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;iocations in silicon for the temperature range TT75°C to 925°C. The X—raya

Pinning points which were tentatively attributed to thermal jogs develonedi

~ bands of élip;
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DIRECT DISLOCATION VELOCITY MEASUREMENT
IN SILICON BY X-RAY TOPOGRAPHY
V C Kannan and J Washburn
- Inorganic Materials Research Division, Lawrence Radiation Laboratofy,

Department of Mateérials Science and Englneerlng, College of Englneerlng,
- Unlver51ty of Callfornla, Berkeley, California

ABSTRACT

Glide velocity measurements were made on 1solated screw and 60° dls—

2 iy

topbgraphs which’were used to'reveal dislocation diSplacements also gave

}\
qnalltatlve 1nformat10n concerning the early stages of dislocation multl-'

'.plicatibn*in higly perfect silicon crystale,

Freshly generated dislocations were more mobile than aged dislocations.

™

S
e

S ;
along the lines. The p1nn1ng point spac1ng decreased with 1ncrea51ng tem

pereture_aslwould be expected for a jog formatlon energy of 1.2 ev." Heatlhg

’to.abOVe 1000°C effectively immobilized all the dislocations present in the

crystal. On subsequent ioading at 825°C, no motion took place until the

stress was high enough to cause catastrophic multiplicationvwhen a ‘segment

of dislocation did break away. This resulted in the formation of heavy

For fresh’dislocations—in;the temperatﬁre range studied the drag of
Jogs did noti appear to be rate\controlling-because-the jog'concentratioh"wes
too small. The temperature dependence of velocity was analyzed on the basis

of a kinkvpair nucleation and kink propagation model. The measured activa-

tion energy for motion of both 60° and screw dislocations was 1.8 + .3 ev.
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.I. INTRODUCTION

3'Meaéureméntsiof,velocities'of individual dislocations are of ﬁarti@ular_
interest for further develoyménp'of the theories of the flow stress,-sclution
hardening, creep and other plastic properties of pure'aﬁd'slightlyrimpure
sihgle'crystals.' Gilman and'jOhnstonl were thexfirst.to develop_ah'etéh-
bitting~teChnique'for thé méasurémént of.disipcation velocities in tiFf
Shortly thereafter, by employingvthisvteéhniQué with slight'modificatiohs,-

speeds of individual dislocations weré measured in a number of crystals by

' v - 2-10 - . . v
various authors. A striking observation common to all these investiga-.

tions was that dislocations did not move uniformly in the crystal. Even

neighboring dislocations having the same Burger's vector often moved with

'widely'different speeds;'_As a result; every recorded value of dislocation

Veidcity by these authors is an average of L0 to 100 dislocations that

moved various distances under the same applied stress pulse. 'Therefdre,

the true meaning of this seemingly fundamental data on the stress depeﬁdence

of dislocafiqn velocity becomes unclear ﬁecause the characteristicgvof the
moving dislocations are not well known. For example, Jogs on a moving
screw dislocation must be dragged non—cohservativeiy andleven_on edge-
dislocations Jjogs greatly reduce mobility. This dragging fofce:dn the
moving dislocation is dependent on the jog density and the heightsrof thé
Jogs, bﬁt very'little quantitative information on this is.available.
Qualitative obsérvafions by Young and Sherrillll and by Petroff and Washbu'rn12
in copper have shown that heavily Jogged dislocations do réquire highef,

stresses for motion than do the relatively jog-free dislocations. Therefore,

- data on dislocation velocities at various temperatures and applied stresses

can only be interpreted unambiguously if the moving dislocation can be well
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characterized.. ParametérS'such as'orientation, radius of curvature ahd

