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Processes of the nucleation and motion of kinks, determining the dislocation mobilities in crystals
with high Peierls barriers, are reviewed. Various mechanisms of an influence of point defects on
the kink dynamics are analyzed. To demonstrate these mechanisms experimental data are pre-
sented obtained with two-level intermittent loading of Si, Ge, and bulk SiGe alloy single crystals.
The instability of a dislocation glide in SiGe crystals has been discovered, and modes are revealed
of the linear and nonlinear kink drift. The experimental data are analyzed in the framework of
models, considering the interaction of point defects with a dislocation and a kink.

1. Introduction

The dislocation motion in a deep potential relief of a perfect crystal lattice occurs by
the formation and drift spreading of the kink pairs [1]. The theory of these processes
has been well developed in different approximations [2 to 9]. However, a number of
paradoxical discrepancies between the predictions of theory and experimental data
have been discussed [10 to 12]. To solve the contradictions new approaches are neces-
sary, taking into account the additional factors such as the influence of point defects on
the kink pair formation and motion. Different models have been developed, consider-
ing, apart from the secondary Peierls relief, the point defect influence on the kink pair
formation and motion (weak and strong obstacles, entrainment of point defects, field of
random forces, etc.) [10, 11, 13 to 17].

To reveal which of the barriers is the dominant for a kink motion along a dislocation
line in each case, one needs to study the kink dynamics experimentally. Recently the
combination of high resolution electron microscopy and image processing allowed one
to watch the motion of kinks along the dislocations in Si [18], Ge, and GaAs [19] single
crystals. But this technique fails to provide a precise control of the uniformity of stress
along the specimen.

The method of a two-level intermittent loading (TLIL) [20] allows one to study the
processes of the kink pair formation and one-dimensional kink motion under well de-
fined temperatures and low shear stresses when the kink motion is most sensitive to
obstacles. This paper presents the results of a study of TLIL kink dynamics with Si, Ge
and SiGe alloy specimens, revealing different modes of kink motion along the disloca-
tion line. Besides their fundamental importance, such investigations are also significant
for a study of mechanical properties of multilayered heterostructures [21].
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2. Experimental

The investigated specimens were rectangular rods with edge orientations [110], [112],
and [111] and dimensions 35 x 4 x 1.5 mm?. They were cut from Si, Ge, or SiGe alloy
single crystal dislocation-free ingots. The silicon crystals were grown by the floating
zone method. The germanium and Si;_,Ge, (0 < x < 0.15) single crystals were grown
by the Czochralski technique. The n-type silicon and germanium boules were doped
with phosphorus (1.5 Q m) and antimony (0.4 Q m), respectively. The SiGe ingots were
low doped with phosphorus or boron with a concentration of about 10> cm~3.

The individual dislocation half-loops were produced by Vickers indentation on the
(111) surface of a specimen at room temperature with subsequent deformation by four-
point bending around the [112] axis at 873 K (Si and SiGe) or 583 K (Ge). Dislocation
displacements under subsequent loading were revealed by selective etching.

Significant starting stresses s were revealed in SiGe specimens [22]. Theory [23] pre-
dicts that the value of 7y depends on the state of the dislocation point defect atmos-
phere. To get the identical initial point defect atmosphere conditions for each loading,
the preloading procedure has been used for all crystals, when the dislocations were
displaced during 10 to 15 min under resolved shear stresses 7 =10 MPa (Ge) and
30 MPa (Si and SiGe) and temperatures 7= 583 K (Ge) and 873 K (Si and SiGe). To
eliminate the possibility of dislocation immobilization in SiGe specimens a short pulse
preloading has been also applied before each loading [22].

The TLIL method is based on the loading of a specimen containing individual dislo-
cations by a sequence of stress pulses 7;. We denote below the parameters for the pulse
loading and pulse separation with the subscript indexes i and p, respectively, and the
ones for the conventional steady state motion with st. The duration of an individual
pulse # is comparable with ¢, = a/Vy, being a mean time of the dislocation displace-
ment for one lattice parameter a. The pulses are separated by “pauses” with duration #,
when either the stress is not applied at all (z, = 0) or a small enough stress 7, < 7; of
the same or opposite sign with respect to 7; is applied.

The specimens with individual dislocations were deformed by four-point bending
around the [112] axis by a sequence of pulses driven from a function generator with a
required pulse ratio through an electromagnetic force transducer. The “pause” stress 7,
was produced by applying of a constant subloading using a six-point procedure being
described in [24].

