
Influence of electrically active impurities on the mobility of 
separate dislocations in germanium 

I. E. Bondarenko, V. N. Erofeev, and V. I. Nikitenko 
Institute of Solid State Physics, USSR Academy of Sciences 
(Submitted November 14, 1972; resubmitted February 2, 1973) 
Zh. Eksp. Tear. Fiz. 64, 2196-2209 (June 1973) 

The dependence of the velocity of separate dislocations in germanium single crystals 
on the field strength (0.15-20 kgf/mm2 ), temperature (280-580°C) and density 
(1013_1019 at/cm3 ) of electrically active Ga, Sb and As impurities is investigated. The 
laws of dislocation motion are found to differ significantly in the low (up to 2-4 kgf/mm2 ) 

and high field strength regions. The data are compared with all existing theories of 
dislocation mobility in crystals with high Peierls barriers. It is shown that the experi
mental results can be explained qualitatively by theories in which the effect of point 
defects on the creation and motion of double kinks is taken into account by assuming that 
in all crystals the concentration of the dislocation point defects is very high. Some 
possible causes of a number of discrepancies between the theoretical predictions and the 
experimental data are discussed. 

The existence of translational symmetry in a crystal 
lattice determines inevitably the periodic character of 
the function W(x) that describes the dependence of the 
dislocation energy on the displacement in the slip plane 
along the direction of the displacement x. At absolute 
zero temperature, the classical!) motion of a dislocation 
in the potential field of a crystal lattice can occur only 
at stresses T exceeding the Peierls stresses 
Tp = [8W(x)/8x]max' At higher temperatures, thermally
activated surmounting of the Peierls barriers is possible 
at T < Tp , owing to the formation of double kinks on the 
dislocation. A theoretical analYSis shows [2-S] that the 
dependence of the dislocation velocity v on the applied 
stresses and on the temperature T is determined by the 
ratio of the external and Peierls stresses, and also by 
the length L of the dislocation. 

A check[7-9] of the developed concepts, performed on 
silicon single crystals, has revealed that in real crystals 
the quantitative rules describing dislocation mobility 
are radically altered under the influence of point defects. 
They result in the appearance of starting stresses for 
dislocation motion, and decreases the activation energy 
U of their displacement and the critical dimension of the 
dislocation line, starting with which the dependence of 
v on L begins. An analysis of the experimental data has 
shown that in Si single crystals, which have the highest 
Peierls barriers of all the investigated materials, the 
impurities cause an appreciable lowering of the energy 
of formation of a double kink of critical size. This 
phenomenon was subsequently treated theoretically [10 ,11]. 

We must emphasize the following somewhat unexpected 
fact: When dislocations move in Si single crystals with 
most diverse types of impurities, the rules for the 
motion of point defects considered in [12 ,13], which are 
naturally derived wht!n the resistance of the defect to 
the broadening of the double kinks is theoretically taken 
into account, do not appear. 

Investigations[14-17] of the mobility of individual dis
locations in germanium single crystals were performed 
only with weakly doped crystals at a relatively low level 
of external stresses. They have shown that in this case, 
in a certain interval of stresses and temperatures, there 
appear effects connected with the stopping of the kinks 
by the point defects, and this leads to an increase of the 
activation energr of dislocation motion. At the same 
time, the data [18 on the mobility of the dislocation rows 
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offered evidence of the possible decrease of the value 
of U under the influence of the impurities. It was there
fore to be hoped that in Ge crystals, which have a lower 
value of T P than Si, it would be possible to investigate 
the laws governing the effect of impurities both on the 
initiations of the double kinks and on the motion along 
the dislocations. The research described in this article 
was performed for this purpose. 

It should be noted that the knowledge of these laws 
is also of practical interest, since dislocation motion 
through many high-melting-point BCC metals of im
portance in technology, which are characterized by not 
too high Peierls barriers, can be determined by the 
joint action of both effects. 

EXPERIMENTAL PROCEDURE 

The investigations were performed on single crystals 
of n- and p-type, grown by the Czochralski method and 
doped during the growth with Sb, As, and Ga. The denSity 
of the electrically-active impurities in each crystal is 
given in the table. We used prismatic samples of two 
orientations: "a"-with the faces {100}, {no}, and {1l0}, 
and "b" with the faces {l1U, {1l2}, and {110} (the face 
symbols are given in order of decreaSing area). The 
procedure for producing single dislocations in the 
samples was similar to that described earlier for Si [19]. 
In the type "a" samples, the half-loop sections emerg
ing to the surface had different orientations, some 
screw, and others 60°. In the samples of type "b" the 
half-loops and near surface sections of different orien
tations (screw and 60°) and of 60° orientation only were 

Impurity density and values of the pre-exponential factor log Vo for the 
investigated crystal 

