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PRECIPITATI0N IN HIGH PURITY SILICON SINGLE CRYSTALS. 

Aasmund Erik Nes 

Inorganic Materials Res~arch Division, Lawrence Radiation La.boratqry 
Department of Materials Scie~ce and Engineeri_ng, College of Engineering 

University of California, Berkeley 

ABSTRACT 

Precipitation in high purity, Lopex (low o~gen, dislocation free), 

silicon has been examined by x-r~ diffraction topography and transmission 

electron microscopy. It he.S been found that the impurity concentration 

in the as_-grown silicon crystals is su:fficient to cause precipitation of 

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

700 to l000°C, followed by a critical cooling rate. .The precipitating 

phe.Se has been tentative.lY identified as a-Fe
3
Si. 

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

mensional star like configuration, where the different arms are planar 

arrangements of precipitates enveloped by a dislocation loop. The dis

location loops are of inters ti ti al edge type and both a/2 ( 110) and 

a (ioo). Burgers vectors are involved. 

The nucleation of colonies is heterogeneous in nature. and the pres-

ence of small silica particles as nucleation centers is suggested. The 

critical cooling rate effect is explained in terms of a vacancy con-

densation mechanism. 

Following the· nucleation step is the generation of dislocation loops · . 

with either a/';.~ ( 110) or a (100). Burgers vectors. The dif:ferent Burgers . 

vectors_ give rise to two growth modes resulting in colony branches wi t.h 

characteristic.differences in precipitate size and distribution, as well 

o.o in dielocatic11i ::itructure. 

··: . 
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1. INTRODUCTION 

ThiS work was initiated by the discovery of a precipitation effect 

in undoped, low OJC;Ygen, dislocation free silicon samples'· graded as of 

high purity. 

This precipitation effect exhibits striking similarities with that 
. . ~6 
reported on. copper in silicon. The present r.esults will, to some 

extent, be analyzed in terms of this copper precipitation effect. Some 

of the characteristic results reported in the literature on the precipita-

tion of copper in silicon are briefly outlined in the following paragraphs. 

It is well known that copper precipitates on dislocations during 

quenching of copper.doped silicon crystals. This effect has been used 

1 as a dislocation decoration technique. Transmission electron microscopy 

studies of foils made from silicon crystals saturated with copper at high 

temperatu;res, and subsequently quenched to room temperature, show that 

small spherical precipitates are trailing dislocation segments that have 

moved nonconservatively. 3 The most extensive works on copper precipitation 

4-6 have been carried out by 'F'iermans:; and Vennik. These authors report 

that by quenching copper doped silicon crystals, star-like precipitates 

appear both on, and isolated from the grown in dislocations. A growth 

mechanism was proposed for the copper precipitates which is based on in-

dentation at silica precipitates, followed· by climb of dislocation loops .. 

The climbing dislocations leaving copper specks in their trail, thus forming 

precipitate colonies. The experimental techniques deployed by Fiermans and 

Vennik were infrared microscopy,
4 ' 5 x-ray diffraction topography5 and electron 

microprobe analysis,6 all techniques with very limited resolution~ Thus, 
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no obser\rations related to. dislocation structure and precipitate arrange-

ments within the star branches"were reported. 

Only the macroscopic geometrical structure of the copper precipitate 

colonies has been det.ermined. No mechanism has been proposed for the 

growth kinetics of these colonies and on the nucl.eation of copper precipi-

tate colonies the only theory is that based on indentation of the silicon 

matrix by silica particles. 4•5 As no experimental _evidence of_ silica 

precipitates in the as-grown material was presented by Fiermans and Vennik, 

this nucleation mechanism cannot be considere.d established. 

In the present investigation the general geometrical shape and the 

internal strucutre of the precipitate colonies have been studied in great 

detail. The experimental techniques involved have primarily been.trans-

mission electron microscopy. Both convent~onal 100 kV and high voltage 

650 kV electron microscopes have been used. X-ray diffraction topography 

was used. to study the bulk distribution of precipitates. Models for the 

nucleation and growth of the colonies have been developed. An interesting 

aspect is that these models may apply to the precipitation of a series of 

impurity atoms in silicon. 

It is beyond the scope of this work to determine or predict what 

influence this precipitation effect may have on the electronic properties 

of the silicon samples. However, one should bear in mind that this preci~ 

pitation effect is caused by impurities present in as-grown materials 

designed for production of electronic components. 

:.-

... 
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2.. EXPERIMENTAL 

2.1 Specimen Preparation 

The silicon single crystals were obtained from Texas Instruments 

Company. The material was graded as Lopex (low o:xygen, dislocation free 

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

rods of l in. diam X 6 in., with (111] growth axis. The resistance of 

the crystals were 50 n-cm and the conductivity was n type. 

Wafers with (111], (110] and (100] surface orientation were cut from 

the cylindrical rod with a diamond saw. Wafer thicknesses were in the 

range 0.22 mm to l mm, where the thinner specimens were used for prepara-· 

tion of foils for electron microscopy studies, and the thicker for x-ray 

diffraction_ topography investigations. Af'ter cutting, the wafers were 

chemically polished in order to remove the damaged surface layer. The 

polishing solution used was of the following composition. 7 

A freshly prepared mixture of 65% A and 35% B where 

Up is 3: l mixture of concentrated HN0
3 

and 45% HF, and 

(B) is 2.5 g of iodine in 100 ml of glacial acetic acid. 

After polishing, the wafers were washed in distilled water, then dried 

in acetone. 

2.1.1 · Heat Treatments 

The specimens were annealed either in air, or in evacua:t.ed quartz 

capsules. The capsules, Fig. 1, had a diameter of approximately one inch. 

The temperature close to the specimen was moµitored during the heat 

treatment by a thermocouple sealed into the capsule. A simple muffle 

fnrnR.~f;! was us~d for the experiments. The diag1·am iu F lg. 2 · · 



-4-

THERMOCOUPLE 

DIAMETER = 111 

SPECIMEN 

Fig. 1. Sketch showing a specimen in a quartz capsule. 

TE MP. COOLING RATES 
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Omax ~ 1000°C/sec 

Otypical c:w 10 °ct sec 

a min "" 0. 3 °C /sec 
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XBL 707 -1554 

Fig. 2. The heat treatments given to the specimens. The temperature, 
1b,, was ranged from 723°C up to 976°c. The annealing time, th, 

was in the range from about 2 minutes up to about 30 minutes. 

.. 
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shows the heat treatments. given to the specimens. The annealing tempera-

ture, Th.' ranged from about 700°c up to about l000°C. The annealing 

times, th, varied from a few minutes up to 30 minutes. Specimens sub-

jected to a wide range of cooling rates have been examined~ For the 

encapsulated specimens different cooling rates were obtained by ei:ther 

having the eapsules furnace cooled, air cooled outside the furnace or 

cooled by dropping 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 

I respectively. Faster cooling was achieved for the specimens annealed 
'I 

in air. By air cooling of specimens wrapped in thin platinum foils, 

cooling rates of about 22°C/sec were obtained. . The temperature was mon-

i tored by a thermocouple attached to the foil. Some specimens have been 

quenched into silicone oil. The exact cooling rate during quenching can-

not be measured directly, but theoretical estimates based on the heat 

conductivity and the geometrical shape of the specimens indicate that the 

cooling m8\}' be as fast as l000°C/sec or more. 

Some experiments required an abrupt change in the cooling rate, as 

shown by the heavy broken line in Fig. 2. This was achieved by keeping 

the specimen in a specially designed alumina tube. This tube was similar 

in construction to the capsule in Fig. 1, except that the rear end was 

open (the front end to be where the specimen is, Fig. 1). By air-

cooling of this alumina tube from temperatures in the range 8-900°C 

a cooli_ng rate of about 8-10°c/c was measured. This cooling rate could 

be .interrupted at any temperature, TQ,by dropping the specimen through 

the open end of the tube into silicone oil, . 
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2.2 ·x~r8l Diffraction Topogr&Pby Technique 

The x-ray diffraction topography technique, like transmission elec-

tron microscopy, reveals crystalline defects inside the material. The 

advantage of the x-ray technique compared to electron microscopy is that. 

relatively thick crystals (Si, approx. 2 mm) can be studied. In the 

present investigation the x-ray topography technique was used to study 

bulk density and distribution o~ defect clusters. The main disa.ilvantagf?' 

of this technique is the low resolution (approx. 5 ]Jm). The x-ray dif

fraction technique of Lang8 was applied. The geometry of the experimental 

setup is schematically shown in Fig. 3. The x-ray source is S and C is 

the specimen oriented for Bragg reflection. The source to specimen dis-

tance is about 60 cm. The divergence in the x-ray beam is limited by the 

slit v
1

. The photographic plate P is at a right angle to the diffracted 

beam. The photographic plate will record only the area exposed by the 

slit v1 • In order to obtain a topograph of the entire wafer, the photo

graphic plate and the crystal are translated simultaneously back and :forth 

in the direction indicated by the arrows. v2 is a stationary slit to stop 

the transmitted beam from striking the photographic _plate. 

Two x-ray diffraction Lang cameras m.anufacttired by Rigaku-Denki and 

Jarrell Ash have been used together with a Hilp;er and Watts m.icrofo<!m; 

x-ray generator. MokQ,l radiation was used, and the tube was operating 

at 40 kV and 2.5 mA. The topographs were recorded on Ilford GS nuclear 

emulsion plates with emulsion thickness 50 µm. A detailed description of 

the experimental setup of the Lahg camera and the processing of the 

nuclear plates are given in the Ph. D. th~si.s by v. C. Kannan. 9 

,. 
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Fig. 3. Sketch of the experimental.arrangement explaining the 
principles of the Lang technique for taking topographs. 
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2.3 · Transmission·E1ectron·Microscopy 
• 4 t: 

Foils for transmission electron microscopy were prepared by using 

10 a chemical ·polishing technique developed by J. E. Lawrence and H. Koehler. • 

Specimens about 0.2 to 0.5 mm thick were chemically polished7 down to a 

thickness. of a few lOOµm. Then the samples were mounted on a Teflon sheet 

with apiezon wax so that only one face ~as exposed. The chemical polish-

ing was continued until the diameter of the samples were a few mm. The 

final diameter of the foils is dictated by the initial diameter to thick-

ness ratio of the wafer. ..A 10 X 10 X 0. 2 mm wafer will give a 2 mm diameter 

foil with c.entral thickness somewhat less than lµm. 

