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TWINNING IN DIAMOND-TYPE STRUCTURES: A

PROPOSED BOUNDARY-STRUCTURE MODELX

J. A. KonN, Li' S' Army Signal Engineering
Laboralories, Fort Monmouth' l{' J'

Assrnlc:r

Lateral t*in bounclaries (tuin plane and boundary plane not coincident), second-order

twin joins (boundaries betrl'e"n i,tii,,iduuls reiated by two non-parallel stages.of twinning)'

andp robab le th i r d -o r c l e r tw in j o i nshavebeenobse rve r l i n s i l i con .The i r d i r ec t i onsa re
restricted to rorn,s of sites in a coincidence site superlattice (net of positions common to

both individuals of the twin). Using (110)-projecied coinciclence nets, seven perrnissible

(/z/zl) boundaries can be derivecl (fou"r nr.t-oia"i and three second-order) I these have high

coincidence site density ancl their trans-boundary structure is "restorable" to a consider-

abie degree if the disconti ntity zig-zags, or oscillates betu'een two (or three) simple

crystallographic directions ir', 
"u.h 

tu'" By usi"g a zig-zagdiscontinuity as a "restoration"

mechanism, trans-bounclary deviations from undistorted bonding are minimized' ald a pre-

Ierred growth along these c{irections is to be expectecl The seven proposed boundaries are

First-Ord'er

{ 1 1 s 1 - { 1 1 1 1
{r121-l1r2l
{001 } - {221 }
{ 1 1 0 1 -  { 1 1 4 1

Second-Order

l22r \ - \22r l t
1 1 1 s 1 - { 1 1 1 }
{ 1 1 4 } - [ 1 1 4 ]

Constructions are presented showing the proposed, icleal, detailed structure {or the seven

boundaries. Six of these ."o,e. ha.re been observecl experimentally in the same silicon

specimen. No other first- or second-order cliscontinuities were found'

Grain boundary energy relationships are discussed; reference is made to implications

on semiconductor ProPerties.

INrnolucrroN

Interest has been focussed recently on the crystallography of diamond-

type materials, especially sil icon and germanium, owing to thelr use ln

semiconductor devices. ih. prop., functioning of such devices depends'

in part, upon the crystall ine pei{ection of the material involved' and to

this end, the defect structure of diamond-type crystals has come under

close scrutiny. Twinning, of course, is a defeti, and as such it is.a-possible

deterrent to structure-ri.nrit i. ' .  electrical properties (1), t 'g' '  l i fetime of

minority carriers and carrier mobil ity.

As discussed by Slawson (2), diamond crystals are predisposed to

twinning. As expected, sil icon and germanium' both of which are. isomor-

phous wlth diamond, also show high degrees of twinning' Further' dia-

mond and sil icon have been shown to exhibit more complex' high-order

twinning (2) (3) (4), a feature which undoubtedly is also displayed by ger-

+ presented at Fourth International congress, International union of crystallography'

Montreal, Canada, July, 10-19 1957.
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manium. Simple first-order twinning, where twin plane (invariably (111)
for these materials) and composition prane are coincident, gives rise to
only a slight structure discontinuity. structure-sensitive electricar prop-
erties are expected to be essentialry unafiected. Most workers agree that
even lifetime of minority carriers, the most structure-sensitive electrical
property, is not altered in such a case (5). It might be expected that
multiple parallel twinning of this type would have an effect Ln lifetime;
experimental data, however, are not availabre. rt has been shown by the
use of an infrared image tube that murtipre parailel twinning gives rise
to an observable birefringence, probabry deriving from the ltimurative

:1::l :f 
the,anisotropic (hexagonal) Iamellae introduced by the rwinning

operat lons (6) .
A structure discontinuity of somewhat higher degree would be ex-

pected in the case of first-order twinning if the twin p-lane and composi-
tion plane are not coincident. such taterar (also referred to as ,,semi-
coherent," "noncoherent," and "incoherent") twin boundaries have been
discussed by Ellis and Treuting (7) for cubic crystals and reported in
several materials. They have been observed in silicon during the present
study and are described herein. Lateral twin boundaries, sinc-e they entail
a greater deviation from undistorted bonding than those in whicn twin
plane and composition prane are coincident, are expected to have a some-
what greater effect upon structure-sensitive electricar properties; no di-
rect measurements, however, are available.

other structure discontinuities are generated by high-order twinning.
A diamond-type crystal, r, twins and the resultant individual, rr, twins
again (non-parallel) to generate a third crystal, rrr. Should 