Doping I 
I 

"C, ~r/MJtLl 

Impurity density, 
lmpur- em-;} 

0.5 10 20 ity 

Ga 6·10" 13.2±1.2 1O.0±0.5 7.5±0.5 7.S±0.5 
Ga 2.10 16 13.7±0.9 10.S±0.5 7A±0.5 6.9±0.S 6.8±0.S 6.8±0.5 
.Ga 1017 13A± 1.0 1O.7±O.6 7.8±0.5 7.8±OA 6.9±0.5 6.6±OA 
Ga 1019 8.8±1.0 8.2±0.6 6.4±0.6 6.8±0.4 7.2±0.4 
SL 1013 12.7±1.0 7.8±0.8 6.5±0.4 6.0±0.4 6.2±0.4 r·· locations 13.6±1.1 7.5±0.8 6.1 ± 0.4 6.5±OA 6.0±OA 5.6±0.6 
Sb 1.3.10 11 screw 

dislo-
cations 4.4±0.6 5.2±0.S 6.3±0.4 6.5±0.4 6.4±0.4 5.8±0.5 
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equally probable. At small T « 1 kgf/mm2) and low T 
« 400°C) one of the sections of the half-loop in samples 
of type "a" and in some of the dislocations in the 
samples of type "b" had a higher velocity than the other. 
A comparison of the velocities of these sections with the 
velocities of half-loops that are known to have 600 

orientation, which could easily be found in samples of 
type "b" on one side of the scratch [9], and also the de
termination of the Burgers vector by x-ray topography, 
has shown that the half-loop section with the higher 
velocities had a screw orientation. This fact made it 
possible to separate distinctly the screw and the 60 0 

dislocations after the subsequent deformation. 

It was observed earlier [20] that the dislocations half
loops in Ge can contract spontaneously as a result of 
self-action forces. Our experiments have shown that for 
samples oriented in accord with type "b" there is no 
contraction if the half-loop diameter exceeds 400 iJ.. 
Therefore all the measurements were performed only 
on half-loops with large initial diameters. In samples 
of orientilUon "a" the contraction stresses are larger 
and amount to 0.15-0.1 kgf/mm2 for half-loops of 400-
600 iJ. diameter. During the heating and subsequent de
formation we therefore applied to these samples an 
additional "stabilizing" stress to balance the contrac
tion stress. The dislocation velocities were investigated 
in the temperature interval 280--580°C at stresses 
0.15-20 kgf/mm2.2) The error in the determination of 
the velocity, due to the errors in the measurements of 
T, T, and the test time, was on the average ± 5%. The 
spread in the velocities of dislocations of one type, ob
served in the experiment, exceeded as a rule this error. 
Figures la, 1b, and 4 (below) show the values of the dis
location velocities together with the measured spreads. 
Each point is the arithmetic mean of 25-30 measure-· 
ments of the velocities of individual dislocations. 

The doping-impurity content of the crystal was 
monitored by mass spectrometry and against the results 
of measurements of the electric characteristics. The 
comparison has shown that the investigated crystals 
differed significantly only in the content of the elec
trically active impurities. The concentrations of the 
electrically inactive impurities of the heavy elements 
(Si, Cu, etc.) were apprOXimately the same and did not 
exceed 5 x 1015 cm -3. 

The experimentally employed samples contained 
practically no growth dislocations. Exceptions were 
crystals with Ga contents 6 x 1013 and 1019 cm-3 • The 
dislocation velocities in these crystals were measured 
only up to 10 kgf/mm2, inasmuch as a strong multiplica
tion of the dislocation rows near the local stress con
centrators set in at higher T. 

EXPERIMENTAL RESULTS 

We investigated the dependence of the velocity of 
individual 600 dislocations on the temperature and on the 
stresses in all the Ge crystals listed in the table. For 
the crystal containing 1017 cm-3 Sb, we measured also the 
velocities of the screw dislocations in the stress inter
val 0.5-20 kgf/mm2. Figures 1a and 1b show typical 
plots of v(l/T) at different T for the crystal with Sb 
density 1017 cm-3 • When plotted in coordinates 
log v(l/T), the experimental results fit well straight 
lines whose slopes characterize the activation energy 
of the dislocation motion, i.e., the results are described 
by the formula 
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v = vo(1:)exp[ -U(1:) / kTJ, (1 ) 

which is typical of the thermal-activation processes. 
Extrapolation of the straight lines to the ordinate axis 
yielded the values of log vo('r), which are listed in the 
table together with the errors resulting from the ob
served scatter of the dislocation velocities. The quantity 
log Vo for 60 0 dislocations is a decreaSing function of 
the stresses, it drops sharply with increaSing T in the 
region of small T « 2 kgf/mm2), and at T> 2 kgf/mm2 
it decreases inSignificantly (Fig. 2). 

