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PRECIPITATION IN HIGH PURITY SILICON SINGLE CRYSTALS
E. Nes and J. Washburn
Inorgenlc Materials Resesarch D1v181on; Zawrence Radiation Laboratory

Department of Materials Science and Engineering, College of Engineering

: University of Callforn1a, Berkeley

ABSTRACT

Precipitation in high purity; Lopex (low oxygen,.dielocation free),
silicon has been examined by k—ray'diffraction topography and transmission
electron microscopy. It has been found that the_impurlty concentration
in the as-grown silicon crystals is sufficient ﬁo cause precipitation of

a second phase if the specimens are annealed in the temperature range

700 to 1000°C followed by a critical coollng rate. The precipitating

phase has been tentatively 1dent1f1ed as a-Fe Si.

3

The precipitates appear in colonies. Each colony has a three-

~

dimensional star-like configuration, where the different arms are planar

arrangements of precipitates enveloped by a dislocation loop. The

precipitates have a volumetric shape and the dislocation loops are of

interstitial edge type and both a/2 <110> and a <100> Burgers vectors
are involved. The nucleation of colonies is heterogeneous
and the presence of small silica particles as nucleation centers is

suggested



2 .
1. INTRODUCTION

This work was initiated by the discovery of a precipitation

effect in undoped, low oxygén, dislocation free silicon samples,

L]

_ gradéd'asﬁof high pﬁrity. This précipitatioﬁ effect exhibits striking
similarities with that réportedfor copper in siln’.cc:m.]'"6 It is well
known ‘that copper precipitaﬁés on dislocations during quenching of
copper dopéd siligon crysﬁalé: This effect has been used as a dislo-
cation décqratioh teéhnique;l Trqnsmission éléctron microscopy studies
of foils made from silicon crystals saturated with copper at high
temperatures, and subéequently quenched to rdom tempefature, show that
' small spherical pfecipitafes traii&béhin@ dislocation segments that
have moved noncohservativély.3 The most extensive work: on copper
precipitation rhag beén carried out by Fiermans aﬁd Vennik.h_e. These
authors report ﬁhat by quenching copper AOped silicon crystals, star-
like precipitates appear bothton, and isolated from the growﬁ in
dislocations. A growth_mechaniém was préposed for the copper precipi-
tates which is based on indentation at silica piecipitétes, followed by
climb of dislocation loops. ‘The climbing‘dislocations leavenf coﬁper
specks in their trail, thus forming precipitate coionies. The experi-

mental techniques émployed by Fiermans and Vennik were infrared

5

- miecroscopy, »? X-ray diffragtion topography” and electron‘micrbprobe
analysis,6 all techniques with very limited resolution. Thus, no obser- .
vations related to dislocation structure and.precipiﬁaté afrﬁngements
within the star branches wéré réported. | |

As the silicon-crystals_used'thrqqghOut,this work have a copper
content too low tO'éxplqin the'presént obsérvations_the fofmation of

dendritic shaped precipitate colonies in the dislocation free silicon
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singlé crystals must involve some other impurity. A mechanism similar to
that_fbr copper precipitation may apply also to other impﬁrity atoms.

No méchanism has béen'proposéd for thé growth kinetics of these colonies

and on the'nucléation of coppér précipitate colonies the only suggéation

has béen thét baséd on indentation of the silicon matrii by silica particles.h’S
As no éxperiméntal évidéncé of silica précipitates in thé as-grown material

was préséntéd by Fiermans and Vénﬁik;'this nﬁgleation méchanism cannot be
considered established.

Thé present investigation déals with thé general morphology of the
precipitate cqloniés as wéll as thé naturé of the precipitates. Further
details concerning nucleation and growth of thé precipitate colonies
will be reported in a separate articlé. Thé experimental techniques used
in this work have been conventional 100 kV and high voltagé 650ka electron
microséopy and x-ray diffracfion topography.

| This precipitation effect occurs in as-grown materials intended
for production of electronic componenté. ﬁowever, it is beyond the scope

of this work to determine or predict what influence this precipitation

effect may have on the electronic propertieé.
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2.. EXPERIMENTAL
The'Silicon'single crystals were obtained from Texas Instruments
Company.' The mater1al was graded as Lopex (1ow oxygen, dislocation free

silicon). The crystals were Czochralski grown in the form of cylindrical

rods of 1 in. diam x 6 in, with [111] growth axis. The resistance of

" {he crystals were 50 f-cm and the conductivity was n type.