'r 
and rrl

then become contiguous, the boundary arong which contact is made is
termed a second-order twin join (a). similarry, should the individuars
making contact be related by three stages of non_parallel twinning, a
third-order join is deveroped. As the orie, of the particular twin join
increases, deviation from undistorted bonding becomes greater, and the
effect on structure-sensitive erectricar properties is expected to increase.
Finally, after four stages of twinning, ti".. u.. no longer any lattice sites
common to both individuars (see discussion below), u.rd th. i iscontinuity
probably approaches that of a common grain boundary having high
energ.y. High-energy grain boundaries are of practical importance for
certain semiconductor device applications (g).

Grain boundary energy, as desiribed by Read (9), is comprised of two
types: the energy of atomic disorder and the energy of erastic deforma-
tion. Read and Shockley (10) have correlated g.aio boundary energy
with the angle of misfit between the two crystals. Expressed in terms of
bonding, it would seem that as the specific deviations from undistorted
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bonding increase, the energy of the particular grain boundary,increases'

In othei words, the greater the degree to which the trans-boundary struc-

ture can be ,,restored" to the undistorted state, the lower the associated

atomic sites are common to both structures, and these sites form a net'

tions in the coincidence site superlattice, then, represent cusps or mrnlma

in the curve relating grain boundary energy and boundary direction'

The coincidence net, of course, is three-dimensional. The problem can

be simplified with a two-dimensional approach' First-order twinning in

the diamond structure can be interpreted geometrically as a rotation

about [110] ol 70"32,. Further, second- and third-order twinnings can be

considered as rotations about [110] of 38o57' and 31"35" respectively.

(13 ) .
Examination of superposed (110) projections (first- and second-order
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Frc' 1. Silicon crystal section, viewed approximatery along [110], showing host, twins.
and observed boundaries; see text for explanation of symbols. 9i.

is employed' The resultant directions of such zig-zag discontinuities fol-
low rows of lattice sites in the respective coincidence net.

ExpBnrlrBNrar Rosur,:rs

+ Refer to discussion of the {112}-{1121 lateral twin boundary (Firstord.er Twinning
section) for qualification of this statement.
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orientations.

TABLE l. Pnoposnn aNo Ossonvnl (/z/zl) BouNnirnrrs

Proposed from Model
ExperimentallY

Observed

Figure 1

Designation

f  t t r s l - { t t t }
) tr12\-tr12l
I  {oo1} - {2211
l [ 1 1 0 ] - { 1 1 4 }

(  t z z r l - \ z z t l
1  { 1 1 s } - { 1 1 1 }
l '  [  114 ] - l  1141

{ 1 1 s } - [ 1 1 1 J
\r12\-Ir12l
{001 } - {221 }
{ 1 1 0 } - { 1 1 4 1

\2211-\221]{
not found

1 1 1 4 1 - [ 1 1 4 ]

Ir
Iz
r3
Ir

First Order

Second Order

lIr

IIs

The twinning relationships among the crystallographic areas of-Fig' 1'

as well as the directions oi the various boundaries' were established by

r-ray diffraction, using the back-reflection Laue method' For consistency

wi ththetwo-dimensional t reatmentusedherein, there lat ive ly fewbound.
aries oblique to the plane of the figure, i 'e', other than (hhl)' were not

cons ide red . Inadd i t i on to theno rma i f i r s t -o rde r tw inn ingcase ,where i . r
twin plane and composition plane are coincident' four lateral twin bouncl-

aries of the type (hkl), i.e., contain

respect  to  the axes oJ both host  and

I  r i z l ,  loor | -  \zz t l ,and I  l to l - [  :
are designated 11, 12, 13, and Ia, res[

is designated Io. Examination of bot

hv two orders of twinning showed two (hlt l) second-order- twin joins'

\ i z t 1 -1zz t l  " "a  
l  r r+ ) - { i r+ } -  Thesea re  des igna ted  I I r  and  I I 3 '  r esp rc -

ii'o.ly, itt nig. t ' ine oUr"tt'"a boundaries f or first- and second-order

twinning are l isted in Table 1 and compared with those derived by purely

theoreti ial considerations using the proposed model (see subsequent sec-

tions for derivation and discussion); the appropriate designations {or

Fig.  1 are a lso l is ted.  .  - ,  ̂ . - r .- ^-xo 
otlr.. (hil,I) first_order lateral twin boundaries or second-order twrn

joins were experimentally observed in-the-present study' One additional

set of boundaries, ho*ever, was found (cf' III1, Fig' 1)' Although these
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Frnsr-Onnon TwrNNrNc
Figure 2 shows the coincidence site superrattice for first-order twin-

ning derived by rotating superposed (110j projections by 70o32, about
[110]' only sites common to both individuars are shownl intervening

rio-'i;-- /n't^
i

t irol"!1ir+yo

o

o

r f rb)s -" - ' -o '
>o'-^'- o ,.::