The dislocation structure of the defect clusters were determined by 

using a Siemens Elm.iscope electron microscope operating at 100 kV. The 

precipitates could not be identified from diffraction analysis, using the 

100 kV microscope. The inelastic scattering obscured the precipitate re-

flections even in selected area diffraction patterns from very thin foils. 

These difficulties were overcome by using the high voltage Hitachi elec-

tron microscope operating at 650 kV. Because of the better resolution ob-

tained by the high voltage microscope, this microscope was used to deter-

mine the morphology of the precipitates. The high voltage microscope is 

equ,ippped with a hot stage spec:i,Jp.en holder. Thi~ holder wa.s v.sed to 

carry out a few .annealing experiments in the microscope. 

To distinguish between micrographs taken on the different microscopes, 

the figure numbers will be follo"W'ed by (100 kV) or (650 kV) ind.i·cating 

100 kV Siemens and 650 kV Hitachi micrographs respectively. 
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3. . EXPERIMENTAL RESULTS 

3.1 Bulk Distribution of Precipitate Colonies 

No defects, precipitates or dislocations have been observed in the 

as-grown material., either by x-ray or by electron microscope observations. 

However, surface etching of as grown (lll) wafers reveals a ring pattern 

* as shown in Fig. 4a. The rings consist of a high density of triangular 

etch pits, Fig. 4b. By heating an as-grown specimen to a temperature in 

the range 700-l000°C for a few minutes, and then cooling at a moderate 

rapid rate, about l0°C/sec, a high density of precipitate colonies were 

introduced. Each colony appears as a small black dot on the x-ray topo-

graph, Fig. 5. As will be demonstrated in Section 3.3 each black dot in 

the x-ray topographs represents a colony of precipitates and dislocation 

tangles. Figure 5a and b represent wafers cut normal and parallel to the 

[111] growth axis. The wafer cut normal to this axis, Fig. 5a, indicates 

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

parallel to the growth axis, Fig. 5b, shows that the colonies are segre-

gated into a stack of narrow planar areas, recorded as slightly curved 

lines on the photographic plate. The segregated layers of high colonF 

concentration are oriented normal to the growth axis, and the curvature 

of the layers is nearly symmetrical about the crystal ingot axis. The 

* LatLlce defects and precipitates in silicon single crystals can easily 
be revealed by surface etching. First the specimens are chemically 
polished. 7 After polishing the slecimens are etc.hed f"or ten minutes in 
a 50% HF - 50% Cr-acid solution.l 

• I 
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Fig. 4. Surfaces of etched (111) sllicon wafers. (a and b) As grown 
material. (c and d) Heat treated specimens. 
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4mm 

a g:22 0 b I= 111 

-111-+ 
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SECTION a 

XBB 706-2835 

Fig. 5. X-ray diffraction topographs. (a) A (111) wafer annealed 
at 865°c for 20 minutes, then cooled at a rate of 7°C/sec. 
(b) A (110) wafer annealed at 820°C for 10 minutes and then 
cooled at a rate of 7°C/sec. 
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discs of high colony concentration had a thickness of about 100 µm and 

they were located a few 100 µm apart. The density of colonies within 

these areas was about 106-107 colonies/cm3. A characteristic feature was 

the smaller colony sizes and eventually the colony free zone close to 

the cylindrical crystal surface, Fig. 5. 

Long needle shaped precipitates have been observed in some of the 

x-rey topographs from ( lll) wafers, Fig. 6a and b. The topograph in 

Fig. 6a shows two 1.2 mm long precipitates in the [Oll] direction, both 

extending from one surface to the other of the l mm thick wafer. Figure 

6b shows three rod shaped precipitates all about 0.2 mm long and oriented 

in a [lOl] direction parallel to the wafer surface. Note the depleted 

zones surrounding these rod shaped precipitates. 

Surface etching of a heat treated (111) wafer show the same rin~ 

pattern as observed on the as-grown crystal surface (Fig. 4a). The de-

feet colonies however, give rise to etch tops or hillocks, rather than 

triangular etch pits, Fig. 4c. The layer distribution of colonies, as 

observed by x-ray diffraction topography, explains the characteristics 

etch pattern on the (111) c1-yaLt1.l ::1ur.f1:1.ce1:1. The structure of" some 01· the 

etch tops have been resolved as stars with branches in the 112 direc

tions, Fig. 4d. 

3.2 Critical Cooling Rate 

The diagram in Fig. 2 i:;hows the heat treatments given to the speci-

mens. The precipitate colonies are formed during the cooling period. If 

the annealing temperature, Th in Fig. 2, is above 700°C and the annealing 

time, th exceeds a few minutes, then precipitation will occur if the 

cooling rate is at least 1°C/sec, or does not exceed several hundred 
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Fig. 6. X-ray diffraction topographs of (111) wafers showing needle
like _precipitates in the (lOl) and the (011) directions, 
g = 220. 
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degrees per second. Thus, the colony formation is a critical cooling 

effect. 

Precipitation has been observed in specimens cooled from temperatures 

as low as 723°C. For specimens cooled from temperatures below about 

800°C the density of colonies is lower than in specimens cooled from 

higher temperatures. No systematic change in colo~y density, size ann 

structure could be related to variation of the annealing temperature in 

the range 820°c up to 974°c. The general shape and the internal struc

ture of the colonies were not influenced by varying the cooling rate from 

about 4°C/sec up to 22°C/sec, however the colonies were somewhat bigger 

in specimens cooled at the 22°C/sec cooling rate. 

3.3 Geometric9.l Structure of the Precipitate Colonies 

The x-ray diffraction topographs in Figs. 5 and 6 give the density 

and distribution of colonies. However, the resnl11tion i.n these topogro.pho 

is too low to reveal the internal structnrP. of' individual c0Jnni0r.. By 

using transmission electron microscopy this internal structure has been 

examined in great detail. The micrographs given in Figs. 7 and 8 show 

typical colony formations as found in (lll) foils. Each colony shows a 

three dimensional star or dendritic shape, with each arm of the configura

tion consisting of a nearly planar a.rranRement of small pr~~ipit~teR. 

These precipitates appear as small black dots in the micrographs (Fi~s. 

7 and 8). The geometry of the colonies is easily established by examining 

the schematic drawings in Fig. 9. Figure 9a is a (111) foil with a 

colony in it. The electron microscop~ will rP~nrn ~ (111) projection of 

this colony, Fig. 9b. The transmi ssion electron microscope re~uires 

thin foils. The actual thickness depends upon the beam voltage, being 

l µm at 100 kV and about 6 µmat 650 kV for s i licon. 12 
As typical 
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XBB 706-2837 

* Fig. 7. (100 kV, Th = 884°c, th = 10 min, Q = 22°/sec) A bright 
field micrograph of a colony in a (111) foil. The different 
arms are {110} planar precipitate arrangements. 

* 100 kV indicates a micrograph from the Siemens microscope. T , t and 
Q ~ives the heat treatment of the specimen from which the foil Ras ~een 
prepared, see Fig. 2. 
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1.0µ 

XBB 706-2842 

(inn kV, 'T'h = RR? 0 r., th= in m5.n, Q;;;: 6°C./sec) A colony 
in a ( 111) foil. 'l'he arm marked A is of (LOO) type, the 
other arms are of the (100) type. 
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( b) 

XBL 707-1553 

Fig. 9. Sketch showing a colony in a (111) foil. 
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arm lengths · for the· configuration are up to 10 µm, only sections of a 

colony will appear within the surfaces of a foil. Figure 9 indicates 

that the different arms of a colony configuration are on {110} or {100} 

type crystallographic planes. The existence of {110} type configurations 

is easily verified as these planes in a (111) foil either cut the surface 

in a ( 11:2 ) or a ( 110) direction. The colony shown in Fig. 7 has only 

{110} type arms. In a (111) foil the coplanar {100} . configurations wiJl 

also cut the surfaces in (110) directions. To avoid that this configura-

tion is confused with a {110} type, the colony geometry has to be examined 

in foils with another orientation. However, inspection of the stereo-

graphic projection in Fig. 9 shows that in a (111) micrograph the width 

of the (100) coplanar arrangement will be about half that of the (101) 

type (provided both arrangements extend from surface to surface of the 

foil). Based on this geometrical relationship the arm marked A in 

Fig. 8 is claimed t o be of a {100} type, while all other arms in this 

micrograph are of the {110} type. The existence of {100} type arms 

are clearly demonstrated by the micrographs in Figs. 12 and 13, which show 

colonies in (110) foils. Figures 12 and 13 present colony arms either 

edge on, or inclined, cutting the foil surface in the [110], or the [lOl] 

direction respectively. Simple geometrical considerations show this only 

applies to a {100} type configuration. 

It will be shown in Section 3.5 that the two different types of 

colony arms are associated with dislocations of different Burgers vector. 

The dislocations involved in {110} and {100} type colony arms have 

~ ( 110) and a ( 100 ) Bllrgers vectors respectively. As a colony arm is 
'--

more generally described by its Burgers vector, rather than by the 
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crystallographic plane of the configUi'ation, the direction of the Burgers 

vector will be used to distinguish between the different types of arms. 

Thus throughout the rest of this thesis the colonies will be referred to 

as made up of (110) and ( 100 )type a.rms . 

Characteristic differences related to the dislocation structure, 

precipitate size and distribution are apparent between arms of the (110) 

and (100) type. In the (110) arms the precipitates appear to be nearly 

evenly distributed, and bounded by segments of an approximately circular 

dislocation loop. In the (100) type arms the enveloping dislocation 

forms long narrow branches in the orthogonal (110) directions, thus giving 

these arms a dendri tic shape, (see the arm marked A in Fig. 8). 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. 

3.4 The Precipitates 

3.4.1 Identification 

Selected area diffraction patterns from colonies in foils of dif-

ferent orientations have been examined. This analysis shows that thP 

precipitates can be divided into two categories, that is, precipitates 

belonging to (1) (110) and (2) (loo) colony arms. The experimental data 

related to the two sets of precipitates are presented in separate sections 

below. 

