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fVTRﬁNSMISSION ELF-l“ON IICROQCODE INV?STIGATIOV OF THE GROUTP OF COPPLR

‘ PRECIPITATV COLOFIVS IN SILLCOV

ﬁnlver51ty of Oslo, Instltute of Phy51cs, Bllndern Oslo 3 Norway,
: vand _
J. Washburn

Inorganlc Materlals Research D1v151on Lawrence Radlatlon Laboratory,_
Department of Materials Sc1ence and Englneerlng, College of Englneerlng,

Unlver51ty of Callfornla Berkeley, Us A..

v_The(growth of-copper_precipitate'coloniesEinzblgh pnrity; dislocation
‘Mfree 3111con 51ngle crystals has been examlned by transm1551on electron
:3m1crosc0py. The colonles, belng coplanar arrangements of copper-51llc1de/
.v partlclesvon elther {llO} or {100} planes, nucleate and grow during
raold coollng from hlgher temperatures.,The klnetlcs of tbe colonj growth
'process has been analyzed in terns of a model based on repeated nucleatlon
on 8 c11mb1ng dlslocatron. The posslblllty of hav1ng the. growlng copper-
25111c1de partlcles dragged by the dlslocatlons has been dlscussed and a -
mechanisn based on a partlcle dragglng/dlslocatlon cllmb effect has been

~suggested 1n order to explaln the develcpment of” dendrltlc dlSlOC&tlon d1p01€ :

; branches& .;:“




1. INTRODUCTION

Rapid cooling of copper doped dislocation freé-siliéon single crystals
may cause the formation of star shaped agglomerats of precipitate particles.
This precipitation effect has received considerable attention, especially
ﬁ; the application of infrared microscépy. Due to its limited resolution,
this fechnique has primarily been applied to investigate the density and
:distribution‘of the agglomerates. On the morphology of fhéviﬁdiviauél égglomerates;
infrared microscopy has established that the precipifate §onfigurations cdnsist
of planar "sword" like bramches.l_3 Transmission electroh microscopy observa-
tions have dembnsfrated that the pianar branches Afé‘aggiomerates of tinyi
particlesh-6);'A detailed transmission'electron'microgeope analysis of the
internal structure and crystallographic nature of the copper-silicide
-precipitate configuration, was recently reported by'the‘present authors7-lo.
Ref. 7 describes the aggloﬁérates aé dendritic shaped ﬁrecipitate colonies,
with the different coiony arms being co-plénar arrangements of precipitate
particles eﬁ?eldped by a dislocation loop. The crystallographic planes of the
colony arms were either {110} or {100} . The en?elgping dislocations were
allways of a puré edge character, hence, the Burgers vectors involved were
either %.? 110 > or & < 100 > . Throughout the rest of this paper the two .
different_types of coldny arms will be referred to as.vllb- or 100-colonies.

A simple colony growth model based on repeated nﬁcieation on a climbing
ldislocation was proposed in Ref. 7. This model explainéé'somé of the colony
.characteristics, a§ the formation of planar precipitate arrangements and ‘the
presence of a surroﬁnding edge dislocation loop. No attempts, however, were
made to explain the growth phenomenon which caused]the éo1onies todevelop'
lqng‘dehdritic dislocation dipole branches. This pape;, is a continuation
of ihe work pﬁblished.in Ref. T. We repé;t here on tbcffésults of a transmission

electron micfoscbpe investigation of the colony gfowth process, and propeose



T a colony growth nodel capable.of explaln1ng the characterlstlc varlatlons in
colony morphology as descrlbed in Ref. 7 and below. .0f 1mportance for the
dlscusslon of the colony growth klnetlcs is the recent observatlon by Nes and
oolbergl_f »shovlng the»dragglng of copper prec1p1tate partlcles by cllmblng= .
edgevdislocations.in silicon., Thls observatlonsuggeststhat prec1p1tate mlgratlon»
| is very llkely to have occured durlng colony growth It will be demonstrated that

the hlgh actlvatlon energy Ior dlslocatlon plpedlffuslon in 5111con may explaln the

tendency-to dendrltlc growth.

