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ABSTRACT. Internal friction and shear modulus amplitude dependences of tin-doped monocrystalline silicon
were investigated. Values of critical strain amplitudes of dislocation segments breakaway, absolute shear
modulus and elastic limit were determined. Internal friction, shear modulus and elastic limit are measured.
Internal friction and shear modulus hysteretic type variations mechanism were analyzed. © 2009 Bull. Georg.

Natl. Acad. Sci.
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The physical-mechanical properties of silicon-based
materials are strongly influenced by interaction between
dislocation and point defects, particularly impurities
atoms[1]. A study of this interaction in silicon and its
alloys is very important considering that these materials
are widely used in optoelectronics and microelectronics
devices. The nature of dislocation-point defects interac-
tion can be investigated by the amplitude dependence of
internal friction (IF), which allows investigating the
aspects of the material property change in accordance
with external thermal and mechanical influence.

In the present work some data on amplitude depen-
dence internal friction and dynamic shear modulus of
isovalent metal tin-doped silicon as function of strain
amplitude are obtained. Measurements of the logarith-
mic decrement of damping and frequency of torsional
oscillations were carried out in the range of strain am-
plitude 510°-5-10" and oscillations 0.5-5.0Hz fre-
quency. Massive Si:Sn monocrystalline specimens were
grown along [111] direction by Czochralski method. The
investigated specimens with sizes 0.5:0.5-(10-15) mm’

were obtained by cutting on the diamond disk. The
microstructure on the polishing (111) plane of the in-
vestigated Si:Sn monocrystals has been studied with
optical microscope Neophot-21. Amplitude dependence
internal friction was investigated with a torsion pendu-
lum and the damping and oscillations frequency were
measured by the free decay of oscillation at fixed tem-
peratures. Hole concentration was measured by Hall effect
in constant magnetic field.

The results of measurements of structure,
electrophysical and mechanical characteristics of mono-
crystalline Si:Sn specimens with different content of tin
are presented in Table 1. It is shown that with an in-
creased doping metal concentration the density of the
dislocations and their nonhomogeneous distribution
increase. Values of absolute shear modulus and
microhardness of monocrystalline Si doped with Sn
decrease because around the substituted atoms of tin
with atomic radius (1.4 A) in crystalline lattice of Si
interatomic distance increases and respectively interac-
tion forces between atoms decrease.
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Table 1
Physical-Mechanical Characteristics of nondoped and tin-doped monocrystalline Si
Specimen Hole concen- Microhard- Shear I critical II critical I elastic II elastic
tration, ness, modulus amplitude amplitude limit, limit,
cm’ KG/mm? kG/mm’ kG/mm®> | kG/mm’
Si[l11] 5-10" 1250 4550 3-10™ - 1.36 -
Si:Sn (0.05 at%) [111] 210" 1180 4400 1-10* 2:1073 0.44 8.8
Si:Sn (0.1 at%) [111] 5-10'° 1100 4320 0.7-10"* 0.8:10” 0.30 3.45

IF and shear modulus amplitude dependences of
undoped and tin-doped monocrystalline Si of p-types
conductivity, with [111] crystallographic direction, have
been studied. Measurements have been carried out at
400°C. An increase of the mobility of dislocations takes
place at this temperature in monocrystalline Si.

Critical value of the strain amplitude has been re-
vealed on the curves of IF and shear modulus amplitude
dependences of undoped Si. Doping with tin causes the
decrease of critical values of strain amplitude; simulta-
neously the absolute value of shear modulus also weakly
decreases.

Cyclic torsion deformation (a~5- 10'3) causes a slight
decrease of shear modulus and critical strain amplitude.
Annealing of the deformed specimen at 750°C tempera-
ture, for 3h, causes an increase of the initial values of
the mechanical characteristics. At different temperatures
in the range 20-750°C in the IF and shear modulus
amplitude dependences, of undoped monocrystal, only
one value of critical strain amplitude has been revealed.
Tin-doped monocrystalline Si is characterized by two
values of critical strain amplitude.

From the results, shown in Fig 1. it may be con-
cluded that internal friction versus strain amplitude curve
results from the superposition of three processes. One-
at low strains, in which the damping remains constant
or slightly increases with increasing oscillatory strain
amplitude, the second one gives a linear rise of internal
friction at intermediate amplitudes and the third increases
sharply with strain at high strain amplitudes.

IF maximum of hysteresis type and sharp decrease
of shear modulus have been revealed at the return curve
registered from the second critical strain amplitude.
Anomalous changing of the noticed characteristics has
been revealed in heavily-doped monocrystalline Si.

Annealing in vacuum at 7500C, for 3 h, causes de-
crease of hysteretic type IF maximum intensity, and
increase of the values of both critical strain amplitudes.
It also causes near hysteretic type IF maximum signifi-
cant decrease of shear modulus defect.
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According to the theory, in the interval independent
from the first critical oscillatory strain amplitude the
level of the IF intensity is determined by the oscillations
of the segments, which are on the dislocations pinned
with point defects. According to [2,3] in the second in-
terval of the oscillatory deformation, increasing of in-
tensity of IF and shear modulus defects results from the
breakaway of oscillatory segments from the pinning
points (vacancy, impurity atoms) and its oscillatory
motion under the influence of the periodic stress field.
This process is reversible, because after the end of stress
action dislocation segments return to the initial state. In
the interval of high oscillatory strain, with the existence
of hysteresis type IF maximum, it is established that
microplastic deformation in the structure of Si:Sn mono-
crystal takes place in local areas. It is the result of
breakaway of geometric and kink pairs from the strong
pinning centers distributed along dislocation lines. From
the results it is possible to conclude that doping of Si
with various concentrations of tin causes reduction of
the values of the dynamic mechanical characteristics.
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Fig. 1. Amplitude dependence internal friction (1,2,3) and relative
shear modulus (17,2°,3”) of monocrystalline Si:Sn specimens:

1, 1’- undoped Si

2, 2’- Si:Sn (0.05at%)

3, 3’- Si:Sn (0.5 at%)
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Variations of structural-sensitive physical-mechani-
cal characteristics of tin-doped monocrystalline silicon
are evidenced by changing interatomic bonding forces
of the crystalline lattice. Tensile deformation near Sn
atoms influences the thermal stability, diffusion activity
and concentration of point defects. Simultaneously there
occurs a decrease in the interaction of forces of disloca-
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tion-point defects. They cause a decrease of the poten-
tial barrier in the area of dislocation core. That causes
decrease of the energy of dislocation motion and char-
acteristics of mechanical properties of tin-doped mono-
crystalline silicon. According to the foregoing, by chang-
ing isovalent tin concentration it is possible to control

the mechanical properties of monocrystalline Si.
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