Precipitates belonging to (110} ityPe colony arms 

Dark field _images and diffraction patterns from (110) type precipitate 

configurations in foils of (111) and (110) surface orientation are shown 

in Fig3 . 10 and 11. The selected area diffraction patterns in Fig. 10 

show extra precipitate reflections close to, and in the direction of the 
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* (650kV, T
1 

= 820°c, th= 10 min, Q = 7°c/sec) (a) Dark 
field imagJ of a (110) type colony arm in a (111) foil. 
(b and c) Selected area di ffrFJ.r.t.i on patterns from this 
arm in slightly different orientations. 

* 650 kV indicates micrographs taken on the high voltage Hitachi 
microscope. 
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[022] . [Ii~O] (Fig. 101.J) and [422] (Fig, lOc) 1.1atr.ix reflections. Due 

to the hic,h int ,_nsi ty of the (220) matrix reflection'.. l"iG. J.Ob , the 

precipi ta Le r r; rJ. c cti011 nssociated with it cannot be re sol vec1. However, 

•* 
the moire mu.<I y~;is in the subsequent paragraph suggests the presence of 

a strons p:rec:ipitate reflection close to the (220 ) matrix spot. 'fhus the 

strong precii:iita tc dark field contrast, Fig. lOa, is due to electrons 

scattered by t~e precipitate lattice. The extra spots close to the ( 220 ) 

matrix re f lections correspond to a precipitate lattice spacing of 

2.00+0.0l A (the spacing of {220} silicon lattice planes are 1.92 A). The 

spot near the [422] matrix reflection gives a precipitate lattice 

spacing l.lG+0.01 A. 

Close in:::;pcction of the photographic plate representing the micro-

graph in F'j_g. 10 shO\:rs that many of the precipitates contains moir·~ 

fd.nc;es. Moire fringes appear as a result of ini.er,,_c-"f:.icn bct•.-0..:i! e :;_ec..:cron 

wave~> s cattcred by the :precipitates and the matrix. By measuring the 

fringe spacing, and by knowing the lattice spacing of the scatterint:~ ma-

trix planes, the n the spacing of the scattering precipitate planes can be 

calculated from the following relation.
13 

D = 
d 2 + 

1 
d 2 ~~ d )1/2 2 - r:Ql 2 cos y 

(3 . 1) 

sin cf> "" 

where D is tlie ir.oire f'rin c;e spacing , ct
1 

and a
2 

are the lattice spacings 

of the {220} matrix planes and the reflecting precipitate planes r espec -

tive ly, y is the angle of rotation of the scattering precipitate planes 

* The iaoire frir: :::es c 2.nnot be detec t.e el in the low mae;ni fic ation prir.t in 
Fi(!.. lOa, they are , ho.,1 cvcr, easiJ.y detected on the photograph :Lc plate. 



-22-

with respect to the matrix reflection, and ~ is the observed angle be

tween the moire fringes and the direction normal to the matrix scattering 

vector. D = 55 A and d1 = 1.92 A (cos y=l), this gives d2 = 1.86 or 

1.99 A. As the precipitate reflection is on the inside of the matrix 

spot d2 = 1.99 A represent the precipitate lattice spacing. This value 

is in excellent agreement with the results calculated from the diffraction 

pattern; 2.00+0.0l A. The majority of the observed moire'; patterns were 

oriented normal to the matrix scattering vector, corresponding to y = 0. 

For the fringes with~ 1 0 all observed cases gave y < 1°. 

The diffraction patterns in Fig. 10 demonstrate that in the (111) 

matrix plane, crystallographic directions in the precipitates and the 

matrix coincide. This epitaxy in the (111) plane may involve a precipi

tate lattice belon~in~ to either the cubic. the tetr~onal or tne hexa-

gonal system. Diffraction analysis of colonies in other foil orientation 

may solve this selection problem. Figure 11 shows a colony consisting of 

three 110 colony arms marked A, B, and C, in a (110) foil. The arm A 

is parallel to the (110) foil surface and the arms B and C are on (011) 

planes. The stereographic projection in Fig. 11 shows the orientation of 

the different colony branches in the matrix. The strong precipitate con

trast in the [220] dark field image is assumed to be due to a precipitate 

reflection close to the [220] matric reflection. Unfortunately the se

lected area diffraction pattern obtained from this configuration was to 

thin for reproduction. The plate, however, shows extra reflections close 

to, and in the direction of the [220] and the [224] matrix reflections. 

The corresponding lattice spacings are 2.00!0.0l A and 1.16 ~ 0.01 A 

respect ively. Note the strong precipitate contrast in all the three 

colony arDlS in the ~20 dark field image, Fig, 11. 
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l,C 
0111 

XBB 706-2834 

( 6)0 kV, T = 924°C, th= 10 min, Q = 8°C/sec) (110) type 
arms in a f110) foil. (a) Bright field image, the orienta
tion of the arms A, B and C is shown in the stereographic 
projection. (b and c) Dark field images. 
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Precipitates · belonging to (100.); type colony arms 

Precipitates belonging to the (100) type arms show a more complicated 

orientation relationship with the matrix. Figures 12 to 14 show [100] 

arms in (110) and (111) foils. In each of these cases the orientation of 

the foil is such as to bring one crystallographic direction in the precipi-

tates into strong diffracting condition. Figure 12 presents a [OOl] arm, 

edge on in a (110) foil. One strong precipitate reflection appears in the 

diffraction pattern (Fig. 12). This spot is located in a direction at an 

angle of 60° from the [llO] matrix direction. The extra spot corresponds 

to a precipitate lattice spacing of 2.00:0.01 A. Note how the precipitates 

lights up in the dark field image of this reflection, Fig. 12b. Figure 

1,3 gives a [010] arm in a (110) foil. One extra diffraction spot is 

located at an an~le of 77° from the [lll] matrix direction. This spot 

also gives a 2.00:0.01 A lattice spacing. Note that only the precipitates 

located on the branches in the [lOl] di1·ection light up in the precipitate 

reflection dark field image, Fig. 13b. A [001] colony arm in a (111) 

foil is presented in Fig. 14. A strong precipitate reflection appears in 

the [22Y] matrix direction. This reflection corresponds to a precipitate 

lattice spacing of l.1+1:0.01 A. 

Structure analysis 

In order to identif'y the precipitating phase, the observed precipitate 

lattice spacings, i.e., 2.00:0.01 A, i.Jn!0.01Aand1.16!0.0l A were 

checked out with the lattice parameters of all the listed silicides and 

silicon compounds in the· ASTM file. This search selected the cubic 

a.-Fe
3

Si phase. The unit cube dimension in the iron silicide lattice is, 

6 A lh a= 5. 55 . A fully ordered a.-Fe
3
Si unit cell, D0

3 
structure, is 



Flg. 12. 

0 
11 0 

IATRIX 

-25-

111-----v 
l'l 1 

'°'! 
PIECIPITATES 

XBB 707-3133 

(650 kV, T = 976°C, t = 10 min, Q = 8°C/sec) A [001] colony 
arm seen eftge on in a f110 ) f oi l . (a) Bright field image. 
(b) Dark field precipitate r e flection image. The matrix and 
precipitate orientations are given by the stereographic 
projections. 
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XBB 706-2833 

(650 kV, T = 976°c, t = 10 min, Q = 8°C/sec) A [010] colony 
arm in a (~10) foil. fa) BrlghL field reflection (b) Do.rk 
field precipitate reflection image. 'l'he (Uc~) precipitate 
reflection can easily be seen in the diffraction pattern. The 
stereogrpa.hic projections give the orientation of the matrix and 
the precipitate lattices. 
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Fig. 1 4. (650 kV, Th = 879°C, t~ = 10 min, Q = 8°C/sec) A [001) 
colony arm in a (111) !oil. A strong (004) precipitate 
reflection can be seen in the diffraction pattern. The 
orientation of the matrix and the precipitates is given by 
the otcrcographic projcctiono. 
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presented in Fig. 15, the cell contains 16 atoms, 12 iron and 4 silicon 

atoms. 

In order to interpret the electron diffraction experiments the struc-

ture factor for different a-Fe
3
Si reflections have been calculated. The 

calculation is based upon the assumptions that the Cl-Fe
3
Si phase is' fully 

* ordered and of stoichiometric composition. T he structure factor for a 

given (hkl) reflection can be written. 17 

E f. (~)E~2 ni(hu. + kv. + ivi) 
. 1 1 1 

(3.2) 
1 

where u., v. and w. are fractional coordinates of atom i, and f.(8) is 
1 1 1 1 

the electron atomic scattering amplitude for atom i. The :oo
3 

structure of 

a-Fe
3
Si is face centered, thus the structure factor will be zero for planes 

of mixed indices. For the other various special cases Eq. (3.2) gives 

1Fhk.i1
2 = 16[fFe-fSi] when (h+k+i) is odd or an odd multiple of 2. 

As the diffracted intensities are proportional to the square of the struc

ture factor, this quantity is given in the above equations. jFhktl 2 for 

a series of different reflections are presented in Table 3.1, Lhlrd column. 

The second column in Table 3.1 gives the a-Fe
3
Si lattice parameters. In 

the last column are listed the observed precipitate reflections. Note 

that the [220], [400] and [422] iron silicide reflections have a sub

stanti.ally .. higher value for jFhk.~ 12 
than the other reflectio.ns. 

* The a-Fe Si phase of nearly stoichiometric composition is completely 
ordered . f~r all temperatures below the .melting point.15,16 F-or temperatures 
below 1000°C the structure is fully ordered when the silicon content ex
ceeds ab0u.t 15 atomic percent. The ordeiring is reported to be extremely 
rapid.16 
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Fig. 15. The crystal structure of a-Fe 3Si. 

XBL 707-1560 
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Table 3.1. The lattice spacings for different crystallographic direc-

(hld.) 

Fe:1Si 

111 

200 

220 

311 

222 

!WO 

4~::! 

tions in the cubic a-Fe
3
Si structure are given in column 2. 

The square of the structure factor is given in column 3, and 

the ·observed precipitate reflections are listed in the last 

column. 

~~[A] 

Fe~Si 

3.26 

2.83 

2.00 

1.71 

1.63 

1.41 

1.16' 

[F ]2[A2] 
hkt 

Fe
3
Si 

16 

15 

1840 

13 

13 

920 

560 

Observed Precipitation 
tion reflections 

[A] 

2 .00 

1.41 

1.16 
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Although three reflections are too few for a complete structure 

analysis, it is ·interesting to note that the observed thr ee reflections 

are the only ones with reasonably high structrue factors, i.e. only the 

(220), (400), and (422 ) reflections, Table 3.1. A complete structure 

analysis wouJ d req1i:i.re a systematic examination of preciJ >i tates in a 

series of foj.l oricn"l.c.tions. The present investigation ::. ncludes only 

two orientations , i. c· . (111) and (110). The (110) foils should, however, 

be the most informative . 