Jog density must be known. Obviously, it is ﬁot éxpe:imentally possible.
to obtain quantitative information on disloéation‘vélOCity as affected by
the abovevfactors from a single technique, but X-ray topography is a power—
ful tool for the direct obsefvation 6f mobilities of isolated dislocations *
in nearly perfect crystals. vMeasurements,of positions of individual dis-
“locations made repeatedly after mofion at différent temperaturesvand'applied
stresses can give information on glide velocity and at the same time.help

to characterize the mofing dislocation. Because it is possible to observe

long segments'ofldislocation line by the X-ray technique, some of its
~ characteristics, i.e., edge, screw, straight or curved, can be correlated

with its velocity data. This.is an important advaﬁfége over the simpler v é
'étch—pit technique because the latter can not give any informatioﬁ regarding
the charécteristics of the moving dislocation. Another advantage bf the
X;ray technique is that true displacement can bétéglculated. For the
etch-pit technique;-thé distance moved by the dislocation, perpendiéular to
to itself, is equal to the pit.displacement‘only when the dislocation inter-
‘sects the tracé of the glide plane on thé surface of observation at right
angles and there is no way to know this‘angle ofiihtersection. The.primary
‘limitation of thé X-rdyrtechnique is its ?oor'resolutién.which is only of
the order of L. Therefore; the fine scaie'configuration of a dislocation
line can not be revealéd.
In the present invéstigation, the Lang X-ray technique was empldyed to | 0

study the motion of isolatéd individual dislocations in highly perfect sili-

con single crystals. 1In érystals with diamond cubic structure, dislocations

are immobile at room'temperature. They become mobile gradually above about




-3- : T UCRL-18866

0.5 Tm where Tm is tﬁe temperature of melting. This is an important
experimental adﬁantage beéause-by-simply cooling under loéd, aﬁy disloca=
“tion cqnfiguration can be frozensin p1aée for dbgervation ét‘rocmvtemperatufe.
The speeds of dislocations in these crystals vafy.slowly ﬁith the appiied
étress;l3 for example, roughly as.02 to 01'5 at'higheriétress levels and
T63;5 at lower stress levels. This dependeﬁce can be contrasted with 025
é;nd'ohh measured for LiF and-siliéon;irén 'respecvt'ively.lh .Thefeforerit‘is
éxperimentally easier to control ﬁhe vélécities of dislocations inléiiicon
ag compared to metals.

‘The main purpose of the éreéent inveStigation was to observebthe cén—
trolléd motion of individual well isolated disloca?ions'under small applied
stresses near .5 Tﬁ and to correlate this-mObiiity data with the appearance
of the dislocation lines, i.e., straight, ﬁavy of curved; edgé or'sérev.
In.the coufse of the‘éxperiment, it was also hopéd to obtaln qualitative
information on the motion of dislocations at higher teméeratures'and on the

multiplication and distribution of dislocations during the early stages of.

deformation of highly perfect silicon single crystals.

'
\
\\ ————
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~II. EXPERIMENTAL PROCEDURE

The initial dislocation density'in all the séeCimens was zero within |
the limits of experimental observa%iOn. Therefore;_as.a first step,-fresh | B
dislocations’had to be introduced before théir motion couid'be studied. In
‘one set of experimen£s, dislocatioﬁé‘were.introduced’bYﬁpreSSing~a'molyb—
denum pointer on the specimen surface at about 1000° - 1050°C. Dislocations
were generated at the point of compreésioﬁ and traveled-long distances into
the specimen. This provided.qualitétive information on dislocation motion
aﬁd multiplication at &1000°C. In the second set of experiments,'Quantita—'
tive ‘data on dislocation velocity was obtained by measuring the displacéﬁent
df isolated individual dislocations caused by application of a tenéile stress
pulse. The loading was carried out either in vacﬁum of 10f6mm Hg or in‘an
atmosphere of higﬁ,purity helium.- |

Siliéon'éingle crystals were obtained from the Texas Instfumehts Co.
in the form of cylindrical rods of 1 inch diameter X 6 inches long. Thé
_Cf&stals were Czochralski grown,wN—type‘and had a residual resistivity-of
&SOQécm. Wafers ofAhS mil thickness with desired orientation were cut from
the original cylindér with a diamond:wheel. In order to remove the suffacé.
démage introduced while cutting, the wafers were chemicaily polished. The
final thickness of the wafers varied from 1.0 to 1.1 mm.