In order to determine the temporal characteristics of the kink pair formation and
kink migration, the dependences of the average glide distances of 60° dislocations on
the pulse separation /(f,) for a fixed duration of load pulses were measured. The total
duration of the loading pulses Zf; was equal to the static loading time fy, at which
dislocations moved over distances of 15 to 30 um. The width of the leading edge of the
load pulses was held constant (#f =4 ms). The temperature 7 was measured with a
thermocouple placed next to the specimen and was kept constant and equal to
(583 £1) K (Ge) or (873 £ 1) K (Si and SiGe).

3. Model of a Dislocation Motion under TLIL

During the pulse stress action, in addition to thermodynamically equlibrium kinks, extra
kink pairs form and spread along the dislocation line. As the pulse separation goes on,
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they become unstable and collapse to the formation centres under the action of the
forces caused by the external stresses, mutual attraction of kinks, and the interaction of
the dislocation and kink with point defects. The dislocation velocity V' is proportional to
the linear kink density ¢, and the kink drift velocity Vi [1]:

V =ac Vi . (1)

With low stresses being much less than the Peierls stress, the kink density ¢ is close to
the thermodynamically equilibrium value and is considered as being constant. When
the directed drift motion of kinks prevails over the chaotic diffusion, one may estimate
the average kink velocity during the cycle of TLIL with (x; 4 xp)/(t + ) [25]. We sup-
pose below x, < 0. We receive with (1) the dislocation displacement under TLIL:
=Vt +1tp) = ac(xi + xp)/(t + tp) Z(t; + t,). Here Z(f; +1t,) = N(t; + t,) is the load-
ing duration. Assuming that the kink velocity under the pulse loading x;/t = Vi, and
tq = 2t = Nt;, where N is the number of pulses, we receive

Iy =14 xp/x;. 2)

The model thus relates immediately the microscopic kink displacements and experi-
mentally observable macroscopic dislocation path lengths. This allows one to study ex-
perimentally different modes of the dislocation kink dynamics.

4. Kink Drift in a Random Potential

We now assume that a standard linear drift of kinks takes place during the pulse and
pulse separation. This mode is realized either in the secondary Peierls relief of a perfect
crystal [1], or in the random potential created by the interaction of a kink with point
defects [10, 11]. The kink velocity is proportional to the applied shear stress and the
kink mobility (Dx/kT)

Vi = (Dy/kT) tab . 3)

Here Dy is the kink diffusivity (being different in the perfect and random potential),
b is the magnitude of the Burgers vector of a dislocation, and k is the Boltzmann con-
stant. With 7, < 0 the equation (2) is reduced to the form
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Fig. 1 shows plots of the average dislocation glide distances in Si, normalized to the
value with static loading, versus the relative pulse separation. The data with different
“pause” shear stresses (7,) were obtained with a fixed pulse shear stress amplitude
(r; =7 MPa) and fixed pulse durations. One can see that with the “pause” subloading
with the stress of 7, = —1.1 MPa (curve 1) the glide distances may be approximated
with a linear dependence. This result agrees qualitatively with (4). However, if we sub-
stitute values of 7, and 7;, used in experiment, into (4), the calculated decrease of dis-
location displacements goes much slower than the experimental data. So we have to
consider the existence of an additional driving force for the kink pair relaxation. This
driving force has been attributed in [20] to the interaction between the dislocation and
its Cottrell atmosphere. An inhomogeneous distribution of mobile point defects across
the dislocation causes a local change in the dislocation energy and the appearance of
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Fig. 1. Average normalized 60° dislocation glide distances in Si as a function of a relative pulse
separation for different levels of stresses applied during the “pauses” (1) 7, =—1.1 MPa,
;i =30ms; (2) 7p =0,  =30.9 ms; (3) 1, = +1 MPa, £; = 130 ms

additional internal stresses favoring the relaxation of the kink pair to its formation
center (the dynamical starting stress) [26]:

7s = (1 — o) u/(ab). ®)

Here ¢; and ¢, are the concentrations of point defects in adjacent valleys of the poten-
tial relief, u is the energy of a short-range interaction of a dislocation with a point
defect. Within this assumption the kink drift velocity during the pulse is v ~ (7i — 75)
and the one during the pause is v, ~ (T, +7,), and the experimental data (Fig.1,
curve 1) may be described with (4) and 7, = 2.9 MPa. However, with larger 7, >0
(Fig. 1, curves 2, 3) the dependences [(#,) are S-shaped and have points of inflection.
A threshold-type drop of displacements down to zero is observed at larger #,.