/a
. t  

(ool)H

.t 
-tEzi;

+_
[iro]"

Frc' 2' (1lO)-projected coincidence site supeilattice for first-order twinning, showing
traces of proposed (hhl) laterul twin boundaries.

atomic positions of the "interpenetrated,' twin pair have been omitted.
crystallographic directions of the host individual, rr, and individual A,generated by twinning on lttt;, are noted for correlation with subse_
quent diagrams. solid symbols represent sites in the plane of the draw-
ing; open symbols refer to sites 1,22 ao/4 above (or below) the plane ofthe figure.

. 
As.stated previously, a boundary will tend to orient itself along rows ofsites in the coincidence net, in order to minimize its associated eiergy. rtwould seem, also, that the resurtant discontinuity shourd be such that itstrans-boundary structure can be rebuilt, or resrored, to a state approach-

ing normalcy. The proposed boundary-structure model is based on the
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ments are available to such a zig-zag discontinuity?

(q)

L||oJ H

col*croEtlcE f'Q 'a tton,t oF oRAwlNG
srrEs 

lo 
te oo FRoM PLANE oF DRAWTNG

t

i[oot1 *

t 
O lN PLANE oF DRA*'NG

O Gt" FRoM PLANE oF DRAwING

Hosr f 
ti" rru er-me oF DRAwING

SlrEs 
1,,: "6-"" FRoM PLANE oF DRAWING

o f O lN PLANE oF DRAwING

slrEs 
I O G t" FRon, PLANE oF DRAwING

Frc.3. (o) Detail of stippled area in Fig' 2, showing complete "interpenetrated"

structures and possible borrtdory segments' (6) A reconstructed 1-6 vector' exemplifying

a "non-restorable" boundary segment.
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Frc.4.  [115]-{111} lateral  twin boundary;  see text  for  symbol  explanat ion.

(.t 
1 

t )", (tTD H- (lID t, (001) s- (211 ) a, and ( 1 1 0) H- (1 14).q. Their relation-
ship to the coincidence net is shown in Fig. 2. with the exception of
more complex boundaries using combinations of these four, no other
permissible (hil.t) Iateral twin boundaries could be found which satisfied
the requirements of the model.

Figures 4, 5, 6, and 7 show the proposed, ideal, detailed structure of
the four restored lateral twin boundaries. The zig-zagdiscontinuity hav-
ing a resultant direction along (115) of the host and (111) of individual
A-is shown in Fig.4. The host structure, below the discontinuity, is
related to that of A, above the boundary, bty a rotation of 70"32,about a

x A three dimensional analysis_would include a permissible t1101-11101 boundary (in
the plane of Fig.2); such a boundary has been observed in copper (14) and indium ant!monide (15). Also, Churchman, Geach, and Winton (16) mention 1231_l32ll and 1201|_
{021 } "semi-coherent" boundaries for first-order twinning in the diamond structure.
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normal to the figure, [110]. The proposed discontinuity oscillates between

segments havin! directions uto"g ittZ)rr-(112)A ana (tt+)"-1110)a (seg-

mlnt types 1-7 and 1-2, respectively, of Fig' 3o)' As shown in the con-

struction, the trans-botndury struclure is restorable to a considerable

degree. Undistorted atomic configuration leads to a six-sided array' as

seir projected along [110]. Along unit length (two adjacent segments)'

the pioptsed discontinuity on.tt, instead, an altered six-sided figure fol-

to*.a uy a seven- and a five-sided array. of greater interest in examining

deviations from an undistorted atomic configuration is the direction and

/or length of specific bonds along the discontinuity' At atomic positions

where iuch .hunges have taken place, the former bond directions are

indicated by dotted lines in the fi.gure' At points designated a and a'' the

bond has been rotated respectively into and out of the plane of the figure

by 57o1'. At b two bonds have been combined to one, the resultant being

aiproximately 67o shorter than normal; each original bond has been

,oiated Ig"28' in the plane of the figure' Neglecting the shortened bond'

the atoms on either slde of position b sti l l  have four nearest neighbors.