Tenéile spécﬁmens of desired orientation were cut from ‘the wafer§ in
an ultrasonic cutting maéhinea_ A special molybdenum jig was employed to
grip thé specimens. Dead loading was employed forbstress pulses ranging
from ten ﬁinutés'to one houf.. fhe teﬁperature of the specimeﬁs was regﬁ-
lated within * 5°C of the desired test temperature and the recorded

temperature waé'within + 1°C. After the test, the specimens were cooled
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;apidly tb room temperature in vacﬁﬁm and under: load.

.After testing, the X-ray imageé of the speciménS'were fhotographed
using the Lang technique witﬁ MoKal - radiafion..uz.s'x 3.5 em Illford G-
plates with 50u emulsion thickness were used. Fach plate needed an eiposure
time of 20 minutes/mm. The photographic platés were processed usihg a

15

épeCial deVeloping procedure to obtain the best contrast. Other details
of the experimental procedure are described in Ref. 16.

| Topographs were taken before and after loading the specimen at a ﬁarti-
cular temperature for a specified length of time. The distance traveled.
" by the diélocations Was\§easured as follows. ‘The areas in the vicinityvof
the dislocation in queStion were examined to 1oéate corresponding reference
points éh the two topographs. Smail black-dots due to surface imperfections
or markings frequently served this purpose. The distance méved on the.glide
plane. perpendicular to ﬁhe disloéation line was computed by measufing its
disﬁaﬁce from the reference dots before and after'testing, Knowing the
duration df load-application, the average velocity of the dislocation was
Calcﬁlated. |

.1All measurements werenmade on the final prints téking parficular care

. _ : , - . o

to correct for any small differences in magnification. Only nominal magni—

fications are quoted in the figure captions.
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IIT. EXPERIMENTAL RESULTS

A. Propagation of Dislocations at High Temperatures

Fig. 1 shows. groups of dislocations generated by pressing a.molybdenum
pqinter on the specimeh surface at aboﬁt lOOO?C'for &15 minutes. Of parti-
cular interest in_this topograph are fhe diéloéation lines at A (b = %‘[iOl]) "
that developed small pinning poiﬁts, cusps, long cusps and well-developed
helical segments as they traveled in the crystal. Fig. 2a is a topograph
of a tensile specimen which was pulled at 850°C for 30 minutes under a tensile’
stress of ~200 gm/mmg. No existing dislocations ﬁoved nor were any generated.
The spec}men was then pulled again at 950°C under a small tensile stress
(n20 gm/mme). Fig. 2(b) shows tﬁat some dislocations moved out to the
specimen surface in the area B. When the specimen Qéé once again loaded to
a stress of 380 gm/mm2 at 900°C, Fig. 2(c), profuse generation of dislo-
cations occured‘briginating from the edges of the specimen, but the original
high temperature dislocations still did not mbve.. Similarly, a specimen
with zero initial dislocation density was loaded to a tensile stress of
A180 gm/mm2 at 950°C. The dislocations generated under these conditions v j

are shown in Fig. 3(a). Again, all the dislocations were generated from the

side surfaces. Dislocations, b = %‘[ilo], in the areadA have developed

pinning points during their_motion. On close observation, even the hearly
straight. dislocations reveal pinning points along their length as in areas
B. The specimen was then pulled again at 850°C under a resolved shear stress |

2 . .
of 36 gm/mm and the topograph of Fig. 3(b) was taken. The final topograph

w
R

of the series shows intense dislocation multiplication which épparently
occured as a result of the movement of the curved dislocation segments'at

area A in Fig; 3(a). The individual lines in the resulting slip bands are '
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introduce dislocations of a density &10h - 10
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: . . . ' . . 6
not resolved since the density was too high (probably of the order of 10

L , 2 . : :
_dislocations/cm'. Electron microscopy was. used to study the arrangement

of dislocations within the bands. A few specimens were loaded to a tensile

stress of 200 gm/mm2 along [110] at 920°C - 950°C for 20 minutes to
. 5 N

dislocations/cmg. [The

X-ray topograph of Fig. 3(c) corresponds approximately to this amount of

deformation]. :Electron micrographs of foils oEtéined from these specimens
are shown in Fig. 4(a) and. (b). The'observed'dislocations'wefe mostly
edge dislocation dipoles and elongated loops of varying lengths and widths.
The dislocation distribution was highly inhomogeneous. Large areas were
completely free of dislocations Vhile clustérs ofhgntangled dislocations
ﬁere found at othef_areas on the primary slip plane; Many dislocations

were'smoothly curved even at,thisvmagnificétibn (520,000X) while others

were accurately straight. Dislocation dissociation was not observed even

: at the nodes.

