 1 1
bs = 121/6 1 1 2 0 1 1 2 1 0 1
Table 3. Calculated |g- Rsg|values for SFs (Rgg is the displacement vector).
g- Rsp for the following g
SF plane SF — — —
number planes Rsr 220 202 022 202 022
1 (111) 1[111] 4 0 3 4 0
2 (117) 1[117] 0 3 3 0 0
3 (111) 1111 3 3 0 0 3
4 (111) 1111 0 0 0 4 3
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(11T) planes must be selected by observing changes in SF projection width while
tilting to [111] or [111] poles.) For a particular Shockley dislocation, knowledge of
the SF plane reduces the number of possible Burgers vectors from 12 to three, from
which the correct Burgers vector can be identified using the reflections given in table
2.

For sessile partial dislocations, nine stable dislocations can result from the reac-
tion between Shockley partials: six with 4 (110) and three with 3(001) Burgers vec-
tors. Table 4 shows the reactions that lead to their creation. For each pair of
intersecting {111} planes, two reactions between Shockley partials lying in these

Table 4. Formation of partial sessile dislocations from partial Shockley dislocations at the
intersection of SFs lying in planes 1-4 (see table 3) in the fcc lattice.

Plane of Reactions of Burgers vector of resulting
intersecting SFs Shockley dislocations sessile partial dislocation
1x2 b, —b, or —b; + by 1017

3x 1 bs — b, or —bg + b, 1[110]

2x3 b, —bs or —bg + by 41101

3x4 by — by or bg — by, 2[011]

2x4 b, — b, or by — b, £[110]

1x4 b; — by, or b; — by, £[101]

1x3 b, — b or bs —b; 1[001]

2 x4 b, + by or bg + b,

2% 1 b, —b; or b, — b, 1[100]

3 x4 bg + by or by + by,

2x3 b, — by or bs — by 1[010]

1 x4 b; +b;; or b; + by,

Table 5. Calculated |g- b| values for sessile partial dislocations.

b vector |g- b| for the following

11 220 202 022 202 022

—I1
—
—_

Type Direction 002 200 020

L1y  011/6 1 0 1 0 1 1 1 2 1 0
170/6 0 SN TR BN SR IoF 1 1
T01/6 3 I 0 3 0 3 ToF 03
011/6 3 o 3 3 0 3 ;o0 3
110/6 0 1 1 0 0 0 1 1 1 1
101/6 1 1 0 0 1 1 0 1 2 1
1(001)  001/3 2 0 0 1 1 0 2 2 0 2
010/3 0 0 2 1 1 2 0 2 2 2
100/3 0 2 0 1 1 2 2 0 2 0
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planes can lead to the creation of the same dislocation with a Burgers vector of the

form £ (110). Two other reactions lead to the formation of a (001) dislocation. The
two types of Burgers vector can be distinguished by comparing experimental contrast

with the |g- b| values given in table 5.

§4. RESULTS AND DISCUSSION
The 3C-SiC samples studied contain a high density of SFs (of the order of 10—
10° cm™?), numerous partial glide dislocations that restrict ‘non-intersecting’ SFs
(Shockley dislocations), and sessile dislocations at SF intersections.

4.1. Shockley dislocations

Figures 1 (a) and (b) show individual SFs that are bounded by Shockley partial
dislocations and denoted 1, 2 and 3. The SFs labelled 1 and 2, which show remark-
ably non-uniform width, are visible using T11, 1T1 and 022 reflections (figures 1 (a)—
(¢)) but invisible using 220 and 202 reflections (figures 1(d) and (e)). With reference
to table 3, their displacement vector Rgf is %[1 11] (the plane of the SF is therefore the
(111) plane). The three % (112) Burgers vectors of the Shockley dislocations bounding
the SFs in the (111) plane are listed in table 2. In figure 1 the partials bounding the
SFs 1 and 2 are labelled a—d. Comparing their visibility using all five reflections, it is
clear that partials a and c have strong contrast only in figures 1(d) and (e). In
addition, the SF disappears in figures 2 (d) and (e), meaning that |g- b| is an integer.
By comparison with table 2, the vector %[71 1] can be selected for partials a and ¢
because of their strong contrast (|g- b| = 1) when using 220 and 202 reflections. This
result agrees with the strong contrast of dislocations a and c in figures 1 (a)—(c) for
reflections T11 and 022, for which |g- b| is equal to % (see table 2). For the two other
possible Burgers vectors, |g- b| is %, corresponding to weak contrast.