N 2 EXPERIMENTAL -
| The 51llcon 51ngle crystels were obtalned from Texas Instruments Co.:
'{iThe materlal was graded as Lopex (low oxygen d1slocet1on—free 5111con) The

» crystals were grown by a floatlng-zone technlque 1n the form of cyllndrlcal
rods of l 1n dlam. x 6 in. ; with [lll] as the growth axis. The re51stance '
B _of the crystals was 50 Q cm and the conduct1v1ty was n type.

' The_precipitetencolonieslnuclesteend grow during répid'cooling»fronx=

higher~temperatures7).‘.In order to stud&_the growth‘procesSve series:of |
_specimens_were.giren thevfollowing'cooling treatmentg’ From'the isothermal

- annealingvtemperéture,v h , the spec1mens were cooled at ‘a rate vhlch was known'j\

o to give. large prec1p1tete colonles, and by 1nterrupt1ng thls coollng by a

rapld quench at the temperature Tq » the colon;es-were frozen in at the stage
of deyelopment reeched atvthls quenching temperature.: By ch0051ng an approprl-v
,ete seriesvof temperatures,_Té., the growth of the colonles was followed._ -

_ TWO series of experlments have been performed. One-starting withna :
'holdlng temperature,'Th‘, at about 925 . C and the other v1th Th about 850 °c.

' vIn both cases. the subsequent coollng rate was about 8 /sec. ,For thevdlfferent
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specimens'this:coolihg rate was interrupted at different temperatures, Tq' s
selected at 25'°C intervals from the holding temperatures aown to about 600 ° .
Wafers, about 1 mm thick and with [111] , [110] and [112] surface
orientafion we;e_cut from the sylindrical rods. Following the heat treatments.
Foils for electfbn microscope investigation were prepared by chemical polishing
in a standard way. The colonies were examined both in a Siemens Elﬁiscope elec~

tron microscope operating at 100 kV, and a high voltage Hitachi electron micro-

scope operating at 650 kV.

3. EXPERIMENTAL RESULTS

The 110; and 100-colonies exhibit characteristic differences which may
be summarized és follows: The énveloping dislocation in the 100-colonies forms
long narrow branches in the orthogonal < 110 > diregtions of the flOO} plane
énd thus giving these colonies a dendritic shape (sée Fig. T & in Ref. T). A
typical feature of the dendfitic branches is that a ﬁrecipitate particle is
located at the tip of each branch. The structure df the:llO—colonies were
described as a nearly even distribution of particles on {110} pianCS,enveloped by a
.roughly circular dislocation loopT). Continuéd investigétion, however, has
demonstrated that also 110-colonies have a fendency:fo»grow by forming narrow
dendritic branches. Flgure 1 shows a star-shaped colony con51st1ng ©of 110 type
colony arms only. As can be seen from Fig. 1 the dlslocatlons form long narrow
dlpole branches in the <112> directions of the {110} 'colony plane. Note L
. that also these dipole brgﬁches have a particle attached to each tip. |
During tﬁe cooling the colonies nucleate at about 800 °Cc whether the
.holding temperature was 925°C or 850°C. This is conéigtent with the results
given in Ref{ T; that varying the holding temperatureézin the range 820 oVC'to
9Tk °C caused no change in precipitate colony size. Thus copper appears té
'_have_been present in a concentration corresponding to thé solid solubility

.at about 800°C.