Atomsataandd. ' ,however,hu,re.hangedinth isrespect 'speci f ica l ly ' the
o positions now require only three nearest neighbors, while the a' sites

require five nearest neighbors. The o and a' positions in Fig' 4 are

third nearest neighbors;-the paired separation is 0'829o0 or 1'9 times the

usual bond length (0.a33o0). The proximity of these abnormally coordi-

nated sites allows for an adjustment of the structure to alleviate the

condition. In other words, there should be a tendency for one of the bonds

directed at a, to be redirected toward o. Additional, more subtle adjust-

ments of the structures on either side of the discontinuity should be ex-

pected in order to accommodate the proposed boundary changes' A con-

siderable degree of restoration, nevertheless, has been achieved' which

effectively lo*ers the energy associated with the discontinuity' This

boundary energy is higher than would have been the case if twin plane

and composition plane were coincident, but not as high as that associated

with a ---ot grain boundary, where restoration is presumably at a

minimum. See Table 1 and Fig. 1 {or comparison with experimental

results.
Thesecond la te ra l tw inbounda ry , t ha thav inga resu l t an td i rec t i on

along (112) of the host and (112.1 of individual A, is shown in Fig' 5' The

relative orientations of host and A are precisely the same here as in the

previous construction. The discontinuity oscillates,. a.t .tho.Ylf. 
among

segments having directions along (114)"-1t10)r, (I12)H-(lI2)a' &nd

lfiol" ffr+la (igment types 1-2, l-7, and 1-2, respectively' of Fig'

io). Along unit length of the discontinuity, i 'e', two adjacent segments'

the p.ojeJted atomic configuration shows an altered six-, a seven-' and a
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(it..i..r'.n,.

Frc. 5. {112}-[ 1121 lateral twin boundarv.
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Frc. 6. {001}-[ 2271 lateralt*i., bou.rdu.y.
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f ive-s ided array,  in  th is  respect  being the same as the {115}-{ t t t }  a i t -

continuity. In fact, the specific bonding changes indicated at positions o,

a', and 6 are the same as at the similarly designated.positions in Fig' 4'*

C -ompar i son  be tween  the  {115 } - { t t t }  and  { I 12 \ - | 112 }  bounda r i es

reveals that they differ only with respect to the direction reversals shown

by the latter. See Table 1 and Fig. 1 for comparison with experimental

resul ts ;  { t tZ}- {112}  boundar ies have a lso been observed in s i l icon by

Salkovi tz  and von Batchelder  (17) .

Actually, a straight line discontinuity can be constructed as an alterna-

tive for the { 112 } - { ttZ } lateral twin boundary. In this case, however,

the sites requiring three and five nearest neighbors are already connected

by a bond in the plane of the discontinuity. The actual equilibrium posi-

tion for the boundary is most probably between the two extremes, i.e.,

between a straight l ine discontinuity and that presented in Fig. 5.

The lateral twin boundary having a resultant direction along (001) of

the host and (221) of individual A is shown in Fig. 6. The relative orienta-

tions of the two individuals are again the same as in the two cases just

discussed. The discontinuity oscil lates between segments having direc-

tions along 012)r.-OTDI and (ttz)"-(5Sz)a (segment types 1-7 and

1-3, respectively, of Fig. 3o). Two adjacent boundary segments show

proiected atomic configurations having six, six (both altered), seven, and

five sides. Again, specific deviations in bonding noted at positions o, o',

and D are the same as in the foregoing two constructions. At c the bond is

altered only for third and higher coordinations, i.e., the normal f irst-order

twinning relationship. In the present construction, positions a arld a',

which require three and five nearest neighbors respectively, are separated

by 1.479as or 3.4 times the usual bond length. This distance is consider-

ably greater than the separation found in the case of the first two lateral

twin boundaries (0.829o0). Accordingly, the structural adjustments

necessary to accommodate the specified abnormalities are not as easily

accomplished. See Table 1 and Fig. 1 for comparison with experimental

resul l  s .
The fourth lateral twin boundary for first-order twinning is shown in

