DEREK J. HODGSON AND JAMES A. IBERS 471

HENDRICKS, S. B. (1935). Z. Kristallogr. 91, 48.

IBERs, J. A. (1962). International Tables for X-ray Crystal-
lography, Vol. 111, Table 3.3.1A. Birmingham: Kynoch
Press.

MCcGRATH, J. W. & PAINE, A. A. (1964). J. Chem. Phys.
41, 3551.

O’CONNELL, A. M., RAE, A. 1. M. & MAsLEN, E. N. (1966).
Acta Cryst. 21, 208.

PEDERSEN, B. F. (1964). Acta Chem. Scand. 18, 1635,

Acta Cryst. (1969). B25, 477

PEDERSEN, B. (1966). Acta Cryst. 20, 412,

ROBERTS, B. W. & ParRisH, W. (1962). International Tables
Sfor X-ray Crystallography, Vol. Ill, p.76. Birmingham:
Kynoch Press.

ROBERTSON, J. H. (1965). Acta Cryst. 18, 410,

STEWART, R. F., DAaviDsoN, E. R. & SimMpsoN, W. T. (1965).
J. Chem. Phys. 42, 3175.

ZACHARIASEN, W. H. (1963). Acta Cryst. 16, 1139.

ZACHARIASEN, W, H. (1968). Acta Cryst. A 24,212.

A Review of the Structure of Silicon Carbide
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The structure of silicon carbide and its polytypism are reviewed together with a brief discussion of the
proposed mechanisms of crystal growth. The unit-cell parameters and stacking sequences are tabulated
for 74 polytypes and the atomic positions listed for seven of the most common polytypes. A complete
bibliography of the literature pertaining to the structure of silicon carbide is presented.

Introduction

The long-range structure of silicon carbide is extremely
complex as a result of the one-dimensional disorder or
polytypism. The short-range structure is simple, a four-
coordinate, diamond-like arrangement of alternate
silicon and carbon atoms. Since approximately 75
structures have been identified, and many completely
determined, it seemed desirable to bring these data
together for reference. While many are in the literature
available to most researchers, a number of others are
reported in Soviet and Chinese literature, and as such
are less readily available.

Since no mechanism of crystal growth has been
completely accepted, or has fully explained the forma-
tion of crystal structures having unit cells of the order
of one thousand layers long, brief descriptions of sev-
eral theories will be presented, without attempting to
make a choice, merely to point out obvious failings
and strong points of each.

The system of nomenclature used in this description
of the various polytypes (Baumhauer, 1915) will, unless
otherwise stated, be that of Ramsdell (1947). This con-
vention is to assign a number corresponding to the
number of layers in the hexagonal unit cell and a letter
suffix designating the crystal symmetry: C, cubic; H,
hexagonal; R, rhombohedral.

Description of the basic structure

Early work on the crystallography of SiC was devoted
to goniometric studies of interfacial angles (Acheson,

1893; Baumhauer, 1912; Becke, 1895; Negri, 1906;
Peacock & Schroeder, 1934 ; Peacock, 1934; Cortellezzi
& Schroeder, 1934), which in the earliest studies
showed at least two polytypes present in the first
samples (Acheson, 1893). Morphological studies also
showed the intergrowth of two or more polytypes with-
in a single crystal (Baumhauer, 1915).

Early etching studies (Becke, 1895a,b) showed the
different chemical behavior of the opposite basal planes
(Figs.1 and 2).

The first true structural studies were based on the work
of Hull (1919,1920), Ott (1925a,b,c,d,e. 1926, 1928)
and others (Braekken, 1930; Espig, 1921; Hauer &
Koller, 1916).

The structure of SiC can be described in several ways.
For example the spatial location of each atom may be
given. This is completely unambiguous, but for most
purposes over complicated. The symmetry of a plane
of atoms, resulting from the relative positions of the
two adjacent layers can be designated; using this sys-
tem the relation between layers of wider separation is
not readily shown. Still other descriptions are based on
the relative position of the various layers. One of the
simplest is based on the relative orientation of layers
of tetrahedra.

All silicon carbide structures are made up of a single
basic unit, a plane of tetrahedra, arbitrarily either
SiC4 or CSiy, shown in Fig.3. Successive layers can
arrange themselves in one of two ways: parallel or anti-
parallel, as shown in Fig.4(q) and ().

Arbitrarily designating one orientation ‘a’, the other
‘b’, the parallel stacking of layers leads to an ‘aa’ se-
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quence while the anti-parallelyields an ‘ab’ sequence. An
infinite number of combinations of ‘a’ and ‘b’ layers
probably exists; however, the structures thus far exam-
ined contain relatively few sequences having four or
more adjacent layers of the same orientation. Two
exceptions are §-SiC in which all layers have the same
orientation and the polytype 174R in which six layers
within the unit cell are similarly oriented (Tomita,
1960).

The common structures, those of 6H, 15R, 4H and
B-SiC, have aaabbb, aaabb, aabb, and (aaa) layer se-
quences. By far the most predominant sequences,
whose structures have been analyzed, contain two and
three successive layers of similar orientation.

The description of structures on the bases of orien-
tation of the tetrahedral layers is basically the same as
that used by Wells (1950) in which he refers to the
layers of alternate atoms. The layers to which he refers
are the tetrahedral layers described above but without
the apex atoms, which are shared with the next succes-
sive tetrahedral layer.

Similarly, descriptions based on the hexagonal silicon
and carbon double layers are the same as the tetra-
hedral layers, with the three basal atoms removed to
the preceding layer.

Wyckoff (1963) describes the SiC structures on a
different basis. He describes them on the basis of the
symmetry of packing of one of the two atom types.