B. Motion of Individual Dislocations and . . . - ..

bMeasﬁrement of Dislocation Velocities

Fig. 5 is anvenlargement Of'topographs made béfore and after tensile
loading at 825°C .to a resolved sheér stress of 36 ém/mmzi The geometry of
fhe SPecimen and the ioading direction are shown on the,t0pograpﬁ itself.
The velocities of screw and 60° - segments.of.many.cdmpafativelj isolated
disiocations were measured and are listed in Table I;: In th¢ final column
are‘given the characteristics'df the dislocation line, namely whether the
dislocation was straight, wavy or cufved within the limits of the resolution
of the X—rayitopographs. If the distance traveled by a dislocation éegment

is appréximately the same at all pointé along itsjlength the motion has been
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referred to_és uniform. "Irregular motion” indicates that the segment
became increasingly wavy or curved. Dislocation segments lying at the head
of an inverse pile-up (Nos. 12, 13, 1k, ls; 165 moved at higher veloc¢ities
as might be expected. Also, isolated 60° segments moved 2 1/2 to 3

timés faster than the sérew segments, Straight‘dislocations, generally
moved at highef speeds than purved ones (compére the dislocations 11 and

20 with 5 and 17). Conversely, disiocatioﬁs'moving at higher speeds tended
~to femain straight, while slow;moving diélocations generally became ﬁévy

or curved. Figure S(aj and kb) contain the topographs of another speci-
men pulled in tension under the same resolved shear stress of 36 gm/mm2

but at 850°C. The various dislocations are labelled and the data is listed
in Table II. Again, the speeds of 60° dislocations were higher than that
of the screw segments by a factor of ih. Of particular interest in this
specimen is dislocation No. 1 that became wavy during its mbtion. The
motion of dislocations 4, 5, 6, 7, and 8 were highly inhomogeneous. Con-
sequently, it was difficult to define their velocities. The 60° - segments
at the head of the group, Nos.ulB and 1k, fraveled much longer distances
than did the isolated segments.“ These high speed segments also remained
straight after moving.. Velocities were also measured at T75°, 900°, and

920°C and the data are displajed in.Fig. T for screw and 60° dislocations.

(3
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IV. DISCUSSION

A. Propagation of Dislocations at High Temperatures

The present work shows that dislocations near screw orientation
acquired pinning points, trailing dipoles and even heiical segments as
they moved in the crystal at 1000°C. . One cén.identify gll these features

on the moving dislocation lines in Fig. 1. This can be explained by

. éssuming that moving screw dislocations-continuously_develop jogs at high

.temperatures'.l7 On-a long screw dislocation which has jogs of-varying

heights along its length continued motion_willvresult in the formation of

a dipole wherever there is a jog at least several Burger's vectors high;

unit jogs can be dragged along leaving behind a trail of vacancies or
interstitials depending upon the sign of the jog. If the jog height

exceeds a critical length givén approximately by:‘
ub

— (1)
8 n{1-v)) 1

h =

where) Tis the shear-stress acting'on the dislocation line, u is the

elastic shear modulus, v is Poissons ratio and b is the Burger's vector,

then the two'édge segments of the dipole will be driven past each other in

- opposite directions by the applied stress. ThiS»constitutes'multiplication. T

Although jogs large enough to result in dipole trails have been

observed on moving screw dislocations by many investigators, it is not clearly

éstabiished exactly how they are formed,' Jogsvcan be fqrmed byba numbér of .
mechaﬁisms. An obvious process is interéecfibh of two dislocations reéulting
in either acquisition of a‘jog by both dislocations or a jog by one and a kink
by the other. A moving screw dislocation can acquire multiple jogs if it cuts a .

grown-in small angle twist boundary or any group of dislocations of like sign.
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Double crbss—slip and climb can also lead to jog formation under certain
conditions. Impurity.clusters, fine‘precipitaﬁés.or voids may cause local
double cross-slip. It is extremely difficult to know which of these

mechanisms are important in a particular case.