Fig. 7; it has a resultant direction along (110) of the host and (114) of

individual A. The boundary oscillates among segments having directions

along (1T2)g -Ql2) ̂ , (1 10)H-(1 14)-r., and (T12)H-(552)r (segment tvpes

l_7,l_2, and 1-3, respectively, of Fig. 3o). The projected atomic con-

figurations along three successive boundary segments show four altered

six-sided arrays followed by two having seven and five sides. The specific

x Ellis and Treuting (7) noted that in the case of a \1121-lll2\ lateral twin boundary

in the diamond structure, atoms on the coincidence plane have alternately three and five

nearest neighbors.
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bonding deviations noted at a, a', b, and c are as previously indicated.
The abnormally coordinated sites a and a.', although paired in their dis-
tribution along the discontinuity, are separated by 3.4 times the usual
bond length. There are less such sites along unit length of the (110)-
projected boundary than in the three constructions described above. see
Table 1 and Fig. 1 for comparison with experimental results.

From a theoretical point of view, the four discontinuities described

#',)<)qs:"):

r {9
ri,o,rl,i,o1o \ Ta"O

I

Frc.  7.  {110}-{114} lateral  twin boundary.

above are the only simple, (hillS lateral twin boundaries susceptible to a
considerable degree of structural restoration and having high coincidence
site density. One might propose more cornplicated boundaries based upon
combinations of these to varying degrees, but this seems impractical. It
appears significant that, among the clearly delineated (hfit1 lateral twin
boundar ies found in the specim.en (Fig.  1) ,  the { t tS}- { t t t } ,  { t tZ l -
{ t t z l ,  { oo t } - {2211 ,  and  { r ro } - {114 }  d i scon t i nu i t i e i ,  and .  od )  t hese ,
were observed. Such boundaries, then, have a strong tendency to orient
themselves along rows of lattice sites in the coincidence site superlattice
for first-order twinning. The zig-zag discontinuity is proposed as a mech-
anism of restoration, whereby the necessary trans-boundary deviations
from an undistorted atomic configuration are minimized and the energy
associated with the discontinuity is effectively reduced.
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SrcoNo-Onmn TwlNNrNc

The coincidence site superlattice for second-order twinning is shown
in Fig.8. It was derived by rotating superposed (110) projections by
38o57' around [110]. Crystallographic directions are indicated for indi-
vidual A, generated by twinning on (111) of the host, and for individual
B, derived by twinning on (111) of the host. Comparison with Fig.2
shows that the coincidence net for second-order twinning has a consider-

,o.
lzz0A

-.. -Ezr-t"

7"'*

../

I
ti,o,of t,io r,

a./' o
I

Frc. 8. (110)-projected coincidence site superlattice for second-order twinning,

showing traces of proposed (hItI) second-order twin joins.

ably lower site density. Using the same requirements as were applied for
first-order twinning, it is found that there are but two restorable seg-
ments: (114)A-(114)s and (l l2)^-(221)n (or symmetrically equivalent
(221)^-(112)n). Simple combinations of these yield three (hhl'), restor-
able, zig-zag discontinuities representing permissible second-order twin
joins.x Indexed with respect to_the axes of both individuals, these have
resultant directions along (221)r(221)n, (115)A-(111)B, and (114)A-
(114)8. Their relation to the second-order coincidence net is shown in

Fig. 8. No other permissible boundaries, excepting combinations of
these three, could be derived ofiering discontinuities susceptible to a con-

* A three-dimensional analysis would again include a permissible { 110}- [ 110 ] boundary

(in the plane of Fig. 8). Dunn, Daniels, and Bolton (18) mention such a boundary for Si-Fe.
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siderable degree of trans-boundary restoration and having high coinci-
dence site density.

The second-order twin join having a resultant direction along (221) ot
individual A and (22I) of individual B is shown in Fig. 9. The structure
of A, above the discontinuity, is related to that of B, below the boundary,
by a rotation of 38o57'about a normal to the figure, [110]. The discon-

/ . )( i.\\e
/li,ol" ssosz, A .@;
t ^ 

\.J\ .9v
toh^--,,o-.,ro-! 