‘Each of these structures can be considered as having
planes of carbon atoms (or of silicon atoms), viewed
either as packed ions or as centers of tetrahedra stacked
one above another in different arrays. For the simplest,
B, modification, the second of these layers is obvi-
ously displaced with respect to one chosen as first by
1.%,4 and the third layer by %,4,%; the fourth layer at
0,0,2 is then directly over the first. If these three posi-
tions are designated as 0,1 and 2, then the vertical

sequence in the f form, that of a cubic close packing
is

0,1,2,0,1,2,0,1,2, ...

Expressing planar displacements in the vertical se-
quence in this fashion, it follows directly from the co-
ordinates listed above that the other modifications can
be represented as:
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For III: 0,1,0,2,0,1,0,2,............

For I : 0,1,2,0,2,1,0,1,2,0,2,1,........
ForI :0,2,0,1,2,1,0,1,2,0,2,1,2,0,1,0,2,0,1,2
ForIV: 0,2,1,2,0,1,0,2,1,0,1,2,0,2,1,0,2,0,1,2,1, ..

For VI: 0,2,0,1,2,1,0,2,0,1,2,1,0,1,2,0,2,1,0,1,

Continuing to follow Chapter II by designating as H
a plane that has the same, and by C a plane that has
different displacements above and below it (corres-
ponding to the hexagonal and cubic close packed dis-
tributions), the sequences in these forms of SiC can also
be written:

Fig.3. Hexagonal layers of 4 B4 tetrahedra.
(@) (b)

Fig. 4. Orientation of tetrahedra in successive hexagonal layers:
(a) parallel, (b) antiparallel.

Table 1. SiC polytype notation

Wells (1950)

B a

4H aabb

6H aaabbb

1SR (aaabb)s
21R (aaabbbb); e
33R (aaabbbaaabb); . . .

Zhdanov &
Minervina (1946)
and
Wyckoff (1963) Mitchell (1957)

ccc cee ©o
(CH CH) 22
(CCH CCH) el 33
(CCHCH)3 . (32);
(CCCHCCH)3 e (34)3
(CCHCCHCCHCH); ... (3332);
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Fig.1. SiC crystal etched at 800° in NaOH showing well
developed etch pits associated with the ‘bright’ or silicon
face.

[To face p. 478
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Fig.2. Reverse side of crystal shown in Fig. 1, showing poor
etch patterns associated with the *dull’ or carbon face.
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For f:
0,1,2, 0,1,2, 0,1,2,
CC CcCC cccC

For o-III:

0,1,0,2, 0,1,0,2, 0,1,0,2,
HCH CHCH CHCH

Table 2. Crystallographic data for SiC polytypes

Unit-cell dimensions
No. of layers

and symmetry Hexagonal®@ Rhombohedral Layer
of unit celltD co (A) ao(A) o sequence Reference
2H 5-028 Sokhor & Glukov (1965)
2H 5-048 11 Adamsky & Merz (1959); Merz & Adamsky
(1959); Merz (1961)
3C 4-349 Hull (1919; 1920); Mitchell (1957); Thibault
(1944)
4H 10-053 22 Mitchell (1957); Ott (1926); Thibault (1944);
Wyckoff (1963)
6H 15-079 33 Mitchell (1957); Ott (1925a, b); Thibault
(1944);
TH 17-637 Kuo (19644a)
8H 20-1064 44 Mitchell (1957); Ramsdell & Kohn (1952)
9H 22-676 Kuo (1964a)
10H 25-133 3223 Gasilova (1957); Mitchell (1957); Ramsdell
& Kohn (1951)
14H 35-182¢» (22),33 Yuasa, Tomita & Ohta (1966)
I15H 37-794 Kuo (1964a)
15R 37:70 12:69 13°54-%" (32); AS.T.M. index; Mitchell (1957); Ott
(1925¢,d); Wyckoff (1963)
16H 40-208(3 323323 Gasilova (1955; 1957)
18H 45:234 (22)333 Gliki (1954)
19H 47-753 22(23); Ramsdell & Mitchell (1953)
21R 5278 17-683 9°58” (34); Mitchell (1957); Ramsdell (1944)
24H 60:312(3 Gasilova (1955; 1957)
24R 60-47 Kuo (1964a)
27R 67-859 22-689 7046’ (2223); Gasilova & Beletskii & Sokhov (1952); Mit-
chell (1957); Ramsdell & Kohn (1942
33H 82:929(» Mitchell (1954)
33R 82-94 27-704 6°217, 30" (3332)3 Mitchell (1957); Ramsdell (1945); Thibault
(1944); Zhdanov & Minervina (1946; 1947)
36H @ 90-65 (33)232(33);34 Krishna & Verma (1963; 1964)
39H 98-007¢ (33)232(33)2(32), Azuma, Ohta & Tomita (1963)
39R 98-007(3 (3334), Gasilova (1952; 1955)
48H 120-624¢3 Mitchell (1954)
48R 120-94 Kuo (1964a)
S1R(a)s)  128-178 42-763 4°7 [(33)232]3 A.S.T.M. index; Mitchell (1957); Ramsdell
(1946; 1947); Thibault (1944; 1946: 1948);
Zhdanov & Minervina (1945a)
S1R(b) 128-163(3 [(22)323]; Mitchell (1957); Ramsdell & Kohn (1952)
S4H 135702 Verma (1957)
S55H 138-58 Kuo (1964a)
STR 143-52 [(33)234]; Krishna & Verma (1962a, b)
STR 143-62 Kuo (1964a)
S8 H 146-14 Kuo (19644a)
60R 151-18 Kuo (1964a)
66 H 165-858(» Verma (1957)
69R 173-85 [(33)332]); Kuo (1964a)
72R 180-936(3)
75R 188-497 62-857 2°48° [(32)3(23)2]5 Mitchell (1957); Ramsdell & Kohn (1952)
78H 196:014(3 Mitchell (1954)
80H 201-57 Kuo (1964a)
81R 204-09 Kuo (1964a)
84R 211-117 70-395 2°30° [(33)3(32)2]3 Amelinckx (1952a); Mitchell (1957); Rams-
dell & Kohn (1952)
87R 218-657 72-865 2°25° [(33)432]; Mitchell (1957); Ramsdell (1957)
90R 2266 [(23)43322]3 Krishna & Verma (1963)
93R 234-32 Kuo (1964a)
105R 264-56 Kuo (1964a); Singh & Verma (1964)
105R 264-54 [(33)s32]3 Kuo (1964c)
L11R 279-68 [(33)534]; Krishna & Verma (1962a,b); Kuo (1964a);