No other sili c.:ir1e or silicon compound, listed in the ASTM file, fit 

the observed d-valucs . Thus it is concluded that the pre cipitating atoms 

most probably are iron atoms, and the precipitating phas < ~ a-Fe 
3
si. Ac

cording to the iron si licon phase-diagram the a-phase is stable only in 

the iron ridi part of the diagram, and it follows that i:1 this case the 

a-phase is in a metastab le form. 

3.4.2 Ori entation R0lat ionship -- -

The diffraction u.nalysis presented in the:: foregoinr; section shows 

that in the case of the precipitates belonginr, to the (110) colony arms, 

the two cubic latt ic.:es involved, i.e. the no
3 

structure of the precipitates 

and the di amond structure of the matrix, both have the same orientation. 

For the case of the precipitates belonging to the (100) colony arms 

the three prec ipitate reflections in Figs. 12 to 14 defjne the complete 

orientation relationship between these precipitates and the matrix as 

fulluws: 

(112) 
p 

[110) 
p 

II 

II 

(001) 
m 

[ 110] or [ 110 J m m 
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where p and m indicate precipitate and matrix respectively. The [llO] 
p 

direction can be aligned with ~ither of the two (110) directions in the 

(001) matrix plane. The direction selected will be given by the direc

tion of the branch on which the precipitate is located. Thus, in a (100) 

type colony arm, precipitates on orthogonal (110) branches will have lat

tice orientations rotated 90° with respect to each other. This explains 

why only the [lOl] precipitates contributed to the precipitate dark field 

contrast in Fig. 13. 

This orientation relationship is illustrated in the stereographic 

projections in each of the Figs. 12 to 14. A (100) colony arm, seen 

edge on,in a (110) foil, will according to the above orientation relationp· 

ship have the (111) precipitate planes parallel to the (110) matrix surface. 

This gives a [202] precipitate reflection 60° from the [220] matrix direc-

tion as observed in Fig. 12. For precipitates located on [lOl] branches 

in a (110) foil, Fig. 13, the ro221 precipitate direction will appear in 

the (110) matrix plane 77° from the [ill] matrix reflection. This is in 

agreement with observations. Finally for the (001), [jio] precipitates 

in Fig. 14, the (110) precipitate planes will be parallel to the (11 1 ) 

foil surface so that [OOl] I 1[112] . This is also consistent with the 
P m 

diffraction spots that were observed. 

3.4.3 Morphology 

~recipitates belongtng to (110) tY}le colony arms 

Figures 16a and b show details from (110) colony a.rms in (111) and 

(110) foils. In both micrographs the precipitate images have a hexagonal 

form. In the (111) foil, Fig. 16a, the hexagonal sides are normal to (112) 

directions and in the (110) foil they are normal to (111) and (100) direc

tions, Fig. 16b. The hexagonal forms in these two different projections 

• 
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XBB 706-2836 

Fig. 16 . (650 kV, a; Th= 820°c , th = 10 mi n , Q = 7°c/sec 
b; Th = 976°C, tb = 10 min, Q = 8°C/sec). (a) Pre
cipitates be~onging to a (110) arm in a (111) foil. 
(b) Precipitates on a (110) arm in a (110) foil. 



- -

ii2 

111 PROJECTION 

( b) 

-34-

-

/ 

- / - -.v 
~IOo 

(a) 

121 

001 

110 PROJECTION 

(c) 

XBL 707 -1552 

Fig. 17. (a) The geometrica~ shape of the (110) type preclplLaLe~. 
(b and c) (111) and (110) projections of the figure a. 
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suggest; together with the characteristic change in the orientation of 

the projected precipitate-matrix interface, that the precipitates have 

a three-dimensional volumetric morphology, rather than being of a plate 

shape. These two projections suggest that the basic geometrical shape 

of the precipitates is a trtlllcated cube with (100) and ·(111) faces as 

shown in Fig. l~a. The [111] and [110] projections of this cube, Fig. 17b 

and c, correspond to the precipitate images in the (111) and (110) foils 

respectively (Fig. l6a and b). 

Precipitates belonging to (100) type colony arms 

Figure l8a and b show details from (100) colony arms in (llO) foils. 

The precipitates in Fig. l8a a.re of the kind (001), [110], that is, 

precipitates on [liOJ dendrite branches belonging to a (001) colony arm 

seen edge on in a (110) foil. Figure l8b shows (010), [lOl] precipitates. 

If the geometry of Fig. 17a is extended along one of the (110) axis, the 

resulting geometrical shape will be like Fig. 19a. This geometry describes 

the (100) type precipitates. (The crystallographic directions in Fig. 19 

refer to matrix orientations~) Figures .: 19b: and c are projections of 

Fig. 19a in orientations corresponding to the precipitates in Figs. 18a 

and b. These predicted images fit the observed ones very well. 

3.4.4 The Precipitate Strain Fiel d 

The precipitates in the (110) arm in Fig. 26 have virtually no elastic 

strain contrast associated with them. Other micrographs, however, show 

precipi tates belonging to (110) type configurations exhibi_ting strong 

strain contrast, Fig. 20. Close examination of the precipitate image in 

Fig. 20 show a line of no contrast normal to the direction of the scatter-

ing ve ctor (g-vector). Note how this line of no contrast rotates with 
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XBB 706-2838 

"F'ig. 18. (fi50 kV, Th = 976°C, th = 10 min, Q = 8°C/s.ec) 
(a) Precipitates on a [001] arm in a (110) foil. 
(b) Precipitates on a [010] arm in a (110) foil. 
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XDL 707 -1559 

Fig. 19. (a) The geometrical shape of the precipitates belonging 
to the (100) colony arms. (band c) (110) projections of_ 
(100) precipitates with its long axis in the [110] and [101] 
directions. 
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XBB .706-2850 

Fig. 20 . Two beam bright fieJd images of a (110) type 
arm in a (111) foil. Note how the llne uf uo 
contrast in the precipl Late image :rotates wi th 

-+ the g-vector. 
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the direction of g. This contrast effect indicates that the precipitates 

are surrounded by a spherical stress fiela. 18 This type of stress field 

was expected, as the cube-cube orientation relationship, Section 3.4.2, 

between the matrix and the precip_itates together with the volumetric 

morphology of the precipitates suggest the generation of a strain field 

of spherical symmetry. 

The stress field surrounding the precipitates in the (001) configura-

tion in Fig. 21 give rise to a nearly circular image when the g-vector 

is in the (202) or (022) direction. No strain contrast appears for the 

(220) g-vector contained in the (001) plane of the configuration. As will 

be discussed in detail in Section 3.5, this contrast variation is con-

sistent with a stress field similar to that surrounding an edge dislocation 

loop. The contrast analysis given in Section 3.5, further shows that the 

precipitate stress field is compressive in nature. This stress field 

suggests a plate-shaped morphology of the precipitates. However, as 

demonstrated in the foregoing section, the precipitates have a volumetric 

shape. The strong 100 directional character of this strain field is 

mo::; L p1·ubably caused by the special orientation relationship between 

precipitates and matrix, i.e. (112) 11 (001) . 
p m 

To summarize these two paragraphs: The precipitates on (110) type 

arms give rise to a strain field of spherical symmetry. The (100) a.rm 

precipitates have a strain field analogous to that of an interstitial dis-

location loop with Burgers vector perpendicular to (100). 

Some of the strain energy is within the precipitates. For the smaller 

precipi tates this can cause a measurable change in the lattice parameters. 

This change can be detected in the moire fringe spacing. The two smaller 
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(100 kV, T
1 

= 882°c, t
1 

= 10 min, Q = 6°c/sec) 
Two beam bfj_ght field ciicrographs of a [001] 
arm in a (111) foil. (a and b) The precipitates 
are surrounded by a nearly circular ntrain contrast 
image . (c) No precipitate strain contrast. 



precipitates in Fig. 16a have a moire fringe spacing of 80 A. compared 

55 A. for the large precipitates. By inserting D = 80 A. in Eq. (3.1) 

a lattice parameter of 1.97 A. is obtained. Thus, there is a difference 

in the spacing of the (220) planes between the small and the large preci

pitates of about 0.02 A, or a relative change of about 1%. 

3.4.5 Distribution of Precipitates 

In Section 3. 3 t he (110) type arms were characteriZE 1 as a co_:)lanar 

arrangement of evenly distributed precipitates, bounded 1 y a dislocation 

loop. The transmiss ion electron micrographs show that tl.is statement is 

true in general, however, there are some interesting irregularities in 

the distribution of the precipitates within (110) colony arms. Long 

precipitation fr ee zones are frequently observed within the {110} planar 

arrangements, Figs. 22a and b. These depleted zones are always elongated 

in the (110) dir ections and there is always a large precipitate at the 

end of the zone nearest to the enveloping dislocation. Note that two new 

dislocation loops have been nucleated from the large precipitate in Fig. 

22a. 

3. 5 Dislocation Structll.l't: 

As outlined in a previous Section (3.3) each arm of a colony consists 

of a nearly coplanar group of precipitates enveloped by a dislocation 

loop. The .l:lurgers vector for dislocations in (110) type arms can be found 

from Figs. · 23a to c, representing three 220 two-beam reflections from 

a (111) foil. The micrographs show a colony consisting of two arms, A-A 

and B-B, located on (110) and (011) planes respectively. Note that no 

disloeation contrast appears in that arm which contains the g-vector. 

From simple g·b == 0 considerations it can be concluded that the dislocations 



a 

• 
~ . 
•• 

-42-

I I ... ' ~ . ' 
•: • ' •I ... t 

~ ' . ---... 
' l' I ' .. ' '' ' ' ' 'l I I • 

\ . ' 
' I ••• ' . 

• J ~ " 

g:O 2 2 

h .--......__ __ 

o.sµ 

o.sµ 

XBB 7ofi-2839 

Fig. 22. (100 kV, a; Th = 97l1°c, th = 10 min, Q = 10°C/sec. 
b; Th = 884°c, t = 10 min, Q = 22°C/sec) Depleted 
zones in the <llfl) type precipitate colony arms. 
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XBB 706-2847 

(100 kV, T = 820°c, t = 10 min, Q = 10°C/sec) 
Three two-~erun bright ~ield 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 g-vector. 
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in the A-A arm have a. fllO] . Burgers vector and the B-B arm a [011] 

Burgers vector. Thus the dislocations observed are parts of perfect 

edge dislocation loops. 

