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operations, e.g.

.ciﬁss (111) followed by a mirror operation across
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(111) axe classified as second order tvig: qtc.
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Many of the concepts required to analyze the atomic structure of

second and third order twin boundaries in silicon were introdsced by
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Rornlgxa in his papers on the structure of dislocations (1) and <1100
: tut bouduiu (2) in the diamond lattice. When modelling a lattice
dotoot_, Hornstra’s criterion was to preserve tottaimlul bonding where:
poui.bﬁ. thereby -hllui.ng .tho number of broken bonds. Radial
61:t:ibutlon functions of amorphous silicon show that the Si-Si bonds
vary in length by less tlun.ﬂ from those in crystalline lilicon‘. but

that the bond angles can fluctuate by up to 15° (3). Therefore, an

approach that minimizes the number of b:okoi bonds and. keeps the
interatomic distances olsontlllly fixed, whilst allowing bond angle
variation ohoul - '_--;_, tivel ow,energy configural

lll’ Ioéols of1 fﬁ'b lnd seven -nbo:odv t!.nn of sil ioon atus cu e

.bl con:t:uctod vithont,.l,ttu strains, and Hornstra (1) proposed ﬂnt‘a'

S vkl sy-:“-th:“:__i”cval..;.qp-_‘bi_m,tlgn of one five lnd.lou.;;nvcn -ubo:u}, ring would. .

<110, edge,dislocation incthe diamond;latticomm it o

"..'.?;.‘:?:.arm;;m - fimo 1. ‘I‘ilt boudlrioo yith a £110> Ei t.axis and ,4,,,*%0),‘,;:“: e s

houndary plane in the median lattice (4) could be modelled as an
arvangement of edge dislocations in combinmation with chair and boat

shapad six membered rings (2). The Si-Si bonds in chair shaped rings

P - - are arranged in staggered configurations, whereas the boat shaped
b rings contain two pairs of eclipsed bonds. Hornstra comsidered <1107
; "- tilt boundaries where the rotation amgle © corresponded to a high

: colncidonco &ov 8) puoz‘pm:ntummTq

oo-blution ot a snll number of idontiul ottnotuul mlts. 8 h tho

ratio of atom sites to coincidence sites (5).: Hornstra's model for
the  (381)Z =19, 26.53° boundary, figure 2, ‘has the  highest
misorientation angle that can be accommodated by discrete a/2¢110)
edge dislocations. He developed two models for the (221) 3 =9, 38.94"

boundary, which Kohn (6) has termed a second order twin boundary. The

E
!
!
I
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tlrlt';pf the models contains adjoining a/2¢110> edge dislocations
ik cttufﬁd in a zig-zag tdhion.‘tﬂmm!(a). The alternative model,

i . »tlnro'.’(b) ,consists of a tonltt. array of a<110> dislocations

1 l. Ii."'

vvorutod‘ by irdterposing a olx -ubozod ring between the five and seven
ceabered rings of the! 2/2¢110> dhloution structure. Hornstra
;‘ stated, witiout conttuothg -uu-‘-"odol. that the (552)2-21 31.59°

)b

; third order twin bouduy»coud be: bnllt up from o!uonto of the I =19

‘structure and either * _ot-;&_hp»tvo&!’ ttrnctun;- "At that time (1958)

'mo experimental ovldopcof.y§(§avn;lqy}jq,-_ to decide which of theE&=9 and

B WSS ] LR o X My ¢ ") &
5 AL A LM o AR LA U

oo In this papes .ithe -odolt.sotiyézinciemwd{naomouoi«toa. the' dnutalit
%x,‘. SN .:oputiu,;tonp.- duo:.lpuo:mﬁ1£9wou¢¢1..g-(1,10):“. diuuud‘* i o
&WMMMQSMMWMmuwuug-uW

§ st ccnfhsiosations hihtanSoRstARESaen =t SuthomRu e b scnes moded SapARamais s o

account for the contrast futntu observed in high resolution

transmission electron micrographs of second and third order twin
boundaries in silicon. The boundaries discussed are symmetric with a
g oo “[110] ti1t “sxis and a*(110)“Boundary plane in the median lattice (the