Singh & Verma (1964)
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Table 2 (cont.)

Unit-cell dimensions
No. of layers

Rhombohedral

and symmetry Hexagonal(2 - Layer
of unit celltD co (A) ag (A) sequence Reference
120R 301-56(» Mitchell (1954)
123R 309-91 Kuo (1964a)
126R 316-638(3 Verma (1957)
141H 355-26 Kuo (1964a)
141R 354-333 118-124 1°30° [(33)732]5 Mitchell (1954)
144R 362-82 Kuo (1964a)
147R 370-38 Kuo (19644
50R 37794 Kuo (1964a)
153R 385-50 Kuo (1964a)
159R 40062 Kuo (1964a)
168R 422-184(» [(23)1033]5 Mitchell (1954)
174R 436-7 [(33)36(33)54]3 Tomita (1960)
192R 482:496(» Ramsdell & Mitchell (1953)
216R 544-23 Kuo (1964a)
231R 582-03 Kuo (1964a)
249R 627-38 Kuo (1964a)
270R 680-29 Gasilova (1957); Kuo (1964a); Zhdanov &
(may be 267, 270 or 273R) Minervina (1946; 1947)
If 267R [(23)1722]3 Gasilova (1957)
273R [(23),733]3 Gasilova (1957)
339R 854-14 Kuo (1964a)
354R 891-94 Kuo (1964a)
393R 987-609 329-208 0°32 [(33)2132]5 Mitchell (1954)
400H 1005-2(3 Mitchell (1954)
(may be 1200R) Mitchell (1954)
417R 1050-7 350-4 30-4 Mitchell (1954)
453R 1141-4 380-6 27-8 Kuo (1964a, b)
513R 1292-6 Kuo (19644, b)
595R 1491-72(» Kuo (1964a)
636R 1602-5 Honjo, Miyake & Tomita (1950)
1200R 3015-6» Kuo (1964a)
(may be 400H) Mitchell (1954)
() C =cubic.
H=hexagonal.
R =rhombohedral.
@ a3=3-073 A for all hexagonal polytypes.
(3 Calculated: Zx 2:513 A.
@ Two forms of 36 H found, only one structure worked out.
(%) 51R (a) more common form of this polytype.
51R () less common form of this polytype.
For o-II : From this standpoint the various modifications of SiC

0,1,2,0,2,1, 0,1,2,0,2,1,
CCHCC HCCHCC

For «-1

0,2,0,1,2,1,0,1,2,0,2,1,2,0,1, 0,2,0,
HCCHCHCCHCHCCH CHC

For o-1V :

0,21,2,0,1,0,2,1,0,1,2,0,2,1,0,2,0,1,2,1,0,2,
CHCCHCCCHCCHCCCHCCHCCC

For «-VI :
0,2,0,1, 2,1,0,2, 0,1,0,2
CHCC HCCH CCHC

2,0,2,1, 2,0,1,0,2,1,2,0,1,
CHCH CCHCCHCCH

appear as regulaily repeated mixed sequences of hexag-
onal and cubic close packed ions or tetrahedra.’

The simplest method of notation to describe the
stacking sequences is that of Zhdanov & Minervina
(1946) and Mitchell (1957). This consists merely of ap-
plying a number corresponding to the number of adja-
cent layers of similar orientation. This notation is com-
pared with Wyckoff’s (1963) and Wells’s (1950) in Table
1.

Summary of crystallographic data

The unit-cell dimensions and stacking sequences of the
various SiC structures are summarized in Table 2. In
Table 3 specific data, intensities, etc. for several of the
more common polytypes are presented.*

* Note added in proof:— An article giving revised X-ray
diffraction line intensities for silicon carbide polytypes will
appear in Journal of Applied Crystallography (Hannam &
Shaffer, 1969).
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Table 3. Intensities and spacings of
various SiC polytypes

1. 2H (wurtzite form) (a) (b) (c) (d) () (f) (g).

Space group:

Atomic positions(®;

Unit cell:
hkl dexp®
10-0 2-667
00-2* 2:515
10-1 2:353
10-2 1-826
11-0* 1-538
10-3 1-418
200 1-331
11-2* 1-308
20-1 1-286
00-4* 1-258
20-2 1-180
10:4 1138
20-3 1-043
21-0 1-005
21-1 09842
11-4* 09736
10-5 0-9425
21-2 09336
20-4 09145
30-0* 0-8867
21-3 0-8626
00-6, 30-2 0-8363
10-6
20-5

* Intensities may be somewhat shifted for certain lines since

P63mc

Siat000 211
Cat003% 211
ag 3-0763 £0-0010t@
3-079@
co 5-0480+0-0010®
5-028@
Corresponding
B-Sic@
lexp@ lexp®  reflection
59-6 6207
100-0 12178 111
57-9 8012
11-2 2877
88-5 — 220
28-3 5866
36 1554
775 — 311
20-2 2588
10-8 2531 222
26 843
1-7 613
145 3788
19:2 —
255 —
273 — 420
10-0 3779
65 —
1-3 587
460 5225 422
265 —
58-0 4216 (006)
4344 (302)
640
6097

the samples contained §-SiC.