'Wafers‘with [111]; [110] and [100] surface'oriehtation were cut -
from the cylindrical rb&s. The specimens uere ahnealed either in air,
or in evacuated quartzrcapsules. The capsules had a diameter of approxi- =
mately‘one inch,;and the_temyerature close to the specimen was.monitored
during thevheat treatment by:a thermocouple sealed into the capsule.
The anneaiing temheratures o ranged from about T00°C up to about
1000°C. fhe annealing times‘yaried from a few minutes up to 30 minutes.
Specimehs subjected to & wide rahge of cooling rates have been'examined.
For the encapsulated soecimens different cooling rates were ohtained_by
either hav1ng the capsules furnace cooled air cooled outside the
furnace or cooled by dr0pping the hot capsule into a liquid cooling
agent. The cooling rates in these three cases were 0.3°C/sec, 6°C/sec
and'12°C/sec respectively. Faster‘cooling was achieved for the specimens

annealed in air. By air cooling of specimens wrapped in thin platinum

foils, cooling rates of about 22°C/sec were obtained. The temperature

was monitored by & thermocouple attached to the foil. Some specimens
have been quenched into silicone o0il. The exact cooling rate/during

quenching could not be measured directly, but theoretical estimates based

',on the' heat conductivity and ‘the geometrical shape of ‘the specimens 1nd1-_

cate that the cooling may have been as fast as 1000°C/sec or more.

kY
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The bulk distribution of precipitate colonies was studied by
x-ray diffraction topography and by surfa.ce.etching.7 The x-ray dif-
1 radiation from a Hilger

and Watts microfocus x-ray génerator was used. The topographs were recorded

fraction technique of Lang8 was applied. Moka

on Ilford G5 nucléar eﬁulsion plates with emulsion thickness SOﬂm.

The internal structure of individual coloniés and thé naturé of
the precipitatés were stﬁdiéd by transmission electron microscopy. Both .
a Siemens Elmiscopé electron microscopé operating at 100 kV and a high
voltage Hitachi electron microscopé opérating at 650 kV have been used.
The michgraphs préséntéd in this papér will bé marked (100 kV) or
(650 xV) indicating microgfaphs taken at the standard or the high voltage
microscope respéctively.

3. EXPERIMENTAL RESﬁLTS

No defects, precipitates or dislocations have been observed in the
as-grown material, either by x~rey topography or by electron microscope
observations. However, surface étching of as grown (111) wafers reveals
e ring pattern as shown in Fig. la. The rings consist of a high density
of triangular étch pits, Fig. 1b. By heating an as-grown specimen to a tem-
perature in the range T00-1000°C for a few minutes, and then cooling at a

moderately rapid rate, about 10°C/sec, & high density of precipitate

. colonies were introduced. Each colony appears as & small black dot on the

X-ray topograph,.Fig. 2a. - As will be demonst:ated in SBection 3.2 each
black dot in thé x-ray topographs représénts a colony of precipitates andv
dislocation tangels. .

The précipitaté colonies are forméd durihg thé cooling period. If.

the annesling temperature is above 700°C and the annealing time exceeds
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a few minutes; then precipitation will occur if the cooling rate is at

least l°C/sec,but does not exceed several hundred degrees per second.

.Thus, the colony. formatlon appears to be a critical coollng effect.

Prec1pitatlon has been observed in specimens cooled from tempera—
tures as low as 723°C._ For Speclmens cooled from temperatures below

about BOO?C-the density of colonies is lower than in specimens

cooled from higherfbcmperatures; No systematic change in colony density,

size and.structure could be related to.variation of the'annealing
temperature in the range .820°C up to 9TL°C. The general shape and the
internal Structure of the colonies were not influenced by varying the

cooling rate from about h°C/sec'up to 22°C/sec, however, the colonies

~wWere somewhat bigger in spe01mens cooled at the 22°C/sec cooling rate.

-

3.1 'Bulk Distributlon of Precipltate Colonles

Figure 2a and b represent #efers cut normal and parallel to the
[111] growth axis. The wafer cut normsl to this axis, Fig. 2a, shows

an even distribution of colonies, while the topograph from the wafer cut

parallel to the growth axis, Fig. 2b, shows that the colonies are-segre—.

gated into a stack of narrow planar areas, recorded as slightly curved
lines on the photographic plate. The-leyers'of high colony
concentration are oriented normal to the growth axis, ahd the curvature
of the layers is nearly symmetrical about the crystcl ingot-axis.,The .
discs of high colony concentration had a thickness of about lobvum and
they were located a few 100 um apart. The densdty of colonies within
these areas was about 166-107.c010nies/cm3. A characteristic feature

wasvthe smaller colony sizes and eventually the colony free zone close

to the cyllndrical crystal surface, Fig. 2.
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Long neédlé Shaped“précipitates‘havé aiso been observed in some of the
_i—ray topographs, Fig{ 3. Thé'topograph in Fié: 3.shows two 1.2 mm

long précipitatés‘in thé"[Oll] directioﬁ,.both éxtendiné from one
surfacé to the other of the 1 mm thiék wafér. Note thé depleted zone
surrounding'théSEYnééalé Shaped precipitatés;