5T g e 8, ,lodian plane). The -odhn latti'ho"@ﬁl Montlcal in structure and

.. ~ )_‘
L e

A b 4 :hllfvay in oriontltion‘l‘botvuaﬁtho ctntll httlcu olthcr side of the

50“4"7, msltgstdongtowg%%% e,

i, HW‘W%‘ 1

Exporimental Dotails

Silicon ribbon was produced by chemical vapor deposition at a
temperature of 1100°C (11). The ribbons werr polycrystalline with a

predominantly <110) texture and an average grain size of about Ilpm,
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TEM specimens were prepared by mechanically polishing the silicon to a

S

thickness of about 75um, followed by ion beam milling. High

e
2

' resolution electron microscopy observations were carried out om

4 (R . hatetl
’ Siemens Elmiskop 102 operating at an accelerating voltage of 125kV.: .
The <110 tilt boundaries were viewed end-on, with the incident beam
;{ parallel to the tilt axis. Lattice images were recorded with thp

inner seven beams from the <110> zomne of each crystal inol.uiod in the

“object ive aperture.

Results

lnzo 4 h a2 lattlu tringo image of a |[11bl-%qf’t'

(n, &

; .-..rm;odau.uul toithe tilt axis. The boundary oxubm—.:;g’ch;;;eoiw,-g»,%m,.;

PRIRY PR --u'alo?;oﬁ lbontr,mn- -and ‘also -appears faceted at. the, atu ic'ucnl . nmu front

mnmmmpmmmwmuu»mmmmummm

b s ST StALaS S, which 8 plane or, yactor roters.,, The. lons, Lene ARALKSA. Kl dunurnaminoniv::
4

. (552)1/ (552)2 symmetric third order twin boundary, median plane

(110). This plane contains the second highest density of coincidence

i S

sites for the &=27 misorientation. The plane with the highest density

s

7" ‘of colncidence sites for the Z=27 misorientation is ,(115); (median

pim (001)) which is orthogomal to the plane off*tho ‘observed
“!:.'

boudary. In the bouduy shown in figure 4, = pnttouxo%fou: .large

‘W‘f‘?m&& o) W&»-cg‘mmﬁ.z 80nm.. A-1inecan be deawsy

vhlto dotl that is faceted on two planes, (111) and (111)2, 3 .nd. t,h.>

two white dots inm each facet plane differ in size. The boudlty

+ + change3 direction and character at Y, dissociating into a oc;hount. ]
first order twin boundary (arrowed) and a symmetric second order
boundary marked Z. This dissociation has been discussed in an earlier

paper (12). The small triangular twinned region is indicated with the

,v-.-s#_______________.___l_d
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subscript 3. The second order boundary plame is (221)4/(221),,

= SPT  #
P

(110)_, and this boundary contains a zig-zag arrangement of white dots
4 faceted on the (11!}’ and (111)2 planes with a periodicity of 1.15mm.
; » These local potlodloltln and symmotries ocan be determined
‘ unambiguously since they are are independent of the imaging conditions
and tnnfor function of ‘tho. microscope.
. X . When odd numbered rings are joined symmetrically to form the
4_ . dil‘llou_t'_io_n core 'uhm :ln;'f figure 1, the ends of the core, -lagkod" E,"
AR yial v 2t 2 = ]
A ,'{' ut ‘lonu;to‘%y alx-f:u £ Iobe 4 *n zm-. z. R
§{y N -‘,,tmtuwuumqnaympcxu ttnmxh-h doiutyuh the E=19. "
;g ol ek, st:uctuw ‘Au!o:ntng. stated, _.thumlni.tn zloucnlwptiou mhom«

imwmmmgwuummmummmm e
imm wvg e a2 8330 cau¥bishy e 1 instrated with, the 229 models, of, £18350, A Me 8B,y pmma

