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Over the last few years, the interest in the SiGe alloy bulk crystals and epitaxial structures has been sharply increased, that is 
stipulated by high perspectives of creation and application of high-efficient, radiation resistant, high-speed semiconductor 
devices based on them.   
Present work deals with the investigations of the influence of hightemperature annealing and  deformation on 
themicrostructure, electrophysical properties and hysteretic and microplastic damping processes of torsional oscillations of 
monocrystalline Si1-xGex(x ≤ 0.02) alloys. 
The object of the research is Si1-xGex (x≤0,02) alloys grown by Czochralski method in [111] crystallographic direction. 
Microstructure of the samples was investigated by  optical microscope NMM-80RF/TRF. Electrical characteristics were 
determined by Hall Effect measurements on the Ecopia HMS-3000 device. Amplitude dependence of internal friction and 
shear modulus were investigated by the laboratory device at the fixed temperatures (20 and 700⁰C), in the ranges of   
torsional oscillations frequency (0.5-5 Hz) and strain amplitude (10-5-5.10-3).   
It is shown, that microstructure of SiGe alloys on the planes (111) is characterized by inhomogeneously distributed 
dislocations, that is more clearly revealed with increasing Ge content.   
Influence of anneling in vacuum at 900 and 1200⁰C temperarures was investigated. Duration of  anneling is 10hrs. Tendency 
to increasing values of critical strain amplitudes, at which break-away of various dislocations from the weak and strong 
pinning centers takes place was revelaed. Cyclic deformation of the annealed samples decreases critical values of strain 
amplitude by 10-15%, connected to the weak point pinning centers of dislocations.Peculiarities of changes of physical-
mechanical characteristics stipulated by Ge alloying, Ar-ions implantation and hightemperature annealing and deformation 
have been analyzed 
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I. INTRODUCTION 
 
SiGe alloys have attracted great interests for both 
microelectronic and optoelectronic devices and 
various functional materials because of the potential 
for band-gap and strain/lattice parameter engineering 
they offer. That is, alloying leads to various unique 
effects on fundamental properties, absent in the 
component materials Si and Ge [1].  SiGe bulk 
crystals with low content of germanium, as well as 
their epitaxial layers reveal increased radiation 
resistance in comparison with silicon. Improved 
radiation resistance is determined by existence of 
germanium atoms in silicon crystalline lattice. They 
act as annihilation centers of radiation-induced 
primary defects. 
 
At present,  based on SiGe alloys many different 
devices have been developed and being used. These 
are simple and cascade photoelements,  
photodetectors for fiber-optic communication lines, 
recording signals with a wavelength, devices with 
enhanced radiation stability, nuclear detectors, hetero, 
bipolar transistors, hetero-CMOS elements, etc. 
 
It is well known, that growth of bulk single crystals 
of SiGe alloys is difficult because of a large 
miscibility gap and the differences in the densities, 
lattice parameters and melting temperatures of the 

constituent elements. These difficulties significantly 
brake wide application of SiGe alloys bulk crystals in 
new generation mcroelectronic and optoelectronic 
devices of different purposes. This stipulates 
necessity and urgency of complex studies of the 
crystals structure, defects, structural-sensitive 
mechanical and electrophysicsl properties. 
 
Recently, it was reported that germanium doping 
could improve the mechanical strength of the 
Czochralski silicon and suppress dislocation 
generation and mobilization. However, little attention 
was given to the impact of germanium doping on the 
brittle fracture of silicon, especially for 
multicrystalline silicon, which is relevance for the PV 
industry [2].  
 
It was established, that multicrystalline Ge doped 
silicon wafers have higher fracture strength than 
conventional multicrystalline Si and  thus might have 
promosing applications in the PV industry for 
improvement in the production yield of solar cells 
[2]. 
Basic studies [3-4] illustrate complex character of 
influence of Ge on dislocations velocity and  
mechanical properties of SiGe alloys. To expand the 
technological work on creation of  new 
semiconductor devices on SiGe substrates is 
important to study  formation and modification of 
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исследованиеобразованияимодифицации various 
oxygen-containing precipitates under the influence of 
thermal treatment  at high temperatures (1000⁰С).  In 
paper [5] the vacancy formation energy of about 2eV 
is obtained for Ge doping between 7x1017 and 6,5 
x1020cm-3, which is significantly lower than the 4eV 
obtained for high purity Si. It is shown, that this 
lower apparent formation energy can be explained by 
the presence of vacancy traps.  
 