The activation energy of the motion of 600 disloca
tions (v60 0

) is also a function of the stress, decreasing 
rapidly with increaSing T from 0.5 to 2 kgf/mm2 and 
varying little with further increase of T. Figures 2 and 
3 illustrate the V (T) dependence for different crystals. 
The average error in the determination of V amounts to 
± 0.05 eV in the interval of high T and to ± 0.12 eV in the 
interval of low T. 

The activation energy of the motion of screw dis
lications Vscr and log vscr , measured in the crystal 

30.0. Jo.o. T, 'C 

ID' j 

1.5 1.8 1.5 /8 
10.3r:' K-1 10. 3r{ 'K-1 

FIG. I. Velocities of screw (a) and 600 (b) dislocations in Ge con
taining 1.3 X 1017 cm-3 Sb vs. the temperature for different r: I) 0.5 
kgf/mm2, 2) I kgf/mm2, 3) 2 kgf/mm2, 4) 6 kgf/mm2, 5) 10 kgf/mm2, 
6) 20 kgf/mm2. 
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FIG. 2. Dependence of the activation energy of the motion of 600 

dislocations (curves 1,2,3) an the stress for crystals doped with Ga: 
I) 1019 cm-3 , 2) 2 X 1016 cm-3 , and crystals doped with Sb: 3) 1013 

cm- 3 . The dashed curve 4 shows the dependence of the pre-exponential 
factor on the stresSes for a crystal with Ga density:: X 1016 cm-3 • 

FIG. 3. Dependence of the acti
vation energy of dislocation motion 

T. kgf/mm' 
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U on Vr for crystals with Sb content Z D 
1.3 X 10 17 cm-3 (1_600 dislocations, . \-----\t-\---t---t----t-

2-screw dislocations) and with Ga 
content 1017 cm-3 (curve 3). 
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with the Sb density 1017 ~m-3, coincide at T> 2 kgf/mm2 
with U600and log v60° within the limits of the measure
ment error. At T ~ 2 kgf/mm2, their dependences on 
T are entirely different than for 60° dislocations, and 
Uscr and log v~cr even decrease somewhat with de
creasing T \Fig. 3, table), and do not agree with those 
observed in 16]. 

The character of the influence of the impurities on 
the dislocation mobility in Ge depends on the type of 
impurity, its density, and the applied stress. An in
crease of the density of Sb to 1017 cm -3 does not change 
the dislocation mobility: in crystals with Sb impurity 
1013 and 1017 cm -3 the values of v60° coincide3) within 
the limits of measurement errors for all the inves
tigated T and T. A similar result is obtained by doping 
Ga to a density 1017 cm-3: the activation energy U60° in 
a crystal with a Ga content 6 x 1013 cm-3 (which at 
T = 0.5,1,2, and 6 kgf/mm2 are equal to 2.80 ± 0.17, 
21.7 ±0.08, 1.70 ±0.05, and 1.58 ±0.04 eV, respectively) 
are close to the corresponding values of U60° for more 
highly doped p-type crystals. 

At a higher degree of doping, however, n - and p- type 
impurities exert a noticeable influence on the disloca
tion mobility. Dopin$ with 1019 cm-3 of arsenic, as in 
Si [8], decreases U60 greatly to 1.05 eV and increases the 
dislocation velocity (Fig. 4). In addition, it leads to the 
appearance of high starting stresses for the dislocation 
motion, T st = 2 kgf/mm2. In all the remaining crystals, 
the starting stresses in the investigated temperature 
region could not be observed, owing to the low disloca
tion mobility in the region of very low stresses, when 
the velocities drop below 10-8 cm/sec. The measure
ment of the dislocation mobility in the crystal with 
arsenic density 1019 cm-3 at T > 6 kgf/mm2 turned out 
to be difficult because of the multiplication of the dislo
cation rows, initiated by impurity clusters. 

Doping with 1019 cm-3 gallium, to the contrary, de
creases the dislocation velocities at all stresses, and 
increases somewhat U60° in the region of high T, as 
was observed earlier by the authors Of[18] in mea
surements of dislocation - row velocities. However, 
the activation energy values given in[18] are higher than 
those obtained by us. This character of the influence of 
a r,-trpe impurity is the opposite of that observed in 
Si 8,9. At low T, the influence of Ga on the dislocation 
mobility has an ~ntirely different character, viz., 
log v60 and U60 in a crystal with a Ga density 1019 in-

v, em/sec T, kgf/mml 

V.' em/sec 
10-J 10 2 I U 5 0 J. 0 Z 0 15 

l 
\\\ r= 50' 

'\ ~\ 
I~ ~ 

""" ~ r-. r-. 
~ I 10 -I '---'-:::--'---'-;;-'---'-o=-'-'-=-

10 '3 10 '5 10" 10 19 z 5 
n, cm· 3 liT. mm'/kgf 

FIG. 4 FIG. 5 

FIG. 4. Dependence of the velocity of 60° dislocations on the densi
ties of the Ga (e), Sb (0), and As (X) impurities at the temperatures 
300° (I), 350° (2),400° (3), and 450°C (4) at T = 6 kgf/mm2. 