3.1; Growth of llO— colonles.h o
A llO—colony at an early stage of development is presented 1n Flg..2. e
This pre01p1tate—d1slocatlon loop conflguratlon vas'frozen in at 773.xC. The'

"elongated half looP is or1ented in the [Oll] dlrectlon and as can be seen
”j from Flg. 2 b the pre01p1tates are aligned as a bead strlng along the dls;-/ :
locatlon. The ‘dislocation is out of contrast in the [lll] reflectlon Flg. 2Db,
: while in. strong contrast in the [220] reflection; this is- con51stent W1th a
va/2 [lOl] Burgers vector._ ' h
| The tran51t10n from thls elongated loop conflguratlon 1nto the famlllar""
v{llO} planar prec1p1tate arrangements is demonstrated in Figs. 3 and h The'?fflf
. growth 1n these two cases was stopped at 725 C and 701 C respectlvely. In
Flg. 3 the elongated loop conflguratlon is partlally preserved The geome ry
of the partlcle dlslocatlon conflguratlon is outllned in Flg. 3 b. AS can ”»a
| be seen from thls sketch the initial half—loop conflguratlon (broken llne) 151'
;located in the (lOO) plane. A series of observatlons conflrms that in the» -
Fflrst growth stagethe‘llO—colonxes appear as elongated 100ps on {100} |
planes.= Consequently at thls stage the dlslccatlons are not in a pure edge
v'orlentatlon. The left part of the initial elongated loop in Flg. 3 a has
Nstarted;to_cllmb on the (lOl) planes into a hellcal oonflguratlon, leavlng‘
' ;precipitates behind. | o : |
'lb Flgure h shows a llO—colony 1nterrupted 1n 1ts development at a tempera-?jg
v fture 2 °c below that of the one in- Flg. 3. Tnus a more developed (lOl) o
arrangementrls'ontalned.‘The contours, however,;of the 1n1t1al,elongatedrloop
oonflguration, oriented in the [01I] direction and- located 'in the (100) plene, -

;is‘stillvclearly visible. The rows of preeipitates_marked_A,vh and C in Figtfh -



arévinterpreted.as fepresenting successive positiohsyof.the climbing dis=-
location. Note thaf the large precipitate marked ;D .in Fig. 4 is followed
by a depleted zone in the [ibl] direction. Such depieted zones are frequently
observed within 110-colonies, Figs. 5 and’6. These zones are elongated in the
<110> direction and én oversized precipitate particie:is élways located at the
zone-end pointing in the climb direction. The zone in»Fig. 6 contains two
large particles from which two:new dislocation loo§§ h;ve been ]
nucleated. Figﬁre 6 élso clearly.demonstrates that:the.particles within the
110- colonies are distributed in rows due to the'repedfed nucleation process
on the climbing dislocation. Another interesting detaii revealed by thei
micrograph in Fig. 6 is that the dislocations rathéf than being  smooth lin;s
as in Fig. 5.may consist of pieces of straigﬁ'seghehts oriented in either

<110> or .<112> directions.

3.2. Growth of 100-colonies

Figs. 7(13’1h) and 8 represent early‘stages in the development of two

lOO-colonies. Both are oriented in the [lOl] directioﬁ and both have a
a[OlO] Burgers vector. The gréwth of tbese'colonies‘ﬁas interruﬁted_at 762°Cf<
aﬂd 707 oC-:espectively. The.preéipitate—dislocation dipole configuration in
Fig. T ends (6r begins) in a large precipitéte insiae the foil, while the
vcpnfiguration in Fig. 8 runs through the entire thickness of the foil. Figure
T also illustrates the beginning of the dendritic charécter 6f the 100~
colony, as a freshly formed branch appeary in the [IOl] diréction. |

The micrograph in Fig. 9 represénts a part of é:loo—colony in a
(110) surface foil. This précipitate colony was stoppéd in its growth at
629 °c. Asvthé size of the colonies observed in this foil were about equ;l
to those fqund.in specimens cooled at a rate of BOC/sec down to foom tempera-
vture, it is concluded that wheﬁ reaching the tempefa§Urc of about 650 oCvthe

100-colonies are fully developed. ' .
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- lattice strain unless vacancies are being absorbed to accomodate thé:*