2. B (3C, sphalerite or zincblende form)

Space group: Fid3m
Atomic positions: Siat000 04344
103 340
C at ¢ % 4 plus Si position
Unit cell: ap 4-349
hkl dexp(h) Iexp(h) Tcare
111 2-51 10 70
200 2:18 1 12
220 1-54 6 53
311 1-310 6 44
222 1:256 1 5
400 1-087 2 13
331 0-998 5 31
420 0772 3 11
422 0-888 8 62
333 .
33 } 0-837 10 65
3. 4H (old type III)
Space group: Céme
Atomic positions: Siat000 001%
121 213
33 % 334 . .
C at 0 0 3% plus each Si position
Unit cell: ap 3-073 A
co 10053 A

hkl dexpt®
10-0 2:67
10-1 2-57
00-4 2-52
10-2 2:36
10-3 2:08
10-4 1-83
10-5 1-61
11-0 1-54
106 1-419
11'4 1:311
20-2 1-287
10-7 1-264
20-3 1-238
20-4 1-178
10-8 1-136
20-5 1-111
20-6 1-042
10-9 1-030

4. 6H (old type 1)

Space group:
Atomic positions:

Unit cell:
hkl dexp™
10-1 2-61
00-6
102 } 2-51
10-3 2-36
10:4 219
10:5 2-00
10-7 1-67
10-8
11-0 } 1-54
10-9 1-419
210 1-329
10-10
11-6 1-309
20-2
20-3 1-285
00-12
20-4 1:253
10-11 .
205 1-217
20-7 1-131
20-8 1-087
10:13 1-061
209 1-042

5. 15R (old type I)
Space group:

Atomic positions:

Unit cell:

Table 3 (cont.)

Jexp® hkl
12-1
12-2
20-7 }
11-8
12-3
10-10
12:4
20-8
12:5
30-0
10-11 }
12:6
20-9
00-12
30-4
127
20-10
10-12
12-8

LWLbh=NNWWAREdULUABRNWWULEULVEA

Céme
Si at

o ey ©
2 timoln -

S ulhul- ©
(2]
=

a-uwval~ O

Culnul= O
=

NN Cusun ©

O W
o>

9]
=4

ag 3
co 15

Texp®

SO

hkl
12:1
10-14
20-10
12:2
12-3
11-12
12:4
20-11
12-5
10-15
12-7
10-16
12-8
30-0
20-13
12:9
10-17
00-18
20-14
12:10
30-6
12-11
20-15

=)

w W O WL 0 WWwhHh i

AN N

R3m
Hexagonal system

Wi

++
ENJ N

1
1

N
1l
-
bt
o:‘I"
-
fo

LY

-
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Ca
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dexp™  Texp
1-000 4
0-985 5
0-973 4
0-963 3
0-941 5
0-933 2
0-912 1
0-899 4
0-887 6
0-863 10
0-856 3
0-837 8
0-824 4
0-803 9
0-798 1
0-786 3
Si position
dexp™  Iexp®
1-002 3
0-997 5
0-986 4
0-972 5
0-953 2
0-940 4
0-911 3
0-888 9
0-873 1
0-862 6
0-841 2
0-837 10
0-811 3
0-802 5

