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Interface model of low temperature plasticity in high
uniaxially strained monocrystalline semiconductors
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Abstract. The manifestation of the low temperature plasticity (LTP) in highly uniaxially
strained Ge and Si single crystals was deduced from analysis of the both tensoeffect measure-
ments data and defect-selective etching patterns of specimens. An appearance of additional
tensoeffect mechanisms after the LTP display we attribute to the generation of electrical active
defects of crystalline structure when the applied stress exceed some critical one. We found that
under LTP conditions the generated dislocation pile-ups are directly concentrated in the
phase-boundary field of some structural imperfections of crystalline lattice. The interface
model of LTP phenomenon in monocrystalline semiconductors was proposed for acceptable
explanation of the dislocation generation in the initially dislocation-free crystals.
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1. Introduction

The high temperature plasticity (HTP) of covalent crys-
tals which takes place approximately at 7> T has been
successfully explained within the model of motion and
multiplication of dislocations [1]. The low temperature
plasticity of a crystal with the large Peierls barrier should
not be caused by the same mechanism as the HTP, since
mobility of dislocations in semiconductors is low at
T < 300K [2]. Therefore, one could suppose that because
of fresh dislocations generation under the LTP mecha-
nism the dislocations’ pileups will be localized in the
region of the interface which separates different crystal-
line phases. Moreover, due to presence of the Cottrell
atmosphere [3] on as-grown dislocations, an influence of
electrically active defects on the electrophysical proper-
ties becomes visible only at substantial density of defect
[4]. Vacant bonds of fresh dislocations, which are gener-
ated in highly uniaxially strained semiconductors at low
temperatures, should create corresponding energy levels
in the forbidden band. Thus, the influence of the LTP
defect generation on electrophysical properties of semi-
conductors should be more significant as compared to
the HTP case.

In this work, we demonstrate the data on the LTP
displays in extremely highly strained #-Si(P) and n-Ge(Sb)
crystals. The analysis of the non-trivial behavior of the
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transport phenomena in extremely strained n-Si and n-Ge
crystals, which could not be explained by tensoeffect
mechanisms known for Hookean strain region, was used
for observation of LTP displays in monocrystalline semi-
conductors. We show that study of appropriate change
of transport phenomena under high uniaxial pressure is
asuitable method to investigate electrically active defect
generation caused by the LTP in semiconductors. A de-
fect-selective-etching method was used for confirmation
of dislocation generation in highly strained crystalline
semiconductors at 7< 300 K as well.

2. Experimental

The samples studied here were taken from sufficiently
pure n-Si and n-Ge crystals doped in the melt with phos-
phorus and antimony, respectively. Such specimen selec-
tion allows us to realize the dominant tensoeffect mecha-
nism of carriers redistribution between the D;-minima in
n-Siand the L-minima in n-Ge in the Hookean elasticity
region [5]. Moreover, a low concentration of donors in n-
Si and n-Ge ensures the necessary sensitivity of effects
measured to the influence of the LTP defect generation.
Measurements were carried out on the prism shape speci-
mens with the two pairs of potential contacts hooked up
to two x-y-recorders. The dimensions of the specimens
are = (0.8x0.8x8) mm?>. Fabrication of electric contacts
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to the sample was described earlier repeatedly. The ac-
curacy of the x-ray method of crystallographic orienta-
tion was £15". Disorientation of the applied stress with
respect to the corresponding crystallographic axis was
better than +30'. Classical chemical solution for defect-
selective etching was used to study the images of disloca-
tion distribution. Experimental data on tensoresistivity
of crystals were obtained by using of original computer-
ized installation for investigation of physical properties
of solids under high uniaxial pressure, an elementary
version of which was described earlier [6].

3. Results and discussion

High pressure tensoresistivity (TR) data for n-Si(P) and
n-Ge(Sb) crystals are shown in Figs 1(a) and 1(b), re-
spectively. In order to identify the deviation from the TR
mechanism caused by the electrons redistribution be-
tween the D{-minima in n-Si and the L;-minima in n-Ge,
an approach of deformation potential constant =, deter-
mination was used [7]. For nondegenerate distribution
[8], the ratio of electron concentration in the upper val-
ley (n,) to the one in the lower valley (1) can be given by
the relationship:
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where O¢€is the energy gap between valleys of the conduc-
tion band in uniaxially strained many-valley semicon-
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Fig. 1. Dependencies of ry/ry vs X for (a) n-Si(P) (X||[001]J) and
(b) n-Ge(Sb) (X||[111])). Recording sequence coincided with the

curve number.
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ductors. In the cases related to our experimental condi-
tion the energy gap d¢in the relation (1) is directly pro-
portional to the pressure X [9]:

de ~ =, X. @

Therefore, for both the tensoresistivity mechanism of
intervalley redistribution of electrons and 7 = const con-
dition equation (1) can be reduced to the following pro-
portionality:

lg(n2 /)~ X - ®)