Surfacé etching of a héax treatéd (111) wafér shows the same ring
pattérn 8s observed on the as}grown'crystal surface (Fig: 1a); The
deféct coloniés; howévér; give risé to etch tops or hillocks, rather
than triangular étch pits, Fig. lc._ Thé 1ayér distribution of coloniés,
as obsérved by x-ray diffraction topography; éxplains thé characteristic
etch pattern on the (111) crystal surfaces. The structure of some of
the etch tops have been resolved as stars with branches in the <112> |
direction, Fig. 14.

3.2 Geometrical Structure of the Precipitate Colonies

The transmission electron micrograph given in Fig. U4 shows a
typical colony formation as found in a (111) foil. Thé colony shows
a threé dimensional star or dendritic shape, with each arm of thé con-
figuration consisting of a nearly pianar arfangement of small precipitates.
These precipitates appear és small black dots in the microgrgphs (rig.
L). Thévgeometry of the colonies is schematicall# outlined in the
skétch in Fig. 5. Figure 5 illustratés a (111) foil with a colony in
it. The electron microscopé will record a projection of this'colony.'~ 
The transmission éléctfcﬁ-microscope.rEQﬁires thinvfoils. Thé actual
. thicknESS'dépénds upon the beem voltagé; being 1 ﬁm at 100 kV and
about 6 um at 650 kV for silicoﬁéiu As typical arm léngths:for the

configuration are up to logum, only sections of a colony will appear

P
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within thé surfacés'of a foil‘ Figuré 5 shows that the different arms

of a colony are On'{lio}for‘{loo}typé crystal;ographic-planés. " The {110}
habit plane is vérifiéd By noting that thése planés in a (111) foil éither
cut the surface in a <112> or a <110> direction. In a (111) foil a

' {100} plane also cuts fhé'sﬁrfaces'in a <110> direction. Therefore, to
ayoid any possibility of confusion the.co;oniés would havé to bé eiamined
in foils with another oriéntafibn; Howévér; the width of the (100) section
~ina (lll):micrograph will be wbout half that of (101) (provided both
sections exténd from surface to surfacé of the foil). The arm marked A

‘in Fig. 4 is a {100} type, while all other arms in this micrograph are

of the {110} type. -The existence of {100} type arms is clearly demon-
strated by the micrographs in‘Figs. T and 8, whichvshow colonies in (110)
foils. Figures T and 8 preéent colony arms either edge oﬁ, or inclined
cutting the foil surface in thei[liO],torcthelﬁooi}rdirection respectively. .
Simple geometrical geometrical considerations show that this could only
be a {100} arm. _

It will be shown in Section 3.4 that the two different types of
colony arms are also assbciated with dislocations of different Burgérs
vector. The dislocations iﬁvolved in {110} and {100} type cblony arms
have‘%<110>'and a <100> Burgers vectors respectively. As a colony arm
is more generally describéd by its Burgers vector, rather than by thev
crystallographic plane of the configuration, the direction of the Burgers
~ vector will be uséd to distinguish bétweeﬁ the different fypes of arms.

Thus, throughout the rest of this paper the colonies will be referred to
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as <110> and <100> typé arms.

Characteristic differénces rélated to thg dislocation structure,
précipitate sizé and distribution‘aré apparént betweén'arms of the <110>
and <100>.type:' Iﬁ,thé <110> arms the precipitatés appear to be nearly
événly distributed, and boundéd by segménts of a foughly ciréular
dislocation loop; In the <100> typé arms the enveloping dislocation
forms long narrow branchés in the orthogonal <110> directions; thus

giving these arms a dendritic shape, (see the arm marked A in Fig. k).

" The precipitates in <100> arms are much bigger in size, and a typical

feature is that a precipitate is located at the tips of the dendrite

branches.

3.3 The Precipitates

3.3.1 Identification

Selected aréa diffraction patterns from colonies in foils of (111)
and (110).oriéntations heve. been examined. Only three different
precipitaté lattice reflections were detected; and the corréSponding
lattice spacings aré listed in teble I, column L. Thesé lattice
spacings suggest the précipitaxing phese as | cubic d—Fe3Si )

The unit cube dimension in this iron silicide lattice is a = 5.6558,10
and the lattice spacings corresponding to different lattice reflecﬁionS»
are given in table I, column 2. The fully ordered a-Fe3Si unit cell
has the face centéred DO3 structure;lowthe‘cell contains 16 atoms,

12 iron and 4 silicon atoms.

