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DIRECT OBSERVATION CF MOPION OF DISLOCATIONS IN
DEFCRMED SILICON BY X-RAY TOPOGRAPHY
Vugranam Chakravarthy Kannan
Inorganic Materials Research Division, ILawrence Radiation Laborétory
Department of Material Science and Engineering, College of Englneerlng

University of Callfornla, Berkeley, California

ABSTRACT

Measurements ‘of glide‘velocities'of isoiatéd individual dislocations
as a function of temperature in:the:rangé 775° -920°C Wére madé in silicon
single cfystals by x-ray Lang ﬁopography and the data was correlated with
the appearance of.the'dislocation lines. Qualitative iﬁformafion was also
obtained on the mobilities of dislocations at temperatures around ~lOQO°C
as well as on the generation and multiplication.bf disldéations during the
initial stages of pléstic deformation in hiéhly perfect crystals.

bUhder‘stresses far below the;macrOScopic yield point, dislocation'gene—
ration invariably took placegatbor near ihe sﬁrfaces. Vacancy ¢lusters
ar loops in a few quenched and aged specimené di& hot act ‘as sources but
rather were obstacles to the paséége of disloéatioﬂs. Alfhéugh.the avefage
direction of all dislocations was alohg (110) héne of the lihes were perfectly
‘straight suggesting that the Pelerl's stress is not high enocugh to align the
dislocations along the‘close—paéked directionsg.

The mobilities of dislocations generated at high temperatures (~lOOO°C)

‘were greatly diminished at lower temperatures (~825°C). Further motion

of such high-temperature dislocations always resulted in avalanche-like

multiplication giving rise to bands of dislocatiors. The individual dislo-

“cations in these bands were not resolved in the x-ray topographs. Electron

microscopic investigation of the detailed configuration of dislocations in
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these bands.iﬁdicates thaﬁ the damage left behind by the moving dislocatiohs
was exclusiveiy in the form of opposite dislocation pairs or dipoles of
various sizes distributed narro&ly on the main‘slip plane.

The immobilization of;dislocations exposéd to high temperatures was
attributed to the develoﬁments of jogs on the dislocation>1ines during thelr
motion. A possible mechanism for jog:formétion due to the climb of é
short segment. of a nearly straight seérew dislocation is proposed.

The apparent actiyation enérgy for the dislocation motion was found to
be i.8 * 0;5 e.v. for screw and 60° - dislocations at a constant stress of
36 gm/mm?: Careful_bﬁséf§ation of the appearance of dislocdtioh lines showed
that they are not straight But are pinned. uniformly along their lengths and
: the‘pinning distances véfied inversely with temperature. Thése’pinning points
Wefe tentatively attributed to the presence of thermal jogs on the dislo-
cation line; A plot of logarifhm of pinning diétances against the reéipro-
cal of témperature yielded éh activétion energy of ~i.2 e.v., which is
identified with the jog-formation energy in silicon.

betailed anaiysis of the velocity data lead to‘therconclusioﬁ that-‘
thé fbrward motion of jogs‘is not the rate controlling process'fof dislécation
glide in the present case; rather the presence of jogs very well account
for thé observed shapes of the dislocétion lines. Accordingly, the
activation energy for disloéation motionAwas identified with the energy fg—
guired for kink-pair nucleation and higration. Formﬁlation of forward
Velocity of a straight dislocation in terms of kink nucleétion and migra-
tion 1s presented in the Appendix. - The resulting velocity equation showé'
thgt the measured aétivation energy of §1.8 * 0.3 e.v. for dislocation
- motion should equal the arithmatic meanlof the energies required'for kKink-

pailr nucleation and migration.
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Assuming a "quasi-parabolic" form of potential, the Peierl's stress T
, ' . 10 2
was computed from the pre-exponential term to be 1.76 X 10 dynes/cm .
Under small applied stresses, tﬁis leads to the velocity-stress dependence

as Vv ~ T , which is identical to the observed relationship in silicon by

. . o i
previous workers.
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I. INTRODUCTION

Measurements of velocities of individual dislocations are of parti-
cular interest in the study of the dislocation theory of the flow streés;
gsolution hardening, creép and othér plastic properties of pure and slightly
impure single crystaig. Gi}man and Johﬁstbnl were the first to develop an
etch-pitting technique for the measurement éf dislécation velocities in

LiF. They;measured the speeds of individual edge and screw dislocations

as é function of the applied stress. Shorﬁly thereafter, by employing this

technique with slight'modifications, speeds of individval dislocations

wére measured in a number_of cyrstalé. Stein and LoW2 conducted experi-
ments in silicon-iron, ChaudhuriBet al:‘in several semi-condﬁéting materials,
Kablerh and Haasen5 iﬁ germanium, Marukawa6 in copper and in several

other materials by various investigators.7_lo

A striking observation
made‘by all these investigators was that dislocations seldom moved uni-
formly in the crystal. Even in the same area under observation,‘dis—
locations having the same burger's vectors moved with_different speeds,

from very slow to fairly fast. As é result, every recorded.Value.ofv
dislocation wvelocity by these authors is an average of 40 to lOO dig-
locations that moved to various extents under the éame applied éfress“pulse.
The main difficulty with such an approach is.thatithe true meaning of o

the seemingly fundamental relationship between sfress and dislocation

velocity becomes unclear and vague if the characteristics of the moving

dislocations are not well known. For example, jogs on a moving screw

dislocation must be dragged non-conservatively and even on edge ‘dislocations

Jogs greatly redude mobility. This dragging force on the moving dislocation
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is dependent on the jog.density and the heights of the Jogs but very little
guantitative infromation on thié is‘available, Qualitative observations
by‘Young and Sherrilll and by Petrof and‘Washbufle in «copper have shown
that heavily Jogged dislocations do require higher stresses for motion
than do relatively jog-free dislocations.  Also, in real crystals dis-
locations are rarely straight. The etch-pit technique cannot give in—
formation regarding the‘radius of curvature of.the moving dislocation;
another difficultj is that etch-pit displacements are equal to the dis-
“ance moved by the dislocation perpendicﬁlar to itself énly when thé
dislocation intersécts the trace of the glide:pléne on the surface of
obéervation at right angles. The etch-pit technique does not give in-
formation ;egarding this angle.

X-ray topography is a powerful technique for the direct observation
of dislocations in nearly perfect'crystals; It can only beiused with
undeformed or lightly deformed good quality crystals With'diélocation
 densitieé less tha,n..lOLL dislocaﬁions/cmg. .This is due fo the poor reso-
lution of the technique which is of the order of L . Meésurements of
positions of individual dislocations made repeatedly after motién at
different temperatures and applied stresses carn gi&e unambiguous infor-
mation on glide velocity. Since it is.possible to observe the wholé
dislocation; the characteristics of the dislocation i.e. edge, screw,
straight.or curved etc. can be correlated with the velocity data.

Althéugh the above considerations apply to all crystalline materials,
the”present investigafion-was undertakeﬁ to study the motion of isdlated
indivi@ual di;locations in highly perfect silicoﬁ single crystals.
Siliconlwas chosen.as the test material for various reasons; It is avail-

able as a semi-conductor material of high chemical purity and crystal

PYS
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'room temperature. They become mobile gradually above about O.

-3

perfection (of_nearly zero dislocation density). In crystals with the
diamond cubic structures such as silicon,.dislocations are immobile at
% Tm where

Tm is the temperature of meltiﬁg. This 1s an important experimental

advantage because by simple rapid cooling, .any dlslocation configuration

can be frozen in place for observation at room temperature. The speeds

. : : 1
of dislocations in these materials vary slowly with applied stress, > for

1.5

, ‘ 2 .
example, roughly as o to 0.

5.2

‘at higher stress levels and o at lower

C : . ' . : 00
stress levels. This dependence can be contrasted with an estimated G2

in case of copper - and 025 and 0“% measured directly in Lifl and silicon~
iron2 respectively. Thus, experimentally, it is relatively easiér‘to con-
trol the velocity of dislocations in silicon as compared to metals.
'Mbbility of dislocqtidns’in silicon and germanium, both as a. function
of applie@ stress and.témpgrature;‘has been studied by the etch-pit tech-
nigue by KaBlerh; Hﬁasens'and_Chaudhuri5_et al. and by x-ray topography by
15

Suzuki and Xojima™". 'These results on dislocation motibn and internal
ffibtionvdata iﬁ semi-conductors have been_explained in térﬁs of the

Peierls' mechanism of dislocation glide i.e. formation and propagation
of double-kinks along the dislocation iines. In order to explaih Kabler's

data on dislocation velocities in germanium, Celll et al.l recently modi-

fied the simple Peierl!s model by assuming that discrete dragging points

‘along the dislocation line could affect kink-nucleation; they did not

elaborate on the naturg]bf these dragging poihts_nor on the mechanism

. . : . ceo L . . . .
of their formation. Suzuki and Kojims 2 who studied dislocation motion
in silicon by x-ray topography, however, did not find any evidence con-

cerning the barriers against kink nucleation and propagation. Different
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'amﬁunts and species of impurifieé.did not affect their vélocity déta in the
temperature range they ihvestigated i.e. 600° -800°C.

The'Main‘purpose Of;the present investigafion was.to obSere thé
motion. of individual isOlated_dislocations to obtain more reliable data o
.bn temperature dependeﬁcé of the velocities, which would bé'cofrélated
with the appearance of the dislocatidnvlinési;e. straight, wavy or curved,
edge or écrew. ‘In the coﬁrge of‘the ekpefiment it wasihoped that information
would alsc be obtained on the ﬁatufé of dislocatioh SOUrceé and oﬁ ﬁhe
multiplication and théidistributioﬁ of d1516daﬁioné.during.the early

stages of plastic deformation of highly perfect silicon single cryétals.