S. Effects of Entrainment of Point Defects by a Dislocation
5.1 Immobilization of a dislocation

This effect may be explained [27] as a result of the interaction of a moving dislocation
with a point defect atmosphere. The redistribution of mobile point defects, surrounding
a dislocation, leads to the starting stress dependence on the dislocation velocity. The
value of Ac = (¢; — ¢;) depends on the point defect mobility and the dislocation veloc-
ity value [23] as

Ac = colexp (a/Vtn) — 1] = coa/Viy . (6)
Here t, is the characteristic time of the point defect displacement for one lattice param-

eter; cp is the average concentration of point defects in a crystal. It was supposed also
that #;, > t,. One can see that the less is V, the greater is Ac and, hence (5), the 7,
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Fig. 2. Normalised 60° dislocation dis-
placement vs. relative pulse separa-
tion in bulk SiGe single crystals with
Ge content of 2 at%, £, =20 ms,
ti/ty =08, 7, =15 MPa, 7, =0

Let us suggest that the dislocation velocity is proportional to the average shear stress
(7) acting upon a dislocation during the TLIL period. The values of () and V decrease,
so T, increases with (f,/#) increase. We may conclude that there exists a critical value of
t}’i when the avalanche accumulation of point defects should occur. With ¢, > t; the
steady state dislocation motion is impossible and the immobilization of dislocations oc-
curs. This allows one to explain qualitatively a sharp decrease of the dislocation mobil-
ity with larger pulse separations.

A similar effect of dislocation immobilization has been observed also in TLIL experi-
ments with SiGe specimens having a Ge content of 2 at% (Fig. 2). We found, however,
that the variation of the Ge content changes the dislocation and kink mobility modes in
SiGe drastically.

5.2 Instability of dislocation glide

Apart from the steady state dislocation motion and the dislocation immobilization due
to the avalanche accumulation of point defects, one more mode of dislocation motion
in SiGe alloy has been revealed. Fig. 3 presents a picture of the (111) surface of a SiGe
specimen. After the dislocations were produced, the specimen has been loaded during
30 min with 7 = 30 MPa at 873 K. A surface layer of about 10 um has been removed
by chemical polishing and the specimen was chemically etched after a cooling during
1 h. One can see two large etch pits revealing the positions of screw dislocations and
many flat bottom etch pit traces behind them. The surface-by-surface removal of layers
by chemical polishing with subsequent selective etching shows that the traces go paral-
lel to the dislocation lines, i.e., coincide with the location of dislocation lines during
their glide.

Similar etch pits were observed earlier in Si and Ge specimens when the dislocations
increased their velocities with the abrupt variation of the applied shear stress [24, 28].
The flat-bottom etch pits were concluded to be the linear defects formed by a part of
the dislocation point defect atmosphere being lost with the dislocation acceleration. In
our case, however, these traces are formed under steady loading. So we have to con-
clude that dislocations loose part of their point defect atmosphere and, according to
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Fig. 3. The (111) surface of a SiGe specimen (1 at% Ge) after removal of a layer of 10 um and
selective chemical etching. The arrows show two large etch pits revealing the screw dislocations,
many flat bottom etch pits beyond them reveal the traces

(6), change their velocity regularly. We may conclude that relaxational oscillations of
the dislocation velocity occur.

A possible reason of the variation of the dislocation velocity may be the accumulation
of mobile defects with the dislocation motion in a specimen being saturated with point
defects. Point defects are the obstacles for the kink motion [13]. The higher is the accu-
mulated point defect density, the slower is the kink motion. So the probability increases
of a second kink pair formation before the annihilation of kinks of a first pair occurs,
and the superkinks of a double height form. This allows dislocations to move for two
lattice parameters at once and to detach from point defects, having no time to jump for
two lattice parameters. These accumulated and lost point defects form the linear region
being revealed with the chemical etching. This version is confirmed also by the fact that
the traces could not be more revealed after the treatment of a specimen at 700 to
900 K for about 6 h. Probably the concentration of point defects decreases due to the
formation of complexes of point defects and diffusion to the specimen surface, disloca-
tions, and other structure defects.

6. Kink Drift in the Field of Random Forces

Unlike silicon, there are no starting stresses for the dislocation motion in low doped
germanium crystals. So the entrainment of point defects is insignificant and one may
study the modes of kink migration under low shear stresses, when the influence of
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Fig. 4. a) Normalised 60° dislocation displacement in Ge vs. relative pulse separation: (1) 7, = —8
MPa, t; =45 ms; (2) 1, =—4 MPa, ; =48 ms; (3) 7, =0, ;=30 ms, 7; =30 MPa. b) Stress
dependence of the average 60° dislocation velocity in Ge