Oxygen precipitation in germanium doped silicon 
annealed at temperatures of 550-950 ⁰C has been 
investigated [6]. It is found that the germanium 
doping can enhance the nucleation of oxygen 
precipitates in a wide temperature range and can 
increase the onset temperature for precipitate 
nucleation. Moreover, the size distribution of oxygen 
precipitates in germanium doped silicon is also found 
to be different from that in the conventional 
Czochralski silicon.  
 
Moreover, the oxygen precipitates with higher 
density and smaller size were formed in gemanium-
doped silicon that in Czochralski silicon, which is due 
to the following two reasons: one is the reduction in 
oxygen precipitate critical radius due to the excess 
vacancies subsisted in the matrix at low temperatures, 
the other is the increase in the amount of 
heterogeneous nuclei based on the germanium-related 
complexes[6]. Recently it has been proposed that 
germanium-doped silicon with the germanium 
concentration ranging 1016-1018 cm-3 could be 
expected to use widely in the modern microelectronic 
industry due to its novel properties. Germanium 
doping in silicon could result in denser voids with 
small size, which could be eliminated easily through 
high temperature annealing and thus might improve 
the gate oxide integrity of devices. It is found, that the 
germanium doping is expected to introduce the 
compressive strain field into the silicon matrix 
because of the larger radius of germanium atoms. 
 
It is believed that the germanium atom could 
compound with some other point defects, such as the 
vacancy and/or the oxygen interstitials, during the 
cooling-down process when the silicon crystal is 
pulled by the Czochralski method. It is further shown, 
that much oxygen precipitates with the size smaller 
than the detection limit (20 nm) were generated in the 
germanium doped silicon. It is considered that the 
denser but smaller oxygen precipitates in the 
germanium-doped silicon wafers could not only pin 
up the generation of dislocations but also suppress the 
mobilization of the movable microdefects and 
dislocations. Thus, the mechanical strength of the Cz-
Si wafers could be improved by the germanium 
doping. Actually, it is believed that majority of the 
germanium atoms in germanium doped silicon crystal 
incline to generate the so-called germanium-related 
complexes, such as the Ge-V and Ge-V-O complexes. 

It is also believed, that such the germanium-related 
complexes could seed the oxygen precipitates with 
smaller size but higher density in germanium-doped 
silicon compared to that in the conventional 
Czochralski silicon. The oxygen precipitate 
nucleation at the site of the dislocation cores could be 
probably enhanced by the germanium doping, and the 
precipitates could act as the strong pinning complexes 
for the dislocation mobilization[7].  
 
In the last 10-12 years our creative group 
experimentally investigated energy dissipation 
processes of elastic oscillations in a wide temperature 
range and strain amplitudes of mono- and 
polycrystalline SiGe alloys. Decrease of activation 
characteristics of different dislocations motion by 
increasing Ge content has been established. [8-10]. 
Some characteristics of dislocation braking and 
microplastic deformation have been determined  from 
measurements of the amplitude dependences of the 
shear modulus and internal friction [11]. 

 
II. DETAILS EXPERIMENTAL  
 
2.1. Materials and Procedures 
The present paper deals with the investigations of 
amplitude dependences of internal friction and shear 
modulus of Si1-xGex(0≤x≤0.02) bulk crystals. Si-Ge 
bulk crystals were grown by Czochralski method in 
flowing Ar-gas atmosphere. Seeds of Si single crystal 
with [111] orientation were used for the growth of the 
Si-Ge crystals. Microstructure was investigated by 
the optical microscope NMM-80RF/TRF. 
Electrophysical characteristics were determined in the 
constant magnetic field of 0.5 Tesla induction on the 
Ecopia HMS-3000 device by the Hall effect 
measurements.  
 