3
5 . ..
L plus each Si position

Rhombohedral system

Hexagonal system
ag 3073 A
¢ 3770 A

Rhombohedral system

ay 12-69
a 13°54-—¥’
Z5
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Table 3 (cont.) Table 3 (cont.)
hk! dexp®  IToxp® hkl dexp®  Iexp® 01-26 1-62 1 10-52 0-948 2
. . 1-03 10-28 . 01-53 0-932 2
o2 } 266 4 08 110 § 1548 2125 0906 1
10-4 2-58 7 01-35 01-29 1-51 2 10-55 0-902 3
00-15 02-25 10-31 1-442 3 12-26
or-s f 231 7 214 1000 5 0132 1407 2 01-56
107 2-40 6 12-4 10-34 1-337 1 21-28 0-888 7
01-8 2:32 5 217 0990 3 01-35 300
10-10° 2-19 1 21-8 0-984 3 11-21 12:29 0-881 2
01-11 2:11 3 11-30 20-5 1-311 7 21-31 0-867 3
1013 197 1 21-10 } 0974 5 02:7 10-58
0117 1-70 2 12-11 0965 1 20-8 2027 » 0858 4
10-19 1-59 5 10:37 0-952 4 02-10 1-293 1 12-32
01-20 154 9 01-38 0930 4 00-42 21-34 0-844 2
11-0 12:17 0917 1 10:37 1-:259 3 00-63
1022 7 1444 5 21119 0896 4 20-14 : 02:49 | 37 g
01-23 1-398 4 10-40 01-38 1-229 1 12-35
02-4 1-320 2 12-20 0-888 7 2026 1-114 1 30-21
10-25 30-0 02-28 1-089 2 20-50 0-828 2
11-15 1-311 8 01-41 20:29 1-076 2 21-37 0-824 2
205 2122 | 0868 6 1046 1 1050 2 1238 0-815 1
02-7 1297 2 1223 0-858 5 02-31 02-52 0-807 3
20-8 1281 2 0223 0851 1 01-47 1035 2 20-53 0797 3
00-30 | 00-45 20:32 02-55 0-779 S
1257 2
02-10 20-35 0-838 10
20-11 1246 1 21-25 7. 33R (type VI)
20-17 1143 1 20-15 :
0219 1106 3 1226 0827 4 Space group: R3m
20-20 1-089 2 02-37 0-809 5 Atomic positions: Hexagonal system(
02:22 1-053 4 20-38 0-796 6 Si at 00nZ where
n=0, 2,6, 8, 12, 15, 18, 21,
6. 21R (old type 1V) 25, 27 and 31
pu—1
Space group: R3m ) Z% ; ?and
Atomic positions: Hexagonal system® 12 2 plys each of the above
Si at 000, 004Z, 0092, 00122, 0015, Cat 00 ;‘;p]us each of the Si positions
0017Z where Z=2 :
211 and Rhombohedral system®
1% 3 plus each of the above 118i at nZ, nZ, nZ where
C at 00 ;% plus each Si position n=0,2, 6, 8, 12, 15, 18, 21,
25, 27 and 31
Rhombohedral system() Z=3%
Si at 22 22 22 - 1C at 25 2% 74 plus each Si position
67 6Z 67 Unit cell: Hexagonal system®
9z 9z 9z ap 3073
12Z 12z 12Z : }? gg %
152 15Z 15Z
172 17Z 17Z where Z=}; Rhombohedral system®
7C at ;45 2% i plus each Si location ar 22-794
Unit cell: Hexagonal system ; ?121 30
ag 3073 A
cp 52:78 A _
Rhombohedral syStem hkl dexp(h) Iexp(h) hk/ dexp(h) Iexp(h)
ar 17:68 A 104 0249\ 044 3
a 9°58° 01-5 2-63 S 20-50 -
A 107 01-77
00-33 0255
hkl dexp™  lexp™ hki dexp™  Iexp™® 10-10 2-53 10 12:5 0999 4
10-2 10-49 01-11 < 217
10-4 2:63 7 20-35 1016 238 6 21-10
10:5 21-4 0-999 5 01-17 12-11
00-21 : 125 1022 21-16
10-7 2-53 10 217 01-23 2-18 3 1217 0-988 4
01-8 2:47 2 12-8 01-26 2:09 2 11-66 0975 4
10-10 2:40 2 21-10 0-986 2 10-28 2-00 2 21-22
01:11 2-35 1 1211 01-38 1-69 2 10-82 0-947 3
1013 2:23 1 11-42 10-40 164 2 01-83 0-936 3
01-14 2:17 1 21-13 0-973 4 1043 1-56 3 12-38 0-914 2
1016 | . ‘ 12:14 01-44 . 01-86 )
o117 § 201 3 20381 g9 | 11-0 } 1548 21-40 } 0905 2
10-25 1-66 1 21-16 10-46 1-497 1 21-43 0-891 2
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Table 3 (cont.)

10-49 1-434 3 10-88
01-50 1-410 3 12-44 0-888 5
1055 30-0
1133 . 01-89 0-880 2
o210 [ 1313 7 2149 0867 4
2011 12-50 0-860 4
01-56 . 02:76 0-844 1
0216 [ 121 3 00-99
00-66 , 10-94
0222 | L2603 2077 L 0838 7
02:43 21-55
2044 [ 10912 30-33
01-71 . 02-82 0-806 2
0246 { 1072 1 2083 0793 3
20-86 0-781 1

¢ Adamsky & Merz, 1959,

¢ Merz & Adamsky, 1959,

¢ Merz, 1961.

4 Patrick er al. 1965.

¢ Patrick ef al. 1966.

7/ Ryan et al. 1966.

9 Sokhor & Glukhov, 1965.

4 Thibault, 1944.

7 Ott, 1926.

& Ramsdell, 1944.

¢ Ramsdell, 1945.

Mechanics of crystal growth

It seems appropriate at this point to describe briefly the
actual mechanics of crystal growth by the various
growth mechanisms. The most common case involves
the collision of atoms with a crystal surface. They
migrate around on the surface until they become at-
tached to a growing front, or until several coalesce to
form a growth nucleus on a crystal face or until the
atom re-evaporates and leaves the surface. To insure
that the adsorbed atoms will remain on a surface at a
high enough concentration for sufficient time to nu-
cleate a new layer, the activity of the atomic species in
the vapor must be sufficiently greater than that of the
surface; that is to say, the vapor must have a certain
degree of supersaturation.

[4_7*:% S/ %
| L
(b) ()

(2)

()

Fig.5. Screw dislocation in successive stages of growth.
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Once a new layer of greater than the critical size is
formed, a lower degree of supersaturation is required
to provide atoms to the growing layer at a rate suffi-
cient for the layer to propagate. A mechanism which
provides a continuous, constant growing front is the
screw dislocation mechanism. Fig. 5 shows such a mech-
anism in successive stages of growth. Thus it is appa-
rent that crystal growth by a screw dislocation mecha-
nism proceeds at a lower supersaturation than will the
ordinary layer nucleation mechanism.

A third mechanism of importance is the vapor-liquid-
solid (VLS) mechanism. It differs from the layer nu-
cleation mechanism in that a molten metal or alloy
phase is present. Atoms are dissolved in the metal from
the vapor and condense in turn from the liquid phase
onto the crystal surface.

This brief description is intended only to define the
various mechanisms. Complete detailed descriptions
of each can be found in numerous texts on crystal
growth and in technical papers such as those by Frank
(1949, 1951) and Wagner (Wagner & Ellis, 1964;
Wagner, Ellis, Jackson & Arnold, 1964; Wagner &
Ellis, 1965).