(b). The first model, figure 3(a), comsists of two sets of a/2[110]

edge dislocations arranged in a zig-zag fashion and labelled B and C

? in the diagram. In the alternative model, figure 3(b), a dislocation

e with Burgers vector a[110] has been ocreatéd’ by interposing a six i
%-'f et -uborof fin' vth‘}von tlﬂ:\!iv, ‘a:df”‘iovxunubond ou‘}:g‘(lmlul

| (R " repeating uait lﬂullod n.:ﬂloto th‘t‘;\‘tl\'l:(ulz membered tfﬂ"ﬁ ‘in ths

boudnln. This ‘lodol ‘can bo thorofo:o bo htomotod as an uny of
. edge dhlooatlon in & coherent first order twin boudnty. The BC

) . + model, figure 3(a), can also be visualized in the same way, although

it is not as obvious in this case. This point will be discussed in

more detail below,

Page 6
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The zig-zag l'ppunnoo of the I=9 boundary in figure 4 indicates
that the BC sequence of figure 3(a) is more likely. This comclusion
is in agreement with the findings of Krivanek et al (13), Papon et al
(14) jand  Bouiket ‘ot al ¥"~:('15') with regard to =9 boundaries in
germanium, although Bourret suggests that segregation of impurities to
the interface may cause variations in the structure. In addition, the
g structure in figure 3(a) is more plausible from simple ;norgctlo
cpt:u“iqionuou.'uﬁr the elastic on;:u pot';mit area’ of a symmetric r o

tl.ll"t:.lbdﬁ;daty-iit_lqt a minimum when the eads of the extra half planes ST

e ' N

LAA T

RO 0 o il - (o Aond SEESTRIIL 15 o PRSI RS R TS,
in‘spacing as 1 _tic .possible. Examination of figures 3

shgvp;{;ht .thi_,;vﬂ_i;og;_tottgn' favors the BC sequence.’ R HILEE VR DA m,; JETE | SO -y > 5

B i T o bags e Ve TN o G R

g e The 22 Tamodedycansbe, construct ed usingred thers ansABACs tTucturalinuin s
" m.-wﬂ“ n,,figure 5(a),. or an_ AAD, com bipation,.  figure  S5Able.. . s o ermame

The -1ctognph of the 2=27 boundary in figure 4, which is reproduced

-

B

R L H
1.
$
¥

at & higher magnification in figure 6(a), has the same repeat pattern

as the faceted ABAC structure, and there is good correlation between

t . TS “Yarge Tings fi-tHe model and large dots in the image. The dotted lime

.‘I
‘1;
i
!,

in figure 5(a) indicates (111); and (111), facets. When figures 5(a)

e

and 6(a) nr’”' superimposed, figure 6(b), there is go“ correlation

e Bl @boﬂtn“o’o%uuh and vhito.dotu.,.nuuttu thst.,thqmi,lé 0-i8.. 1

accurate toptountltion of the boundary structure, although &1:

cannot be confirmed without multislice calculations.

Discussion

Several authors (Ashby, Spaepen, and Williams (7); Pond, Smith,

Page 7
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and Vitek (8), Sutton and Vitek (9); Frost,Spaepen and Ashby (10))
- have described the structure of grain boundaries as a packing of a
smoll number of (polyludul)'!nul type atomic groups. This approach
has lar.uly hn“buood.th.-"ha;d sphore modelling or computer simulated
§tructures of grain boundaries in fcc metals where spherical
potentials and central . 'fogcou are assumed. There have been few
attempts to extend this work to tetrahedrally coordinated ;atottaln

4 : ; '1tﬁ digoc-tloni,l ~bonding, presumably dus to the c‘o-ﬂaxitlu of

4w +in the range 00 ,ﬂ;o 10.539:»,4:'pto_untod. < iR

Symmetyic boundaries vifh (110) median planes and values of 6 up
to 26.53° are modelled as an array of discrete a/2[110] edge

dislocations, mit A. Misorientations between 26.53° and 38.94° are

/'manner, so that thoy are: u cvuly distributed as possible. alon. the

'.'clv‘. i% —

boudnty.’ ¢'fhh 7 T AL oqulvnlont fto adjusting the opacinz botvun the

, ¥ %90 y‘on;o apé‘,lng ,ﬁ,hw ‘;. ¢
u/2[110] I(zu-(olzn. sad “the varissce of ‘the spcclu is a -hln-.