Figure 24a to c represent three 220 two beam case micrographs of 

a (oOl) precipitate, dislocation congiguration. As the dislocation seg-

ments parallel to the g-vector are out of contrast in Fig. 24c, it can 

be concluded that the dislocations Burgers vector is confined to some 

direction in the [110] plane. If the dislocations are perfect, i.e., 

have a ~/2 110 Burgers vector, then the only available direction would 

be [110]. This direction is in the (001) plane of the configuration, 

consequently the whole dislocation structure would be in a glide orienta-

tion with [110] screw dislocation segments. However, as the [llO] dis-

location segments are not out of contrast in Fig. 24c, b = a/2lll0] can 

be excluded as a possible Burgers vector. Close inspection of the [110] 

dislocation segments in Fig. 24c shows a double image. This double image 

is characteristic for an edge dislocation when g·b = 0 and is called 

* "residual"contrast. This"residual"contrast effect is even more pronounced 

in Fig. 2lc. The contrast variation with different reflections in Fig. 24 

(a.nd Fig. 21) is thus consistent with an edge dislocation structure. 

The . {100} dislocation configurations have a Burgers vector ·of' the· type · 

* To get a dislocation out of the contrast in a two-beam case the following 
requirements have to be :t'ulfilled.19 (1) g·b = O, (2) g·b X u = O, where 
g is the scattering vector, b is the Burgers vector of the dislocation and 
u is a unit vector in the direction of the dislocation line. Thus, con
trast from an edge dislocation can occur even if g•b = 0. This contrast 
effect , called"residual"contrast, is chara.cteri.zed by a double image of 
the dislocation line. 
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XBB 706-2841 

(100 eV, T = 893, th= 10 min, Q = 6°C/sec) Two-beam 
bright fie~d micrographs of a [001) type colony arm in 
a (111) foil. (a and b) Strong dislocation contrast. 
(c) The dislocation segments parallel to the [llO] 
direction is out of contrast. Note the double image of the 
[110 J segments . 
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A very_ important result related to the nature of the dislocations 

is that the dislocation loops surrounding the precipitates are all of an 

interstitial character, i.e. each arm of a colony represents at least 

two extra planes of silicon atoms . . Evidence for this can be obtained from 

Figs. 25 and 26 representing (100) and (110) type configurations respec

tively. Changing the sign of s, where s is the deviation from the Bragg 

condition, in a two beam dark field case will cause the image of a dis-

location to switch from one side to the other of the true position of the 

dislocation line. 20- 23 Thus, a dislocation loop will expan~ or contract by 

changing · the·· sign · o·f s, while keeping g the same. By knowing the crystal-

lographic plane of the loop this effect can be used to determine if the 

loop is of interstitial or vacancy type. This slope can also be deter-

mined by changing th~ si,gn of s in a two beam dark :field case, because 

s > O, s < 0 bring the bottom and top of the foil into strong contrast 

respectively.
24 

This contrast vari ation can be observed in Figs. 25 and 

26. Thus, the planar configurations run through the foils as indicated 

in Figs. 25a and 26a. Knowing this slope of the configurations with 

respect to the g-vector, and by observing that the branches, marked A in 

Figs. 24 and 25, shrinks from s > 0 to s < O, it ca.n be concluded that the 

enveloping dislocations are of interstitial character. 

In Section 3.4.4 above it was reported that the stress field sur

rounding precipitates belonging to (100) type arms was of the same type 

as that of interstitial dislocation loops. This statement is verified by 

observing that the precipitate images, marked Bin Fig. 25, shrinks when 

s is changed from s > 0 to s < 0. 
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XBB 706-2840 

(100 kV, Th= 903°C, t = 10 min, Q = 6°C/sec) Two-beam dark 
field images of a [001~ arm in a (111) foil. (a a,nd b) The 
configuration intersects the foil surfaces as indicated by the 
'T'OP and BOTTOM signs. Note how the branches marked A shrinks 
by changing from s > 0 to s < 0. The same change in s brings 
the bottom and top of the foil into strong contrast respectively . 
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XBB 70G- 2043 

(100 eV, T
1 

= 940°C, t = 10 min, Q = 4°C/sec) A 
[110] coloriy arm in a ~111) foil~ (a) Bright field 
image, the configuration intersects the foil surfaces 
as indicated by the TOP and BOTTOM signs. (b anc c) 
Two beam dark field images. The branches marked A 
shrink by changing from s > 0 to s < O. 
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It was pointed out during the general description of the colonies 

in Section 3.3 above that the precipitate arrangements on {110} crystal

lographic planes, i.e. 110 colony arms, were bounded ·by nearly circular 

dislocation loops. Figure 26 shows that irregularities in this dislocation 

contour may occur, and that long and narrow dislocation protrusions or 

branches are formed also on {llO} planes. In Fig. 25 the bra.nche t; are 

aligned in ( 112) directions. 

3.6 Growth of Precipitate Colonies 

In order to study the growth of the precipitate colonies a series of 

specimens were given a heat treatment as indicated by the heavy broken 

line in Fig. 2; from the holding temperature, Th, the specimens were 

cooled cooled at a speed, Q, which is known to give defect clusters. B} 

interrupting thie "normal" cooling by a. rapid quench at the temperature 

TQ' the specimens sholllu retain the clusters at the stage of development 

given by this que nching temperature. By choosing an appropriate series 

of temperatures, TQ, one should be able to follow the growth of the 

clusters. 

Two series of experiments have been performed. One starting with a 

holding temperature , Th, at about 925°C and the other with Th about 850°c. 

In both cases the s ubsequent cooling rate was about 8°C/s ec. For dif-

ferent specimens t his cooling rate was interrupted at different tempera

tures , TQ, selected at 25_°C intervals from the holding temperatures down 

to about 6oo 0 c. 

It · ' vas found t hat the precipitation started at about 800°C whether 

t he holding temper ature was 925°c or 850°c. This is in agreement with the 

results pres ented i n Section 3.2; that varying the holding temperature in 
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the· range 820°C to 974°c caused no change in precipitate colony sizes. 

Thus the concentration of the precipitating species corresponds to that 

given by the solid soiubility at about 800°C. 

In the early stages of growth the two types of precipitate arms, i.e. 

(110) and (100) types, have the same general form. Both appear as narrow 

elongated loops on the {lOO} planes. However, even in the earliest ob~ 

served stages the two growth modes exhibit important differences. 

3.6.l Growth of (110} 'liype Colony Arms 

AL tYJ:>_j!ii:al. example of a 110 arm at an early stage of development 

is presented in Fig. 27. This dislocation dipole-precipitate configuration 

was interrupted in its growth at 773°C. The elongated loop is oriented 

in the [Oll] direction. The dislocation is almost out of contrast in 

the [lll] reflection,
1
Fig. 27b, while in strong contrast in the (220] and 

Ioo4J reflections; this is consistent with a a/2[lOi] Burgers vector. 

Figure 27b shows that the precipitates are aligned as a bead string along 

the dislocation. At this stage of development only one precipitate has 

been left inside the part of the half loop contained in the foil. 

The transition from this elongated loop configuration into the 

familiar {110} planar precipitate arrangements is demonstrated in Figs. 

* 28 and 29. 

The growth in these two cases was stopped at 725°c and 701°c respec-

tively. In Fig. 28 the initial elongated loop is partially preserved. 

The sketch in Fig. 28 shows the initial shape of the dislocation loop, 

broken line; at this stage the whole configuration is located in the (100) 

* The unsharp image was caused by a malfunctioning of the objective 
lense in the Siemens IA microscope. 
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Fig. 27. (lGO kV) A <110) colony arm in a (110) foil. 
The plane of the configuration is (100). The 
colony was stopped in its growth at TQ = 773°c. 
(a) Strong dislocation contrast. (bJ The 
dislocation is nearly ou.L uf eontrast, strong 
precipitate contrast. (c) Strong dislocation 
contrast. 
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Fig. 29. (650 kV) A [101] colony arm in a (101) foil. The colony was 
stopped in its growth at T = 701°C. (a) The contours of the 
initial (100), [Oll] confiiuration is still visible. (b) Note 
the decrease in precipitate sizes close to the big precipitate. 
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plane. Thus during the initial stage of growth the dislocation loop is 

not in pure edge orientation; consequently the growth is partially a 

glide, partially a climb process. The lef't part of the half loop, Fig. 

28, has started to climb on the (101) planes into a helical configuration, 

leaving precipitates behind. 

Figure 29 shows a (110) arm interrupted in its development at tem

perature 24°C below that of the one in Fig. 28. Thus a more developed 

(101) arrangement is obtained, however, the contours of the initial 

elongated loop configuration, oriented in the [Oll] direction and located 

in the (100) plane, is still clearly visible. 

Note the depleted zone with the large precipitate at the end of the 

zone close to the dislocation, Fig. 29b. (See Section 3.4.4). An inter-

esting detail is the gradual decrease in the precipitate size close to 

this large precipitate. 

3.6.2 Growth of (100) Type Colony Arms 

* Figures 30 and 31 represent early stages in the development of two 

[010] type precipitate arms. Both are oeiented in the [101] direction 

** and both have a [010] Burgers vector. 

* The unclear image is caused by precipitation along the dislocation lines 
due to electron radiation damage in the high voltage microscope, see 
Section 3.8. 

** The three two-beam bright field reflections in Fig. 31 show that the 
dislocations are nearly out of contrast in the [004] reflection while in 
contrast in the [220] and fiii] reflections. This is consistent with 
a [010] Burgers vector. 
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The growth of these precipitates were interrupted at 762°c and 707°c 

respectively. The configuration in Fig. 30 ends (or begins) in a big 

precipitate inside the foil, while the configuration in Fig. 30 runs 

through the entire foil. 

Even if the two types of colony arms, i.e. of (110) and (100) type, 

in the initial stage both appear as elongated loops oriented in the 110 

directions, several characteristic differences are apparent in comparing 

precipitation on climbing 110 dislocations and on climbing 100 dislocation. 