Theories of polytype formation

As early as 1907, Tone (1907) reported the presence of
spiral markings typical of large numbers of SiC crys-
tals. His drawings (Fig. 6) show both right and left hand
spirals, simple circular and hexagonal spirals and com-
plex interacting spirals. A number of other investigators
observed these figures but without explanation of their
origin (Gliki, 1953; 1954; Kalt & Wittborg, 1951;
Lemmlein, 1945; 1947; Lemmlein & Gliki, 1954;
Mellor, 1924; Menzies & Sloat, 1929).

The presentation of the theory of the screw dislo-
cation mechanism of crystal growth by Burton, Cab-
rera & Frank (1949, 1951) provided the necessary too!
to stimulate renewed study of these markings on SiC.
The first explicit description of the relationship be-
tween growth spirals, screw dislocations and polytyp-
ism in SiC was set forth almost simultaneously by
Vand (19514, b), Amelinckx (1951¢) and Frank (1951).
Earlier Zhdanov & Minervina (1945b) suggested that
‘It ( the long range periodicity in SiC) may be tentative-
ly suggested to be bound with the formation of spirals
.-+ lately investigated by Lemmlein (1947).” Despite
the nearness to the truth of Zhdanov & Minervina’s
observation it appears that the first explicit description
was put forth by Amelinckx (1951¢), Frank (1951) and
Vand (1951a,b). Verma (1951, a,b,¢,d, 1952a,b, 1953)
and Amelinckx (1951a,b, 1952a,b, 1953) provided the
greatest detailed study of this phenomenon, describing
numerous forms and showing how they might interact.

Numerous measurements have been made on the step
heights of various screw dislocations on SiC crystals.
Lemmlein (1947) suggested that the step heights might
be equal to multiples of the ¢, distances in the various
unit cells. He later found step heights of the order of
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10 A (co=10.053 for 4H SiC) and concluded that
growth steps of 25 A probably exist, corresponding to
a single ‘layer’ in the SiC structure.

Verma (1951a,b) confirmed Lemmlein’s work when
he found step heights of 15-1 and 15-2 A on 6 H crystals
(co = 15079 A). Amelinckx (1951a,b,c) reported the
existence of step heights equal to unimolecular layers.
He found step heights equal to fractions and multiples
of the unit-cell ¢y dimensions and produced evidence for
the formation of cubic SiC on a 6 H substrate and of an
unidentified rhombohedral type (~84R) on a 6H sub-
strate (Amelinckx, 1952a).

Step heights corresponding to the unit-cell (cp) di-
mensions of a number of polytypes have been measured
by Verma (1957¢,d, 1952a,b, 1953). Other less defini-
tive measurements have been reported by Gliki (1954),
Lemmlein & Gliki (1954), Buckley (1952) and Gevers
(1953).

Mitchell (1957) approached the problem in detail on
the basis of the crystal structure and showed that with
a few basic assumptions, nearly all of the polytypes
whose structures had been analyzed could be explained
on the basis of screw dislocations. His assumptions
were that :

1. There are three ideal structures for SiC - 6 H, 4H and
15R.

2. There is a horizontal displacement associated with
the vertical displacement along the ¢ axis. Thus, hori-
zontal displacement is necessary to maintain conti-
nuity in the Si-C zigzag ‘chains’.

Based on these assumptions, the 6H structure,
aaabbb layer sequence, leads to the layer sequences and
polytypes shown in Table 4. Similarly, 44 and 15R
structures lead to numerous polytypes also included in
Table 4.
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Mitchell, however, predicted that 2H-SiC should not
exist because ‘if is neither an ideal structure of the com-
pound, nor can it be derived from dislocations in
known phases of the compound’. This hypothesis was
later proved to be incorrect by the discovery of the
wurtzite (2H) polytype of a-SiC by Adamsky & Merz
(1959) (Merz & Adamsky 1959; Merz, 1959).

Mitchell suggested that since several specimens of
8 H-SiC had been reported and since the 44 sequence
could not be easily derived from dislocations in the
three SiC phases, ‘this (8 /) may also be a definite, but
uncommon phase of SiC’. It might just as well be that
the 2H polytype is yet another ‘definite but uncommon
phase of SiC.’

Characteristic Spirals on Carborundum Crystals,

©

Twin Spiral on Carborundum Crystals.

Fig.6. Schematic drawings of growth terraces on basal planes
of «-SiC, from Tone (1907).

Table 4. Structures resulting from dislocations in 6H, 4H and 15R polytypes

15R
6H 4H 23 32
Burgers —
vector Sequence . Polytype Sequence  Polytype Sequence  Polytype Sequence Polytype

1 co cubic co cubic co cubic co cubic

2 * * * * * * * *

3 * * 21 9R * * * *

4 * * 22 4H 22 4H 31 12R

5 32 15R 23 15R 23 15R 32 15R

6 33 6H * * 33 6H 24 18R

7 34 21R 2221 21R * * * *

8 * * 2222 4H * * * *

9 * * 2223 27R 2322 27R 2331 27R
10 * * * * 2323 15R 3232 15R
11 3332 33R (22),21 33R 3233 33R 2324 33R
12 3333 6H (22),22 4H * * * *
13 3334 39R (22),23 39R * * * *
14 * * * ¥ (23),22 42R (32),31 42R
15 * * (23)223 15R (32)232 15R
16 * *

17 (33)232 51R
18 (33)233 6H
19 (33)234 S7R

*=unstable arrangements.
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(a)

(b)

Fig.10. Parallel or columnar growth in 2-SiC crystal; (a) top view () side view.
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Fig.11. Metal droplet associated with SiC crystal growth, Fig.12. Hollow core associated with the center of a screw
dislocation.

Fig.13. Pyramidal etch pit, resulting from fused caustic etch
of SiC containing a screw dislocation.
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Fig.14. Crystal shown in Fig.11 after removal of the metal
droplet with acid.