To preserve the tyuotrlc-utuo of the boundary, the units B and C
. » must occur iltomtoly along the boundary. For example, a béudaty
whose repeating unit is AABAAC (a combination of $=19 and $=27) has a
rotation angle of 29.70° corresponding to 2=137, whereas a sequence of

ABC or ABCACB (=27 and X=9) gives a misorientation of 33.720 (£=107).

Page 8
R R R T TR RIS

dealing vith.dicio;tod- sp’e_:b'pndl. However, the concept of building up

‘structures. A syutu fotx -odoll u !

st A tho ct:ut.uu.xot, syuot:ic <110) tilt boundaries with tilt uglu#&' 1

“ws modelled by ~combining® st¥uotural uaits A, B, and C'in a Cystematic

i T DN+ S, el

-
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A simple method of determining the and © values for a particular

combination is given. The vector d joining the two ends of each
structural unit is  determined using a basis in which (1.())-:/2[11.0]2
and (0,1)=a[001],; thus for A 4=1/2(1,3) and for BC d=(1,2). The
repeat vector (r,s) (r uid s integers) for the complete sequence of
structural units making up .tho boundary is calculatel and the value of
%is found from =(r? + 2s2)/w where v is 1 if r is odd, otherwise w
is ‘2..‘-%‘!1:0 misorientation ax;glo is found from tu(OIZ)-él;;'zs. The A,B

and C units do not differ :_ll their intrimsic structure, but rather in

M}Q '“ "2[1101.. a&,/z[nol, ‘and. #/2(110], " respectively.

These

local Burgers yectors can be determined by . considering which crystal
< & " .': . v . "..‘ 5 .'l o -

B o »n-mmmwwﬂw‘!ﬁ ings, which. wEoRStAtut e i thay e w fnaiig
‘ ¢ TP R e A T &%2: \?)?Ard.l:* \“Qm*g-* L\":e' : c uit' &nstgduwvgwm‘stfa%?x“qu oA S SRR e YT

crystal relative to the other at the boundary equal to their local
Burgers vectors projected ontc the boundary plane. For a § =27

boandary, these translations are equal and opposite, as is apparent in

figure 5(a) where nearest neighbour A units have undergone equal but
x opposite shears. To minimize the energy of this alternating shear
fiold. th.tl;ll:l rigid body translation of one oqstil relative to

g-‘:’:” s oo the_ otho:.‘_ ::él{ '!59’-* : j".;&‘?,‘f"r“,?‘ :goutiolm, hg\;_ﬁ ft, W’”
! toduoo([ by a B (or C) unit. The shift produced by each B wmit ln the
¥=27 structure is a/27[115],, which is a DSC vector of the 31.59° =27
. misorientation. The F=27 boundary plane contains screw axes haif way
between each (1I10) atomic plane. The =9 boundary plane, figure 3(a),
is a glide plane., Other boundaries with these symmotries (e.g.
AABAAC, ¥'=137 has glide symmetry) cam be anmalyzed in the ssme way.

Page 9
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v Less symmetric oénunnuon (e.g. ABC, Z=107) have more complex
short range stress fields that are beyond the scope of the present
paper.