. DISCUQSION

The prec1p1tate colonles are nucleated heterogeneously, and 1t was -
suggested 1anef. T that_the nucleatlon,centers‘were m;nute.s111ca
particles. Although”no such particles were detected in the as-grown

5111con crystals, thelr presence was postulated based on the observed

' bulk dlstrlbutlon of colonies in a growth r1ng pattern(7) . Due tQ’the,

lattice mismatch between the”copper-silicide particles and the silicon'

matrix, the growth of the copper-silicide nuclei will cause a severe o

particle-matrix-mismatch.‘ The tran51t10n from a nucleus copper—51llc1de :f:

: prec1p1tate to a partlcle assoclated w1th a dlslocatlon loop (or loops)
."ghas not been observed experlmentally. The,results,‘however, show that
fyloops of dlfferent Burgers vectors are - formed, i.e. §<110> and a<100>. _"'
wFollow1ng the formatlon of d1slocat10n loops, repeated nucleatlon, as‘
‘.‘descrlbed in. Ref 7, results 1n.the generation of planar branches 1n a

. star conf1gurat1on.

v The a<100> Burgers vector dlslocatlons nay be nucleated directly or

be a result of a reactlon between § <1lO> dlslocatlons. Thls latter =
(15) | |

"mechanlsm has been suggested by Baker et al .- Slnce a reductlon in

core energy 'is exPected thls reactlon may be energetlcally favorable- Why o

the §_<110> dlslocatlon loops of the llO-c010n1es 1n the 1n1t1a1 stage

also prefer to grow on {100} planes cannot be consldered establlshed

- This- growth mode, however lasts for a short t1me only, after whlch the

hablt plane of the llO-colonles is also glven by pure cllmb.:‘
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In order to explain the appearance of precipitate colonies on stacking

(16)

faults in steels, Silcock and Tunstall proposed a:mechanism based on
fepeated nucléation on a climbing Frank partial disloéation. Tﬁe sketches
in Fig. 10 a-d outlihe the principle of this repeafed nucleation model.
VA éimilar meéhgnism for the repeated nﬁcleation on an unfaulted edge
dislocation.loop was proposed by the présént_authors'in'Ref. 7. Although
-this simple mechanism_explains the planer colony arrangement of particlés
and the presence of a éurrounding edge dislocation loop, other character-
istic aspects-of the colony structure are not accounted'for. For instance,
the sbove moael predibts the distance, 4, beiween rowé of precipitates,'
Fig. 10d, to be equal to about half the diétance, 1, bétween particles
within a row. The present results show that within liO—colonies d
frequentiy is much larger than 1, Fig. 6. Another effect, not explained
by Silcock-Tuﬁstali model, is the startling colony groﬁth phenémenon
causing long narrow disibcation dipole branches withlé;precipitate‘
attached to.the'tip of eaéh branch. Both of these éffeéts, however, may
be acéounted for in terms of a repeated nucleation mechanism if it is
'assumed that the particles, while growing, are als§ Being dragged by the climb-
ing dislocatiohs. This assumption can be considered justifiéd based on
_the reéent work‘by Nes and Solberg(ll’lz). By perférmiﬁg an in situ
hotstage transmission electron microscope investigaﬁioﬁé Nes and Sblberg
were able fo follow the dragging of copper—silicide ﬁarficles by climb-
‘ing'dislocainns. If the particles in Fig. 10 also Qefé_being dragged
along while they were growing, this explains why d may be much larger than 1.
Climb'of the'disloéation is caused by the chemiég;,climb'force due
to the lbcél vacancy subsaturation near a growing pfééipitate. Exéept

for this dragging effect, the sequence between consééﬁtive nucleations

o
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»'may stlll follow the pattern schematlcally 1llustrated 1n Flg. 10. The

',_experlmental results also show that thls growth mode 1s most typlcal

for llO—colonles However, dev1at10ns “from thls regular growth mode are :f7
. observed as the- colonles sometlmes forn long dendrltlc d1pole branches.