&
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II. EXPERIMENTAL PROCEDURE

A, Specimen.Prepération
High purity silicon single cryéﬁals wére obtained fromvthe Texas
Instruments Co. in’fﬁe form of cyiindrical rods of l‘iﬁ. dia. x '6in.
long. The Table I.gives‘the gspecifications of the crystals‘suéh as mode

of crystal preparation, speéific‘electricalfresistivities, initial dis~-

location densities etc. Wafers of'MS mil thick were cut from the ofigi—

nal stock with [111] [110] or [112] orientations by a Wire—sawvusing 500

mesh silicon carbide as abrasive or with a diamond wheel. .In order to

" remove the surface damage introduced while cutting,bthe’wafers were

chemically polishéd to a depth of ten microns. The polishing solution
used was of the following'compositionl7:

A freshly pfépared mixtﬁrevof 65% A and 35% B where

(A) is 3:1 mikture of concentrated HNOB'and LO&% HF and
(B) is 2.5 gm of iodine in 1100 ml of glacial acetic acid.

After polishing;‘the wafers were washed ‘in copidus amounts of water
containing sodium bi-carbbnate, then in alcohol and dried. The final
thickness:of the wafers varied from 40 to 4% mil. X-ray topographs of a
few untreated wafers:showed that these crystals were free of dislocations.
within the limits of experimental observation.

Tensile specimens of desired orientations were cut from the wafers
in an ultrasonic cutting machine. The specimen geometry is depicted in
Fig..l. The speciméns_were once again chemicallj polished to round-off
the sharp corneré and also to remove any damage inﬁroduced during ultra-.
gonic cutting. |

B. Mode of Deformation and Loading System

Fresh dislocations were introduced into the crystals by'pressing a
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 TABIE I.

Method of Growth Resistivity . Type of Initial Disc.
Preparation axis ! = cm conductivity Density .cm
‘ C"z_echrg‘lski : 50 N

[111]

nearly zero

>

L)
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- molybdenum pointer on the surface of the specimen at 1000° - 1050°C

-l

P

v . -0
for 15-30 minutes. This was carried out either in vacuum of 10 = mm of Hg-

"~ at the operating temperature or in an atmosphere of high purity helium.

Tong dislécations Wefe geherated fronﬂthe;mint of contact and movedvinto
the specimens. The number of dislocations generated and the disﬁance to
which they moved depended on temperature, load and loading-time. An
example 1is éhown in Fig, 2. | |

The tensile deformation was also carried out either in vacuum or
in helium atmosphe§e. Sincé-silicon 1s extremely brittle at room tempera-
ture, a special jig made of molybdenum was employed to grip the specﬁnéns.
Dead loading was employed for times ranging from'ten ﬁinutes to one hour.

A maximum of 2.5 K-gm was possible to apply by thié method., Provisions

~were available to load or unload at high temperatures. The resolved shear

stress was calculated from the knowledge of the tdtal load applied and the
geometry of the specimen. The'temperafure of the specimen was read by a
chromel—alumel thermocéuple placed at a disténce of 5 mm. The recorded
temperature wag'within i"loc of the appropriate test temperaﬁure and the
specimen temperaturé.was regulated within =* 5°C. After the test, the

specimens were cooled rapidly to room temperature in vacuum under the load.

Ce.  Observation of Dislocations by X-ray Topography

In principle, there are two different ways by which x-ray topography .. .

in transmission can be employed. One technique is to make use of the pheno-
menon of primary extinction (developed by Lang)l8, while the other takes_
advantage of anomalous transmission of x-rays (Bormann technique)lg. In

the present studies, we have employed the former technique. Anomalous
transmission is useful fér the study of imperfections in nearly perfect

metallic crystals because the mass absorption coefficients (n) for commonly
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employed x~ray ﬁavelengths are high, For example,té gtudy imperfections
in a copper cryétal in transmission by the exfinction technique, (the Lang
uethod) the limiting thickness of the sample.would be only about 50 microns,.
but anomalous: transmission makes it possible to use even 1 mm thick specimens.
However, the crystals must be mare perfect for anomalous: transmission. Silicon i
samples of 1 mm thickness can be stu&ied by the extinétion technique because
1 is very small (ut = 1 for thickness ~ 1 mm and for Mo o, - radiation).
The main drawbacks of the‘x-ray techniques are their poor resolution. In v
ordef to‘obtain inteﬁse and well loéélized-iméges of dislocations by primary
extinction, ut Shouid not muéh_exceed'unity; An extensive review article
én x-ray transmission topography and the advantagés of the technique.has
recently been published by'Webbgo.
The visibility‘ of dislocations depends upon many factors. Pure

screw dislocations are invisible‘wﬁen g« b=0 where g is the reciprocal
lattice vector for the qperéting reflection and b the burgers vector of
the defect. Pure edge dislocationsvvanish completély onl& when two condi-
tions are safisfied'i.é. g +» b=0 and g\k n = 0, where n is the unit vector
tangential to' the dislocation line.

- .The geom;try of the éxperimental set-up is shown schematically in
Fig. 3. S is a line_source of x-radiation, of 1 X l.h mm dia.’seen end-
on, about 50 cm away'ffom the sampie to limiﬂ the hérizontal divergencé-

of the x-ray beam. V2 is a stationary slit to stop the transmitted v

beam from striking the photographic plate P, which is‘plaCed at

L

right angles to the diffracted beam as clogse to the sample as possible.
The photographic plate will record only the area exposed by the slit Vl'

In order to obtain the entire topograph of the wafer, . +the photographic
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plate and the crystal have to be trans lated éynchronously in the direction
indicaﬁed by the arrow.

Figure 4 is a photograph of the Lang camera aligned with the x-ray

tube on the Hilger Microfocus x-ray table. The specimen was. mounted on

fhe three-stage goniometer in Laungeometry and rotated so as to obtain
the desiréd g-vector (operating refiection). A tfanslation»speed of 0.6
mm/min.'was'employéd to obtain the topograph of the entire_area of the
spe;imen. ‘The xeray images were phofdgraphed_using the Mo Qxl - fadiation.
The tube was operated at 4o k.V., B.O‘m.A. A 25 X 3.5 cn Ilford G-plate

with 50n emulsion thickness was used. Eaeh'plate needed an exposure

~ time of roughly 20 minutes/mm of translation to give the best contrast.

The photographic plates Were:proceséed by a special devéloping pro-
cedure to obtain.the bes% chtrast conditions as.followsl7z The plates
were first soaked in distilled watér at 10°C for 10 minutes and theh
déveloped in D~19 at 10°C for 30 minutes, stirring the solution at least
once for evéry five minutes. After rinsing in a stop-both (1% acetic
acid solution) for ten'minutés, the plates were fiXed_fof % hours in
a hardening fixer. They were then washed in running water for 3 hours,
again rinsed.in photo~flo and dried at room teﬁpérature for 5-6 hours.

Final prints were obfained from the nuclear plates by a two stage
procesé. Pésitives were first taken onto'thé contrast procesg-ortho film
and then the’final eniargements were made from the film. Thus, all the
topographé in this thesié are negatives i.é. dark regions on the pfint

correspond to higher x-ray intensities on the plates. Topographs have

‘been enlarged 10 to 20 timés, although the resulting grain size allowed:

‘much higher magnifications.
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D+ Measurement of Dislocation Velocities

Topographs were taken.before and after.lcading the specimen at
a»particulaf temperatﬁfe for a specified length of time. The distance:
travelled by tﬁe dislocations was adgurately méasured as follows. The ¥
areas in the vieinity of the dislocationvin queétibn were carefully scruti-
ﬁized to locate some reference points on the two tqpographs. Small black-dots
due to surface imperfectioné or markings coﬁld gerve bést for this purpodse.

It was first assured that.these dots;thémsel&és did notimOve during the
test. This was done By chebking the positions bf the dots in the initial
and final.topographs with reference to the edges of the specimen, The
distance moved by the'dislocation perpendicular to itself wés.compufed.by
méasuring i@s disﬂance from the reference dots before and after testing.
Knowing the durétion of load-applicaetion, the average velocity of the dils-
location,wéé calculated. A few examples will be cited for illustration.
The dislocation numbered L in Fig. 18(a) can be identifiedvin Fig. 18
(b) after stressing. The dots marked (A) and (B) in these topographs are
taken as the reference pointé.' While the dislocation line wes above A
and B in Fig. 18(a), it moved rightvonto these dots in Fig. 18(b). On
fufther continuation of the test, the line moved pést the dbts A and B as
ghown in Fig. l8(c). As. anobher example, two‘dislocations.numbéredl+and 2
in the Fig. i7(a) can be identified after their motion during the test in . .

Fig. 17(b). Two black-do%s-markedA.and B in Fige. 17(2) and (b) are taken

ag reference pointg. Observe that the dislocations 4 and 5 which are away
from A and B in Fig. 17(a) moved right onto the dots in Fig. 17(b). Like-
wise, the motion of 60> segments of these two dislocations can be compared

with the dot marked C in Figs. 17(a) and (b).
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" All measurements were made on the final prints taking particular care

to correct for any small differences in magnification of the various topo-

‘graphs. Only nominal magnifications are qubted in the figures captidns.

The exacﬁ magnificéﬁion for each print is palqulated by measuring the length
of a long and well-defined dislocation line on thé‘original nuclear plate
with the help of a Bauch and Lomb Meésuriné Magnifier (accurate to 0.05 mm)
and comparing this to the measured length of the same dislocation line in

the print by Starrett Steel Rule with 0.5 mm graduation marks. Since the

(111) - planes on which the dislocations moved were inclined to the sur-

face of the specimen, the distances measured on the topographs were pro-

' jected distances. The true distance travelled by the dislocations was

caLcuiated byvknowing the angle subtended by fhe glide plane at the speci-
men surface. Since the image widths of disioéation lines were of the brder
of 251 the error introduced into the measured total distance travelléd by

a dislocation,lihe was minimized by comparing the topograpﬁs befbre and after-

the test. several timeés for positions of equal contrast prior to making

‘measurements .