The extensioa of the modelling system up to 0=70.53°9, the first
order twin o:loli'at!on. li;’léhiovod by introducing the boat shaped six
membered ring,’: 'r. into’ the X =9 ottuctix'o'_.'_a of figure 3(a). This

K structure consists of qltor'ntiu f£ive and seven membered rings. The

! ,sy—otrioal,.ooeg*l_g!got_ton..,,\gu'l‘.’:_,"uoomdcto:,y&‘s‘gh‘o ‘T unit whilst still -

§ . uint-hiur&ogxg_hwdul. bonding. . They structural model in figure 'l;'{f;ﬁm-
- = A Ky T N iy (0 F(F . ¥ e’y

b oo s s SRS AL S A DY D 1A0ANE s 008 s Tynimn it s nuea chasymne trioal positionauThiatoman s e = | |
t' i u&tﬁutn.u!ooﬁ &a _;v“?“ tmj'"q_&a&“'wyoq, membered rimg

co-bintlons: labelled G and H, which differ from units B and C. As

more T units are added to the structure 7, the boundary misorientation

P .

g increases, When the spacing of the G and H units becomes large, the !
bouurrun’:'t‘o““'lnt'otﬁoto!‘n Tsolated dislocations (G and H units) i 1

& in a cohount tltot ordo: tvh our £y, Therefore, throughout the

i . | o | ;‘ &) : =t

l' 0”

-lcotlontutlou—xnu from 38. 94‘*‘1:0570 53°, symmetric boundaries are

S~

ai -q_i.b:todwnn&% h'm ;

A

! : . ‘%do lof lmouw

Yoradary.

The 4 vectors of th= T and GH units sre (1/2,1/2) and (1,2)
respectively. The GYHT sequence of figure 7 has a repeat vector of

(2,3) and the model is therefore a (332)F =11, 50.48° boundary. The

density of G and H units is a maximum for theZ =9 structure and is

Page 10
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zero at the £=3 misorientation. Therefore, the reference lattice is

. S i A

' twinned and the median plane is (111). Burgers circuits of the G and

H units transferred to the twinmed .tructure show that the Burgers

g >

vectors are "2[11011(0). ll; -IleIOl,(n). The G and H Burgers
Vectors are not normal to the common {111} boundary plane. However,
twinning transforms ‘/2[11912 into .lstiiill. making the sum of the G
»" and H Burgers vectors equal to 2a/3[TTI];, As with the B and C units,

the dislocations G and H introduce translations, at the boundary,

_oqu; to their Burgers vectors projected onto the boundary planme.

¥ 3 BN}

Tul'd X ‘e

Sy e | ‘alternating shear field is lppu:'o;t' in figure 7 where neighbouring T
i 40 units have wundergone equal’ ud.-"«opjao'n;to- shears parallel to the
big < ., boundary. The rigid body translation atithe boundary which equalises .

§ WMM’&P& the T,unitssisval/ 22[1”““‘17"*‘!"“1}80"%5‘;‘“8’" W’m

s v i ) $ a4 ey e ST Grar T
structure, Bond bending .in . the. crystals onm either - side of ‘the

boundary can absorb the shear strains without large increases in the

S S

energy of the rtructure. Am alternative model for the £ =11 boundary
proposed by Papon et al (10) has a ‘ttptlt unit of GHTT. The T units
in this case are not sheared but an alternating tensile and

. compressive stress field is established normal to the boudgty. due to

o —
-

the n‘von spacing of the toniuéla.-‘ pl.un of atoms. "Fét this

roason it 4is suggested.. that  .the . structure may’ have”s*higher *“‘W"‘wﬂ.l
R AR AR e A0 SRSROSLed, yERS G R0/ GHTTIRHS fb o e 144
energy .than the structure inm figure 7.

& 1 In an exact snalogy with the favored boundary model of Sutton and
Vitek (13), small deviations from low coincidence values of © are
accommodated by varying the spacing of the primary dislocation by 1
inserting .lorolgn' structural units at regular intervals. Any

Page 11
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departure from perfect regularity im the spacing of an array of
primary disiocations can be analysed in terms of secondary
dislocations. The Burgers vector of a secondary dislocation is the
ulutlv; displacement of tiu évo crystals due to a change in the
spacing of the primary dislocations. Using an analysis similar to
that of Bollmann (5), the matrix A describes the rotatiom of lattice 1
into lattice 2, and the dispiacement matrix T is given by ™=(1-A"1),
If the vector x is the change in the spacing of the primary

dislocations, expressed in lattice 2, the Burgers 7ector of the

of a. tontin; l.al.;c‘k".of fiftui A units, onon unit, fifteen more A
units and a C unit has a repeat vector of (16,47) and a deviaiion of
«544 from theJ =19 misorientation. Each nforeignm structural uit is
vl ~wirassociated .with. agegrain boundary-dislocation whosesBurgers vector is