In ordér to intérprét the électron diffraction e#periments thé
structure factor for différent-d—Fe3Si réfléctions havé Eéén'calculatéd;

The calculation is based upon.the assumptions that the'&-Fe3Si phase
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is fully ordered and of stoichiometric composition.ll’12 The DO3

strﬁcture of - a-Fé3Si ‘ ia-facé céntered, thus the structure »
factor will be zero for planés of mixéd'indices. For the other

casés the'résﬁlts aré listéd'in table I column 3;\ As thé diffracted @
ihtensitiés are proportional to thé'equaré of the structuré factor

this qué.ntity is given in the teble, Note that the [220], [400] and

fh22] iron silicidé reflections have a substantially higher value for

|F,, 1 [° then any of the other reflections.

Although threé réflections are too few for a complete étructurq
analysis, itlis’ihtéresting to note that the observed threé reflections
are the only ones with reaéonably hiéh structure factors, i.e. ohly the
(220), (400), and (422) reflections, Table 3.1. A complété' structure
analysis would‘requireva éystematic examination of précipitatés in a
‘series of foil orientations. Thé present investiéatidn-includes only
two orientations, i.e. (111) and (110). The (110) foils should.
be the most informativé.

No other silicide or silicon compound, listed in the ASTM file, fits
the observéd d-vglues. .Thus, the precipitating phaée has beén tentatively
identified aé a-FéSSi. According to thé.iron silicon phase—diagram the
a-phase is stable‘only>in the iron rich part ofythe diagram, and it‘

follows that in this case the é—phase is in a metastable form.

3.3.2 'Orientation Relationship

A dark field image énd a selected area diffnaction'pattern‘from a
<110> type colony arm in a (111) surface foil are shown in Fig. 6.
Extra reflections corresponding to a precipitate lattice Spacing of

2 OOA or- 220 preclpitate reflections are located close to and in the
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directions of the [023] and [HhO].ﬁatrix reflections. Similar
epifakial orientation relationships betwéén'thé precipitaﬁe and the
matrik réfléctions have beén observéd-also in other foil.orientations.
Thus; in thé Casé of précipitatés'bélqnging t0 the <110> colony arms,
thé'twb cubié lattices invblvéd; i:é.'thé'DO3 structpré of the precipi-
tates and thé diamond structﬁré of thé matrix; both havé the same
orientation.

Précipitatés bélonging ﬁo thé <100>,typé arms show a more compii-
'catéd orientation rélationship with ﬁhe matrix. Figures T to 9 show
<100> type arms in (110) and (111) foils. In each of these cﬁses the orien~
tation of the foil is such as to bring'oné reflecting plane
in the precipitates into strﬁng diffracting orientation. Figure T shows
a [001] arm, edge on in a (110) foil. Onme strongvpfecipitate reflection
appéqrs in the diffraction patférn (Fig. 7). This spot is located in
a direction at an angle of 60° from the [110] mafrii direction. The
extra qut corresponds to a precipitate 1at£ice spacing of 2.00 +
O.le, or a <220> precipitate reflection. Note how the precipitates
light up in thé derk field imagé of this reflection, Fig. Tb. Figure 8
gives a [010] arm in a (110) foil. One extra diffraction spot is
located at an angle of T7° from the [11I] matrix direction. This spot
also gives a 2.00 i'0}01X lattice spacing. Note that only thé precipi-
tates locatéd on thé branchés in the [loi] direction light up in the
précipitaxé reflection dark field imagé; Fig; 8b. A [001] colony arm
in a (111) foil is présented in Fig. 9. Axstroﬁg precipitate reflec-
tion appéars in thé'[ZZE] matrii diréction: This réfléétion cérresponds'

. to a'precipitaﬁe.lattice“spacing of 1.k1 1.0.013,~or a <h00> precipitate
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reflection. The three precipitate refléctions in Figs. T to 9 define
the complete orientation relationship between these precipitates and
the matrix as follows:
| (112)p [ (091)m
(1100, |1~ [1I0]  or [110]

wheré p and m indicate précipitAté and matrix rgspéctively: The [IIO]p
direction can bé'a}igned with eithér of the two <110> diréctions in the
(001) matrix plané; The diréction selectéd will be gifen by the direc—
tion'of thé branch on which thé precipitate is located. Thus; in a <100>
type colony arm, précipitatés on orthogonai <110> branches will have;
lattice orientations rotatéd 90° with respect to each other. This
explains why only the [101] precipitates contributed to the precipitaté
dark field contrast in Fig. 8.