It is- suggested that thls dendritic growth effect can be the result of a low
5_>core dlffu51v1ty along the dlslocatlon 11ne A low core dlffu51v1ty w1ll cause
"dthexexchange-of_vacanc1es between some ofvthe more,w1dely spaced growlng.pre-
cipitates‘and theydislocation to_bevlocalized,y Thls should occur when

' l tin Flg 'ld,’exceeds:a'certaln.crltical value-l ,.where l Vr——_- D

‘is the core dlffu51v1ty of 3111con atoms and T 1s the tlme between con-v
rAsecut;ve nucleat;ons. Havlng l>>l.“a 51tuat10n arlses’vhere_the climb -

" rate of the dislocation néér é preclpitate-and'the nigrationdrate of the
ypreclpltate may both exceed that of the connectlng dlslocatlon segments;et'
.resultlng 1n the formatlon of a long dendr1t1c dlpole branch. Thevgrowth
'rate of the colonles at about 700°C is about 10 =8 cm/sec, and the rovs |

of partlcles w1th1n a colony are spaced about 2000A apart (Flg. 6) thls -

v.zgives T 0 2 sec. By taking the activation energy for core d1ffu51on
(17)

f;'equal to about half that of self dlffus1on in bulk thls glves l

N sociate

~ 10003 From the mlcrograph 1n Flg. 6 1 can be seen to vary from“‘p

: 3 - SOOA thus for llO—colonles, l is usually less than l and conse;

t”quently the typlcal growth mode for these colonies can be schematlcally

described b/.thevmodel in Fig. 10. When the llO-colonies occa51onally

.'“'develop.dipole.branches;dthese grow in the <ll2>vdirectlons of the colonyi:'d
:1plane Flg.,lg These represent low energy orlentatlons for the stralght qu'h;

dlpoles as 1n these dlrectlons the dlslocatlons are expected to dls—

(18 19)
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- For the'grbwth of 100-colonies, it ?Ppears-thét‘l'almost.always is
larger than 1%, see Fig. Ta in Ref. 7. Therefore, 100 type colonies alvays

: gro&'by_the dehdritic.precipitate dragging mechanism. 'The‘dendrites ip:the‘.

1oo-coloni¢s,gro§ iﬁ the <1iq> difécfions. ,It'ié}suggeﬁted_thét.this_f'
représéﬁts a low core_enérgy érienfation for thé:a<100; Burgers vectorﬁ
dis;ocation;

AcxNOWLEngﬁNTs

:V:This.wofk'hés.infpé:t 5ééﬁ dqne:underithé-éﬁ;piées;of:tbe'ﬁnited'u
'Stétes Atomic Energy CommiSsion'éhréugh the InéréaniclMateriaistﬁésearcﬁv
Diviéiqﬁvof theiLawrenéé Radiatioﬁ Léborgtory. E; Nes has.in.the céﬁrggjiffif
of;this.wérkfalsb-received finanéialisgpport}frqmvtﬁe Royal Nérwegién.
Coﬁnéi;'for‘Scientific énd Industrigl Research fﬁréﬁgh.thé Cegfral

-»InStituteffor_Industrial Research.




d REFERENCEo.?

1.

"”*ﬁvbBased_on the;resultS-presented'ln Refbu8,thls wasnfound_toa By

oo
:;12?»