-

In the présént work, thé intérsection méchanism can bé ruléd out bécause
the crystals wére dislocation fféé and there were no small anglé boundariés
or grown—én dislocation networks; Similarly; there was no evidenge for
the presence of impurity clustérs or précipitates.
it is proposed that climb_of‘a short ségmént of dislocation which is
near screw orientation could-léad to formation of long jogs in thé follow-
ing wayjf Consider a long screw diélocation on thé primary glide plane that is
pinned at its ends by small dipoles. Whén thé dislbéétion attempts to move,
the segmehf between thé pinning poiﬁts bows ‘out. The mid-point of thé bowed
éegment‘is exactly in screw oriéntation, but thé ségments Just to thelleft
and right of the mid—ﬁoint have some edge charabtér. If the edge component
ét the left of the mid—point has its associated extra half plane of atoms
aboVe the glide plane, then that on the right has it below.‘ If excess vacan-
cies around the dislocation induce climb of these edge components, the left
and right sides will climp in opposite directions. AnyAédditional movement
of thé'dislocation is fhen.accoﬁpanied”éifﬁerkby d£égging.of the new jogs
non—consgrvatively or their glide. If some become trapped on the puref
‘screw part of the segment then a new dipole will be initiated. The spacing 4
of the dipole can subsequently increasé as thé moving dislocation absorbs
more vacancies while swéeping along the glide plané. These facancies

could arrive at the dipole by diffusing along the dislocation line (pipe-

diffusion), or new jogs can be formed which glide into the dipole.
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tion sources. The dipole formation mechanism proposed by Washburn™
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Vacancies in excess of the equilibrium'concentration-will be present

ih‘the crystal due to dragging of eiementary jogs non-conservatively by

. moﬁing,dislocaticns. Voids and vacancy clusters may also be left in the

crystal during the growth of the crystal from the liquid state. Voids in
silicon éamﬁles grown in a_hydfdgen aﬁmOSPheré'have been'reported by
Yukimoto.18 Vacancies can also be trappedApéftiCularly in disloéatipnv
free crystals while coolingifrdmjhigh temperéturé; | |

| The experimental results,deScriﬁed'preViousiy have aléo:showh that
dislocations génefated at'high~temperatures'(&100090) or -exposed to high

temperatures, become immobile at lower temperatures-(&850°c)‘even under

lloads high:enough to generaﬁe and move fresh dislbéations. ‘It is possible

that they are immobilized during aging by bécoming heavily jogged during

climb. It is not possible to ascertain from the present investigation

. whethérhor not disloéations'were also locked during aging by-impurities'or

impurity Clusters. Impurltles mlght also contrlbute to jog formation by
promotlng cross- Sllp Such a mechanlsm has been orlglnally put forward by
Johnstonlg‘to account for the dragging stresses of screw dlslqcatlons due to
fhe'presence df‘small'émounfsVof'iﬁpurities.,“Thé'existing experiméntal data
is still too sparse to conflrm Wthh of thesé mechanlsms is. 1mportant Unfor-
tunately, it is not: llkely that X-ray topography can eontribute directly to
answeriqg these questions because of its limited reso1ving power. |

The present electron microscope results on the nature of dislocations
in silicon lénd support to similar observations made on deformed germanium
by Alexander and'Haasen.20 |

The. localization of deformation into narrow regions on the primary slip

‘plane can only be explained by an avalanche-like multiplication at disloca-

1T

and
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_ : : o 1
dipole sources of the type observed in silicon-iron by Low andTurkalo2

could explain the present observations.