This 6rientation relationship is illustrated in the stereographic
projections in each of the Figs. T to 9. A <100>.colony arm, seen edge
on, in a (lid) foil, will, according to the above orientation relationship,
have the (111) précipitaté planes parailelvto the (110) matrix surface.
This givés a [202] precipitate reflection 60° from the [220] matrix direction
as obsérvéd in Fig. 7. For precipitates located on [101] branchés in a (110)
foil, Fig. 8, the [oéé] precipitate direction will asppear in the (110) matrix
plane TT° from the [1IT] matrix reflection. This is in-agréement with
observations. Finally for the (001), [I10] precipitates in Fig. 9, the
(110) précipitaté flanés'will be parallel to the (}ll) foil surface so that
[oo‘i]p ll '[ll§]m;"Thislis alsd consistent with the diffraction spots that

were oObserved.

&
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3.3.3 '.Mofguﬁoi.égﬁ :
Figures 10a and b show details from <110> colony arms in (111)

-and (110) foils: In both micrégrﬁphs'thé-précipitaté'imégés have a distorted
hexagonal form; In the (111) foil;"Fig;'lOa;‘the heiagonal sides

are normal to‘<ll2§'directions,and'in thé'(llo) foil théy are normal

to <1115 ;mq <100> directions , Fig.. lObl." The héxagonal forms in these
two_différent projéctions suggegt; togéther'with the éharacteristic
change in thé orientation of thé projéctéd precipitafe—matrii interfaces
that the preéipitates have a three-diménéional volumetric shape
rather than being of a platé shapé. Thése two projéctions sgggest that
thé basic geométrical shape of the precipitatés is a truncated cube with
{100} and {111} faces as shown in Fig. 11. The [111] and [110] pro-
Jections of this qubeucbrrespond to the precipitate images in the (111)
and (110) foils respectively (Fig. 10a and b).

Figure 12a and b shows details from <100> colony arms in (110)

foils., The precipitatés in Fig. 12a are of the kind (001), [110], that

is, precipitates on [110] dendrite branches belongiﬂg to a (001) colony
arm seen edge on in a (110) foil. Figure 12b shows (010), [101] pre-

cipitates. If the geoﬁetry‘of Fig. 11 is extended along one of the
<110> axis, the resulting shape will describe these <100> type precipitates.

3.3.4 The Precipitate Strain Field

The precipitatés belonging to <110> type arms usually
exhibit strong strain contrast, Fig:'l3. Close examination of the
precipitate'imagé in Fig; 13 shows a liné of no contrast normal to the
direction of the scattering vector (g;véctor); Note how this line of

no contrast rotates with the direction of g. This contrast effect
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indicatés'that the'precipitates'are surroundéd by a spherical stress
~fiéld. "This %ype of stress-field'ié consisfént with the cube-cube orien—
tation relationship, Section 3.3.}, between the matrix and the precipi- .
tates, ‘A.étrain field of‘sphérical's&mmetryf is expectédw

The stress field surroundiﬁg the precip'itatés in the <001>
arm . in Fig: 14 givesrise to a nesrly circular image when the
g-vector is in the (203) or (032) diréction. No strain contrast
appears for the (220) g-vector contained iﬂ the (001) plane,
As will be discussed in detail in Section 3.4, this
contrast variation is consistent with a stress field similar to that
surrounding an edge dislocation loop. Thé contrast analysis éivén in
Section 3.4 further shows that the precipitate stress field is com-
pressivé in néturé. This stress field suggests a plate-shaped morphology
of thé precipitates.  However, as demonstrated in thé forégoing section,
‘the precipitates have a more equiaxed shape. Thé strong iOO directional
character of this strain field is probably caused by the special
oriéntation relationship betwéen the precipitatés and the matrix; i.e.
(11.2)p | |'('001)m.

3.4 Dislocation Structure

Figure 15a-c show three <220> two beam micrographs of a colony .

conéisting of two <110>. type arms in a (111) foil. The arms A-A and

B-B are located. on (110) and (011) planes respectively. Note that ' "

. the dislocations are'oﬁt of c¢ontrast in that arm which contains the
g-ve¢tor. This contrasﬁ variation is consistent with the dislocations being
in a pure edge orientationm.-

As demonstrated'by:the'thréeﬂ<220>Qtwo beam reflections in Fig. 16e-c,

e
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thé'dislocatioﬁs withih a <100> typé colony arm are also of a pure
édge character. Thé'dislocation segménts pafallel to thé g-véctor
are; as eipéctéd'for a puré edgé dislocation, out of
contrast, while the segménts normal to é havé-the characteristic double
imagé.lh‘ This éffect is évén more pronounced in Fig. lbc.
No fringé contrast has béén obgervéd within thé colony arms. This

suggests that no stacking fault is involved. Therefore, the two different

types of colony arms, i.e. <110> and <100> are probably associated with

dislocations with a/2<110> and a<100> Burgérs vectors respectively.