+

E. Transmission Electron Microscopy

This technique was used to investigate the details of the dammge left

behind by moving screw dislocations because the resolution of the x-ray

technique 1s inadequaste. The: experimental procedure'forvobtaining electron

. ) _ 21 3 '
microscope foils was as follows ¢ square .sections of 6 X 6 mm were cut

from the 1 mm thick_specimen by a hardéﬁed carbide scriber. The specimen
was then polished for one hour af room ﬁémperature. The'polishing solution
was kept agitated during polishing to obtain a uniform final thickness.
This procédure reduced the‘thicknéss from.ho milito about 5 mil. Then the

sample was thoroughly cleaned with water and degreased in boiling trichlo-
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‘roethylene and'thén mounted on a teflon sheet with apiezon cement sé‘that iny
one face was exposed. The second surface that was towards the teflon could:

i not be attacked during subsequert polishing. The sheet was then immersed

in the polishing solution again and chemicél_thinning was continued. The
square sample notonly W@s thinned in this prcess'but 1ts area also diminished
cong iderably. When it reached the size  of about 2 mm ih‘diameter, it was
thin enough to transmit'visible light. The polishing was stopped at this.
stage, the sammple  was finsed with water thorougly and placed in a bath of
trichloroethylene to diSsélve the apiezon. The foilé,Were then‘washed

in acetone and dried for observation in the eléctron'microscope. The speci—
mens were examined in a Siemens Elmiskop I equipped with a double tilt

goniometric specimen holder.
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III. EXPERIMENTAL RESULTS

A. Characterigitcs .of Dislocation Motion

The initial dileCation density of all the specimensstudied in the
'preseht invesfigatibn was zero within the limits of experimental observation.
Hence, as a first step fresh dislbcétions were generated and then'their pPro-
pagation was studied under various conditions. Essentially, two types of
gudies were Made. Firstly, dislocatiOns; were intfcduced by pressing a ﬁ@ly-
bdenum pointer at about lOOQo - 1050°C. Dislocations were generated at

the pointvof compression and travelled a long distance into the specimen.

. In the. second set of expefiments, controlled moti on of individual disloca-

tions under extremely small applied tensile streéss was observedl”TVeiocities of
isolated dislocations were meésnred at various temperatures. These will be

described  in the following paragraphs in detaill.

B. Propagation of Dislocations at High Temperatures:

Figures 5 to 8 are topographs of specimens in which dislqcations were
generated by pressing a molybdenum poihter at abbut 1000°C. The exact load
applied and the tempefature of deformation for each are given in the figure
captions. It can be seen from these pictures that dislocations were generated-'
in groups from the point of compression. Figures 5(a) and (b) are ITL and
ilO»topogfaphs respectivély. The dislocation linés at A are. seen in both

the topographs while those at B and C are seen in II1 topograrph bﬁt not in

110 topograph. Thus, the burgers “véctor - of the ‘dislocation

lines at B and C can be unambiguously assigned as % [iOIJ. Observe that
these screw dislocations exhibit extensive cross-slip as.they moved towards

the upper left ~hand corner from the centre of the specimen (see Fig. 5(a)).

Similarly, the dislocations at A in Fig. 6(a) and (b) are serews with
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b = %[Oil]. Note the elongation of the lines in the direction ofbthe burger's
vector, These dislocations also déveloped:pinning points as they travelled
from the centre towards ﬁhe right-hand side as can be seen in Fié. 6(a).

(One such pinning point on the dislocation line is shown at P.) Although

it is difficult to see dislocations individually in the band A (Fig. 6(a)),
bcloser observation reveals that the ieading dislocation in the band déyeloped
a greater number of pinning points tﬁan the inner ones. Figure 7 is an
example showing groups of long screw dislocations (b =_% flio]-) which
de&eloped .pinning points, cuSps andveven cross-over loops. as tﬁey travelled
in the crystal (see figure caption). .Thése pinning points developed to
vdrious sizesvand configurations as can be seen in Fig. 8. The dislocation:
lines at A (b = —%;[iOIJ)are of particular interest in this topogfaph.

Small pinning points, éusps, long cusps and well dévelopedicross~over loops
can be seen on the dislocations at A, ~These dislocation lines can be
considered as lohg_helices with the axis of the helixbrunning parallel

to the dislocation lire.

C. Annealing of Diglocations at High Temperatures

Some specimens, after diélocations had been introduced by the above techni- ‘
que, were annéaled ét about 1000°C or above. Topographs (a), (b) and (c) |
of Fig. 9 show the dislocations generated by a molybdenum pointer which was
pressed on a (112) surface at lOOO°C while (d) (e) and (f) show the same
area after annealing at lO5Q°C for 30 minutess The interhal stress wasv
the driving force for dislocation motion during annealing.‘ Nearly stfaight
dislocations in (a) became curved and wavy (d), even though they did not
move appreciabie disﬁances (b) and (e) are exemples showing that long dis-

locations of nearly scréw orientation (b = % [110] ) became curved and bowed

4
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out possibiy on-croés—slip;blanes exhibiting the characteristigs of a
dislocafion tanéle. Iﬁ (c) some dislocations were generated, where some

- kind of hard particle preééed against the sﬁecimen inadvertently. Such.
disloéations aie seen'to‘ﬁave collapséd into the source; probably by glide,

on heating to high temperature (see f).

D. Deformation Under Tension

‘Tensile specimens were cut from vafers - in which dislocations had
been introduced’by a molybdenﬁm poinﬁef at 1000°C, Figure 10 shows & series
of topographé of a. spec¢imen (surface oriemtation (112)) deformed in tension
along [ilo]. Figﬁre 10(a) is_the_topograph of the specimen showing dig-
'iocations introduced-at high temperatures. Long dislocations running across
the.topograph.at A have b = % [011]; Figure lO(b) wag taken after loading
the'spécimen along [110] at 850°C for 15 minutes. .Observe that the oid
diglocations did not move while new dislocatior were generated near the
surface at many places. A similar experiment was conducted in another
 specimen of (llO)-orientation. The topographé before and after deformation
are shown in Fig. 11 (a) and (b) respectively. The applied tensile stress
ﬁas 380 gm/mm?, While the{dislocationé at A moved across the width of the
specimeﬁ, curvéd ones at B dia not move. Figure 12 is the topograph of the
s;ecimen cut from the crystal shown in Fig; 8. The specimen was pulled
along [110] at 850°C for 30 minutes under a tensile stresé of ~200 gm/mm?.
Figufe 12(a) shows the dislocation substructure of the'spécimen,after'thei
test. ‘Note that no dislocations moved nor were any génerated. (Compare
Fig. 8 with Fig. 12(a)). ‘The specimen was pulled again along [ild] at
950°C under:d small tensile stress (20 gm/mmg) and tﬁe topograph (Fig. 12(b)5;

Some dislocations clrnbéd towards the specimen Surface arid even intersected
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at the area B in Fig 12(b). When the specimen was once again loaded in

tension under a stress of 380 gm/mm2 at 900°C (see Fig.v12(c)), profuse
generation of dislocafions occurféa from the edges of the specimen, but
the high températur-e dislocations still did not move.

A speciﬁen with zero initial dislocatﬂan density was loaded to & ten;‘
sile stress of 380 gm/mm2 along [lIéj at 850°C. A series of topographs

were faken after various'times.'Figure 15 shows thé enlarged topographs.

It is evident that dislpcatibns were mainly generated from the side sur-
faces or edges ;nd travelled a long distance into the specimen with the
screw segments lying roughly paréllel to thé surface, Dislofations_Were

génerated in gréﬁps and many of them are not sﬁraighb With progréssive:
deforﬁation, dislocafion densitles incréasedvin'the pile-ups eventually
sprgading thoughout the specimen. The individual dislocations are not well
resolved especially'in the final topogréph of the series. If it is assumed
that.the’resolviﬁg power of the techiigue: is by, the dislocation densities
in these pile—upé correspoﬁd to at least 6 x 106 dislocations/cmg. Another
gsample with zer5 initial dislocation density'ﬁas deformed under a stress of

380 gm/mm2 at slightly highé;.femperature of 9éO°C¥ Many dislocations
Were generated in groupé&through out the'sémple (Fig. 14). Again note
that the side surfaces in edges of the sample were the nucleating centres.
Tn a third sample, the deformation conditions We;e revgrséd, namely, stress
of 30 gm/mm at 950°C, The disloéations generated-uﬁdef these corditions are
shown. in Fig. 15(a). The orientation ofthe specimen i; shown in the figure
itself. Note that all the dislocatiors were generated from ﬁhe side surface
of the sample and travelled & long distance into the crystal.  Of ‘,pgrt»t_rcﬂar
interest in this sample-are'fhe dislocations that became curved between
pinning points és they'travelled (denoted by A in the Fig. l5<a)). Even

nearly straight dislocatiﬁns developed pinning points on moving, as in area
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‘B of Fig;‘l5(a). The specimen waé pulled.agaih at 850°C under a resolved
‘shear sﬁress of ~ 36 gm/mmgkwith the hope of observihg the continued motion

1 of étraight and curved dislocation lines in the éame area and then the topo-
graph (Figi:® (b))bwas taken. There was no motion of either curved or straight
dislocations.. ?he applied.streés was inpfeased to a shear stress of ~65vgm/mm2
and the specimen was pulled at ~900°C for 15 minutes. Figure 15(c) is the
finél topograph of the segies. _Inteﬁse multiplication of dislocations

and formation of a band dug éo the.movement‘of these curved distocations.
occurred. 'The individual dislocatiohs iﬁ the band could not be resolved

since the dislocation density'was‘too high (it is only possiblé to roughly
estimate the density to be of the order of"loédisl/cmg). These bands could

be the nucleating centrés for SIip'bandé-

E., FElectron Microscopic Investigation

In‘as‘mugh éé the resolution o the Lang technigue is very poor, the
vpresent investiéation was extended to stﬁdy'tﬁe nature of the dislocation
substructﬁreﬁin deférmed silicon by electron microscbpy. When foils were
made from lightly deformed samples and observed in the electron microscope,
no dislocations or any othgr imperfections sugh as vacancy clusters, im-
purities or voids were found. Since the dislocation densities were less

than 10°-10°

. . 2 C o . . s
dlslocatlon'per em in lightly deformed specimens it ig diffi-
cawlt to find them. However, few specimens were deformed under a tensile
stress of ~200 gm/mm2 along [llO] at 920~950°C for 20 mindtes td introduce
5

: ' v L - , ' .
dislocatiobns of a density ~10 -~ 10 dislocations/cm?. (The x-ray topo-
graph;shown'in Fig; 15(c) probably corresponds to nearly this amount of
deformation). The resulting electron micrographs are shown in Fig. 16(a)

to (g). Of particular interest in this is the fact that some dislocations -
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arelstill smoothly curVed at_thié magnificatipn rather than angular but some
segments are accurately straight. In some areas, bundles of long edge
dislocation pairs orvdipoles,aré seen (micrégraph (a)), possibly left behind
by the moving Screw dislocations. Also in this micrograph are long loopé,
gmall loops-and black dofs of various sizes, A few dislocations change

their directions abruptly (micrpgraph(b)), The micrograph (c) shows what

may Be a well developed large kink loop on & moving serew dislocation. ﬁow-_‘
evgr’because oniy a single diffractipn conditioh was.used tﬁe possibility |
that these ﬁay be nodes cannot be ruled out; one of the three dislocations ;
could be out of contrast. Straightras well és smoothly curved dislocations.
grepresent also in the micrograph (d), 1ong_loops and short segments of
dislocations iﬁ;(é) and smoothly curved and wavy dislocations in (h) ard (g).
.Finally, diélocationfdissociation was not readily observed in any micro-

graph, not even at the nodes in (a) and (g).