An analogous approach for dislocations b and d shows that their Burgers vector
is % [121], for which the dislocations are invisible using the 202 reflection (figure 1 (e)).
Both dislocations exhibit strong contrast using the 111 reflection (table 2), which
corresponds to a calculated |g- b| value of 2.

The SF labelled 3 (upper left corner of figure 1), which is bounded by Shockley
dislocations e and f, shows a more uniform splitting width. The projection width
suggests that the SF lies in a different plane from the SFs 1 and 2. This must be the
(117) plane because the SF is invisible using 022 and 220 reflections (table 3). Further
evidence is provided by the change in SF projection width observed on tilting the
sample (see § 3). The same Burgers vector determination procedure shows that, for
the SF labelled 3, b =£[112] for Shockley dislocation e and { [121] for f.

Shockley partials either can be created through the dissociation of a perfect
dislocation as in 1[011] — 1[112] +1[121] or can originate as a result of a change
in {111} stacking sequence. The wide range of SF widths results from internal
stresses during film growth. The interaction between partial dislocations can be
comparable with their interaction with such stresses, as for the case of widely spread
SFs. Applying the formula usually used for dissociated dislocations under equili-
brium conditions (Hirth and Lothe 1968) to the most wide SFs observed in the
samples shows that the SFE is as low as 0.1 mJm™. The SFE determined in this
work does not necessarily contradict the value of approximately 0.2mJm™> esti-
mated from images of dissociated dislocations in deformed 3C-SiC (Ning and
Pirouz 1996). The SFE for cubic SiC is lower than that determined for 6H-SiC
(2.5mJm™2 (Maeda et al. 1988) and 2.9 +0.5mJm~> (Hong et al. 2000)) and 4H-
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Figure 1. Weak-beam images recorded near the (a) [121], (b) [211], (¢) [11T], and (d), () [111]
zone axes with reflections as denoted, showing Shockley partial dislocations a, b (SF
labelled 1), ¢, d (SF labelled 2), e, f (SF labelled 3), k (SF labelled 5) and sessile partial

dislocations h, i (SF labelled 4) and j (SF labelled 5) at the intersections of SFs 4 and 5
with SFs 6 and 7.
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Figure 1. (Continued)

SiC (14.7 +2.5mJ m™> (Hong et al. 1999)), in accordance with the lower stability of
the cubic phase compared with the hexagonal polytypes, as calculated by
Limpijumnong and Lamprecht (1998), Kackell et al. (1999) and Fissel (2000).

4.2. Sessile partial dislocations

SFs are often very wide and intersect with SFs in other {111} planes (see the SF
labelled 4 in figure 1 and the SFs in figure 2), producing sessile partial dislocations at
their intersections. There are two types of stable Burgers vector for sessile disloca-
tions in a fcc lattice, both of which are present in the 3C-SiC films studied.