A very important résult rélated to thé nature of the dislocations
is that thé dislocation loops surrounding thé precipitates ére all of an
interstitialvcharacter, i.e. each arm of a colony represents at least
two extra planés of silicon atoﬁs. Evidence for this can bé obtained
from Fig. 17 which shows a <100> arﬁ. . Changing the sign
of s, whére s is thé'deviation from the Bragg condition, in a twé beanm
dark field case will cesuse the image of a dislocation to switeh from
one side to the other of the true position of the dislocation line,‘is'18
By knowing the crystallographic plané of the colony arm this gffect can
be used to détérmine if thé enveloping loop is of interstitial or
vacahcy type. The slope of the colony arm‘can also be determined by

changing the sign of s, as s > 0, s < O bring the bottom and top of

the foil into gronger contrast respectively.lg.Thusa the colony arm in

Fig. 17 runs through the foil as indicated by the TOP and BOTTQM signs.
By observing that the branches, marked A in Fig. 1T shrink from s > 0

to 8 < 0, it can be concluded that the enveloping dislocation loop is
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of intérStitial character,

In Section 3.3.) above it was féported'that the stress field sur-
rounding precipitates’bélonging to <100>. arms was of the Samé typé
as that of an interstitial dislocation loop; This is illﬁstratéd by
thé'precipitaté'imagéa;ym;rked‘B in Eié: 17;'ﬁhiCh shrink whén s is changed
from s > 0 to 8 < d;

w
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k. DISCUSSION

Thé'iron concéntration in.thé silicon crystals used in the present
invéstigaﬁion'vwsless than 0.2 p:plﬁ:éO:‘This précipitation éfféct, how-
évér; can be éxplained in térms of iron précipitation even with an iron
concentration as low as 0:02.p;p;m:, which corresponds to thé soluté
solubility in silicon at about'800°C:211 Pfevious work on the solubility
and diffusivity of iron in pure silicon is scarce‘.22’23 Thé iron
solubility in silicon as measuréd by Struthéré22 ahd Collins and Ca;.rlson‘?‘3
disagreé by as much as two ﬂo threé ordérs of magnitude for temperatures
bélow 1200°C. Howévér, as pointéd out b& Collins and Carlson who
checkéd Struthérs tracer expériments at 1200°C; the amount Qf iron used
in thé tracer expériménts might have ‘been insufficiént to obtain the
equilibrium solubility. Trumbore,2 therefore, draws the solubility
curve of iron in his réview article on impuritiés in silicon arbitrarily
to favor Colline: and Carlson's data.

Iron atoms diffuseviﬁ the silicon lattice with an activation energy of

22 3

‘and the diffusivity constant D, = 6.20 x 10~ cm2/sec.

0
Collins and Carlson23‘indicate that two species of iron might be present;
a fast and a slow diffusing. The fast and slow diffusing species are
interpreted as iron atoms interstitially and substitutionally dissolved

respectively.

RV General Model for the Growth Mechaniém

As the lattice paraﬁeterS-and struéture of a pfecipitating phase
areAgénérally: différent from that of the’matrii, the growth of a |
précipitaté usually causés a sévéré local strain: '  Exchange of point

defects between the'precipitaté‘and the3métri¥~can partially relieve the
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mismatch. It has beén pointed,oﬁr2uf27'£hat vhen there aré no dislocations,
grain boundériés'or other sourceé‘of vacqnciés'the growth of a precipitate
may cauSé the'nucléatioﬁ of a dislocation loop. ‘
This“theor& will bé appliéd to éxplain the formation of the presént
précipitate cOloniés: Thé'proposed growth mechanismiis schematically
illustrated in Figs. 18a to d. Thé mismatch ‘strain field is reduced by
‘ genération of vacanciés at fhe.partigle matrik intérface. Thié results in
thé nucléation of a small disloc&fion loop which grows out from the
precipitaté acting as a soﬁrcé of'#acancies which move to the growing
_ precipitate by pipe diffusion.along the dislocation. As it climbs away .
from the initial precipitate the loop tends to act as a héterogenéOus

nucleation site for new PrGCipitates;28’29

Figs. 18c and d.