Fig.15. Crystal shown in Figs. 11 and 14 after subsequent etch
in fused NaOH at 800°C.

PLATE 10
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Fig.16. Hexagonal SiC whisker grown by vacuum sublimation, showing axial discontinuities.
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(a) (b)

Fig.17. Droplet termination in a SiC whisker, from Merz (1959). (a) Ball termination on f-SiC whisker. (b) f-SiC fibers showing
banded structure.
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Fig. 18. SiC c-axis whisker,
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Fig.19. Platinum shadowed c-axis whisker.
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Fig.20. c-Axis whisker showing non-parallel, non-linear extinction contours.
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Mitchell theorized that, although fS-SiC can be
formed from other SiC structures by a screw disloca-
tion mechanism of crystal growth, it is actually a stable
form of SiC in itself and may be formed directly and in-
dependently.

Other mechanisms of polytype formation have been
suggested but not generally accepted. Zhdanov &
Minervina (1945a,b) and Lundqgvist (1948) have sug-
gested that polytypism was dependent on impurities
This was not adequate in itself; however, a definite cor-
relation at least exists. Ramsdell & Kohn (1951) sug-
gested that polytypism might arise from so-called
‘polymer’ units stable over various temperature ranges.
Zhdanov & Minervina (19454,b) also suggest the pos-
sible influence of neighboring crystals on polytype for-
mation. Jagodzinski (1954) proposed a transposition
of layers based on vibrational entropy. None of these
theories has received much support however.

Krishna & Verma (1963) cite much evidence for the
non-universality of the screw dislocation mechanism.
They cite such things as failure to observe screw dislo-
cation helices on crystal surfaces, structures which do
not appear to be based on smaller unit cells, and unit
cells whose dimensions are multiples of the apparent
smaller unit. They fail to consider the possible struc-
tural effects of multiple dislocations. For example, they
suggest that the 36 H polytype whose layered sequence
is (33), 34(33);32 cannot be formed by a simple screw
dislocation since its height is exactly six times that of
the 6 H basic structure. Two screw dislocations of 17
and 19 layers would satisfy such a structure, It is com-
mon for many screw dislocations to co-exist on a single
crystal.

Recently Krishna & Verma (1965; Verma & Krishna
1966) re-evaluated Mitchell’s hypothesis and detected
anerrorin his reasoning. By modifying his original screw

B
A
7\ /A\//
/ \
/ \

Fig.7. Successive layers of tetrahedra showing non-equivalent
positions.

AC25B-6
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dislocation mechanism, not only can almost all the
known polytypes be explained, but the occurrence of
rhombohedral structures is explained. Briefly the rea-
soning is as follows.

The structure of SiC viewed parallel to the hexagonal
axis consists of hexagonal double layers, each layer
consisting of a single atomic species, and the alternate
atoms located directly above one another. Since the
bonding of both atoms in SiC is tetrahedral, additional
double layers can attach themselves in only two posi-
tions. These three orientations, the only ones possible,
can be designated 4, B and C.

Mitchell based his considerations of the structure of
SiC on two-layer arrangements of « and b and stacking
sequences based only on the orientation of successive
tetrahedral layers. The layers of tetrahedra can be ar-
ranged in space in three non-identical positions 4, B
and C, shown in Figs.7 and 8. Mitchell neglected the
fact that whereas a Burgers vector equivalent to one
layer would result in an a,a,a stacking sequence, this
would in reality not be stable since the layers would all

o) )

C A B C A B

Fig.8. Section through (1120) plane showing three non-
equivalent positions.
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have the same spatial position A44 ..., BBB... or
CCC..., etc. Since two adjacent layers in the case of
tetrahedral bonding cannot have the same position
AAA, etc., each successive layer must undergo a trans-
lation parallel to the plane of the growth surface.
‘Whatever forces ‘cause it to occur in any particular di-
rection, would cause it to occur in the same direction
every time the stack moves through one pitch, since
it comes back to an identical situation. Three shifts in
the same direction would bring the stack back into
its original position, completing one repeat period. It is
easy to see that the resulting structure would have a
rhombohedral lattice.’

Thus it appears that the long range order, or poly-
typism, in SiC is most easily explainable on the basis
of the screw dislocation growth mechanism. Unusual
cases may result from the interaction of more than one
screw dislocation.

Crystal growth mechanisms

For a number of years the opinion seemed to be ac-
cepted that SiC had to grow by means of a screw dis-
location mechanism and, for the larger more complex
polytypes, this may be so. Recently evidence is being
forwarded that the screw dislocation mechanism may
be but one of several mechanisms of crystal growth.
These recent findings are substantiated by earlier ob-
servations which seemed to have been ovetlooked in the
concentrated study of screw dislocations.

Thibault (1944) observed a single crystal of -SiC in
which two lamellae of &-SiC had been formed (Fig.9).
These lamellae of «-SiC were oriented at an angle of 70°
to one another, parallel to octahedral faces of the g
crystal. It is hard to imagine to such a growth by screw
dislocation mechanisms.

Frequently, large SiC crystals which appear at first
glance to be well-formed single crystals are formed in
the commercial Acheson furnaces. On closer exami-
nation, these large crystals are found to be growing as
adjacent columnar growths surrounded by a six-sided
shell. Fig. 10 shows such a crystal both in an as-grown
state and after cross sectioning. Certainly a simple
screw dislocation mechanism is not adequate to ex-
plain such a structure.

Recently Arrese (1965) showed that, with but a
single exception, all the extremely pure crystals which
he studied interferometrically were free of screw dis-
locations.

Knippenberg & Gomes de Mesquita (1965) found
that columnar crystals usually consist of a single poly-
type while lamellar types frequently contain a number
of polytypes within a single crystal. They conclude that
polytypism and one dimensional disorder are deter-
mined by the kinetics of crystal growth.