-.I19.I331] 1~

Recent work on tilt boundaries in hard sphere fecc corystals (15)
has shown that some symmet:zic boundaries, (particularly those with
relatively long repeat lengths) could be constructed more densely when
faceted. These boundaries usually had a demse plane in omne crystal
nearly parallel to a different dense plane in the other. In the cas/
of the T =27 ‘(352),,’,1;1"“‘.“7 it was. found,that faceting. om to
(111),/(110), and (117),/(110); planes reduced the excess volume by
28%. On each facet, the (117) and (110) planes were within 3.7° of

. being parsllel. The boundary c¢ontained equal areas of (110)1 and

(110), planes, consistent with a (110) median plame. This faceting is

identical to that experimentally observed in figure 4.
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Conclusions

Symmetric secoid and third order twin boundarios inm silicon have

been observed- usircg M;l; ro}olutiol TEM. Micrographs of a symmetric

{221) ¥ =9 boradary exhibited contrast features conmsistent with the
zig-zag disloraticn siructure proposed by Horamstra {(2) and similar to
thoss zeported in gexmamium (13-15). A model “or a symmetric (3552)
=27 bounda.y was constructed and round ¢o have the same periodicity

and faceted structure as an experimentally observed 3=17 boundary. A

system for modellin structure of 110> _tilt bounds
tifuhdnlly coordinated materials was developed based on the utly
work of Hornstra (1,2). Boundaries with (110) median plenes and

misorientations up to 70.53° were constructed using a repeating series

of simple struc ural maits, - PP

Specimens were supplied by JPL. Central facilities operated bty
the Materials Science Center at Cormell were used to carry out part of

this research.
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Fig.1 Core structure of a uli {110) edge dislocation in the diamond
- lattice as proposed by Hornstra. The core configuration is

symmetric and consists of one 5 and one 7 membered ring.

Fig.2 Model of « {331}, =19, 26.53 degree tilt boundary according to

Hornstra. This boundary has the highest misorientation that

can be

W

accomodated by a repetitive pattern of the edge

Tdislocations showa in Fig. 1

Fig.3a First (of two altermative) models proposed by -Horanstra to_: the

£ A e TIS B

2

i 3994.:57. contains a/2 (110> edge dislocation..arranged in e

zig-zag pattern.

Fig.3b Second (of two alternative) models proposed by Horanstra for the
structure of the (221}, Z=9, 38.94 degree bounda . This
boundary comsists of a symmetric arrangement of al110)

" dislocations,

Fig.4 Lattiice fringe image of a 110 tilt boundary (imi&ont electron
beam parallel to tilt axis) st a magnifiaction of x 6 500 000,
The sectiou denoted by X is a (552}/(552) symmetric thka order
twin boundary with a median boundary plane (1i10), The boundary
dissociates at Y into a coherent first order twin boundary and

a . symmetric second order boundary, demoted by Z.

structure of the (221), =9, 38.94 degree boundary, The
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Fig.5a Schematic representation of the £=27 boundary, constructed of

with a repeating group unit ABAC. For details see text.

Fig.5b Alternstive voulol. of the X =27 boundary, consisting of a

reptaiing group unit AAD. For details see text.

Fig.6a Experimental micrograph of X=27 boundary. Magnification x 30

000 000.
Fig.Sb Superposition of the experimental micrograph of Fig 8
‘the u)a'!o""‘:-f&op;-‘nolt‘.wo:' of the boundary with  ABAC

repeating, groups (Fig. Sl)._.

Fig.7 Schematic representation of,a (332) X=11, 50.48 degres tilt

i . boundary consisting of qm epeating group E“’ The _y&u.ndn‘ry

T
Rty AVt s e

contains & rigid body translation a/22[113). For more details

soo text,
L S
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