F. Motion of Individual Dislocations and

" Measurement of Dislocation Velocities

The main interest of the present investigation was to méke unambiguous
measurements of velbcities of isolated dislocatiqns at various ten@ératufes
uﬁder the same applied stress. ‘A temperature range of;775°—925°C.was
fouﬁd to be suitable for such studies for the folloﬁing reasohs. Temperatﬁres
above QOO°C'always lead to extensive climb of dislocations in addition %o
glide'ﬁgtion. Again, .above 900°C dislocatidn generation from the side
surfaces or edges of fhe sample was éopious, thus filling the entire afea
Qf the specimen with many dislocations; On the otherhand,. temperatures _

below 750°C were not suitable for making dislocations move appreciable

distances in a reasonable amount of time, especially under the small applied
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gtresses that could be employed in the.present investigation. AThe variation
of dislocation velocities with applied stresé was not investigated althowgh
such daté would be extremely fruitful for the developﬁent of a reliable
theoretical model. In our method of dead loading, a minimum of ten minutes
of loading-time was impertive since it took at least three minutes for the
speciméht_to attain the appropriate experimental temperatu;e in the furnace.
* Under loads higher than 40 gm/mmg, dislocation generation was profuse and
the density increased rapidly with increase in loading time. Only under
pulse~-loading, would it be possible to study dislocation motion at higher
strésses;

The first step ﬁas to find the optimum conditions to generate well
isolétéd individual dislocations‘and then to gtudy their éontinued motion
under a stress that would hot‘raﬁidly multiply dislocations in their vicinity
As has been deseribed pré&iously dislocations iﬁtroduced at about 1200°C
“ by pressing a molybBdenum pointer do not move at lowa?températurés. When the
- pointer waS'presséd at about 800°C, the generated dislocatiqns did not
propagaie Tar away from the point of'compression and thus it was difficuls
to find areas containing isolated dislocations. The next approach was %o
deform the sample under tension at about 850?0, inthe hope of introducing
isolated dislocations. A resolved shear sﬁressvof 88 gm/mm2 at 850°C.
sometimes resulted in generating a few isolated disloqations. This experi-
mental condition was realized by trail and error. Higher loads end higher
deformation téﬁperatures resulted in the introduction of dislocatibns in
“éfoups. The next problem was to find a small load to study the continued
motion of the individual dislocatibns without causing multiplication of
ogher dislocationé in their vicinity. A reéolved shear stress of 36 gm/mm?'

was just sufficient to move lsolated dislocations enough to make velocity
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measuremeﬁts;i A number.of éuch experiments will now be described individually.
Figure 17 is the enlargement of topogfaphs before and after tensilé test~
ing a specimen at 825°C uﬁderva resolved shear stress of 36 gm/me.' The
geometfy of the specimen and\the loading &irection ére éhown on the topo-
graph itself. The velocities of screw and 60° - segmenté of_ﬁany dislocations
were‘measured end are listed in'TablevII, In the final column.are given the
.characterisitics of the dislocation line, namgly whether the dislocation wa.s
. straight, wavy or curved. in parﬁiéulaf, it was found that 60% segment g
mo#ed nearly 2.1/2 - 3 times faster than the screw segments. Also it was
observed that some straight dislocations (No. 2,6,and 7) became either
curved or wavy while soﬁe reﬁained fairly'straight.(Nos. 5, 9 and 10).
Dislocation segments lying ahead of a pile-up (Nos. 12, 13, 1k, 15 and 16)
moved at higher velocities as might be expecteds Stréight diélocations
in general, moved at higher speeds than the curved ones (compafe the
dislocations No. 11 and 20 with No. 5 and 17). Conversél&, dislocations
moving.at higher speeds reméined straight, while slowpmoving dislocations
became wavy or curved., Instances were not uncemmon where a long and straight
dislocation moved té various extents at Vérious;parts of its length.(see No. k).
Figure 18(a) and (b) contain the topographs‘of ancther specimen pulled in |
tension under a resolved'shear stress of 36 gm/mm?l.at 850°C. Again, the’
various dislocations are labelled and the data is lis‘.ted_in the Table ITI.
Again the speeds of 602 dislocations wére higher than tﬁe screw segments
by a factor of ~Lk. Of particular interest in this specimen ié disloéation
No. lAthat become: wavy after moving. The motion of the dislocations Nos.
4, 5, 6, 7, and 8 were highly inhomogeneous and it was even difficult to
measure unaquﬁvdcally" theif velocifies. The 60% segments ahead of a pile-

up (Nos. 13 and 14) travelled much longer distances than did the isolated
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TABLE IT.

Dislocation;No.

“Velocity in.
~cm/sec X10

Remarks

Screw Segments

O—~1 VU =W R

1
1

= O\O

60° -segments
. -

- 1k

t -

16

17

18

19

20

21

- 1.07

2.14
~1.00 .
1.34
1.20
1.07

1.90,1.75

1.15
2.27

2.4
~0.8

Lh,91
4.80
3.75

}5.80

453

4,05
4o

5.50
5.15

wavy;. fairly uniform motion

straight; uniform motion, becomes wavy

straight; not isolated, becomes curved

straight; uniform motion, a portion is stuck

straight; uniform motion, be comes wavy

straight, non-uniform motlon, becomes curved

1"t tr 14 1t

not isloated, interacted by other dislo-
cations in the group

qtralght, ahead of a p11e~up '

moon

eurved, resists motion.

straight, moves unif ormly becomes smoothly
curved ' :

straight, moves uniformly fairly retains
straightness _

straight, moves uwniformly fairly retains
straightness :

straight, moves: uniformly fairly retains
straightness

- smoothly curved, falrly uniform motlon,
retaing shape :

highly irregular motion, becomes curved

fairly uniform motion

irregular motion, not isolated, ahead of
a plle-up .

smoothly curved, well isolated
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TABLE ITI

Dislocation Velocity in ' . Remarks
No. cm/sec  x1077 '
Screw Segments ,

1 2,14 straight, fairly uniform motion, becomes
2 2.60. - straight, ahead of & pile-up.

3 1.36 piece wise straight, irregular motion

L, L 3,21 straight, non-uniform motion, becomes

' ' irregular B _ '

5 2.91 | straight, non-uniform motion, becomes

o .~ irregular : ‘
6,61 2.94, 3.3 straight, non-uniform motion, becomes
: R irregular :
T, 7" 2.43 straight, non-uniform motion, becomes
it irregular o '
8- 1.09 straight, non-uniform motion, becomes -
_ ’ irregular - :
10 1.61 straight, fairly uniform motion, becomes
curved : '
13 3.10° not igolated, ahead of a pile-up
60°- Segments

1 8.0 straight, becomes smoothly curved

2 T7.48 curved, non-uniform motion

Sl L 6.14, 6.95 smoothly curved, uniform motion

5 5.3 ~ smoothly curved, uniform motion

6 3.21 ) . smoothly curved, uniform motion

9 9.35, (1.07X107) ) non uniform mot ion
13 9.hL -

shape

Wb, .1 X107 7)) straight ahead of & pile-up, retains its
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segments andvthese high speed segments alsé remained straight after moving..
Figures l8(c> and (d) sh&w topographs of the above specimen after continuing
the tensile testing gt 800°vand 775°C fespectiﬁely. The general features
regardiﬁg dislocation motionbare the same.as descfibed earlier. . Of particéular
interest in these topographs are the dislocations that straightenedﬁ out
on pﬁlling at 775°C (Compare’thé.Figs. 18(c) and (d) and observe the dislo-
.cation lines Nos. bk, lO,.lh etc.,). This straightening and aligning along
the low index pianes iz not an isolated case but quite general. Velocities
of various dislocations at 800° and 775°C were measuredbfrom these topo-
graphs. Figures l9(b) and (e¢) shows the topographs of a specimen loaded at
900° and 920°C respectively. The glide plane for the dislocations, shown
in "Fig. 19(a), is steeply inclined to the surface of the specimen (see
the geometry of the specimen shown on the topogfaph itself). Thus, the
distances travelled by the screw segment s ére more unfavorable for mea-
surement than in the previousvspecimensf In Fig. 19(a) and (b); dislocation
motiong were féirly uniform, The 60° - segmeﬁts moved with a;velocity 3k
éimes that of the screws. In Fig. l9(c), motion of dislocations at 920°C
1s shown., | | |

~To éummarize the observations in the foregoing paragraph: dislocation
velocities were not very uniform, straight disiocations became wavy or curved
immediétely after they started moving, isolated straight dislocation lines
ﬁoved more-uniférmly with a constant velocity. Some ségments became immobile
sooﬁ after moving a émall distance and resisted motion when the test was
continued at other temperatures. Such segments were only a few and seen at
random, indicating fhat the effect may be due to impurities.

The velocity dafa for screw and'609— disloéations are displayed in

Figs. 20 and 21. The logarithm of velocity is plotted against the reciprocal



ol

of absolute‘temperature..ﬂSt;aight lines wére drawn throuéh fhe datapéints
aﬁd their slopes were deﬁérmined by a leasé square best fit methéd. _The
appérent activation energies for the dislocation motion were paicuiated_
from thése slopes, This‘gave a value of 1.8 # 0.3 e.v. for screw as wéll

© . .
as 60 - dislocatiovns.