B.  Mobilities of Individual Dislocations .

‘The pinning points on the dislocation lines must be associated either »
‘with vacancy clusters and impurities or with thermal jogs. The present v
experimental observations suggést thermal jog-pinning. For example, it
was observed that fhe‘éiﬁning points wéré'quité uhiformly»distributed
along the.entire iength of the dislocation lines. Also, the a&erage pinning
distance decreased with increasing-temperature. o ‘
Following Friedél,22 the equilibrium iéngthlzjvbetween unit jogs qn
fa screw disloéation_éhquldvbé_gi&én_by | |

U, /kT S
2y =Dbe d . o - (2)

where Ui is the jog energy and b is the Burgers vector.‘ By plottiﬂg the

. ' : -1
log of the me%sured pinning point separation against T the jog energy in
silicon was estimated as 1.1 to 1.2 ev.

When a moving screw.diSlocation is pinned by- Jogs, the dislocation

line bows-out between the pinning points. Geometrically, such a bowing-out |
corresponds td.thé ?iling-up of kinks of_opposite sign on opposite sides o
of the pinning pqints.23 The jpgs can movgkfdrwérd Qﬁiy by ciimb. ”Thus,
under applied stress 1, the glide_of a_bbwed screw dislocation mu;; involve |
both_tﬁe geheraﬁion and éropaéatioﬂ of kinké and the non;conservative , "

motion of jogs. It is necessary to distinguish which of the two is the .

rate-controlling process for dislocation glide. : . 1
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First'consider’thé'climb of jogs. The force F acting at a jog due to
the line tension T ié givén by;

F=2r Cdé.ﬁ;ﬂ"f or. [ co%%— goé -Z—+ sin %V sin %] S (3)
where 6 is the radius of,cﬁrvatﬁre of‘thé'dislocation7line and o is the
angle bétwéen bowéd-oﬁt ségménts Onvéithéf side of"thé~jog;' From the topo-
graphs, it was difficult to mé&sﬁré the @nglé o as a function of tempera-
ture. ‘However,vtd a first apptokimatidn,»it’appéaréd that o did not vary
very much with témpératureQ That is, thé dislocation line on eithér side
of the jogs had to bbw—out to a certain critical radius of cﬁrvatufe, which

was independent of the temperature, before the jogs would advance in the

fdfwaﬁd direction. This suggééts fhaf thé’jogs were moving forward with-
oﬁt'appreciablé aid from thermal fluctuatibhs._ A156; the raaius of cur?a—v
:tﬁrevwas:not uniform along thé ségments bétweén aéjacent pinﬁing poinfs.

The disldéétion wéé'more sharply curved near the'jogs leaving thé'middle
portions of the Segﬁent relativély straigﬁt. This is consistent with the

i idea that the'dislocatioﬁ advances by nucleation of kink—pairs and their
subsequent slow sidewise motion towards the jdgé.; Whgn a critical radius
'{ofvcur;éture is féabhéd.on bothvsidés‘of a'jog dﬁe £o kink pile-ups, the

Jog would be forced ﬁo'mdve fqrﬁard a§herma1ly. If thé entire bowed-out .

‘j configuration_éfvthe‘dislogation line werekté advance a distance b.per emis-
sion or absorptidn éf a single vacancy by jogs, the,wofkvproduced by‘tﬁe
appliéa.sﬁfess -Twould be 'rbzlj. Fof én avefage valué of'slj = QOﬁ and

1 =36 gm/mmz, this work becomes 7 e.v. Since this is very large, the
jogs could not be the raté controlling obstacles. It was concluded that in
the éresent casé,_the Jjogs on scréw dislocations Qid not contrdl théir »

glide motion; but did account for the generally irregﬁlar appearance of the
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moving dislocation lines. For dislocations which are in 60° - orientation
and for those portions between screw and 60° - orientation, jog motion can E

. » ] . . |
be conservative. This could ‘explain the greater smoothness of dislocations v

in these orientations.