In figure 2, intersecting SFs that create sessile partial dislocations are shown for
different reflections. We now describe the determination of the Burgers vectors of the
sessile dislocations labelled m and n. In figure 3 (a), the SFs that create dislocations
m and n (denoted as SF1 to SF4) are shown schematically (SF1 and SF2 lie in (117),
while SF3 and SF4 lie in (1T1); these planes are denoted 2 and 1 respectively in table
3). As seen in table 4, four reactions are possible between four Shockley partials,
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Figure 2. Weak-beam images showing intersecting SFs (labelled SF1 to SF4) creating
—é(l 10) sessile partial dislocations (labelled m and n) taken using (a) 111, (b) 022, (¢)

220 and (d) 202 reflections.

leading to sessile dislocation formation with £ (011) and 4(001) Burgers vectors, that
is

b] t b2 :b4+b3 :%[OlT],

These reactions are shown schematically in figure 3 (b) (the tetrahedron is the well-
known Thompson tetrahedron), in which the directions of the sessile Burgers vectors
are shown using bold dotted lines. Both dislocations are clearly visible using the 022
reflection (figure 2 (b)), and hence (see table 5) their Burgers vector is b :%[Ol_]
(lg9-b[ =%) and not b =1[100] (|g- b| = 0). This conclusion is consistent with the
invisibility of the dislocations using reflections 220 and 202 (figures 2 (c¢) and (d)), in
accordance with the calculation of a low |g- b| value of £ (table 5). (For b =21[100],
this value is larger (g- b| =3%)).

We now determine the Burgers vector of dislocations i and h in figure 1, which
are created at the intersections of SF4 with the parallel SF6 and SF7 (figure 4). SF4
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<110]

b

Figure 3. Schematlc diagram of the location of the intersecting SFs in figure 2 (SF1 to SF4),
creating ¢ (110) sessile partial dislocations labelled m and n in (a) while (b) shows the
well-known Thompson tetrahedron with the Burgers vectors ¢[01T] and 1[100] of
edge sessile dislocations created from the reaction between pairs of Shockley partial
dislocation b; to by lying in (111) and (111).
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\\,\\D

Figure 4. Schematic diagram of the location of the intersection of SF4 with SF6 and SF7 (see
figure 2), creating % (100) sessile partial dislocations labelled i and h.

lies in the (111) plane, while the two parallel SFs are in the (111) plane. In accordance
with table 4, the following reactions between dislocations with Burgers vectors
b,, b,y and by (in (11T), denoted 2 in table 3) and bs, bs and by (in (111), denoted
3 in table 3) need to be considered:

bz—b5:b9—b8:

gl1ot],

b2 — bg :b5 —bg :%[010]

As i and h are both invisible using the 202 reflection (figure 1(e)), b :%[010]
(lg- b] =0). This conclusion is consistent with the contrast observed using the 022
and 220 reflections (figures 1 (c) and (d)) in which |g- b| :% for b :%[010] whereas
for b= [101], |g-b| =1.

In the upper left corner of figures 1 (a)—(e), the SF labelled 5 is bounded by one
sessile partial dislocation j with b =1[010] and one Shockley partial k with
b=1[112].

It should be noted that sessile dislocations with ¢ (110) or 1 (100) Burgers vectors
are of edge character. As the dislocation core structure and its energy level in the
bandgap are in general defined by the orientation of the dislocation relative to its
Burgers vector, sessile dislocations may be expected to show more distinct peaks in
optical spectra than glide dislocations as the latter have a wider range of orientations
relative to their Burgers vectors. The electrical and optical activities of Shockley and
sessile partial dislocations have not yet been discussed in the literature for SiC.
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§5. CONCLUSIONS
The defect structure of 3C-SiC films consists of a high density of SFs, with
numerous partial glide dislocations that restrict non-intersecting SFs, and sessile
dislocations that form at SF intersections. SFs that are bounded by Shockley partial
dislocations have widths of up to 2 um, corresponding to SFEs down to 0.1 mJ m™2.
Sessile partial dislocations are created at the intersection of SFs on different {111}
planes and have %(100) and %(110) Burgers vectors that lie perpendicular to the
corresponding (110) dislocation line direction.
A similar analysis will be especially useful for the study of undeformed thin films,
in which all possible Burgers vectors are expected.
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