Contrary to the (110) case where small precipitates appeared closely dis

tributed along the dislocation lines, the 100 arms have larger precipitates, 

more widely spaced and connected by segments of very narrow dislocation 

dipoles. 

Figure 30 illustrates the beginning of the dendritic character of 

the (100) colony arms as a freshly formed branch is oriented in the [lOl] 

direction. Note that the image of this branch can be followed as a line 

of no contraot through the large precipitate, Fig. 30a. One of the 

precipitates in Fig. 3lb has a weak line of no contrast in the [lOl] 

direction which suggests the very beginning of a branch in this direction. 

Figure 32 presents a section of a (100) colony arm in a (110) foil. 

This precipitate colony was stopped in its growth at 629°c. The sizes of 

the colonies observed in this foil were in the same range as ln foils 

prepared from specimens cooled at a "normal" speed down to room tempera

ture. Thus at 630°C the precipitate colonies are fully developed. 

.,; 
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(650 kV) A lOlO] colony arm in a (110) foi l . 
stopped in its growth at T = 762°C. The big 
are connected by narrow di~location dipoles. 
growing in the [101] direction. 
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1.2 5"' 

XBB 707-3126 

Fig. 31. (100 kV) Two beam bright field micrographs nf' Fl. [010] colony 
arm in a ( 110) foil. The colony was interrupted in its growth 
at T = 707°C. (a) The dislocations are in contrast. 
(b) QThe dislocations are in contrast, a weak line of no 
c:u!l Ln:1.i:> t in the [IU-1 J direction can be detected in one of the 
precipitates. (c) The dislocations are out of contrast. 
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Fig. 32. (100 kV) A [010] colony arm in a (110) foil. The colony 
was interrupted in its growth at TQ = 629°c. 
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3.7 Copper and Iron Concentrations 

The iron and copper content in heat treated silicon specimens have 

been analyzed. 

* The copper content was by neutron activation analysis measured to 

be, 0.095! 0.0025 ppm. This copper concentration corresponds to the solid 

solubility in silicon25 at about 650°c. 

Spark source mass spectrometryt gave the iron concentration as less 

than 0.2 ppm. To account for the present effect in terms of iron preci

** pitation an iron concentration of only about 0.02 ppm is required. 

3.8 Precipitation Dile to Radiation Damage0. 

in the High Voltage Microscope 

3.8.1 Precipitation on Dislocations 

The high voltage electron beam causes additional precipitation along 

the dislocations. This effect is illustrated by the micrographs presented 

in Fig. 33a to c. As this precipitation is limited to areas of the foil 

illuminated by the electron beam only, it is concluded that this effect 

is caused by the high energy electrons. The micrographs in Fig. 33 are 

all recorded within a period of about 10-15 minutes, and at a hPam voltage 

of 650 kV. This voltage is far above the threshold voltage required for 

an electron to eject a silicon atom from a lattice position by direct 

collision. For silicon this threshold energy is about 170 keV.tt 

* Analysis performed by Gulf Genera] Atomic, Incorporateu. 
"I' Analysis performed by Bell and Howell. 

** The solid solubility of iron26 in silicon at about 8oo0 c. 
tt'l'he threshold energy is approximately proportional to the atomic 
weight of the target atom, being 166 keV for aluminum and about 500 
for copper.27 

keV 
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Fig. 33. (650 kV) Precipitation along the dislocations due to 
electron radiation damage. The colony arm is Of (100) type 
and the three micrographs were ·exposed at tlme intervals 
of a few minutes. 
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The time intervals between the three exposures in Fig. 33 are only 

a few minutes. Considering that the foil temperature at most is a few 

l00°C, the precipitation has occurred very rapidly. This rapid develop

ment imposes serious limitations on dislocation contrast studies at 

higher beam voltages. Note that the precipitates are formed on the out

side of the enveloping dislocation line only, i.e. on the tension side of 

the interstitial edge loops. The stress field may cause this preferential 

precipitation outside the loops, in addition the inside of the disloca

tion is already depleted of the precipitating species. Probably because 

of the larger Burgers vector, this effect is much more pronounced for 

[100] than for [110] dislocations. 

Individual precipitates cannot be resolved, but a whisker like 

structure can be recognized in the heavily precipitated areas in Fig. 32b 

and c, which indicates a high density of small needle like precipitates. 

The direction of the needles is normal to that of the dislocation pro

trusion alon~ which they are formed. 

3.8.2 Radiation Damage at Higher Tem:peratures 

A different mode of radiation indu~Pd precipitatiou occurred during 

annealing of the foil in the high voltage electron microscope hot stage. 

Typical results are presented in Figs. 34a to d. Figure 34 shows that a 

high density of long needles have been formed after annealing for about 

one hour and fifteen minutes at 700°C. This foil contained, in addition 

to the culony shown in Fig. 34, several other Precipitate colonies; needles 

however, were only formed in the colonies illuminated' by ' the electron 

beam. Thus, this precipitation effect, like the one described above, is 

camH::-d by electron .radiation damage . 
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1''1g. 34. (G:;o eV) Hot stae;e nhRF>rvation of the 
formation of needle-like precipitates due 
to radiation damage. (a) llO type colony 
in a (111) foil, the micr ograph is taken 
beforA the heating starte d. (b) After 
annealing the foil for about 60 minutes 
at 68o 0 c. 
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c 

XBB 7 06-2849 

Fig. 34. (c) Tak.en about 10 minutes later than expoRure b 
at 7)0°C, note the contrast oscillations along 
the needles marked by arrows . (d) Taken after 
cooling down to room temperature. 
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Fig. 34. (e) Diagram showing the heat treatment of the foil. 
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The" needle precipitation r.ate is strongly temperature dependent. 

The diagram in Fig. 34e shows the heat treatment given to the foil. 

Figures 34a and d are taken before and af'ter the heat treatment respec

tively, the time for the other exposures are indicated in the diagram . 

. The micrograph in Fig. 34b was recorded after about 60 minutes at 670°C, 

only a few needles have developed. By raising the temperature to about 

750°C the nucleation rate of the needles was drastically increased, 

Fig. 34c. 

The contrast oscillations-along the needles marked by arrows in 

Fig. 34c show that these needles are strongly inclined to the foil sur- ·. 

faces. All needles are oriented in (110) crystallographic directions, 

with the very long needles parallel to the foil surfaces. Some of the 

needles are up to 10 µm long, the diameter varies from about 40 A to 

about 200 A. Figure 34b suggests that the needles may be nucleated at 

the dislocation line .. 

3.9 Summary 

1. The· colonies have a star or dendritic shape. 

2. Each arm of a star represents a planar arrangement of precipitates, 

surrounded by an interstitial edge dislocation loop. Most colonies 

contain two different kinds of arms: associated with a (100) _and 

a/2 (110) dislocations respectively. 

3. ( 110) type arms are bounded by nearly circular dislocations and lie. 

on the {110} plane perpendicular to the Burgers vector of the dis

location. (100) arms are dendritic in shape with branches in (110) 

directions that lie in the plane perpendicular to the Burgers vector. 
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4. The colonies are distributed in a per1odic array of layers which 

are normal to the growth axis. Colony density within the· layers is· 

6 7 -3 10 -10 cm • 

5. The precipitates have a cubic lattice structure, a= 5.65+0.01 A. 

6. The precipitates have tentatively been identified as a-Fe
3
Si. 

7. Orientation relationships: 

Precipi_tates belonging to (110) arms: A cube to cube symmetry 

Precipitates belonging to (100) colony arms: 

_(112)p 11 (OOl)Ill 

[1IoJ I I [1IoJ or [110] . p m m 

8. The precipitate colonies are formed during cooling from higher' 

temperatures. Nucleation of the colonies starts at abollt Rnn°r.. 

9. A C:l'i t...i 1.:1::1.l i.::uullug rat..~ is require a. 

10. (110) type colony arms first appear as elongated loops on. {100} 

planes with the Burgers vector at an angle of 45° with the loop 

plane. Pure climb expansion of the dislocation loop starts at about 

730°C. 

11., In the initial stage the (100) colony arms contain larger precipitates 

connected by very narrow dislocation dipoles. The dislocations are 

I 
in pure edge orientation. Branches in different (110) directions 

start to develop around 770°C •. 

12. Both types of colony arms are fully _developed by the time the tem-

perature has dropped to about 650°c. 
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4. DISCUSSION 

4.1 The Solubility and Diffusivity of·Iron in Silicon 

Previous work on the solubility and diffusivity of iron atoms in 

pure silicon is saarce. 26 ,28 ,29 The solubility curve presented in Fig. 

35 is taken from a review article by Tru:mbore,26 on the solubility of 

impurities in silicon~ The iron solubility in silicon as measured by 

Struthers28 and Collins and Carlson,29 disagree by as much as two to 

three orders of magnitude for temperatures below 1200°C. However, as 

pointed out by Collins and Carlson who checked Struthers tracer experi-

ments at 1200°C, the amount ·of iron used in the .tracer experiments might 

have been insufficient to obtain the equilibrium solubility. Trumbore 

therefore, draws the solubility curve of iron, Fig. 35, arbitrari~y to 

favor Collins and CarJ.son's data. 

Iron atoms diffuse in the silicon lattice with an activation energy 

o.86 ev;28and the diffusivity constant n0 = 6.20Xl0-3 cm2/sec. Collins 

and Carlson29 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. 

From the present investigation the minimum iron concentration at 

about 8oo0 c ca:n 1Je e~timated by observing that each colony contains about 

8 9 . . 6 -3 10 -.10 . iron atoms , and that the bulk density of clusters is about 10 cm • 

By distributing the iron atolnS evenly throughout the bulk, this gives a 

minimum iron concentration prior to precipitation, CFe > 10
14 

atoms/ cm3 .. 

Figure 35 gives the iron solubility at 800°C to about 2x1015 atoms/cm3 . 

The colony configuration in Fig. 21 contains about 10 precipitates 
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I. 
I 



-69-

representing 2Xl07 iron atoms. If the iron concen~ration is about 

15 . 3 
2Xl0 atoms/cm a spherical volume of 10 µm has to be drained to account 

for this number of iron atoms. ·A rough estimate of the iron diffusivity 

necessary to explain the formation of this colony can be found from the 

relation, x2 = Dt, where Xis the radius of the drained volume, i.e. 