<

‘ ‘According_to thé above intefpreﬁation, the thermall& activated process S %
of dislocation motion is identified with the nucléation ofipaifs of kinks ?
and their subsequent propagation.along tﬁé‘dislbéation line.” The shapes
6f'the liﬁes obser#eé'iﬁ'the‘preseht'expéfiﬁént$ varié&'frém sﬁobthly
curved to highly‘irregular.. If only.the kink nuciegfidn process was diffi-
cult and kink migratién velocity was high,_it woﬁld be expeéted that the j
dislocation linés_wbuld be-straighter-than'was-obséyved. 'Therefore, in
formulating a model for glide, it is assumed that both kink-nucleation and |
miération are important. |

The glide of dislocations over Peierls Nabarro barriers has been con-.
sidered by a number of workers aséuming varying'mathematical models for kink
o _ i
nucleation and ﬁrdpagatiOp. .Following Dorn and Rajn&k?h‘kinetic equations = . i
féf kink'nﬁéleation>and migration'gah.be gpplied'to the'present experiments. |

{

1

Their analysis leads to an expression for the glide velocity, v, of i
. . , |

the form: :

B '1.f.b311/2 _ E_+E (1) - o . |
= Lvb ) m® “p' T

vEg | exp » (1) |
. kv J ~ - 2KT .
_ LR
where v is the atomic vibration frequency, b is the Burgers vector, t_ is E
the Peierls stress, t is the applied stress, E_ and En( 1) are the activa- . .

tion energies for kink migrgtidh and kink pair nucleation respectively. T

is the absolute temperature, and K is Boltzmann's constant. The

7

velocity-stress law can be derived from Eq. k. En is -a function of



Ra!

~ It can be seen frbm Eq. (4) that a plot df (In v + 1/2 1n kT) vs. (£)
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applied stress. As shown by Dorn and Rajnak, the quantity E /E*,

where E* is the energy_required to nucleate a pair of kinks under zero

Cn E_
stress depends only upon — . 3Thus;“E2 vs. : curves are universal
: P . : P '

relationships. For very small values of ;%e-, as is the present case,
. P
‘their plots yield _ v

| . 32 -

= E¥* - —t

E =E* | 1-— (5)
: A D S

1.
T

, will yieid a,pre—exponéntiai.term invél#ing .Tp. By meking such a plot

for screw dislocations the pre-exponential term was foﬁnd to be 8.8 x 1Q2

cm(ev)%%sec. BY equating this to the pre—exponential‘term'of equatioh (5)
one obtains  rp.=Al.76-x1OlO dynés/cm2. By‘itself ;his value has no
significance, sincgi Tﬁ-Will depen@,upon thé assuﬁed-shapé'of'the potential.
ﬁoVeVéf,‘thié fesulf shows thaﬁ the,term i_%*' is‘exﬁiémely small‘fof

o : C ‘ : p ‘
stresses of the order of L0 gm/mmg.- Therefore, the exponential

B B L B A
5 NN =exp P . (6)
| T kT

-can be approximated, by Taylor series and power seéries expansion, as

_E*(1 —T— )3/2 o ’. o n
. i u | -E* /KT

e

(7)

Pjw

i

kT

- exp

" Hence, for small appliéd stresses, the velocity Eq. L becomes

3 1/2' . ‘ 3/2-

_bwo [ o 3 _ E¥'+'Em "
T | e @)
« t Ty oKT -

This equation shows that the velocity should be proportional to Te, as has

been observed for silicon and germanium by previous workers.
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TABLE I
‘Dislocation No. Veloc1ty in -5 - Remarks
‘ cm/sec X 10
Screw Segments - : : :
1 1.07 . . wavy; fairly uniform motion
2 2.1% - - straight; uniform motion, becomes wavy
3 1.00 ' " straight; not isolated, becomes curved
4 " 1.34 straight; uniform motion, a portion is stuck
5 1.20 - - - straight;. uniform motion, becomes wavy
6 1.07. straight, non-uniform motlon becomes curved
7 1.90, 1.75 . 11 1 ) R i | 1 n
8 - 1.15 ‘not isolated, interacted by other dislo-
- cations in the group
9 2.27 " straight ahead of a pile-up
10 2.)_'_1 e : " " " 1" "
11 0.1.. . . ~ .curved, resists motion.
60°-segments . - : : : ; E
13 h.o1 . straight, moves uniformly becomes smoothly
curved
W ~4.80 . . straight, moves uniformly fairly retains
. straightness '
15 3.75 - . straight, moves uniformly falrly retains
' straightness
16 3.80 - straight, moves unlformly falrly retains
' straightness
17 4. 53 : smoothly curved, fairly uniform motlon
B S o retains shape
18 4.05 ' highly irregular motion, becomes curved
19 S lhhe : fairly uniform motion :
20 ‘ . 3.50 - ' ‘1rregular motion, not 1solated, ahead of
T A : ~a pile-up

21 5.15 - | ;: smoothly curvéd well 1solated

L 2
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TABLE II

Dislocation

No.