The data on TR measurements obtained for a wide
range of pressure allow to determine the ratio of electron
concentrations determined by Eq. (1) for any magnitude
of X [10]. Following the method described in [10], we
obtain corresponding relations for #-Si (under the condi-

tion X|[001]|l/)
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and for n-Ge (under the condition X]|[111]||J)
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where K =y, /1, is amobility anisotropy parameter. The
magnitude of K was determind for n-Si (X]|[001]||/) and
n-Ge (X]|[111]||/) by the data on high pressure TR meas-
urements as well [10]:
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The TR experimental data (Fig.1) processed by the
presented approach of tensoeffect mechanism analysis
are plotted in Fig. 2 (a, b) for n-Si and n-Ge, respec-
tively. It is shown that for the cases of Hookean elasticity
conditions, the proportionality of Ig(n2 / nl) on X really
takes place (curves 1, 3 in Fig 2 (a) and curves 1, 4 in
Fig. 2 (b)). Non-linear and nonmonotonic dependencies
of Ig(n2 /m ): f(X) were obtained for n-Si (curves 2, 4 in
Fig. 2 (a)) and n-Ge (curves 2, 3, 5 in Fig.2 (b)) after the
LTP occurrence in extremely highly strained crystals.

Nonmonotonic behavior of Ig(nz / nl): f(X) depend-
encies in plastically deformed crystals can be explained
by the generation of electrical active defects which are
characterized both by the decrease and increase of an
ionization energy in different pressure regions.

Generation of both single dislocations and pileups
was confirmed by the defect-selective etching of speci-
mens LTP detects of which are created when some limit
of uniaxial pressure is exceeded. Defect-selective etch-
ing images of specimens after LTP occurrence, which
was detected by the TR measurements (Fig. 1), and fol-
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Fig. 2. Pressure dependencies at 7 = 78K of lg(ny/n;x10%) value
for (a) n-Si(P) (curves 1, 3 correspond to the elasticity condition,
curves 2, 4 were obtained after the LTP manifestation) and (b)
n-Ge(Sb) (curves 1, 4 for condition of elastic deformation, curves
2, 3, 5 for plastic deformed specimens. Curve 3 is an analogous
dependence for specimen 2 after its annealing at 450 K for 1.5 h).

lowing annealing of germanium crystals are presented in
Fig. 3. It is shown that pileups which are generated un-
der the LTP condition were formed either directly near-
by the faces of mechanical stress application (Fig. 3a) or
in the various interfaces regions, for example on the re-
constructed crystal surfaces (Fig. 3b) or around the im-

purity cluster embedded into the crystalline lattice,
Fig. 3c), etc. Thus, the low mobility of dislocations gen-
erated in semiconductors at 7' < 300K determines their
localization in the region of interfaces of structural im-
perfections in crystal. This phenomenon could be used
for crystalline structure perfection testing.

Conclusions

Low-temperature plasticity phenomenon in highly
uniaxially strained Si and Ge was examined by means of
tensoresistivity measurement and defect-selective etch-
ing methods. Interface model was proposed in order to
supply an explanation of LTP phenomenon in highly
strained monocrystalline semiconductors. Both the indi-
rect experimental data and direct ones obtained under
investigation of strain-induced phenomena verify pro-
posed interface model of LTP. It was shown that the dis-
locations pile-ups which generated under LTP condition
are localized directly in the range of different phase
boundaries attributed to the some crystal lattice defects.
The following type structural imperfections could belong
to these kinds of defects, namely: inclusions of impurity
atom aggregations, structural and nonstructural precipi-
tates, embedded clusters of ensembles of impurity atoms
and original lattice ones, extended defects on recon-
structed crystal surfaces covered by either various chemi-
cal species or clusters, etc. So, given lattice mismatched
interfaces on the various defect phase boundaries in the
both crystal volume and essentially crystal surfaces and
distinct response of the different crystal phases to the
applied external stress may cause the dislocations gen-
eration in the interfaces region at once.

We demonstrate that the study of appropriate change
of transport phenomena is a suitable method to investi-
gate on electrical active defect generation caused by LTP
effect as well.
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Fig. 3. Metallographic images of the etched Ge crystals after both LTP display and specimes annealing (7 = 850°C, ¢ = 2.5 hours).

a) at the upper face of loaded specimen; b) on the reconstructed surface of specimen; c¢) around impurity cluster in crystal volume.
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