This simple model explains the following three fundamental char-
acteristicsIOf the colony branéhes.

(a) The nearly planar léygfs of brecipitafes.thaf make up the colony
arms. | | | |

(b) The presence of a surrounding dislocation loép..

(e) Thelinterstitial edge-chafacter of the dislocation loop.

This model suggests that the number of atoms making up the extra
layérs of silicon in a ¢olony correéponds to the number of vacancies
absorbed by the growing precipitates. By'observing the difference in the
I . structuré,

volume per silicon atom in the matrix and in the Fe_Si, DO

3 3
it follows that to account for the number of vacancies absorbed it is
necessary to assume that the iron atoms are interstitiaily dissolved.

The growth model for the precipitates as presented above is too

‘éenéral to adequately explain all of thé‘experimental obgervations.
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To account for the development of the two types of colony arms,

i.e., arms located on {110} and on:{lob}Acrystallographic planes, and to

-explain the characteristic differenCes'invthe'geometrical shape of these

arms, the nucleation and growth of the precipitate colonies are currentiy
being studied in greater detail. Results will be reported in a separste

paper.

4.2 The Nuelestion Centers

The ring pattérnsvon étchéd'as grown crystal surfacés, Fig; la and
b, suggest that very small érecipitates or point defect clusters are present
in the as grown state évén though they have not been observed directly.

As the bulk distribution of large precipitate colonies is identical to
the distribution of these unidéntified centéfs, this suggests that the
nucleatidn of colonies is hétérogéneoue. In the following paragraphs
the chemicel nature of thé nucleation cénters will be discussed in some
detail.

Thé périodic distribution of nucleation cénters~ in slightly curved
layers is interpretéd as being a resulﬁ of'thé growth process. The layers
follow a growth ring'pattern,‘with the curvature of the layers reflecting
the instantaneous shape of the solid liquid intérface. To retain this

distribution during the slow cooling, which is used in production and

through subsequent annealing treatments and to explain the formation of

only very small defect clusters even after slow cooling, the diffusivity

of the impuritiés involved must be very small. The diffusivity of iron

atoms in silicon. is relatively rapid, therefore, the possibility of .

having the iron atoms remain segregated into periodiec layers can be
disregarded. The long-needle-like precipitates, running from surface

to surface of the 1 mm thick wafer, Fig. 3, show that



=20~

the precipitating iron atoms are evenly distributed, and independent of the
distribution of nucleation centers.

Special attention will be focussed on the elements oxygen and carbon.
30-32

The diffusion‘of these elements is very slow. It is well established

that both oxygen and carbon will be preseht in measurable quantities.

.

6,33-35 Pate133 has demon-

even in materials gradéd as of sﬁper purify.
stratéd that oxygén précipitatidn occurs during high temperafure annealing
{above 1000°C) of floating zone silicon crystals presumably "oxygen free."
Fierﬁan and Vennik6 claim to have detected traces of Caibon end oxygen
at_the'centéré of star-like copper precipitates fofmed'dﬁfing quenching
of éopper saturated low oxygen Lopex silicon. These observations demon-
~ strate that even in the ﬁurest available silicon crystals, oxygen can be
expected.in'coﬂcentrations exceeding 1017 atoms/cm3.

‘Kaiser36 reports that oxygen Eoncentration in silicon crystals
varies periodically in a baﬁd structure following the growth rings. By
copper decoration_of silicon cryétals_Dashl obsefved the same growth ring
pattern. The zones were . " convex toward the melt and attributed to
oxygen segregation. This growth ring structure is also consistent with the
present observations. As no such distribution has been reported for
.carboh‘atoms in silicon, and as the formation of small silice (510,)

precipitates are observed3h

‘during high temperature ennealing of siliconm,
it is believed that the nucleation centers for the iron precipitate

colonies are small silica particles.

L3l
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5. CONCLUSIONS
Thé'expériméntal résults and the subséquent discussion lead to
following conclusioﬁs;
Thé impﬁrity concentration in as grown Lopéx silicon crystals is
sufficient'to causé precipitation of a sécond phase if the specimens
arévannealed at témperatures above T00°C fdllowed by a critical
cooling raté. |
Thé precipitating phase has Been tentatively identified as a-Fe3Si.
To éccount for the numbér bf vacancies absorbed by the growing
precipitates it is necessary to assume that the iron atoms are
interstitially dissolved.
The precipitatés appear in colonies. Each colony has & star or
dendritic shape.
Each arm of a star represents a planar arrahgement of precipitates,
surrounded by an interstitial edge dislocation loop. Most colonies
confain two.different kinds of arms: associated with a <100> and

a/2<110> dislocations respectively.