FIG. 5. Dependence of the dislocation velocity on liT for crystals 
with Ga content 10[7 cm-3 (e) and 10[9 cm-3 (0). 
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a 
crease with decreasing T more slowly than in all the re-
maiIJing crystals, and at T = 0.5 kgf/mm2 the value of 
U60 is lower by 0.5-0.6 eV than in the remaining 
crystals. 

The dependence of the dislocation velocity on Tis 
not described by the power-law function v ~ Tn 
x exp( -U/kT) in the entire investigated stress interval. 
One can separate on the log v (log T) curve a linear 
section at T> 2 kgf/mm2 , with a slope n that ranges 
from 1.2 to 1.5 for different crystals. At T < 2 
kgf/mm2 the V(T) dependence is steeper and its approx
imation by a straight line yields n ~ 3.5. The 
theories [12,13] predict for small T a relation of the type 
v ~ const . exp(-T/T)exp(-U/kT). Figure 1 shows the 
experimental plots of log v as functions of (l/T). Small 
sections of these curves, from 0.5 to 2 kgf/mm2, can be 
described by a straight line, but below 0.5 kgf/mm2 the 
velocities are higher than called for by this relation. 

For the crystal with Sb content 1013 cm -3, we in
vestigated the dependence of the dislocation velocity 
on the diameter of the dislocation half-loop at T = 1 
kgf/mm2 and 2 kgf/mm2, and respectively T = 350 and 
300°C. When the half-loop diameter was increased 
from 400 to 1000 iJ., no change larger than the rn.easure
ment error was observed in the velocities of the screw 
and 60° dislocations. 

In addition, we investigated the effect of the heating 
conditions and of the thermal annealing on the disloca
tion velocities. It was found that an increase of the 
standard heating rate (10-15 deg/min) by five or six 
times does not change the dislocation mobility at either 
high or low stresses. Only at very high heating rates 
(120-200 deg/min) does the dislocation mobility in the 
interval of small T increase by a factor 3-4 in com
parison with the usual heating conditions and at 

2 ' T = 6 kgf/mm the change of the heating rate does not 
affect the dislocation rate. Annealing of the samples 
for six hours at 450°C did not change the dislocation 
velocity. 

COMPARISON OF EXPERIMENTAL DATA WITH 
THEORIES OF DISLOCATION MOBILITY IN A 
FIELD OF PEIERLS FORCES 

Dislocation motion in a field of Peierls forces sat
sified relation (1), which represents the thermally
activated character of this process. The physical mean
ing and the values of the parameters va and U (T) in Eq. 
(1) depend essentially [2-6] on the mechanism whereby 
the dislocation moves from one groove of the potential 
relief to the neighboring one. If the dislocation length 
L is small (but larger than kT/T ab), then its velocity 
is limited only by the probability of production of a 
double kink of critical dimension lc in the direction of 
action of the force: 

v ~ alL, (2) 
where a is the distance between the neighboring grooves 
of the relief, b is the value of the Burgers vector, and 
J is the probability of production of a double kink in a 
unit time per unit length. If the dislocation is long 
enough (many double kinks can be produced on it simul
taneously, expand at a velocity 2Vb, and annihilate after 
covering a distance Lcr), then the dislocation velocity 
ceases to depend on its length: v = aJLcr ' The value of 
Lcr is determined from the equality of the time (l/JLcr) 
of double-kink production over a length Lcr to the time 
(Lcr/2vb) of the passage of the kinks over this segment: 
Lcr = (2vk/J)1I2. In this case the dislocation velocity is 
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U = a (2v,t/) 'f,. (3) The kink energy corresponding to Ic is 

In the discussed experiments we observed no de
pendence of the dislocation velocity on the dislocation 
length. It is therefore natural to assume that the ex
perimental data should be described by formula (3). The 
form of the functions J(T, T) and vk(T, T) depends on the 
mechanism that limits the mobility of the kink, and on 
the conditions under which the kink is produced, which, 
in turn, are determined by the ratio T/Tp. 

As already mentioned, the U(T) curve (Fig. 2) is 
distinctly divided into two sections. At T < 2 kgf/mm2 
the value of the activation volume y = IlU /Il is approx
imately 600b3, whereas at T > 2 kgf/mm 2 we have 
y 0::: (5 - 10)b3. On the basis Of[2-S,12, 131 we can assume 
that at T < 2 kgf/mm2 the mobility of the bends is de
termined by their thermally-activated overcoming of 
the barriers Ekp, which are connected wi!..h the poi~t 
defects, and at higher stresses, when Tabl > Ekp (I is 
the average distance between defects), vk is limIted by 
the phonon mechanisms, and J can be calculated from 
the diffusion theory of double-kink production [5,S}I). 