]
'r"-'(- 

\ ]
\  \  o r - / '

./'

Frc.9. [221]-{221} second-order twin join; see text for symbol explanation.

t inuity oscil lates between segments having directions along (112)e-
(221)ts and (227) 6-(1 12)s. The projected atomic configurations along two
adjacent segments of the proposed discontinuity show consecutive arrays
having seven, five, seven, and five sides. At positions designated D in
Fig. 9, two bonds have been rotated 19"28' in the plane of the construc-
tion and combined to onel the resultantis 6/6 shorter than the normal
bond. This particular deviation from undistorted bonding is present in
all seven discontinuities referred to herein, i.e., in the four lateral twin
boundaries discussed heretofore and in the three second-order twin joins
presently being treated. At points d, the bond has been rotated alter-
nately clockwise and counterclockwise by 31o35' in the plane of the fig-
ure. Neglecting the shortened bond at D, atoms along the discontinuity
maintain four nearest neighbors. This is in contrast with the four first-
order boundaries, where atoms along the coincidence plane had alter-
nately three and five nearest neighbors. See Table 1 and Fig. 1 for com-
parison with experimental results. The {221}-{221} second-order twin
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join has previously been encountered in sil icon (cf. Fig.4 of reference 4).
The second-order twin join shown in Fig. 10 has a resultant direction

rlong (115) of individual A and (111) of individual B. The relation be-
tween A and B is the same as in the previous construction. The disconti-
nuity oscil lates between segments having directions along (112)a-(221)B
and (114)a-(114)s. Adjacent segments show projected atomic configura-

Frc. 10. tffst-tffft second-order twin join.

tions having seven, f ive, and six (altered) sides. The change in bonding at
position b is the same as in the previous construction. The changes at o

and a' are the same as at the similarly designated positions in the four

first-order boundaries. The atoms at o require three nearest neighbors;

those at o' require five. The two abnormally coordinated sites are sepa-
rated by only 1.9 times the usual bond distance, permitting an adjust-
ment of the structure to alleviate the condition. The deviations from un-
distorted bonding along the { t tS } - { t t t } se.ot d-order twin join are the
same, in  both type and sequence,  as those noted for  the {115}-{ t t t }
f irst-order boundary (Fig. a). In fact, the only difference between these

two discontinuities lies in the shapes of the arrays formed by projected

trans-boundary atomic configuration. The { 115 } - { 111 } second-order
twin join is the only boundary discussed herein which was not observed
in the silicon specimen studied.

The last zig-zag discontinuity for second-order twinning has a resultant
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direction along (114) of individual A and (114) of individual B; it is
shown in Fig. 11. The boundary oscil lates among segments having direc-
tions along (l l2)^-(221)8, (114)A-(114)s, and (221)^-(l l2)s. The trans-
boundary atomic configuration projected along two adjacent boundary
segments shows arrays having seven, five, and six (altered) sides. The
bonding changes at a, at, and D are the same as in the previous construc-

ir;');;rThJ-;)?"
.-.9-o{\o-o 

o--\o-o
-.@>e ! t,,"1\.y)' rirelolrriou 

''" 
\

I
Frc. 11. t1141-t1141 second-order twin join.

tion (Fig. 10); the boundary differs from that shown in Fig. 10 only in
the direction reversals of the former. The trans-boundary structure of
ttre f tt+|-{tt+} second-order zig-zag discontinuity is also very similar
to that of the I l12l-U 12 ] f irst-order boundary (FiS. 5). See Table 1 and
Fig. 1 for comparison with experimental results.

Turnl-Onopn TwrNNrNc

The (110)-projected coincidence site superlattice for third-order twin-
ning has approximately one-third the site density of the net derived by
second-order twinning (Fig. 8). It consists of regions 1.3os wide, suscep-
tible to structural restoration I these are separated by non-restorable areas
3.9a0 in width. No possibility exists for an (hill) third-order twin join
restorable along its entire length; partial restoration, however, is pos-
sible.

The boundaries designated IIIr in Fig. 1 and referred to in E*perimen-



TIT/INNING IN DIAMOND-TYPE STRUCTUKES 279

tal Resulls are apparently of the second-order type, i.e., they seemingly
represent discontinuities between individual A (light gray) and B (black).

When the observed boundary direction, however, was plotted on the co-
incidence site superlattice for second-order twinning, no restorable zig-
zag discontinuity could be constructed. Further examination of these
areas was made in an attempt to account for the apparently anomalous
behavior. High magnification revealed that an additional twinning was
involved. Figure 12 is an enlargement of one of these areas (circled in Fig.

Frc. 12. Enlargement of circled area in Fig. 1, showing the additional twin lamella

at the point of the "step." 470X.

1); the additional twin lamella can clearly be seen in individual A ema-
nating from the point of the "step." Thus, the seemingly anomalous
boundaries are not second-order twin joins. It was not clear, however,
whether the thin lamella represented, on the part of individual A, a twin-
ning back to the host orientation, or whether a new orientation, A', had
been generated. In the latter case, the boundary in question would be a
third-order twin join, whereas if the former were true, it would be a first-
order lateral twin boundary. X-ray diffraction was to no avail in deciding
this point, since the lamella was too thin.