. <110> type'arms are nearly circular and lie on the {110} plane per-

pendicular to the Burgers vector of the dislocation. <100> arms

are dendritic in shape with branches in <110> directions that lie

"~ in the plane perpendicular to the Burgers vector.

- Orientation relationships:

Precipitates belonging to <110> arms: A c@be to cube symmetry.

Cube axes'parallel'tb‘thoée'of-the’matrix._,Precipitates belonging .

" to <100$,¢olony'arms:

(12), || (o01)_
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[1Io]p l] [1T0] or [110]

The colonies are distributéd ina péfiodic array of 1ayérs which

are normal to the groﬁth axis; Colony density within the layers is

10° - 107 cn™3. | o o
The précipitaté cOloniés aré nucieatéd heterogeneously. It is

suggested that the nucléation centers are minute'silicg particles.
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Tablé I.

The lattice spacings for différént'crystallographic directions
in thé cubic a—Fé3Si structure are given in column 2. The square
of thé structure factor is given in column 3, and thé obsérved

precipitate reflections are listed in the last column.

(hke) ‘ dth[K] [Fhkz]z[Kg] Observed Precipitate
) reflegtions
Fe381 Fe3Si Fe381 (A]
i . 3.26 ' 16
200 2.83 15
220 - . 2.00 1840 2.00
311 T8 13
222 1.63 , 13
400 | 1.4 920 1.4

ho2 1.16 560 _ 1.16
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FIGURE CAPTIONS
1. Burfaces of étched (111) silicon wafers. (& and b) As grown
meterial, (c and d) Hest treated spécimens.
2. X-ray diffraction topographs. (a) A (111) wafer (b) A (110)
wafer cut parallel to the [111] growth axis.
3. X-ray diffraction topograph of a (111) wafer showing needle-
like precipitates in the [011] direction, g = 320.
4. (100 kV) A colony in a (111) foil. The arm marked A is of
<100> type, the other arms are of the <110> type.
5. Sketch showing & colony in a (111) foil.
6. (650 kxV) (a) Dark field image of a <110> type colony arm in a
(111) foil. (b) Selected area diffraction pattern showing extra
precipitate reflections close to the 022 and LLO matrix reflections.
T. (650 xV) A [001] colony arm seen edge on in a (110) foil.
(a) Bright field image. (b) Dark field precipitate reflection
image. The matrix and the precipitate orientations are given by
the stereographic projections.
8. (650 kV) A [010] colony arm in a (110) foil. (a) Bright field
reflection (b) Dark field precipitate reflection image. The 022
precipitate reflection can easily be seen in the diffraction pattern.
The stereographic projections give the orientations of the matrix
and the precipitate lattices. |
9. (650 kV) A [001] colony arm in a (111) .foil. A strong 00k pre-
cipitate reflection cen be seen in the diffractién pattern. The
orientation of the matrix and thé preéipitates is given by the

stereographic projections.
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10.. (650 kV) (a) Precipitates belonging to a <110>Y type arm

in & (111) foil. (b) Precipitates on a <liO>Y.type arm in a

(110) foil.

11. Thé geometry of the <110> type precipitates.

12. (650 xV) (a) Precipitates on a [001] type arm in a (110) foil.
(v) Precipitatés on a [010] type arm in a (110) foil.

13. (100 kV) Two-beam bright field images of a <110> type arm

in a (111) foil. Note how the line of no contrast in the precipi-
tate image rotates with the E—vectof.

14. (100 kV) Two-beam bfight field micrographs of a [001] arm in
a (111) foil. (a and b) The precipitates are surrounded by a
néarly,circular strain contrast image. (c) No precipitate strain.
contrast.

15. (100 kV) Three two-beam bright field micrographs of two
<110> type arms in a (111) foil. The A-A and B-B arms are

located on (110) and (011) crystallographic planes respectively.

The dislocations are out of contrast in the branch which contains

the E—vector.

16. (160 kV) Two-beam bright field micrographs of a [001] type
colony arm in a (111) foil. (a and b) Strong dislocetion contrast.
(c) The dislocation segments parallel to the [lio].direction is out
of contrast. Note the double image of the [110] segments. .
1T, klOO kV) lTv'rq-beam dark field images.of a [001] type arm in

a (111) foil. (&) The configuration intersects the foil surfaces
as indicated by the TOP and BOTTOM signs. Note how the branches

marked A shrinks by changing from s > 0 to s < 0. The same
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change in s brings the bottom and top of the foil into strong
contrast respectively. ' ' -

Fig. 18. Sketch showing the growth of a precipitate colony.
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