Test specimens with sizes of 0.8x0.8x30 mm3 were 
prepared in the following way. Plates  with thickness 
of 1.5-2mm were cut from volume specimens parallel  
to the growth of axis. By further mechanical 
treatment parallelepiped shaped specimens with (111) 
orientation were obtained.   At the last stage of 
mechanical treatment all faces of specimens were 
polished by 0.25µm grain size diamond pastes. Three 
different specimens were investigated: 1-Si; 2- 
Si+0.5at%Ge; and 3- Si+2at%Ge.  
 
Intrenal friction (Q-1) and squared frequency (f2)of 
oscillations proportional to the dynamic shear 
modulus were investigated by the laboratory 
equipment with inverse torsion pendulum, on which 
axis samples were fixed with antisublimation 
refractory clay based on Al2O3. Measurements of Q-1 
and f2 were carried out in vacuum 10-4 Torr. Sample 
temperature, logarithmic decrement of damping and 
frequency of free oscillations were determined semi-
automatically. Measurements were conducted in the 
following conditions : oscillation frequency -0,5-5,0 
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Hz, strain amplitude -1.10-5- 5.10-3 and fixed 
temperatures of 20 and 700 ⁰C.  
Q-1 was determined by the following formula : 

푄 =
1

휋 ∙ 푁 푙푛
퐴
퐴  

where N-is a number of free torsion oscillations in 
condions of decreasing strain amplitudes from An+N to 
An.  
Rotation angle  of sample edge was considered as 
torsion deformation, from which the value of strain 
amplitude was determined by the following equation. 

휀 = ∙
∙

, 
where r is the radius of circumscribed circle around 
quadratic cross-section of parallelepiped shaped 
specimens; l is the length of the specimen; R is the 
distance between the sample and registration scale; L 
is the  deviation of reflected ray from a mirror fixed 
on the s specimen. 
 
III. RESULTS AND DISCUSSION 
 
In the initial states microstructure of the investigated 
specimens is characterized by the following 
peculiarities. On the (111) planes of all SiGe  
specimens dislocation distribution is inhomogeneous 
and their density changes from 5.103-5.104 cm-2 
interval. It is notable, that etch pits of dislocations are 
different sizes and shapes. Noticed state is 
characteristic for inhomogeneously deformed 
structures. Under the influence of thermal stresses, 
formed in crystallization process, crystals 
deformation is possible in any direction. In these 
conditions dislocations are formed in the form of 
columns and groups. The values of dislocation 
density in experimental specimens are presented in 
Table 1.  
 
Fig. 1. Shows specific distribution of dislocation etch 
pits in initial states of SiGe specimens. 
 

 
 

 
Fig.1. Microstructures on the (111) planes of monocrystalline 

SiGe specimens : 1-Si;  2- Si+0,5at%Ge ;  3- Si+2at%Ge. 
 
By measuring electrophysical characteristics on (111) 
plane it was established that all the investigated 
specimens were characterized by  p-type conductivity 
at room temperature, concentration of current carriers 

holes, stipulated by technological impurities changes 
in range of 1014-1015 cm-3 .  
Annealing in vacuum at 900⁰C for 10 hrs. causes 
slight decrease of current carrier concentration. That 
is stipulated by elimination of electrically active 
defects in thermal treatment process. This kind of 
thermal treatment practically does not influence 
character of distribution of dislocations on the (111) 
crystallographic planes. Annealing of initial 
specimens at the 1200⁰C for 10hrs causes slight 
increase of holes mobility. In this annealing process  
relatively large particles can be decomposed and very 
small particles and point defects can be formed. In 
this case their preferred distribution  is possible in 
dislocation atmosphere and cores area. This weakens 
scattering centers of the current carriers, that is 
expressed in revealing of tendency to the increase of  
mobility.  
 
At room temperature all investigated specimens are 
characterized by low background of internal friction 
in a wide range of torsion oscillation amplitudes and 
with the first critical strain amplitude (ε1), from which 
slight linear increase of Q-1(ɛ) is revealed (Fig.2).   

 
Fig.2. Amplitude dependences of internal friction Q-1 (1-3) and 

shear modulus f2 (1’-3’) of monocrystalline Si-Ge alloys.  
Tmeas.=20°C. 