point defects on the kink drift is most pronounced. Fig. 4a shows how the dependences
of mean dislocation glide distances in Ge on the relative pulse separation change with
the shear stress in the pause increase. One can see that the decrease of dislocation glide
distances is nonlinear, especially for small 7, values, as opposed to the predictions of a
model of the linear kink drift (4). So we have to conclude that a concept of “weak
obstacles” (dragging points), forming the random potential for the kink motion [10, 11, 13]
and determining the linear kink drift, is not applicable for our experimental data.
Another approach concentrates on a short-range interaction of point defects with the
dislocation line [13, 14, 17], but not with the kink itself. The attachment of point defects
to the dislocation core or their detachment with a kink motion causes an abrupt change
in the energy of a dislocation and hence the specific step-like dependence of the energy
of a kink pair on its size (Fig. 5). Because of the co-operative effect of numerous point
defects this interaction is more pronounced with small defect concentration than the
one considering the kink interaction with separate defects [10, 11, 13]. The interaction
of a dislocation with manifold point defects leads to the existence of a critical shear
stress 7. separating two different modes of the dislocation kink motion. With 7 > 7. the
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Fig. 5. Kink motion in a field of
- 0—0— 90— & — - random forces
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linear drift x = Vit takes place, with
Vk = (Dx/kT) (t — 7.) ab. (7)

This expression points to an existence of the dislocation kink mobility threshold with
7 = 7.. Actually kinks do not stop with 7 < 7., but the sublinear dependence of the
kink path length x on time ¢ takes place with the drift in the field of random forces

x=xo(t/t)°, Od=t1/10<1, (8)

Xo = kT/‘L'()le, T = (61 + Cz) uz/(ZkTazb) , th= x%/ZDk , TR T)+Ts.
©)
We found that our data on the stress dependence of the dislocation velocity in Ge
under conventional loading may be described satisfactorily with (1), with Vi being de-
termined by (7) and 7. = 19 MPa (solid line in Fig. 4b). In our experiments 7; > 7., and

a linear drift (7) takes place during a pulse. All values of 7, < 7, so we use (8) for the
kink displacements during the pause. We receive then with (2)

gy =1—K(ty/1;)° (10)
1-0
o=ptT g T (’_0> . (11)
To Ti —Tc \f

Let us compare the experimental data of Fig. 4a with the model (10), (11). The solid
lines in Fig. 4a are plotted with (10), with 6 and f, being fitting parameters. One can
see satisfactory agreement of the theory with experiment.

To check the validity of the model, the results of fitting several TLIL experiments
were replotted within the coordinates 0 versus (7, + 7) (Fig. 6). According to (11), the
dependence should be linear with a slope of 1/75. One can see good agreement be-
tween theory and experimental data. The second fitting parameter fy allows one to
estimate the kink diffusivity with (9) and the kink migration enthalpy with the expres-
sion [1] Wy, = kT In (vpb?/Dx), where vp is the Debye frequency. All the calculated
values are in the range Wy, = (1 £ 0.1) eV, those are in reasonable agreement with the
ones obtained by other authors [29, 30].
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Fig. 7. a) Normalised 60° dislocation displacement vs. relative pulse separation in bulk SiGe single
crystals with a Ge content of 5.5 at%, ; =30 ms, /t, = 0.83, 1; =15 MPa. b) Stress dependence
of the individual dislocation velocity in SiGe

Similar results were obtained with SiGe specimens containing 5.5 at% Ge (Fig. 7a).
To check the possibility of a description of these data with the model of kink motion in
the field of random forces, we plotted the stress dependence of the individual disloca-
tion velocity (Fig. 7b). One can see that at stresses above 40 MPa the dislocation veloc-
ity is well described with (1) with Vi being determined by (7) and 7. =25 MPa. Both t;
and 7, are less than 7, so the kink drift is nonlinear during all the pulse loading cycle.
Using (8) both for x; and x, and substituting them into (2), we receive

g =1 - K(t,/t;)™ (12)

with 8, = 75/79, K = (t()/ti)é‘_bp, 0i = (1i — 75)/70. The solid line in Fig. 7a shows the
result of fitting the experimental data with (12). One can see that theory and experi-
ment agree well. The fitting parameter #, allows one to estimate the kink diffusivity
with (9) and the kink migration enthalpy Wy, ~ 1.6 eV. The estimated value is in rea-
sonable agreement with the ones obtained for the dislocation kinks in pure Si [31, 32].

7. Conclusion

It is shown that the point defect atmosphere not only determines the barriers for the
kink motion, but also stimulates the kink pair return to the formation centers. The
entrainment of point defects may cause both the dislocation immobilization and the
instability of dislocation glide. With high shear stresses the conventional linear kink
drift takes place. With low stresses the specific mode of a kink drift along the disloca-
tion line is observed.
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