10 µm,D is the average diffusivity for the cooling period, taken to be 

that at 8oo0 c with a corresponding time, t, about 10 sec. · This gives 

DF > 10-7 cm2/sec. The iron diffusivity at 800°C as measured by. e . 

Struthers28 is 6.2x10-7 cm2/sec. 

4.2 General Model for the Growth Mechanism 

As the lattice parameters and structure of a precipitating phase in . 

general are different from that of the matrix, the growth of a precipitate 

usually causes a severe local strain. The exchange of point defects 

between the particle and the matrix can partially relieve the mismatch. 

It has been pointed out30- 33 that if there are no dislocations, grain 

boundaries or other sources of vacancies the growth of a precipitate may 

cause the nucleation of a dislocation loop. 

'l'his theory will be applied to eicplain the formation of the present 

precipitate colonies. The proposed growth mechanism is schematically 

illustrated in Figs. 36a to d. The mismatch strain field is reduced by 

generation of vacancies at the particle matrix interface .. The results in 

the nucleation of a small dislocation loop which grows out from the 

precipitate acting as .a source of vacancies which move to the growing 

precipitate by pipe diff.Usion along the dislocation. As it climbs away 

from the initial precipitate the loop tends to act as a heterogeneous 

nucleation.site for new precipitates, 34 , 35 Figs. 36c and d. 
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Fig. 36. Sketch showing the growth of a precipitate colony. 
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This simple model explains the following three fundamental charac

teristics of the colony branches. 

arms. 

(a) 

(b) 

( c) 

The nearly planar layers of precipitates that make up the colony 

The presence of' a.surrounding dislocation loop. 

The interstitial edge character of the dislocation loop. 

This model suggests that the number of atoms making up the extra 

layers of silicon in a colony corresponds to the number of vacancies 

abso~bed by the growing precipitates. By observing the difference in the 

volume per silicon atom in the matrix and in the Fe
3
Si, D0

3 
structure, 

it follows that to account for the number of vacancies absorbed it is 

necessary to assume that the iron atoms are interstitially disolved. 

4.3 The Nucleation Centers 

. The ring patterns on etched as grown crystal surfaces, Fig. 4a and 

b, suggest that very small previpitates or point defect clusters are 

present in the as-gr~wn state even though they have not been observed ex

perimentally. As the bulk distribution of large precipitate colonies is 

identical to the distribution of' these unidentified centers, this suggests 

that the nucleation of colonies is purely heterogenous in nature.· This 

heterogeneous nucleation mechanism will be discussed in Section 4.4. In 

the following paragraph the chemical nature of the nucleation centers will 

be discussed in some detail. 

The periodic distribution of nucleation centers in slightly curved 

layers is interpreted as being a result of the growth process. The layers 

follow a growth ring pattern, with the curvatrue of the layers ref"lecting 

the morphology of the solid liquid interface. To retain this distribution. 
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during the s.low cooli_ng, reqUired in the. growth process, and through . 

subsequent annealing treatments ·and to explain the formation of only very 

small defect clusters even a~er slow cooling, the diffusivity of the 

impurities 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 periodic ley-ers can be disr.egarded. Th!'! 

long needle precipitates, running rrom surface to surrace of the 1 mm 

thick 'W'a!'er, 1''ig. 6a, indicates that the precipitating iron atoms are 

evenly distributed, independent of the distributi.on of nucleation centers. 

Special attention will be focused on the elements oxygen and carbon. 

The diffusion of these elements are very slow. 36- 38 It is well established 

that both o:xygen and carbon will be present in measurable quantities even 

in materials graded as of super purity.6 ,39- 41 Pate139 has demonotrated 

that oxygen precipitation occurs during high temperature annealing 

(above l000°C) of floating zone silicon crystals presumably "o.xygen free". 

Fiermam~ and Vennik6 claim to have detected traces of carbon and o:xygen 

in the centers of star-like copper precipitates formed during quenching 

of copper saturated low oxygen Lopex silicon. These observations demon-

strate that even in the purest available silicon crystals, oxygen can be 

expected in concentrations exceeding 1017 atoms/cm3 • 

Kaiser42 reports that the oxygen.concentration in silicon crystals 

varies periodically in a band structure following the growth rings. By 

copper decoration of silicon crystals Dash1 observed the same growth ring 

pattern. The zones are reported convex toward the melt and attributed to 

o:xygen segregation. This growth ring structure is consistent. wHh the 

present observations. As no such distribution has been reported for 
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carbon atoms in silicon, and as the· formation of small silica (Si02 ) 

precipitates are observed·4o during high teajlerature annealing of .silicon, 

it is believed that the nucleation centers for the iron precipitate 

colonies are small silica particles. 

·4.4 Nucle~tion of Colonies 

The precipitate formation requires a critical cooling rate. Fiermans 

. 4 
and Vennik found a similar cooling rate effect for precipitation of 

copper in silicon. However, they pey no attention to this in their ex-

planation of the formation of copper colonies. These authors claim that 

silica .·particles in the matrix act as indentation centers during cooling. 

The indentation is caused by· the differen.ce in expansion coefficients 

between the Si02 precipitates and the matrix. This indentation mechanism 

is disputed for the following reasons: (1) this effect would require 

silica particles in the as grown material with a diameter of at least 

1 µm or more (2) the mechanism is not able to explain the critical 

cooling effect. 

Instead of having dislocations generated by thermal stresses, a 

model for the heterogeneous nucleation of precipitate colonies based on a 

vacancy condensation model will now be considered. 

4.4.1 Condensation of Thermal Vacancies 

If there is no exchange of point defects between the iron silicide 

nucleus and the matrix, the growing embryo will cause the generation of a 

severe strain field. Even if the nucleation of the first precipitate of 

a colony is at a pre-existi.ng defect, most likely minute silica particles, 

the strain field associated with a coherent nucleus mey cause the energy 

barrier for nucleation to be so high that the nucleation rate is still 
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virtual~ zero. A significant drop in this nucleation barrier is expected 

if' the mismatch between the embryo and the matrix· is accomniodated by 

simultaneous vacancy c'ondensation. A schematic representation of the 

free energy of a coherent precipitate in the matrix as a function of' 

* * particle size is given in Fig. 37. ~G and r are the critical nucleus 

size and activation free energy respectively. If v&ci;mcy condensation 

occur concurrently the .f:ree energy curve might ·be indicated by the 

broken line. 

The concentration of thermal vacancies in silicon at 900°.C is very 

low. 43 ·However, the number may be sufficient for this nucleation step, 

* i.e. to create iron precipitates w~th a radius r > r . In order to 

establish a nucleation model based on vacancy coprecipitation, the 

concentration of thermal vacancies has to be evaluated and compared to 

the number of vacancies required to f'orm supercritical nuclei of a 

density given by the observed f'inal density of precipitate colonies. 

The number of vacancies required to accommodate a spherical particle 

(a-Fe
3
Si) of radius r in the silicon matrix are: 

N = v 
32 3 ( 1 3 r 3 

aa 

where a~ und o.f3 a.re the lineai· dimemdons of the silicon and a-Fe
3
Si 

* 

(4.1) 

unit cells respectively. The· critical nucleus radius, r , can be esti-

mated· from the transmission electron micrographs. Taking the smallest 

observed precipitates as an upper limit for the critical size gives 

* r ~ 15 A. 

vacancies. 

Inserting this value for r in Eq. (4.1) gives N ~ 400 
v 

. 6 -3 
As the cluster concentration is about 10 cm a vacancy 

concentration of about 108 cm-3 is needed. 
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Fig. 37 •. Schematic representation of the energy barrier 
for nucleation of colonies. Solid line; no 
vacancy condensation. Broken line; nucleation with 
simultaneous yacancy condensation. 
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The· inJJnber··of vacanci~s in high temperature thermal equilibrium is 

much lower in silicon than in metals. As pointed out by Seeger and 

Swanson, 44 upper and lower limits, may be deduced from the self-diffusion 

data. Their relations give the eqUilibrium concentration of vacancies at 

900°c in the range 107-1010 vac8.ncies/cm3 • The upper limit represent a 

vacancy concentration about two orders of magnitude bigger than required. 

4.4.2 The Critical Cooling Effect 

Contrary to the case of metal where the equilibrium concentration 

of vacancies exceeds that of interstitials by a large factor, the high 

temperature concentration of vacancies and interstitials in silicon are 

in the same range. At about 900°c the contribution of vacancies and 

interstitials to the self-diffusion is about equa1. 43 Consequently 

annihilation of vacancy interstitial pairs should be the most effective 

way of reducing excess point defect concentration. In addition, since 

the rnob1li ty or silicon vacancies and interstitials are very high, 
115 

the 

thermal vacancies are expected to anneal out very quickly during a cooling 

process. This effect may explain why a critical cooling rate is necessary 

for the nucleation of clusters. 

The stress field surrounding small silica particles will attract the 

silicon vacancies. Also vacancy-impurity centers have been observed in 

silicon, especially oxygen-vacancy centers (A-centers) have been exten-

sively studied. The A-centers, however, disappear upon annealing abobe 

575uc. li6,li7 As the number of iron atoms dissolved in the silicon lattice. 

exceeds that of vacancy-interstitial pairs (at about 900°C) by about 

6 ordel's of magnitude, a vacancy might be expected to spend part of i.ts 

time in association with an interstitial iron atom. The concentration 
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of iron-vacancy centers during the cooli.ng period would be ex:Pected to 

be proportional to: (1) the binding energy for vacancy-interstitial iron 

pairs~ (2) the cooling rate. The driving force for the nucleation 

process would be the supersaturation of iron-vacancy pairs. This model 

appears to have the elements required to explain the observed critical 

cooling rate effect. If the cooling rate is too slow the vacancies are 

expected to anneal out and the· vacancy-iron.pair supersaturation will not 

reach a value necessary for nucleation of colonies. If the cooling rate 

is too fast .there will be no time for the colonies to develop. 

4.5 Growth of Precipitate Colonies 

The nucleation step is followed by the generation of an interstitial 

dislocation loop, as described in the foregoing section. This dislocation 

loop can supply needed vacancies for further growth of the nucleus and 

act as nucleation sites for new precipitates. 

The· growth model for the precipitates as presented in Section 4.2 

is too general to adequately explain all of the experimental observations. 

In order to account for the different habit planes for the two types of 

precipitate colonies, and the characteristic differences in their growth. 

kinetics, a more refined model will now be developed. 