IV. DISCUSSION

A. Nucleatibn and Generation of Dislocations

When specimens with nearly.zero inital dislocafion densities were
defofmed in teﬁsion,'groups.of liké'dislqc;tions were generated from sharp
corners or strfaces. Suzuki  and Kojimal§ found ih their samples (of

',purity comparable to ours) that dislocations were nucleated from
-someiunknownICentréé where no particiilar images were found prior to defor-
mation. They attributed this to some unresolvable impurity clusters, ﬁre—
sumably‘oxygen impurities, buﬁ could nqt pursue the question further due
to the limitétion of the teéhnique. The present investigation clearly
~shows that dislocations were>not nucleated at random fﬁrbughouﬁ the sample,
rather, mény-ﬁere.geherated from the surface. In samples which were smoothly
‘polished aha éubsequently handled with care, it was more difficult to nucleate
dislocations. This clearly shpws that mechénical>stress raisas‘such as shafp
corners or éurfaéeé with locaily deformed areas or oxide-films are respon-
sible for the generation of»dislocations. A few samples were gquenched from
' temperatures very near to the,meltiﬁg point, and subsequehtly aged at 1000°C
to condense‘vacanCy—clustérs, voids or lodps; it was found that dislocation
generation in thesevsamples was mére difficult. Voids or vacancy clusters
did not éct as sources for dislocations but -were found to be obstacles‘for
the paésage of dislocations. Nor did.We find in any-samples old dislocafions
acting as sources. Thus, the. present work shows that pre-existing disloca-
tions or vacancy-clusters or voids do not act as sources fof dislocat ions
in the initial staées'of plastic deformation.

The éressing o% a molybdenum pointer on the surface of the specimen,

used in the present work to generate dislocations, is similar to a hardness
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indentation. The resulting dislocation configuration was gfoups of dis-
locations generated near the point of compression, approximately’ lying
along (110). None of them were exactly straight or angular but were smoothly
curved. If kink nucleation is the rate controiling process for dislocatidn..
motioh, one would expect dislocatibns to remain straight and align along
the low index planes. Therefore, this does not seem to be the most impor-
tant Dbarrier to dislocaﬁion motion at 1000°C. Many cusps and_pinning
points on the dislocation'Iine, like the examples of Figs. 5, 6 and 7,
suggest that dislocations are heavily jdgged. The rate contrqlling'process
might be the non-conservation motion of jogs on dislécationsvwhich are near
screw orientation. l

It can also be observed in Figs. 5 and 6 that screw segments of ail
dislocation lines are longer than the 60° - segments by a factor of 4 to 5. .
Although individual dislocations adjacent to the boint of'compreséionvare
not well resolvédvin‘the topographs, close observation reveals that this
is true even for the inner-most loops. If the velocity stress dependence
is aésumed to be roqghtly the same for a dislocation of "any orientation
(i.e. edge, screwof mixed), one would expect the inner most looﬁs to be
roughly circular. Thus it appears thét the velocities of screw and 60°-
segments are intrinsically different right ffom the time they are emitted
by the sourcé; If the . dislocation line ié jogged'at high températufe, one
could account for the slower motion of screw segment & when compared to
60° - segments. Since the jogs on screws have to be dragged non;conservatively
along the dislocation, they exert a much 1argér dragging force on the screws

than on edges or 60°- dislocations.

B. Propagétion of Dislocations at High Temperatures

The present work clearly shows that dislocations near screw oriénta-
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tion developed pinning points, dipoles and:evén large loops as they moved .
in the crystal at about 1000°C. This can be:explained by assuming that
ﬁbving secrew dislocations_contiﬁuously devélop Jjogs at highvteﬁperatures.
Consider a long éérew dislqcatibn having: jogé of vérying sizes (seé Fig.
22). Continuédjnotion of the diélocafion'Will result in thé formation of a"
long dipoie if ﬁhé jog is at least several'burger's vector high bﬁt»ﬁhe

unit jogs can be dragged along leaVing béhihd é trail of vacancies or
interstitials.depehAing upon thé_sign of the jog. If the jog height exceeds
the distance givén by | |

b

b= gy | (1)

where T is the shear-stress acting on the dislocation line and other

symbols have the usual meaniﬁg, then thé‘fwo edge segments of the dipole

can be'driven_past each other in the opposite direction by‘the applied
stresé. The resulting configuration is a cross—o?erfloop.' One‘éan identify.'
all these features on the moving dislocation line in Fig. 12(a).

Although jogs on moving-screw dislocatiéns large enough to result in
dipole trails have been obgerved by many investiéators, it is ndt clearly
establishéd how the jogs were introduced initially on thé moviné screw dis—
1ocationj'J¥§ of appreciabi; size can be introduced by a number of mechanisms.
An obvious process is inférsectioq of two dislocations regulting in either
acquisition of Jogs by both the dislocations or a jogvby one dislocatioﬁ

and kink by the other. The'moving screw dislocation can also acquire multiple

jogs if it cuts a grown-in small angle»tWist boundary or a group of dis-

locations. Double cross-slip or a combination of cross-slip and climb can
also lead to jog formation under certain conditions. Even impurity clisters,.

fine precipitates or voids could cause local double croés;slip due to their
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stress fields. It is extremely difficult to know which of these mechanisms
are most imporﬁant in a given situation.

In the present work, the intersection méchanism gah be ruled out on
the grounds thaf the crystals were dislocation free and there were no small
angle boundaries or grown-in dislocation net work. SimiLarly, thefe Wwa.s
no evidence for the presence of impurity clusters or precipitates. But,‘it
is proposed that climb of a short sequent of a hearly screw'dislocatiqn
could leéd to jog forma@ion as follows:

Conéider'a long scfew'diSlocation moving on the primary glide plane
that is pinned-at its endé by a small dipole,<see Fig. 23). When the
aislocation attempts to move further, the segment'betWeen the pinning.
points bows out. The‘mid—point of the bbﬁed.out~segment is exactly in
pure screw, while the segments just to the left and right of the mid-point
are‘Qery nearly éf screw orientafion with the edge pért of the left side
having the'extra half plane. above the glide plane and that of the right'
side below the plaﬁe. If excess vacancieé afound the dislocation cauée the
climb of ‘the edge compohent, the left and righﬁ sides will climb in opposité
directions. Any additiénal mofemeht of the dislocatioﬁ is accompanied |
elther by dragging 6f the.jogs non—conservatively or if’ﬁhe jog is of
sufficient height, an edge dislocation pair will be formed. The spacings
of the dislocation pair can increase by the addition of more vacancies
‘Which the moving dislocation collects while sweeping the glide plane.
Vacancies can arrive at the dipqlés by diffusing along the dislocation line

(pipe-diffusion)° Similarly, new Jogs can glide into thé growing dislocation
pairs, thus increasing (or decreasingj their separation.

Vacancies in excess of equilibrium conceﬁtration could be present in
thé crystal éue“tp the dragging of someé small jogs non-conservatively by

the moving dislocations. Large volds and vacancy clusters could algo have
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been left in the lattice during the gfowth of the crystal from‘the liquid

| staﬁe. Voids in silicon samples grown from the liguid state 1s a hydrogen

atmosphere has been repofted by Yukimoto?S., Vacancies can also be trapped
in'the crystai while cooling from high temperatureé.*'

An eleétron miéroscbpic investigation has been undértgken in an
attempt to determine whether or not any voids were présent in the silicon
samples used in thgse éxperiments. Since the‘denéity of.such vacancy-

clusters must be extremely low it becomes difficult to find them in an

electroh microscope thin foil.

C. Effect of Aging on Dislocation Mobilibies

The'experimental results describéd preViously also show that‘dislocations
generated at high temperatures (~ 1000°C) or exposed to high temperatures,
become immobile at lower.temperatures (~ 85060) even under loads high enough
to géﬁerate and move fresh dislocations (see Fig. 10). The effect is quite
general and extends over the,wﬁole iength of the dislogation line. If the
applied stress is inére;sed in steps, a critical value is reached when
catastrophic multipliéation opcurs'(see Fig._li). We know that ﬁovement'of
jogged dislocations could result in multiplicatibn. (This point will be
further discuésed in the next section)f As has been discussed earlier,
non~conservative motion of jogs on screws also producé large drag stresses. .
Thefefore it is possible that dislocations are immobilized during aging

by becoming heavily jogged. After heating to high temperatures all pre-

*Tweet‘seu'experimen%’ in gefmanium 1s of particular interest in , .
this connection. When dislocation free germanium crystals were cooled fast'.
from high temperature, they etched unusually rapidly. If the samples ﬁere-
cooled vefy slowly taking care not to retain any vacancies in the crystal,.

the anomalous etching disappeared. When crysfals with dislocations in them .

were guenched first from high.temperature, etching was not rapid in the regions

surrounding the screw dislocations because they were absorbed and screw dis-

locations climbed into helices.
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existing disl@cations could become jbgged by climb as discussed in the
previeus section. It is.not possible to ascertain from the present investi-
gation whether or not dislécationsare also locked during aging by impurities
or impurity clusters. Impurities cduld cause the screw dislocations to

. double cross-slip aﬁe to elastic interactiong, thus contributing to jogging
af the dislocation. Suéh a mechanism has been originally put forward by

25

Johnston 7 to account for the dragging stresses'on screw dislocations due

to the piesence of small,amOuntsbof inpurities.. A combination of impurity .
pinning and aislocation climb may be even more effective in immobilizing |
the diélocation at ﬁigh temperatufe.z If is possiblé that whenever. a dis-
location spends ﬁime due to pinning in a fixed position or moves véfy slowly
localized climb may generate jogs of considerable height. The existing
experimental data is:stilj.too_sparse:to c§nfirm which of these mechanisms
is important. If.is not likely thét X—ray topography can contribute

directly to answerihg these questions because of the limited resolving-

power.