We shall first analyze the experimental data for 
stresses T> 2 kgf/mm2 under the assumptions that if 
the impurity volume densities range from 1013 to 1017 
cm -3 then the impurities change only inSignificantly the 
energy of the double kink: 

(4) 

where Uk is the energy of one kink, I is the width of the 
double kink, Ol = Ga2b2[ (1 + v) cos2rp + (1 - 2v) 
x sin\Q ]/81T(1-v) is a parameter that determines the 
attraction force (Ol/n of the kinks, forming a pair, cP 
is the angle between the direction of the dislocation and 
the Burgers vector, v is the Poisson coefficient, and G 
is the shear modulus. 

Formula (4) is valid when I exceeds the width of the 
single kink w = (a/2~ (Eo is the energy of the 

linear tension of the dislocation, and Wp = Tpab/21T is 
the Peierls energy). 

The shift of the entire dislocation from one groove of 
the potential relief to another can be caused only by 
those double kinks whose dimensions exceed the critical 
value 

(5) 

determined from the equality of the force Tab that 
pushes the kinks apart to the force of their mutual at
traction. Some of them can collapse under the influence 
of the thermal fluctuations, if one of them is smaller 
than lc + 19, where 19 = b[(bkT/0l)(lc/b)3]1I2. The quantity 
19 is determined from the equality of the work of the 
forces (21~(1l2U/aI2)1 = lc)' that tend to broaden the kink 
to the average thermal energy kT. 

The drift velocity of the kink in the field of the ex
ternal stresses can be described by the formula 
vk = Dk(Tab/kT). In the limiting case the diffusion coef-

ficient of the kink is Dk = vnb2, and then vk = v s (Tab2/kT) 
where Vs is the speed of sound and vn is the Debye 
frequency. 

Under the indicated assumptions, the probability of 
production of a double kink per unit length and per unit 
time is 

J, = Us (~) ~exp[ _ Udk(T) ]. 
19 b' kT 

(6) 

1112 SOY. Phys.-JETP, Vol. 37, No.6, December 1973 

(7) 

For the case considered by us (L> Lcr) we have 

U=UdkC:) 'f, (2~~b') "'exp( _ Uk~/r~) (8) 

and 

(9) 

Let us compare the experimental data with the pre
dictions of the discussed theory. 

A. Using for Ge the parameters vD = 6.04 x 1012 
sec-\ b = 4 X lO-s, a = 3.48 x lO-s cm, and C = 6.58 
X lOll dyn/cm2 we calculated the value {3 = 8 X 10-13 
dyn112 cm2 (5 x 10-2 eV /(kgf/mm2)112). The experimental 
U(IT) dependence (Fig. 3) was used to determine the 
values of {3exp' For Ge with an impurity density 1013 
- 1017 cm-3 we have {3 = (13 - 15) x 10-1s dyn1/2 cm2, i.e., 
higher than the theoretical value of (3. The possible ex
planation is the following. As already mentioned, 
formula (4), meaning also (7), is valid when lc ~ w. 
From the experimentally obtained values of Uk we can 
calculate the values of Tp and w. For a sinusoidal5) 
relief we have Tg = 1T3Ui/4a3b3G = 300 kgf/mm2 and 
W = (1TabG/4Tp)1 2 = 5b. We calculated the values of Ic 
for different values of T in accordance with formula (5). 
It turned out that even at .T 0::: 10 kgf/mm2 the value of 
lc becomes smaller than w. For large T> 0.1 Tp, ex
pression (7) should go over into 

,." 

Udk(T) = 2 (2E,)'f, J {[W(x)- W(xo)- Tb(x - xo) ]J"'dx 

'" 
and, as shown inl41, it can be approximated at T < 0.9 
x Tp by the function Udk(T) = 2Uk - yT, which ensures a 
stronger Udk(T) dependence. It can be assumed that the 
large value of {3 is due precisely to this sharper de
crease of U at high T 0::: 20 kgf/mm2. Another more 
probable explanation of this fact will be considered 
below. 

B. Let us compare the pre-exponential quantity in 
(8), which we shall denote by v T , with the experimental 

o 
values of Vo (see the table). An analYSis shows that at 
all the investigated stresses v 0 cannot exceed the speed 
of sound since lc and 19 are quantities of the same order 
and (Tab/kT) < 1. However, the experimental values of 
Vo greatly exceed Vs 0::: 2 X 105 cm/sec. 

C. The calculation of Lcr in accordance with (9) 
yielded values from 15 to 2 x lOS cm, which greatly 
exceed the diameters of the dislocation half-loops em
ployed in the experiment. This means that v should 
exhibit a dependence on L at all values of T and T, but 
this is not confirmed by experiment. 