1, 1’- Q-1 and f2 of Si ;  2, 2’- Q-1 and f2 of Si+0,5at%Ge ; 
3, 3’- Q-1 and f2 of Si+2at%Ge. 

 
The amplitude dependences of squared frequency (f2) 
proportional to the shear modulus are linear and they 
are weakly refracted at the  first critical value of 
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strain amplitude (Fig.2). Fig.3 shows amplitude 
dependence of internal friction of the investigated Si-
Ge alloys specimens  at 700⁰C. All the specimens are 
characterized with two critical values of  strain 
amplitude. Below, the  first critical amplitude (ɛ1) 
internal friction background slightly increases 
linearly. 

 
Fig.3. Amplitude dependence of internal friction of Si-Ge bulk 

monocrystals. T meas.=700°C; 1- Si ;  2- Si+0,5at%Ge ; 3- 
Si+2at%Ge . 

 
At 600°C temperature f2(ɛ) dependence is also 
characterized by three stages. They are separated 
from each other with the first and second critical 
strain amplitudes [Fig.4]. From the second critical 
strain amplitude shear modulus irreversible changes 
begin. This is stipulated by microplastic deformation 
under influence of high amplitude external stress. 

 
Fig.4. Amplitude dependence of shear modulus  of Si-Ge bulk 

monocrystals. T meas.=700°C; 1- Si ;  2- Si+0,5at%Ge ; 3- 
Si+2at%Ge 

 
It is shown from the table 1, that annealing at high 
temperatures causes decrease of dislocation density in 
monocrsytalline Si. Current carriers concentration 
reveals  also tendency to slight decrease.  Trend to 
decrease dislocation density and holes concentration 
is weakly reveled on the (111) plane of Si+0,5at%Ge 
monocrsyatlline alloys.  Annealing of monocrystlline 
Si+2at%Gealloy at 900 and 1200⁰C  temperatures 
practically does not influence on physical 
characteristics. Mentioned weak changes  give basis 
to assume that they reflect changes implemented in 
volume of monocrystalline SiGe alloys by thermal 
impact at high temperatures.  

Internal friction and shear modulus is more sensitive 
towards hightemperature annealing at fixed 
temperatures and in a wide range of torsional 
oscillations amplitude. Comparative analysis shows, 
that in the experimental samples values of I and II 
critical strain amplitudes characteristics for 
interaction between dislocations and pining centers 
decrease by increasing germanium concentration up 
to 2at%. Above mentioned characteristics also 
decrease by increase of measuring temperature up to 
700⁰C, that is characteristic for solid materials,  in 
which polymorphic phase transformations or 
processes of dissolution of oversaturated solid 
solutions and formation of new dispersing phases do 
not take place [12]. The table shows, that  in 
germanium-containing samples the values of I and II 
critical strain amplitudes are slightly changed   under 
the thermal treatment.  This indicates that replaced 
germanium atoms in  silicon crystalline lattice 
controls the diffusive movement of impurities in the 
Cottrell atmosphere around the dislocations and 
configuration changes in process of thermal 
treatment.  
 

Table 1. Physical-mechanical characteristics of Si-Ge 
monocrystals 

 
 
The mentioned difference of mechanical properties of 
Si-Ge alloys under the influence of Ge concentration 
may be explained as follows. 
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At 700°C   temperature monotonous decrease of the 
critical values of  strain amplitude with increasing of 
Ge concentration in SiGe alloys is mainly stipulated 
by increasing lattice parameter and weakening 
interatomic bonding forces. At 900°C temperature 
hardening of Si-Ge alloys with similar composition 
with increasing of Ge concentration is conditioned by 
sharp braking of dislocations with clusters and 
dispersive inclusions generated by spinodal 
decomposition of solid solutions. 
 
CONCLUSION 
 
Influence of hightemperature annealing in vacuum on 
structural-sensitive physical-mechanical 
characteristics of monocrystalline SiGe alloys. 
Tendency to structure strengthening in experimental 
samples has been revealed, that is analyzed by 
transformations in dislocation-pinning centers 
configuration. 
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