Velocity in
em/sec X 10° -3

Remarks
. &

Screw Segments

£w

. 6,
7,

8

10

NN

6|
7!

13

60°- Segments

1
2
L
5
6
9
13,

S

1w

2.14
2.60

'1.36

3.21
2.91

2.94, 3.3

2.43

1.09

1.61

RN

straight, fairly uniform motion, becomes wavy
straight, ahead of a pile-up

piece wise straight, irregular motion:
straight, non-uniform motlon, ‘becomes

irregular

straight, non-uniform motion, becomes
irregular :

straight, non-uniform motlon, becomes
irregular _

straight, non-uniform motlon becomes"
irregular - :

straight, non-uniform motion, becomes
irregular

straight, falrly uniform motion, becomes
curved

not isolated, ahead of a pile-up

straight, becomes smoothly curved
“curved, non-uniform motion _
smoothly curved, uniform motion

- smoothly curved, uniform motion

-smoothly curved, uniform motion
‘non-uniform motion

stralght ahead of a plle up, retalns 1ts
shape
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FIGURE CAPTIONS ’ .. UCRL-18866

~Generation and pr0pagation'of dislocations at 1025°C. induced by

molybdenquindenter. ' The well-isolated lqng;dislocatiohs at A

are nearly-ih'screw*Orientationi The-line No. 1 shows presence'
}of pinnlng points: along the length of the dlslocatlon, while

No. 2vis“smooth1y-curved v Large helical loops can be seen at

(B), small loops at (C) and well-developed cusps at (D).

-(a).A tensile specimen was ‘cut from the crystal shown in Fig. 2

tand was deformed invtensiondat 825°C. under- a stress of 200 'gm/mm?

‘applied along [ilO] ‘The screw dislocations (b = [i01]) were
subjected to a shear stress of 88 gm/mm . Note that the dis-

locations d1d not move any appreclable dlstance (compare this topograph

3

~with Flg l) (b) Topograph taken after heating the sample to 950°C

- for 15 mlnutes under a 1oad of 20 gm/mm along [110]. The dls-

locatlons at B climbed towards the surface and intersected it.

(c) Deformation~was cdntiﬁued at 900°Cvuﬁder a load of 380'g-m/mm2

‘acting ‘along [1I0]. Fresh dislocations~were—generated from the - -

‘specimen edges. - Closer observation ‘shows that the original high-

temperature:dislocations still,didant'move.
Topdgraphs showing'the dislccations generated in the sam?le by

puliing_under_(a) 30 gm/mmz 950°C for;30 minutes (b) 36 gm/mm?

-atASSO’Cvfbrv30-minutes._ (c) 65 gm/mm2 at 900°C for-lS minutes.

The vertical direction is along the tensile axis which makes 45°
to [111] and [101] directions;
Electron micrographs of thin foils of silicon made from highly

deformed samples.



Fig. 5
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The positioh of dislocations before (a) and after (b) the tensile
test at 825°C, under a resolved shear stress of 36 gm/mmz. In

(a),Athe isolated dislocations afe,laheiled;:and_theif velocities

~are listed in Table I.

Fig. 6

Dislocations before (a) and dfter‘(b).the tensile test at 850°C
under resolved shear stress of 36 gm/mmz. Again, in (a) the

dislocaﬁions are’labelled-aﬁd'their velocitiés are listed in Table

TI.

- Fig. T

A plot of dislocation velocities against the reciprocal of

‘temperature for screw and for”609-dislocatioﬁs under a resolved

shear stress of 36_gm/mm2.. The upper dashed line is for 60°
dislocations'While the soiidflines are for screw dislocations.

Solid circles are data points for curved or wavy screw dislocations

while open circles are for nearly straight ones.
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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 the
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.




i
TECHNICAL INFORMATION DIVISION
LAWRENCE RADIATION LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