©a3L

o
18,

—ig;ﬁ

L J}:ﬁ{'LaWrence, J. Flectrochem Soc. 11? 706 (106‘)’

. - E. Nes. ‘and G. Lunde, J Appl Phys. h3, 1835 (1972)

”*7Nes and J Washburn J Appl Phys..h3, 2005 (1972)

\ 'f;Ref 7 were 1nterpreted as. caused by iron nrec1p1tat10n.fj“

TT M Sllcock and W. T Tunstall Phll Mag. 10 361 (196&)

P
iyt
o~
Rt
L9
=3
-
g
* 3
Ty
e
)
-
St
ha
i
e
N"‘
O

__2‘ 277 (1965)

L Fle*'mans and J Vernlk Phys._Stat Sol

.faL;*Fiermans and:J- Vernlk Phys..Stat S0l 21, u63 (1967)

S. M.  Hu and M. R. Poponlak J. Appl Phys43 2007 (1972)

D(-J D. Thomas, Phys. Stat Sol 3 2261 (1963)

.Q;H;leeger;nPhys-;stat Sol. L 685 (196&)

E}3Nos and J Washburn J Appl Phys h2 3)62 (10(1)

_star shaped prec1p1tate conflrguratlo :

be in‘error and_RefL 9 reinterprets the configurationsuas

,copper pre01p1tates.

fE Nes and J K Solberg, J Appl Phys » in press._wr -

E Nes and I K. uolberg, J Appl Phyv;,zln press

'The unclear image 1s caused by prec1p1tatlon along the dlolocatlonf[ et
llnes due to electron radlatlon damage 1n the hlgh voltage mlcroscope,
. see Ref 1h

:E Nes and J Washburn J Appl Phys. L2, 3559 (1971)

R G Baker D c. Brandon and F Nuttlng, Ph11 Mag h 1339 (1959)

?JA, ueeger nd Y P Chlk Phys. Stat Sol 09, hhg (1968)

I. L F. Ray and D. J. H. Cockayne, Proc. R. Soc. Lond-, A 325’.ﬂ>

3'5h3 (1071)

The g <llO> Burgers vector dlslocatlons 1n 5111con dlssoc1ate 1nto ]:“

'=]~Sh°°kl¢ylPartials'*ith?a'?épasatién'qf~751A4'féifdétaiiS?see Ref;11§;*7"



12—

" FIGURE CAPTIONS

Fig. l. Star-shaped colony wlth the dlfferent arms occupying {110} type : ;'i
'planes. Surface orientation (lll) Note the tendency to grow by forming s
dendritlc dlpole branches in the <ll2> directions. f7 '

Fig. 2. A 110-colony stopped in its growth at 7739Cé (a) Strong diSIOfv‘
cation contraSt. (b)‘The dislocation is nearly out'of contrast.

Tig. 3. A 110- type colony in a (110) surface foil.v ThlS colony was
frozen in at 725°C. The sketch 1llustrates the tran51tlon from growth
on the (lod)'plane into a helical expansion on (101) planes.

Fig._h. A llO—colony in a (lOl) surface fo1l. This colony was stopped
in its growth at 701°C. The contours of the inltlal (100), [Oll] con-
._flguratlon is stlll v131ble | |

Fig. S. Depleted zones. in the [llO] dlrection w1th1n a llO—colony.
Figr 67 Part of a llO-colony showing a depleted zone in the [101]
'directlon,‘note the,dlstrlbutlon of partlcles 1nto rows#due to the -
"repeated nucleatlon process.’ , | _ _

.'Fig. T.. A lOO—colony stopped in its growth at 762°C. Snrrace orlentetlonll. )
(110). A freshly nucleated branch is grow1ng in the (I01] dlrectlon.: |
‘Fig. 8. Palt of a 100-colony: frozen in at 707°C. The two mlcrographs:

(a) and (v) show the dislocation in and out of contrast respectively. L
 This is consistent .with an al010] Burgers vector.

Fig T9 - A small part of a lOO-colony in a (110) surface f01l. This o
colony was 1nterrupted in its growth at 629°C. - -‘:'_ - s /':v vil '55
Fig.'lO. Stages in the repeated nucleation process on a climbing edge ﬁ‘ : _", '%

dislocation. (After Silcock and Tunstall, Ref.v16.) o L E
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Fig. 3
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