D. Electron Microscopic Investigation

The present electron microscope reéﬁlté on the nmature of dislocations
in silicon lend support to similar observations made on défofmed germanium
by Alexander and Haasen26‘ Although the preseﬁt work is limited, the follow- .
ing salient features emerged from the study of the micrographs. The
observed configurations were mainly edge dislocation dipoles and elongated
loops of varying lengths énd widths, appérently left behind by moving
screw di;location. :Free individual disldcations were rarely found in the
primary slip plane. Those dislocatiéns that were bbserved were relatively

immobile and did not move even under prolonged beam héating. Further, the
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.dislocaﬁion'distfibutidn’Was, highly inhémogeneous. Iarge areas were free
.of‘dislocatioﬁs while élustérs of entangled dislocafions Were distributed
on the primary slip plane. Three dimensional dislocation tangles were ﬁot
observed. These observatibns are not only_sindlar‘to those made on ger-
manium but also are like those on copper27 during stage I of deformation.
We did not observe any cross—slipping in thé'present electron microscopic’
‘work, But Alexander and'Haasen26 reported that screw dislocations did move

in the_crOSS-slip plane in their gérmanium samples, (deformed under a stress
of ~ lkgm/mmg). |

i The localization_ofIdeformation into fhe narrow regibns'on the primary
glip plane can only be explained by the avalanche—like mulfiplication due
to'indiviaual dislécation sourcés. The dipole formétion mechanism as
'pfoposaiby Wasﬁbﬁran and the cross-over dipole sources as observed in
silicon-iron by Low and ;TurkBJ£?7 can‘explain most'bf the present observa-
tions. As has been pointed out in earlier section, the configuration
resulting from the movement of jogged screw dislocations depends on the size
-of ﬁhe jogé. We havé pfoposed a'possible'mechanism forbthe formation of a
Jog of several'bﬁrgers vectofs due to the climb of a short segment of d
Iearl& screw dislocation. It is péssible to extend this mechanism to show
how closed dipole loops can be formed by continued métion of the dislocation
"line, If new jogs are formed on the bowing segments on either gide of the
cusps, they can glide into the growing dipdke conservatively. If the number .
of Jogs of opposite sign ﬁhat run into the dipoles become equal, then the
loops can be terminated. Foi'very large.jogs, the spacing between the édge
dislocafion pairs will be enough to'permit the applied stress to overcome their
mutual attraction gnd they can move indepéndently of each_other. This type

of cross-over seems to be the source for dislocation multiplication in
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silicon at high temperatures. The stability of dipoles depends upon their

heights and the applied stress. Therefore, when the applied stress

increases, previously immobile dipoles become dislocation sources,

E. Mobilities of Individual Dislocations

It is ﬁell knqﬁn*ﬁhat:the Velbcity of a dislocation'under a given stréss
and temperature depends upon a number'oflfactors such as its oriéntation,
its radius of curvature, its.interactioﬁ with other disloéations, amount
and the typeé of impurities, the resistance offered byvthe crysfal lattice

- itself etc. A theoretical estimation of resistance to motion due to all:
these factors is very difficult. Although experimental evidenée.on the
speeds with which dislpcation travel during plastic deformation is available,"
guantitative information on dislocation velocity as affected bybthe aﬁove
factors is lacking. In the prééent investigation, speeds: of di310cati0ns
were measured ana the data has been correlated with the generai aﬁpearance

and the geometry of the dislocation lines.

1. Pinning of Moviné Dislocations

Thé'most striking observation common to ail the movﬁjg dislocations -
Wa.s ﬁhat they become wavy or curved almost immediately aftér they started
moving. A close observation of & moving dislocation, as for example dis-
location numbérl in Figld8, revedls a number of pinning points along its
Jength. Some dislocations become smoothlyvcurved.while scme others asgsumed
highly irregular_shapes.'-Diélbcations which were ahead of a pile-up moved
with much higher velocities and retained their over-all étraightness more
-readily-éompared to the isolated ones. The portion of the dislocation

¢

where it changed from .screw- tov60°— orientation loses its angularity and

¢

becomes smoothly curved. 60° - dislocations'moved invariably faster than
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the screws by a factor of 4 or 5 and the pinnihg points on them wereilgss
pronounced. They also retained their étraightness more than the screﬁs.

| The pinning points on the dis}ocation line must>be assoclated either
with vacanéy clusters and impurities or with thermal Jogs. The poor reso-
lut ion of the preSenf techniéue does not make it possible to decide definitely
which of these two.possibilities is most importaﬁt.. When a dislocation line -
interadts with impurities as it s10wly moves on the glide plane, individual
segments pinned by impurities at their ends will bow-out to different
amounts depending on their free lengths and theﬁlocal shéar-stress acting
on %hem. This will make the dislocation appéar ag wavy or curved. Similarly
Jjogs on scréw dislocations act as dragging points since they cannot move
along with the dislocation line conservatively. This will also cause the
advancing dislocafion lihelto bow~out in between ﬁhe dragging jogs. Cer-
tain of the experimental oBservations suggest that jog-pinning is more
appropriate-in the present case than the impurity-pinning. For example,
the pinning poinﬁs are more or less uniformly diStributed along the entire
length of the dislocation line; As will be discussed in the’following
paragraphs, the aferage pinning distance decreases with increasing tempera-
ture. The pinning points are present on all dislocations without exception'
although.the effect is less prnounced on dislocations moving with slightly
higher velocities, as those ahead of a pile-up or near the edge of the
specimen. When few individual dislocétions were originally generated_from
the edges of thé specimen, they were accurately straight. (See the dislo-
cations No. é, by 5,.6, and 7 in Fig. 17(a) aﬁd Nos. 1, 4, 5, 7 in Fig. 18(a).)
They became wavy orcurved after moving on the glide plane under the applled s
stress. If 1mpur1t1es were responsible for pinning, the effect should be

more random and should vary from specimens to specimens. The present
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observations are contrary to this.

It is not possible to measure the pinning distances. unanmbiguously

since the pinning points are not sharp and well-defined. However an attempt

was made and the results are displayed in'Fig. 2h. Invthis figure, the
- logarithm of pinning distances are plotted'against tﬁe_reciprocal of the
temperature. The mamner in which the pinnihé distances are arrived is
as follows: The disloéation line was.closely observed under a magnification
of LOX in a-metallogféphic micréscope* and the distanceé between the cusps
were measured as closely as bbséible. The‘smailest distance that.could
be measured with reproducibility was ~ 20p, If these pinning points,aré
attributed to thermal jogs, the dislocation line will contain about equal
ﬁumber of jogs of both sign**. The distances between the cusps were mea~
.sured several times and an average value was taken for each temperaturé.
As shown by Friede128, the equilibrium‘léngth !j between unit high

Jogs on avscréw dislocation should be given by

: u,/kT ‘ .
zj=be3 . _ (2)

where‘u.J is the jog energy and other symboLs have their usual meaning .
From the slope of the llne in Fig. 2k a value of 1.1 - 1l.2e-v is obtalned
for jog energy. In covalent metals such as silicon, this is not a too un-

reasonable value.

The pinning points on the dislocation line, say No. 1 in the Fig,

18(b), can be more easily recongized by holding the print at the eye level

and viewing the dislocation line along its length.

The two types of jogs referred here are vacancy-jogs and interstitial-
Jogs. Except at very high stresses, the interstitial jogs move by absorbing
vacanc1e< rather than by creatlng interstitials since the latter have usually

very hngh energy of formation.

) A



2. Thermally Activated Process

When a moving screw dislocation: is pinned by Jjogs, its‘mobility is
greatly impeded. Uﬁder an applied stress‘T, the dislocation line bows-out
between tﬁe pinning points and takes a form similar to that of Fig. 25.
Geométrically, such a bow;out cOrrgsponds to the pile-up of kinksvéf
opprosgite sign ;xlopposite gides of the pinning points.29 The jogs can
move for%ard only by climb. Thué, under applied stress 7, the glide of a
bowed screw dislocation must involve Eoth.the generation and proﬁagation
of kinks and the nonconseivative motion of jog. Therefore, it is necessary
to distinguish which of the tﬁo, namely either kink-nucleation and propa-
gation or climb of Jogs, 1s the rate-controlling process for the dislocation
élide in the present case.

Lef us.firsf'gohsider the case of the ciimb of jogs on screw disloca-
tions. Referring to Fig. 5, the force F acting on jogs due to the line

tengion is given by

o 9.0&.9‘
= 27T [cos 5. cos 5+ sin 5 sing ] (3)

F = 27T cos a9

where € is the radius of curvature of the dislocation line and I' i the

line tension. From the topographs, it was very difficult to measure the

angle O as a function.of temperatﬁre, gsince the scatter was high and the
reprodupibility'was'poor. Close obsefvation suggestS' thaf & does not vary

very mu"‘ch with temperature. That is, thé dislocation line on the either

side of the jogé hés‘tb bcw;out to a cértain critical curvatire, irrespective’
of tempenature;-before £ﬁe Jjogs can advance in the forward direction. This -
$t¥ong1y suggesfs that the jogs were moving forward without the aid of thermal -

fluctuations. Another factor that was not unambiguausly clear from the
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topégraphs is the radius of cufvature of thé segment s themselvess Two
bowed out configurations are possible. The entire segment of the dislocation
line pinned by the»jogs can_béw—out with a uniform.equilibrium'radius of
curvature. The second possibility is that the middle part of the segment,
is almost straight and oniy thefpoftions, of the ségments on eilther side

of the jogs ére curved, From the topographs, it was not evident which of._
these two configuratioﬂs is a?propriafe in the prégént case. Thisris again-
~ due to the poor resolution of the technique. The dislocation images, when
observed at magnifications higherrthan LOX were diffﬁse and iGWervmagnir
fications incfeasg qmcertéinties ahd érroréfin the megsured values. The
image widths Were aiso not favorable to quantitative measurements. Quali-
tative observations (especially topographs of specimens which were treated
at lower temperaﬁures).show that the dislocation was more sharply curved neér
the Jogs léaving the middle portions of the segmenﬁ relatively Straight.
This is consistent with the idea ﬁhat the dislocafion édvances by nucleation
of kink-pairs.aﬁd_their SQbsequent slow sideWise'mofion towards the pinning
Jjogs. When a critiéal fadius'of curvature is reached on both sides Qf'the
jogs due to kink pile-ups, thevjogs move‘fbrwafd athermally. If the entire
_ bowad-ouf configuration of. the dislocatioh line advances a distance b per
emission or absorption of.a single vacancy by‘jogs, the work produéed by
the appliéd stress T is Tbglj. For an average value of %%20# and T=36gm/
'ﬁmmg;'this work becomesv~A&7 e.v. Since this is very large, the jogs @an
advénce by‘this pureiy mechanical.process leaving behind rows of point

‘ defecté° This vérj large work done by the applied stress is due to the
large distances between jogs. Therefore, it is concluded that in the
present case, jogs on screw dis locations do not coﬁtrol their glide motion;

but do-account for the general appearance and the shape of the moving dis-
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location lines.