The foregOing disparities between experiment and the 
theory based on the model of annihilating kinks shows 
that in Ge, just as in Si, the Peierls mechanism in pure 
form does not determine all the regularities of the dis
location motion even at T > Ek /abT, and it is apparently 
necessary to take into account ~he influence of the point 
defects. In the high-stress interval, it can become 
manifest in a change of the frequency of production of 
double kinks of critical dimensions. The short-range 
field of the elastic stresses or else the long-range 
electrostatic field of the charged point defects can 
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locally alter the energy of the dislocation line by an 
amount Edp) meaning also the energy of formation of the 
double kinkl10,1l). It must be emphasized that even for 
one defect, regardless of the Sign of the quantity Edp' 
the effective activation energy of dislocation motion 
should decrease. If the point defect increases the dis
location energy, then its transition to a neighboring 
groove of the potential relief is most likely to start at 
the point where it is located. If Edp is of negative sign, 
the double kink will "run into" the point defect. The 
probability of double-kink production is in this case 

I = 10 [1 + (lei b) c exp (EdPI kT) ], 

where J o is the probability of double-kink production in 
the absence of defects (see (6)), and c is their concen
tration. Petukhov [10) took into account also the prob
ability of encountering a newly produced kink with a 
barrier from a cluster of m defects located at a dis
tance l 'S Edp/'T ab « I, where the time required to 
overcome the barrier exceeds the time of production of 
a new double kink. The resultant expression for the 
dislocation velocity is 

ab ( 'tab' ) m-I ( E) (10 EdP) 
V=- -- exp mln-- 1+-cexp-- 10 , 

c Edpc E dp b kT 
(10) 

where 

(11) 

The minimal possible value of m is determined by the 
formula 

(12) 

In this model, the dislocation velocity should cease to 
depend on the length at 

Ler' =~ ( 'tab' ) m-'exp ( mln~). 
c Edp" E dp 

(13) 

An estimate of LJ (using the value Udk = 1.75 eV 
theoretically obtafued in [21] and an acceptable set of 
possible values of c and Edp) shows that it increases 
rapidly with increasing m, and only when m is on the 
order of one or two dislocation -line lengths used in the 
experiment does it exceed LT. This means that at 
m = 1 the double kinks are p$bduced practically on each 
defect, so that LT becomes a quantity of the order of 
the average distSfce between point defects. At m = 1, 
the solution of (12) with respect to Edp yields a value 
Edp :::; 0.8 eV, and expression (10) for the velocity takes 
the form: 

_ E ( 10 EdP) v=al-- 1+c-exp-- 10• 

Edp b kT 
(14) 

The effective dislocation-motion activation energy de
termined by it is equal to 

(15) 

If Edp is assumed to be independent of the stresses, then 
it follows from the presented experimental data and 
from (15) that 2Uk:::; 2.44 eV. The Peierls stress, cal
culated at Uk = 1.22 eV, still admits of the use of the 
diffusion theory for the calculation of Jo' Good agree
ment for this model is reached between the theoretical 
and experimental values of f3 (7.2 x 10-18 dyn 112/cm2). 

The values of the pre-exponential Vo :::; vs(lc/lg)(E/Edp) 
calculated from the short-range-action theory, while 
of the same order of magnitude as those obtained in the 
experiment, still remain below the experimental values, 
even though if one takes into account the error in the 
determination of v o. 
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Since no dependence of v on L was observed at the 
experimentally employed dislocation lengths (> 10-2 cm), 
this means in the short-range-action model that the 
average distance between the defects on the dislocation 
is r < 10-'2 cm, and consequently their concentration is 
c > 10-6. It appears that in fact c is much larger than 
this minimal es timate. This is evidenced by the pres
ence of a break on the U(1') curve at l' :::; 2 kgf/mm2 • 

This break as already mentioned, may be due to the fact 
that at lower stresses the kink, owing to the work of the 
external forces, cannot overcome the barrier Ekp con
nected with the point defect. It is natural to assume that 
Ekp and Edp are quan~ties of the same order. This 
leads to the estimate I ~ 100b and to the important con
clusion that in all the investigated crystals the concen
tration of the point defects on the dislocation is very 
large (~ 10-2 ). It is obvious that it cannot be due to elec
trically active impurities. Such defects may be impur
ities of light elements (C, N, 0), or vacancies which have 
have large diffusion coefficients, so that during the time 
of heating and cooling a Cottrell atmosphere has time to 
be formed between the introduced dislocations. These 
times are short, as can be evidenced by the fact that the 
dislocation velocities in the region of small l' change 
only when the standard heating rate is increased to 120 
deg/min. 