If individual A has twinned back to host orientation, it has done so by
means of a (115)s-(111)A Iateral twin boundary. The resultant discon-
tinuity between the host lamella and individual B is very close to a
(114)H-(110)s Iateral twin boundary; the misfit is 3o41'. Examination of
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the areas in question at magnifications up to 1000X failed to reveal any
evidence for a boundary rotation of this amount. On the other hand, if
the lamella represents a new orientation, A', generated from A, the twin
boundary (A:A') involved is of the usual f irst-order type, i.e., (111)a-
(111)A' (Fig. 12). The resultant contact surface between individuals A'
and B, as stated above, is a third-order twin join, specifically (111)a,-
(11 11 1)n. The latter discontinuity follows a row of sites in the third-
order coincidence site superlattice. The boundary is restorable, in the
sense used herein, along approximately 25/6 oI its length. The latter
explanation for these seemingly anomalous areas appears to be more
plausible. From an animistic point of view, the sil icon crystal, faced with
the possibil i ty of developing a non-restorable second-order twin join,
twins again in order that the discontinuity (now third-order) achieve at
least a certain degree of restoration; the lower energy state is selected. fn
this connection, Haasen (15) has noted in indium antimonide that twins
of the same matrix sometimes twin again to "avoid direct contact with
one another."

Fourth-order twinning in the diamond structure redults in no lattice
sites common to both individuals. Accordingly, trans-boundary restora-
tion is lacking, and the discontinuity probably approaches that of a com-
mon (non-twin-related) grain boundary, i.e., a high-energy discontinuity.

GnarN BouNorny ENrncy

Read and Shockley (10), in their theoretical treatment of a boundary
between two crystals which have a crystallographic direction in common
and a small angular misfit, derived the relation

D _
Go(cos,,i * sin 4)

0(A - ln 0)
4r(7 -  o)

for an isotropic cubic metal. E is the energy per unit area of the grain
boundary, G represents the rigidity modulus, o is the lattice constant,
@ is the inclination of the boundary from the symmetry position, a is
Poisson's ratio,0 represents the orientation difference between the lat-
t ices, and,4 is an arbitrary constant. In plotting Evs.0, the theory calls
for a rapid increase in energy with d, followed by a less pronounced de-
crease. Excelient agreement is obtained with experimental determina-
tions of relative grain boundary energy as a function of orientation, as
carried out, for example, on sil icon-iron (19), t in (20), Iead (21), and
silver (22). These data are summarizedby Smith (23).

fn the case of grain boundaries derived by twinning, the relative rota-
tion angle, 0, is established, being 7O"32t for f irst-order twinning, 38o57'
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for second-order, and 31o35' for third-order. The various lateral twin

boundaries and high-order twin joins offer different values of s (grain

boundary orientation) for constant values of 0. Read and Shockley (10)

have shown that  the E vs.0 curve conta ins low-energy cusps when the

two crystals are in register on the same atom at regular intervals; the 0

values corresponding to twinning orientations represent Iow-energy

cusps. These authors have further reasoned that similar effects will be

produ.ed by varying $, that is, Iarge differences in energy are produced

for a given I by changes in orientation of the grain boundary' (They pre-

d ic ted energy cusps in  f i rs t -order  twin-re lated gra ins tor  { t t t } - { t t t } ,

I rro l - | t t+ l, and I t tz | - lttz| ; u ..ttp for the [second-order] twin join

lZZt\-lZZtl wasalso mentioned.) This conclusion has been borne out by

experimentation. Lacombe (24), for example, noted that in aluminum

the rate of boundary etching was strongly dependent upon. the orienta-

t ion of  the boundary between twin gra ins,  the at tack on a {  t t t  l - l  111 I
twin boundary being relatively negligible; Shuttleworth, King, and