28 L
As shown by Friedel. , if the Peierls Nabarro force oy, is larger on

PN
jogs than on the rest of the dislocation line segments will.bow-out between

jogs to an equilibrium configuration governed by the equation

Oy = ub2 sihk% + % Y + gin (¥ - % ) (k)

?or arsmaller than a critical valué, the jogs will be able to glide in the
direction of.burger'é vector as shown in Fig 26. Thus, for dislocations

which are in 60° - orieht;fioﬁland for those portions between screw to 60° -
oriéntaﬁioﬁ, the jog motipn m.y be conservative.v This could explain the -
greatef smoothneés of disiocafions in this orientétioﬁ-@s" stated éarliér,

- the pinning points on these dislocations were less pronounced).

%, Activation Energy for Glide Motion

According to the abqve‘interprétation, the thermally activated process:
of dislocation motion is identified with the nucleation of a pair of kinks
ard their Subséquent;prppagatixnlalong the dislocétion line. Diglocation
velocitieé in silicon andwéefmanium as a funétion-of applied stress and

5

‘. N . L,.
temperature have been measured by Chaudhuri et. al?, Haasen” and Kabler

by.the etch—piﬁ technique and by Suzuki and deimal5

‘by x~-ray topographic
vtechniqle.- From the temperature dependence, activation energles were
‘estimated by.these workers by charactefising the dislocation motion as a
éimple therﬁally aqtivated procéss. Chaudhuri et. él.obtainéd‘~ a value of
" 2.2 e.v. for sgilicon. This energy was found to be 2.4 £ 0.2 e.v. by Suzuki

15

and Kojima™. This erergy was ideﬁtified'with the work required to form
é‘pair of kinks of a critiqai separation above which the kinks can move
apart along the‘dislocation line under thé action of the applied stress.

Theoretical calculgtions of’the_peierls force and hence the activation
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energy required to move a dislocation by forming kink-pairs has been done

31 33

byvCelli, Suzuki32 and Labusch™” and these.are given in Table:IV. The
experimental results of the mevious authors are in excellent agree-
ment with thése theoretical estimafes.

Although the above results suggest that for gfoss dislocation movemént
kink nucleation is probaﬁly-thé rate controlling process, Southgate and AttardBO
intefpreted their internal friction data in silicon in terms of the "Peierl's"
energy of a second kind" as originally suggested by Brailsfdrd29. In this
model, kinks on dislocé:ti'on.s are taken as abrupt and their movement along
the dislocation line is considered to be thermally activated. A straight
disloéatibn pinned at two ends contain uniformly spaced kinks, go that, on
‘the :average it takes the shortest path. Transport equations were formu-
lated fof the motion of kinks along the dislocation line. Southgaie and
Attard obtained a value of'l;61 * 0;05 e.v. for the activatidn energy from
thelir interval friction data. This energy was identified with the energy
required for motion and rédistribution of kinks under the applied stress,
which wag thought to be responsible for the dislocation damﬁing. Since
bond energies in silicon is approximtely 1.82 €uVe, they conéiuded that
kink propagation along the dislocation line,involvés breaking of bonds.

As has been_discussed earlier, the present observations on moving
disloéations gshow that they are not étraight only their general direction
‘is along the low index planes. The geqmeﬁrical shapes of the dislocations
observed in the.present exper iments Vary from smoothly curved to highly
irregular. if only the,kink'nucléatioﬁrprocess is difficult and kink migra~
tion velécity is high, one Wouid expect'the dislocation lines to be more

rectilinear than the presently observed irregular geometry. Therefaore, in

the following, the glide of the dislocations line Will be formulated in
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TABIE IV
Author Peierl's energy ' Energy to nucleate a
: ev/cm kink - pair e.v.)
: q w100
Celli 3.8 X 10 2.02
© Suzuki 13.1 X 106 - 2.30

‘Labusch 6.9 x 106 - 2.14
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" terms of thermally activaped process of kink-pair nucléation and migraﬁionf
The formilation of the Peierl's mechnism of dislocation motion has
been worked out by a numbér of workers assuming varyihg me.themat ical models
.for kink nucleation and propagation. This isHBinly’ because there as ;yet
né general model that is.appiicabléAto all cfysﬁailine materials. In the
Appendix, the kinetic equations.for kink nucleation and migration_are written™
. v 2l

down appropriate to our case; following the formulation of Dorn and Rajnak .

"The forward velocity of the dislocation line has been shown to be (see

Appendix)’ " . S .
o g [T 00 1/2 E +E (1) -
voo= Lb —R_— e - m‘ 2 (15)
™ ka:v o 2 kT '

Tt can be seen from this expression that a plot of (In v + %-lnkﬂl) against

%'will yiéld_the activation energy. This is done inFi§;,37 fpr gcrew
dislocations. From the slopes, the activation energies are estimated ag
1.78 e.v. for the upper Curpe'and 1.75 e;v. forvthe lower curve. It will
be of interest to derive the velocity-stress iaw from - ; Ege 15. This

can be done by eﬁémining the pre—eprmentiai'term. Aé~sﬁated‘in the Appen-
dix,'En ig a function‘ofiappliéd Stress, As shown by Dorn and'Rajnak the |
guantity En/E*5vwhere E*_ié the energy required to nucleéte.a pair of_kinks

. - u
 under zero stress (in other words, E is the kink-nudleation energy), de-

pends only upon'l; » Thus, EQ vs = curves are universadl relationships.

Tp E Tp -
For very small values of %F ,» as is the present case, thelr plots yield
En = E 1 - ;5 : | (1h)

The pre-exponential term in the velocity equation also inﬁolves Tp."For
the upper iine in ~ Fig. 30, the measured pre-exponential value i=s

.2 1/2, - o :
~ 8.82 x 107em - e.v. / /sec. ‘By equating this to the pre-exponential
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term in equation, one obtainS‘Tp to be ~1.76 X lOlo dynes/cm‘. By itself .
this value has no significance at all, since Tp will depend upon the assumed

shape of the potential. Even so, this result shows that the term — is
’ P

extremely small for stresses of the order of thgm/mm?. Therefore, the
' . .E*(l"?“)B/ .
~En(T) /KT e )
© R - |

exptential

can be approximatedy by Taylor series and power serles expansion, as

*,_ T 3/2
E (l-wr *
R = 2Ly B/
' T
kT . s)
Hence, for small applied stresses, the velocity Eg. 13 becomes
: , . N + . -
e SR 52 (B Em)
b [ p (3 =} - 2kT
voE Ty KT 2 T N

Trisg equation shows that the velocity-stress rélationship ié of the form

2. . X . . .
vaT _O, identical to the observed relationships in silicon and germanium

by previous workers.
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V. CONCLUSIONS

'

The present exﬁerimentél ébsérvation andbsubsequent discuséion leéd
to the folldWing conclusions: ‘

1. In highly perfect silicon crystéls with neariy zerc Initial dislocation
density,:generation of dislocaﬁions'took place at'br near‘the surfaces.

Vacancy clusters or loops did no£ act as dislocation sources; but were
obstacles to the passage'of'disldcatidns. |

2. Dislocations generated at high temperatures (~lOOO°C) were immobile
at lower temperatures (~ 850°C); This was a%tributed to the jogging of |
disidcations at high temperatures‘péssibly by climb.

3. Abo&e a cfitical stress that is dependent on the deformation
temperature, motion of dislocations results in the catastrophic multipli-
catlion of diélocations. >The detailed configuration of such dislocation
baﬁds,stﬁdied; by transmission electron microscopy, consists of opposite
dislocation pairs of_dipoles, narrowly distributed oh the main slip plane.

' These observations are ekplained ig terms 6f the dipole formation mechanism -
of Washburn. 2 .

M.. From the detailled study of the appearancé or shape of moving
dislocatioﬁs, a value for the activation energy for.jog farmation was
roughly estimted to be ~1.2 e.v.

‘S5e. Values of the aéparent gctivation energy for the glide motioﬁ
of scréw énd 60° - di§locations were found to be l.é ¥ 0.3 e.v. at a stress‘
of ~56gm/mm?. Thié énergy is 1dentified with the average of the sum of
the energies required for kink—pair nucleation and migration.

6. A study of the pre~exponential term from the velocity vs réciprocal

: v o
temperature indicates the stress dependence of velocity as v ~ T .
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APPENDIX

.Following fherformulation of)Dorn and Rajnak, we will set up kinetic
equations for kink nﬁcleation and migfation,'appropriéte to the preseht
éase, agsuming simple-minded models for'the.reaction rates. Conéider a
long dislocation line moving under an applied stress by nucleation of a baif
. of kinks and'subsequeﬁt sidewise motion of kinks along the dislocation line
(;ee Fig. 28). The frequency v, of nucleation of pair of kinks per unit
time in a length.l.is

v, = v(%) é; e _En(T)/kT_, N - (5)

according to the_Boltzmann canditiony whefe Eﬁ(T)is the‘energ& required

to nucleate a_pair of kinks,'which eésentially depends-upon the applled stress,
v is the Debye frequency and w is the eritical width of the kink-pair

énd other syhbols have thelr usual méaning.‘ Similarly, the kink‘velocity

is given by | - | |

- vy T/ (s

Vg

where Em>is the activation energy'for the migration of kinks. The lateral’
force camponent on the kink due to an applied stress T 1is Tbg. There-

fore, for the case of sidewise migration of kink pairs under a stress T,

Eq. 6 becomes , 3y . : 3
| By - ) C Bt
VK“ = Vb e - kT - e kT
(7)
3

' -E, /KT b
= m : -
2v b e ) gsinh ®T

For small values of = T, the hyperbolic function can be replaced by

ET. itself i.e.