Thus, allowance for the short-range-action defects 
(although their nature remains unclear) explains, in the 
case of weakly doped crystals, the contradictions be
tween the predictions of the diffusion theory and the ex
perimental data on the v(L) dependence and on the values 
of {3, and also make it possible to explain why the values 
of Vo exceed those that follow from diffu sion theory. 
However, the character of the variation of v and U with 
increasing concentration of the electrically active im
purities cannot be interpreted by remaining only within 
the framework of the short-range-action theory. We 
therefore proceed to analyze the possible consequences 
of allowance for long-range Coulomb forces between 
charged defects and dislocations. 

Petukhov and Pokrovskir[llJ have shown that the inter
action between electrons captured by a dislocation and 
positively-charged donor impurities can decrease the 
energy of the double kink by an amount 

8ne' ( e' ) 'I. /',.E=---
15ea kTea In c- ' ' 

(16) 

where E. is the dielectric constant in the crystal and e 
is the electron charge. The character of the variation 
of U in Ge doped with Sb and As when the density of the 
latter is increased agrees qualitatively with that called 
for by (16). However, quantitative agreement is obtained 
only for crystals strongly doped with arsenic (10 19 cm -3). 
The expected decrease of U follOwing doping with 
antimony to 1017 cm -3 is not observed. This model does 
not offer a direct explanation for the small increase of 
the activation energy of dislocation motion in Ge doped 
with acceptor impurities. It appears that effects that 
determine the strong growth of the activation energy of 
the motion as a result of the stopping of the kinks by 
the defects still manifest themselves in these crystals 
in the investigated stress interval. 

At a low level of applied stresses (1' < Ekp/abI), 
thermoactivation processes help the kinks overcome the 
barriers connected with the point defects. If we take 
into account only the first defect encountered after the 
appearance of the double kink, then the effective bend 
velocity is v~ff = v~exp(-Ek/kT). A double kll1k whose 
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dimension exceeds the critical value (lc + 19), and whose 
expansion is stopped by obstacles, acquires a finite 
probability of collapsing. This decreases also the 
effective frequency of production of the double kinks 
that determine the velocity of dislocation motion. A 
theory that takes into account the noted distinguishing 
features was developed in (12 ,13]. The expressions ob
tained in [12] for Jeff and v take the form 

(17) 

(18) 

at 

and 
_. '( Bk I,) 'I. 

V = (2alvo v!') I. 1 + -~ +-=-
Tabl l 

(19) 

at L» Leff . Here 1/* and I/o are quantities defined in [12] cr 0 f . 
As indicated in [12], a U (T) dependence that agrees 

with experiment can be obtained by assuming that the 
average distance between the point defects varies with 
temperature like T = Toexp(- E/kT). Formulas (18) and 
(19) determine the linear connection between log v and 
l/T at small T. The velocities obtained in our measure
ments can be described by this linear relation only in 
the stress interval 0.5 - 2 kgf/mm2. In this interval of 
T, the slope of the lines log v (l/T) gives the ratio 
Ekp/abl, from which, by spe~ifying certain values of 
Ekp' it is possible to obtain l and then make it more 
accurate by using an iteration method, as was done 
in [13 ,16]. With such a reduction of the results for crystals 
with Sb and Ga densities 1013 and 1019 cm -3, respectively, 
it turned out that Thas an exponential temperature de
pendence with an activation energy E = 0.26 eV for the 
first of the crystals and E = 0.18 eV for the second. In 
the temperature interval 400-550°, the value of T in
creases from 50 to 130b in a crystal with Sb density 
1013 at Ekp = 1 eV and from 80 to 140b in a crystal with 
Ga density 1019 cm -3. 

Using the obtained values of T we calculated the dis
location velocities, an d from the v(l/T) dependence we 
determined the values of the effective activation energies 
for different T. It turned out that the numerical U (T) 
dependence agrees qualitatively with that observed in 
experiment, but the experimental values of U lie much 
lower than the theoretical ones. Variation of the 
parameter Ekp in the range from 0.1 to 2 eV has shown 
that the smallest differences, 0.3 to 0.5 eV, are reached 
at Ekp '" 1 eV, i.e., when Ekp and Edp are close in 
value. The decrease of the activation energy of the 
motion of 60° dislocations when the content of the Ga 
impurity atoms is strongly increased in the crystal 
is determined, within the framework of the considered 
model, by a weaker T(T) dependence. 

Thus, many experimental results at low stresses 
can be qualitatively explained by taking into account the 
interaction of a moving kink with barriers produced by 
point defects. However, no quantitative agreement be
tween the predictions of the theory [12,13] and experiment 
is obtained. Moreover, from the point of view of the 
theory some of the experimental data are surpriSing, 
namely the U (T) dependence for screw dislocations and 
V(T) for 60° dislocations at T < 0.5 kgf/mm2. 