Chalmers (25) had similar results with silver. Dunn, Daniels and Bolton

(18) found an energy cusp for the { ttZ l-\ttZ} t*in boundary in sil icon-

i ron and for  a {110}-{110}  second-order  twin jo in;  they measured the

energy of  the {  112}-{  112}  boundary as 22per cent  of  that  of  "ord inary

boundaries., ' In copper, Fullman (26) measured the ratio of the inter-

fac ia l  f ree energy of  coherent  twin boundar ies [ [111]- {111} l  to  the
,,average grain boundary" free energy as 0.035. Fullman (27) also studied
,,noncoherent" twin boundaries in copper and found by measurement

that a boundary "approximately parallel to a { 113 } plane of one crystal

and a { 335 } plane of the other" had an interfacial free energy equal to

80 per cent of that of the "average grain boundary" free energy' In

another paper, Fullman (28) measured the ratio of twin boundary energy

- t { 1 1 1 } - { t t t } ] to,,u.r.ruge grain boundary" energy in aluminum as 0.21.
' 'The 

foregoing experimental data serve to establish that boundary ori-

entation can have a decided efiect on grain boundary energy. Further,

higher energies are involved as one progresses through the boundary se-

quence wherein (o) twin plane and composition plane are coincident,

1a; t*i" plane and composition plane are not coincident (lateral twin

boundaries and high-order twin joins), and finally (c) the grains are unre-

Iated by twinning. The boundaries proposed in the present study for dia-

mond-iype materials are of class (6). The iow (hil,l) lateral twin bound-

aries represent low energy cusps for 0:7O"32'. Two are newly-proposed,

{ r rs}_{111} and {OOt}_ lzzt l ;  a l l  have been exper imenta l ly  observed

inig. f and Table 1). The tfuee (hhl) second-order twin joins correspond

wi th low energy cusps for  o: ig"57 ' .  One is  newly-proposed,  { t tS}-
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Tl.rl-n 2, Dnvrarroxs rnou Urlrsronrno Bonnrwc (Ar,orc Bouuo,lnv
LrNcrr or 4.1 o6)

3 l
Nearest

neighbors
(symbol a)

Nearest
neighbors

a i a '

Spacing

3  . 4 $

1 . 9
1 9
7 . 9
1 . 9
3 . 4

2 bonds to I Undistor
7at79"28' l  +

6% ] nearest
shortening I neighbors
(symbol b) l(symbol r)

1
3
2
2
2
2
t . . )

Distorted
4

nearest
neighbors
(symbol d)

1
0

2
2
2
l .  / . )

1
0
2
2
2
z

l .  / . )

3
0
0
0
0
0
1 . 5

0

0
0
0
0
0

* First-order.

t Second-order.

f rhe structure, of course, witl adjust to alleviate these abnormal coorclinations,
$ Times normal bond length.
Four of the listed boundaries show the same deviations from undistorted bondins and

would accordingly have similar energies.

{ttt }; all but the latter have been experimentally observed (Fig. 1 and
Table 1) .

As stated previously herein, the energy of a particular grain boundary
increases with the specific deviations from undistorted bonding. such
deviations are listed in Table 2 for the seven zig-zag discontinuities
described in the present study.

Sulruary

By an analysis of (110)-projected coincidence site superlattices in the
diamond structure, seven permissible,,, low-energy," (hil l) boundaries
are derived and constructed; four refer to first-order twin-related grains
and three to a second-order twin relationship. Two of the former and one
of the latter are newly-proposed. The boundary directions follow rows of
sites in the respective coincidence site superlattice. A considerable degree
of trans-boundary structural restoration can be achieved if an oscillating,
or zig-zag mechanism is used for the discontinuity surface. The seven
(hi,l) boundaries described for the diamond structure, and only these, are
amenable to such restoration in addition to having high coincidence site
density. Six of the discontinuities have been observed in the same silicon
specimen,  in  addi t ion to the normal  { t t t  f  - { t t t  }  boundary;  no others
were found for first- or second-order twinning.

Instances of probable third-order twinning have been noted in silicon.
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The additional twin lamellae at these positions reflect the tendency of the

crystal to avoid a non-restorable second-order twin join in favor of a

partially-restorable third-order boundary.

Boundary orientation can have a pronounced efiect on grain boundary

energy. The seven structurally-restorable discontinuities described herein

,.pres.r.t low-energy cusps in the curve relating energy and boundary

diiection, for constant misfit angles. Experimentation has previously

shown that such boundaries are intermediate in energy between those in

which twin plane and composition plane are coincident (usual case) and

those involving a common, non-twin-related grain boundary'

Lateral twin boundaries and high-order twin joins in semiconductor

materials are expected to affect structure-sensitive electrical properties,

e.g., minority ca..ier lifetime and carrier mobility' Additionally, such

boundaries, owing to their association with low-energy cusps, have a

practical bearing upon semiconductor devices whose functioning depends

upon high-energy grain boundaries.
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