=h5-

: “Ep/kT ' Tb :
Vg o= b e T e (8)

Let us assume that the average distance of the sidewise motion .of a kink-
pair before annihilation ig (see Fig. 28) neglecting any. acceleration effects,

given by | ) v, o SRR .
Sy s N )

where va is the frequency of amnihilation of kinks. When the steady state
is attained, the frequency of annihilation will bé-equal to the frequency

of mucleation of kink—pair'in length Zm. That is”

[T " - - . R T 1..‘2_ - . -~ 7Y A
Sm.o T, vb 1 -
- .- m .
or ' i 3
£m2; - g o Tk Ep(T)/xT IET | (10)

2
vb© . -E_(7)/kT

= = n

v Vn b o Zm e
(11)
or i
| o E_+E_(7)
: _ewt <Tb3)1/2 - L.z
Vo= 5 kT € 2 kT

The kink-width w varies very slowly with applied stress. For "quasi-
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parabolic” Peferls' hills””, w is givenf:in terms of the Peierl's stress-

Tp as

| b 1/2 - |

v (2 | (12)
P

substituting this in the velocity equation, one obtains

wo % T 1/2 _ By ¥ En<T) _
T KT S €f L opp | (13)

i
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Fig. 1.

Fig. 2.
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Fig. 5.
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- FIGURE CAPTIONS

Diagram showing the dimeﬁsions of the tensile sample.
A topograph showing dislocations generaﬁed by a molybdenum pointer
on the surface of the sample at llOO°C for 30 minutes. Note the

multlpllcatlon of dlslocatlons very near to the p01nt of canpression.

Observe long screw dislocations at (A) (b = [101]),‘show1ng

presence of pinning points on.them.

Sketch of the experimental arrangement explalnlng the principles
of Tang technique for taklng topographs

Lang camera with the Hilger Mlcrofocus x-ray tube. To limit~the
vertical divergence, a psuedo-focus source (1 X 1l.kmm dia source
seen end-on) Was used. A take-off ahgle of € .givés thevbest
intensity and fesolution. .

Dislocations generated by the molyﬁdenum pointer in an‘initially

dislocation free crystal. The temperature of deformation was

.1000°C. Observe extensive cross-slip of long screw dislocations:
~at A. (a) and (b) are 111 and 110 topographs respectively.

‘Dislocations generated by pressing the molybdenum pointer at

1025°C for 15 minutes. (a) and (b) are II1 and Ol topographs

respectively.  The specimen orientation was not a low-index plane.

NOTE: - The solid black line shown in the topographs in Figs. 2

~and 5 through 14 is 2mm long, while in Figs. 15_and'17 through 19 is 1 mm

long.

0.5n .

In all the electron micrographs (Fig. 16), the solid line represents
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Fig. 7. Long screw dislocations generaﬁed by pressing a gplybdénum pointer
at high temperatures. Observe small pinhing pointé (a), cﬁsps
(v) and_cfossfover lobps (C).oﬁ tﬁe mdving dislocations.

Fig. 8. Generation and propagation of disiocatiéhs at 1025°C_by molybdenum
poinﬁer. ' The Well*iSOIatedllOngﬁdiéloéaﬁions:at A are
rearly in screw orientation.. The‘linéfNou 1 shows presence of
pinning points along thejiength<ﬁ"thédisldcation, while No. 2
is smoothly curved. ILarge ¢fosséovef loops can be seen at (B), small
cross-over loops at (Q) and well develbped éusﬁs at (D).-

Fig. 9. Annealingvof dislocations at 1050°C without load fof 30 minutes
a), b) and c¢) are topographs before annealing and d), e) and f)
are topographs after annealing. _ v |

Fig.10.. Tensile deformation (stress = 88gm/mm2 along [I10]) of a sample
at 825§C‘with previously introduced‘disiocations at high tempera -
tures (~1000°C). The high temperature dislocations did not move
(compare (a) and (b)). On,?ulling under higher-stfesses (330gm/
mm2 along [ilQ]) at 825°C, new dislotion half loops were
nucleated from fhe surface While hjgh~temperaturé dislocations
still resisted motion (Fig. ().

Fig.11l.. X-ray topographs of a sample pulled in tension at»825°C under a
stress of 380 gm/mmg.

(a) specimen, before pulling, Contains.bOth straight (A) and
| curved (B)Vaislocations | |
(p) After pulling the sample see the straight dislocations
moved under this load whiie the curved ones did not (Frém
the curvature of the diélocation at B, one can caiculaté ‘_v'

a residual stress of ~ 5Kgm/mm? acting on it).



Fig. 12.

Fig. 13.

Fig. 1h.
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(a) .A tensile specimen was cut from the_crysfal shown in Fig. 8
and was deformed in tension at 825°C under a stress éf ~200 gm/hm?.
alohg [1I0]. The screw dislocatipns(E = % [iOl])vget’a shear
stress .of 88gm/mm291 Observe thét“the dislocations did not move
any appreciable.distance'(compare'this topograph'with Fig. 8);

(v) Topograph taken after heatihg the sample to 950°C for 15
minutes under a load of 20 gm/mm2 along [170]. The-disloéations |
at B Climﬁed towards the surface and intersected it.

(c) Deformation was continued at 900°C under a load of 380 gm/mm?
along [1I0]. Fresh dislocatibns were generated from fhe specimen
edges, closer observation shows thatvthe original high-temperature
dislocations still did not appreciably.

Generationﬁand propagation of diglocations in an initially dis-
locétion—free gample deformed in tensipn at 825°C, The same
areas are shown after deforming for a) one-half hour, b_énd c)

two hours; d) three dours and e) four and one-half hours. The
apﬁlied’load was 70 gm/mm in a) and 380 gm/mm in the remeining
tests. Observe how dislocations are generated at the surface

and travel into the sample as loﬁg loops. Though the general
dislocation direction lies along (110) they are not strictly
straight. The (II1) and (1I1) primary planes make éteep angles
to the.surface bf the sample and hernce individual dislocations
aregnOtiwell resolvea. |

Dislocation substructure in a sample deformed in tension at

950°C for 1/2 hour. Dislocations are,éenerated from the surfa.ce
in groups and travelled all across the width of the sample. A
number of dislocation reactions have occurred to form two three-

fold notes. The resultant dislocation with b = % [110] is. out of
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contrast (g.b=0)..

Fig. 15. Topographs showing the dislocations generatéd'in-the sample by
pulling underf(a) 30 gm/mm2v950éC for 30 minutes (b) 36.gm/mm2
at 850°C for EO‘minutes. (e) ~65gm/mm2 at 900°C for 15 minut es.
The veritical direction is alongfthe tenéile axis which makesg

45% to [111] and [I01] directions. |
Fig. 16. Electron micrographs of thin foils ofvsilicon made frém highly

deformed‘samples, 

a) Bﬁndles of edge—dislocétions on the main slip-plane. A narrow
dipole-attachedvto the main dislocation is ‘denoted by (A), isolatedvv_
dipol;s by (B) and small dots by (€).
b) Long diﬁoles and large loops are shown by (A) and (B) re-
spectively. See how a'straigﬁt dislqcation abruptly changes its
direction by 90° at (C). 'AiSO'vnOte four-fold dipole—confluences;
¢) Another area shoWing that dislocations are not perfectly
gtraight.
d) A large ‘1link-Loop on & moving screw dislocafion.
e) An area showing long dipoles ahdbloops. A large cusp is
formed on the dislocation at (A);‘
f) A large loop changing its orientation rather abruptly.
g) Bundles of edge disloéations and a possible example of dis-
location interaction at (A).
Fig. 17. The position of dislocations before (a) and after (b) the tensile
. fest at 825°C, urder a resélvéd shear stress of 36 gm/mmg. Iﬁ (a§
the isolated disloéafions.are labelled and their velocities éré |

listed in Table II.



Fig. 18.

 Fig. 19.

Fig. 20.
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Dislocations beforé (a) and.aftér (b) the tensile test at 850°C

und er resolved shear stresq of 56 gm/mmg. .Topograph ( ) and

(d) show the continuation’ of the test at 800 C and 77) C respec-_
tlvely.

vDislocations before (a) ﬁnd aftéi (b) the tensile test at 900°C
under a tensile load of 56gm/mm?; Topogréph (c) shors the poéitions
of the dlslocatlonq after contlnulng the test at 920°C.

A plot of dislocation velocities against the reciprocal of tem-
perature for neafly séreﬁ dislocationsunder a resolved shear stress

v 2 . . - .
of 36. gm/mm . The upper line is for nearly straight dislocations,

- while the lower line is for curved dislocations.

Fig. 21l.
Fig. 22,

Fig. 23,

A plot of dislocation velocities agaihst the reciprocal of
femperature for nearly 60°- segments. |

.The motion of a écfew dislocations with jogs of varying sizes

(see test for illustration).

a) The dislocafion;AB of hearly screw ofieﬁtatioh bows out between
the pinning pbihts. The dots represent vacéncies.in voids in thé

lattice.

. b) The dislocation after bowing out is-in exact screw orient-

Fig. 2k

ation at the middle while towards it's eithef”side is in nearby
screw oriemtation with a sméli edge component.

c) The dislocation acquires & lérge Jog due to‘climb.

a) -Cfossfover of the loop by climb and giide (see text for
explanation. | |

A plot 6f'lograithm'of distances between jogs against the recl-

procal. of temperature.
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Fig. 25. A screw dislocation bowing-out between thermal Jjogs spaced at a
distance lj along the line.

Fig. 26. The bow out of a dislocation between jogs due to Peierls'-Nabarro
force (see text for illustration).

1 : ;
— for screw dislocations

Fig. 27. A plot of (Un v + 1/2 In kT) against =

as derived from Fig. 25.

Fig. 28. Annihilation of kink-pairs on a dislocation line at a distance

i s
m
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Fig. 5b
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Fig. 6a
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Fig. 6b
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Fig. 11
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Fig. 12
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Fig. 13
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Fig. 18a
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Fig. 18b



-83-

XBB 6812-7438

Fig. 19a
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Fig. 19b
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "'person acting on behalf of the Commission”

includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of thé

- Commission, or employee of such contractor prepares, disseminates, or pro-

vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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