The following three sections present first a discussion of the initial 

stages of growth, and then the growth kinetics of the two different growth 

modes.· 

4.5.1 The Initial Stage 

By the initial st~ge is understood the.st~e immediately following 

the nucleation step, that is, the transition from a nucleus precipitate 

to a precipitate with an edge dislocation loop around it. The question 
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to be answered is, how does a growing precipitate, having a misfit with 

the matrix but which is initially :f:'ully or partially coherent, lose 

coherency during growth? One mechanism would be the punching out of 

prismatic loops. This mechanism has most recently been treated by 

He concludes that loss of coherency by the punching mech-

anism is in most cases very unlikely. The interfacial structure of semi-

coherent precipitates have been experimentally investigated by Weatherly 

and Nicholson. 48 They report that coherency is lost either by the climb 

or glide of dislocations from an exterior source to the precipitate-

matrix interfaces, or by the growth of small loops inside the precipitates. 

a third possible mechanism may be the accumulation of point defects from 

the t . 32,33 ma rix. 

The loss of coherency and the subsequent formation of a precipitate 

dislocation loop configuration has in the present investigation not· been 

observed experimentally. 

For the colony growth experiments, Section 3.6, the first appearance 

of the colonies were always as elongated dislocation loops. containing 

many precipitates, Figs. 27, -~O and 31. The earliest history of the two 

colony types, i.e. (110) and (100), might appear as shown in Figs. 

38a and 39a. The two different Burgers vectors may have been nucleated 

directly or the a (100) type dislocation may be formed by a reaction 

( 
31 between two a/2 110) type loops. 

4.5.2 Growth of (100) type Colony Arms 

After being nucleated the dislocation loop grows quickly into a 

configuration like Fig. 38b. A model showing the interaction between 

the growing precipitates which have been nucleated along the line and 
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the expanding loop is presented in Fig. 38<:. The iron atoms in the 

supersaturated solid solution condense on the tip of the dislocation loop. 

As explained in Section 4.2 this precipitate growth requires vacancies. 

The vacancies.are also formed at the tip causing dislocation climb. Both 

vacancies and iron atoms move to the growing precipitates, marked A and 

B in Fig .. 38c, by pipe diffusion. The strongly elongated shape of the 

loop is a dendritic growth phenomenon. The loop ends have a more 

favorable diffusion geometry than the rest of the.loop, thus by asstnning 

this shape the loop ends will always reach into undepleted regions of 

high supersaturation. The densely packed 110 crystallographic direc-

tions are most probably preferred as they represent low ene.rgy directions 

for the dislocation. 

The stage of development shown in Figs. 38b and c is followed by 

two more steps in Figs. 40b and c. Figure 4oa illustrates the early 

start of a branch in the [011] direction. Configurations like Fig. 4oa 

have been observed experimentally, Figs. 30 and 31. Continued growth 

of this structure will, followed by nucleation of additional branches, 

result in a configuration like Fig. 40b. The structure of the freshly 

formed branches have not been determined. It could be a very narrow 

elongated loop growing out from the larger precipitates as described 

above. However, another1-p9ssibility is that a new branch is nucleated 

as a.needle which.at a.later stage breaks up .in a precipitate.dislocation 

dipole configuration. The radiation induced precipitates observed at 

higher temperatures, Section 3.8.2, indicate a tendency to form needle 

shaped precipitates. 

A characteristic feature of the (100) colony arms observed at lower 

temperatures is that large precipitates are located on the tips of the 
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dislocation protrusions,· Fig. 32·. · .. The growth of these· precipitates have 

not been observed experimentally. They are, however, believed to be 

formed in the following way. 

Duri,ng the last stages of growth the tendency to dendri tic like 

growth may well be COt!-Ilter balanced by the amount of energy being dis-

sipated in dislocation production. Instead of forcing out new dislocation 

loops, the precipitation may cause a w±dening of xhe existing branches. 

This process will result in a shortening of the total length of· the high 

energy dislocations involved in the (100) configurations. This effect 

may explain why the protrusions observed at lower temperatures are ratner. · 

wide compared to the very narrow dipole segments connecting the precipitates 

at higher temperat.ures. 

4.5,3 Growth of (110) Type Colony Arms 

The big difference in the growth kinetics between the.(110) and (ioo) 

growth modes is probably due to the difference in Burgers vectors involved. 

The larger Burgers vector for the (100) configurations may facilitate 

pipe diffusion along the dislocation core. The iron atoms and.the silicon 

vacancies can be transported over long distances along the pipe, thus 

causing the precipitates to grow larger and to be spaced farther apart. 

Although the growth of (110) type colony arms may be characterized 

by a more or less radially expanding dislocation loop, which leaves 

behind ail even density of precipitates as illustrated in Section 4.2, 

this model fails in explaining several important features in the observed 

growth of (110) arms, Sections 3.4.5 and 3.6.1. That is (1) the two 

stages of growth, i.e. first as an elongated loop occupying a {100} 

plane followed by pure climb expansion on {110} planes, (2) the 

frequent formation of depleted zones observed wi th_in the ( 110) colony arms. 

f'"'· 
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At'ter· be1ng nucleated· the ( llO )" dislocation loop grows quickly into 

a configuration like Fig. 39b. The growth mechanism for this loop, 

Fig. 39c, is in principle'the same as ehat described for the precipitation 

on (100) di$10cations in the foregoing section. The plane of the loop is 

at an angle of 45° to the Burgers vector. The long axis is oriented in 

a (110) direction, thus the end sections of the loop are the ool.;it" ones in 

pure edge orientation. These end sections of the loop are the most ef

fective sources of vacancies, combined glide and climb of these tips may 

cause the elongated shape of the loop. 

The growth rate of the loops can be estimated· from the observations 

that several µm long loops have been formed at temperatures as high as 

770°C. As the cooling rate is about 8°C/sec and the precipitation is 

observed to start at about 800°C this gives a growth rate in the long 

direction of the loops of about 0.5 µm/sec. 

Why the (110) aJ."IllS initially pref'erred. t;o g:r:uw uu (100) 1Jlar1ei; cH.u

not be considered established. This configuration is energetically un

stable in terms of the balence between the increase in dislocation length 

compazed to the amount of vacancies needed for the growth of the precipi

tates. Consequently this elongated loop shape. was observed to break down, 

Section. 3.6.1. This transition from the elongated loop configuration 

into the familiar (110) type colony arms is illustrated in Figs. 41a to c. 

F'igure 4la shows a (101) type configuration at the same stage of develop

ment as shown in Fig. 39b. Continued growth causes nucleation of helical 

turns on (101) planes, Fig. 4lb. By pure climb the configuration expands 

forming parallel (101) arms, Fig. 4lc. This growth could have taken 

place on a series of parallel planes resulting in a helical dislocation, 
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Fig. 41. Schematic representation of the. transition from 
(a) a (100) planar configuration into, (b and c) [101] 
type colony arms . 
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precipitate.configuration. An indication of such growth is shown in 

Fig. 28. As this helical configuration is rarely observed in specimens 

cooled at a "normal" rate down to room temperature, the first helical 

turns to.be formed must expand very fast, leaving small chances for 

extra turns to develop, thus stretching the.configuration out on only a 

few parallel planes. 

As outlined in Section 3. 4. 5 the ( 110) arms frequently contain 

depleted.zones with a larger than average precipitate in the zone end 

closet to the climbing dislocation. The development of these zones has 

not been observed experimentally. Based on the observed tendency to 

dendriti.c growth the following mechanism is suggested to explain the 

effect. 'l'he formation of the depleted zones can be rmderstood in 

terms of the. same model as used to describe the growth of the elongated 

loops,Fig. 39c. A schematic step by step model for the formation of a 

depleted l!ionc io precented in Fig•. 42a to d; 'Fi g11rP 4::>R. i 1111strA.tes a 

section of a growing. {110} branch, the climbing dislocation leaves 

behind a nearly uniform distribution of precipitates. At one point, A, 

along the dislocation line a small bow out appears. Small irregularities 

in the growth may result in such bow outs. As described above this bow· 

out section of the dislocation ~ill have a more favorable diffusion 

geometry and therefore start to climb ahead faster than the rest of the 

dislocation. The result is a dislocation protrusion like in Fig. 42b. 

The growth mechanism for this protrusion is the same as schematically 

illustrated in Fig. 39c. This protrusion is stopped in its growth by 

some unidentified obstacle at B. As the precipitate formed at the tip 

of the protrusion can drain a nearly sphericl:Ll volume around it for 
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iron atoms it will develop into a bi.gger than average size. ·This draining 

effect of the big zone end precipitate is illustrated in Fig. 29, note the 

gradual decrease in precipitate sizes close to the big precipitate. Fi

nally the dislocation will grow away from the ~ig precipitate and leave 

behind a depleted zone with the characteristic over-sized precipitate in 

the zone end closest to the dislocation, Fig. 42d. 

- More experiments are required in order to find out why, at special 

sites along the evenly expanding a/2 (110) loop, a small dislocation seg-. 

ment suddenly speeds up' in a certain direction. Fill:-ther, why when just 

started this dendritic type of growth stops to be followed again by an 

even climb expansion of the .configuration. 
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5. CONCLUSIONS 

The experimental results and the subsequent di.scussion lead to the 

following conclusions. 

. 1. The impurity concentration in as grown Lopex silicon crystals is 

sufficient to cause precipitation of a second phase if the specimens 

are annealed at temperatures above 700°C followed by a critical 

cooling rate. 

2. The precipitating phase has been tentatively identified as a.-Fe
3
Si. 

3. To account for the number of vacancies absorbed by the growing 

precipitates it is necessary to assume that the iron atoms are 

interstitially dissolved. 

4. The precipitate colonies are nucleated heterogeneously. It is 

sl:iggested that the· nucleation centers are minute silica particles.· 

5. The difference in growth kinetics between (110) and (100) colony 

arms may be a result of the difference in the dislocation Burgers 

i/e1.:tur. Dernlrltlc-like growth of' the precipitate-loop configurations 

may be facilitated by easier pipe diffusion alo.ng a (100) Burgers 

vector dislocation compared.to that along a a/2 (llO) dislocation. 

6. The different precipitate-matrix orientation relationships for 

preclpitates belonging to the two types of colony arms are believed 

to be a result of the different strain fields associated with the 

a ( 100) and a/2 (110) Burgers vectors. 

··· .. · 
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