1114 SOY. Phys.-JETP, Vol. 37, No.6, December 1973 

CONCLUSION 

Single crystals of Si and Ge are regarded as clas
sical objects with which to check the theory of dis
location mobility limited by thermally-activated over
coming of the proper potential barriers of the crystal 
lattice (the Peierls barriers). The experimental re
sults described in this article for Ge and their subse
quent comparison with the existing theories have shown 
that, just as in Si, the laws governing dislocation motion 
in real crystals cannot be understood without taking 
account the diverse effects of point defects. The spec
trum of its manifestations becomes more complicated 
with lowering of the Peierls barriers. Unlike in Si, the 
interval of the investigated stresses is separated into 
two distinct parts in which the dislocation behaviors 
have different characters. 

At high stresses (T <. 2 kgf/mm2) the results can be 
qualitatively described, as for Si, by the diffusion theory 
of production of double kinks on the dislocation, with 
account taken of the fact that the energy of the double 
kink decreases under the influence of both short-range 
(elastic) and long-range (electrostatic) fields of the 
point defects. To explain the low values of Lcr it must 
be proposed that the dislocation is always characterized 
by a very high concentration of surrounding point de
fects. They increase the probability of double-kink pro
duction in the field of the distortions associated with the 
defects, and hinder the runaway of the kinks. The the:. 
oretical estimates in [10] do not contradict the experi
mental facts. Schaumburg, discussing the data of[16], 
took into account the influence of only one of two pos-" 
sible limiting variants: subdivision of the dislocation 
into sections by unsurmountable obstacles. It should be 
noted that this should inevitably yield an unrealistically 
high denSity of very strong stops. The average distance 
between them should be smaller than U dk/Tab, which 
amounts to (25 - 100)b for the high investigated values 
of T. It seems to us that if we attempt nevertheless to 
describe the dislocation mobility in semiconductors 
within the framework of the Peierls model, we must 
take into account the influence of point defects not only 
on the motion of the bands, but also on the generation 
of double kinks. 

At low stresses (T < 2 - 4 kgf/mm2), for all crystals 
with acceptor impurity and for crystals slightly doped 
with donor impurities one observes a relatively strong 
dependence of v and U on T. This dependence can be 
qualitatively explained by taking into account the in
fluence of the weak obstacles on the motion of the kinks 
along the dislocation[12,13]. In this case, too, estimates 
show a very high (~ 10-2) concentration of point defects 
on the dislocation. However, not all the experimental 
results in the range of low T can be reconciled with the 
predictions of the theories. One of the causes of the 
discrepancy may be that at such high defect densities 
on the dislocation it is necessary to take into account 
that a thermal-fluctuation colhpse of the double kink 
may result not only from the first defect-induced 
barrier encountered by the kink. It is necessary to take 
into account also the influence of the succeeding 
barriers. . 

For Ge with As density 1019 cm -3, no region of sharp 
increase of the activation energy with decreaSing T is 
observed. In this crystal, as in Si, starting stresses 
are observed for the dislocation motion, and further-
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more of rather large magnitude (~ 2 kgf/mm 2 ). It 
appears that this is due to the increased density of the 
stops for the kinks on the dislocation. One cannot ex
clude the possibility that in Si, too, this is precisely 
why no interval of rapid growth of U is observed with 
decreasing T. 

Thus, the aggregate of the experimental data obtained 
with Si and Ge offers convincing evidence that to de
scribe the real laws governing the motion of dislocations 
within the framework of the Peierls model we need a 
more profound development of the theory, with allow
ance for the spatial inhomogeneity, due to the point 
defects, and of the crystal lattice potential reliefs that 
limit the motions of the dislocation and of the kinks. 
It is necessary in this case to analyze in detail the 
influence of various cases of statistical distribution of 
defects, of the values of the barriers associated with 
the defects, etc. From the experimental point of view, 
it is necessary to investigate the concrete state of the 
nucleus of the dislocations whose mobilities are meas
ured, for the purpose of estimating the true concentra
tion of the point defects and the degree of splitting of 
the dislocations. We consider these questions to be 
extremely important for the understanding of the nature 
of processes that limit the dislocation motion in the 
case when T < Tp, and for the development of methods 
for controlling the plasticity of brittle metals. 
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, preprint of ll6) 

1)ln some papers, e.g., [1), it is indicated that quantum tunneling through 
the Peierls barrier is possible. 

2)ln the stress interval 0.15-0.5 kgf/mm2 the measurements were made 
only on crystals oriented in accord with type "b." 

, 3)It turned out that the tests of P 7) were performed in a furnace with an 
increased axial temperature gradient, so that the temperature at the 
investigated section of the sample was 10-15° higher than the measured 
one. This explains the higher values of the velocities, and the somewhat 
lower values of the activation energy of the dislocation motion, which 
are seen when the results of [17) are compared with those presented here. 

4)The results of [1) , where a more general solution is given, practically 
coincide with those obtained in [S .6). 

S)Por a relief of quasiparabolic shape, the values of Tp and w differ insig
nificantly from those written out for the sinusoidal relief. 
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