The a-f transition postulated by Baumann (1952) re-
presents another facet of the problem of the crystal
structure of silicon carbide not yet answered satisfac-
torily. Baumann suggested that f-SiC wasthe low tempe-
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rature form of SiC, stable to 2100-2200° at which
temperature it changed to «-SiC. Recent findings show
this to be incorrect. In fact, f-SiC might well be consi-
dered as merely the limiting case of SiC polytypism, the
one in which all layers have the same orientation.

In our laboratory a number of epitaxic growths of
B~ on a-SiC have been discovered. Frequently screw
dislocations and spiral growth forms are found ex-
posed on the a-substrate crystal, but as yet such struc-
tures have never been observed on £-SiC crystal facets.

SiC grown rapidly from silicon, ferrosilicon or B,C
melts is generally of the § form, while slow, near-equi-
librium cooling yields «-SiC.

Addamiano & Staikoff (1965) report that the reac-
tion of pure carbon and silicon in atmospheres of
greater than 500 torr (3 atm) of nitrogen yield S-SiC
at temperatures even in exceess of 2600 °C. These -SiC
compositions may be heated to 2500 °C without conver-
sion to a-SiC in atmospheres of 500 torr of nitrogen,
yet they convert completely if heated to 2500°C in
argon. Once converted to «-SiC the reverse recrystalli-
zation to produce §-SiC could not be achieved by re-
heating at 2050 or 2500°C in nitrogen. This is in con-
flict with Lely’s (1958) observation that a-SiC is stable
at 2500°C in 1 atmosphere of nitrogen. The author has
grown large crystals of «-SiC by sublimation in a pure
nitrogen atmosphere at 2450-2500°C, which agrees
with Lely’s findings.

Slack & Scace (1965) converted «-SiC to B-SiC at
2450°C and a pressure of 35 atmospheres of nitrogen.
Kieffer and co-workers (1966) were able to transform
the a and § forms from one to the other and back again
by controlling nitrogen pressures.

In the Carborundum laboratory -SiC crystals have
been grown, by the author, by sublimation at tempera-

Fig.9. Sketch of p-SiC crystal showing two intergrown
lamellae of «-SiC parallel to (111) faces, from Thibault
(1944).
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tures from 2000-2200°C in argon atmospheres under
conditions of extreme purity. f-SiC crystals so grown
have been shown to contain as little as 2 p.p.m. total
detectible impurities. This seems to be contrary to
several of the foregoing reports.

Recently Wagner(Wagner & Ellis, 1964 ; Wagner, Ellis
Jackson & Arnold, 1964¢ Wagner & Ellis, 1965) has
described a crystal growth mechanism by which crystals
grow from vapors by way of a liquid intermediate
(VLS mechanism). Certain evidence points to its ap-
plicability to SiC crystal growth.

In the laboratory many crystals of «-SiC have been
prepared by sublimation in the presence of large exces-
ses of silicon or aluminum. As grown, the surfaces con-
tain numerous droplets of the solidified elements, each
generally associated with a growth terrace such as that
shown in Fig.11. If these were growing by a screw dis-
location mechanism they would show spiral growth
terraces, hollow dislocation cores after the silicon or
aluminum had been removed, or a pyramidal etch pit,
after subsequent etching. Figs.12 and 13 show typical
evidence for screw dislocation growth. That none of
these are present is shown by Figs. 14 an 15 which show
the a-SiC crystal (Fig.11) grown with condensed metal
droplets after removal of the metal with acid and then
after a fused caustic etch. No correlation between the
metal droplets and evidence for screw dislocationsexists.

While much as been written about the screw dislo-
cation mechanism of whisker growth, even here it is far
from universal. Certain mechanisms, such as simple
sublimation, yield «-SiC whiskers containing screw dis-
locations (Hamilton, 1960) and the associated Eshelby
(1953) twist. Fig.16 shows such a whisker grown by
vacuum sublimation. The two axial discontinuities are
clearly visible because of their intense pleochroism.

Merz (1959) reported the presence of ball-like termi-
nations on certain « silicon carbide whiskers which he
grew by various gaseous reactions (Fig.17). In recent
papers by Patrick, Hamilton & Choyke (1965, 1966),
it is suggested that the liquid droplets observed by
Merz are incidental and in no way affect crystal growth
of the 2H (wurtzite form) SiC needles. Ryan’s results
support the VLS mechanism (Ryan, Berman, Marshall,
Considine & Hawley, 1966).

Smaller diameter whiskers, such as those comprising
the commercial material do not display evidence for
screw dislocation growth. Of the large number exam-
ined by electron microscopy, only isolated cases have
been found which show evidence of a screw dislocation.
Fig.18 is an «-SiC whisker growing parallel to the ¢
axis. That the cross section of such ¢ axis whiskers is
circular is shown by electron micrographs showing a
whisker after platinum shadowing (Fig. 19) and show-
ing non-linear, non-parallel extinction contours (Fig.
20). Fig.21 is an «-SiC whisker growing parallel to an
a axis, the major facets on this ribbon-like whisker
being (0001) basal planes. lts orientation is clearly
shown by the corresponding electron diffraction pat-
tern, Fig.22.

A C25B - 6*
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Summary

Two conclusions seem justified. The various forms of
silicon carbide do not crystallize exclusively by any
one mechanism. The available evidence indicates
that a number of mechanisms may be operative: screw
dislocations, simple layer nucleation and propagation,
vapor-liquid-solid interactions, and surface diffusion
and recrystallization structure tranformations.

The best explanation for the complex system of poly-
types or long range order in SiC appears to be growth
by means of screw dislocations, or some variation
based on it.
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