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reziume

   ukanasknel periodSi mkveTrad gaizarda interesi 

monokristaluri Ge-Si Senadnobebisadmi, rasac ganapirobeben 
Tanamedrove naxevargamtarul xelsawyoebSi, qseluri, boWkovan-
optikuri kavSirgabmulobisa da radiaciisadmi medeg 
mowyobilobebSi, swrafmTvlel birTvul deteqtorebSi, 
bipolarul tranzistorebsa da sxva dargebSi maTi gamoyenebis 
maRali perspeqtivebi. 

   monokristaluri Ge-Si Senadnobebis fuZeze Seqmnili 
xelsawyoebisa da mowyobilobebis maxasiaTeblebis 
stabilurobasa da muSaobis resurs mniSvnelovnad gansazRvraven 

struqturaSi arsebuli defeqtebi. monokristaluri Ge-Si
Senadnobebis fuZeze Seqmnili naxevargamtaruli masalebis 
struqturisa da struqturulad –mgrZnobiare fizikur-meqanikuri 
Tvisebebis urTierTkorelaciuri damokidebulebebis dadgena 
saWiroebs kompleqsur kvleviT samuSaoebs da miRebuli 
eqsperimentuli Sedegebis kovalenturi naxevargamtaruli 
masalebis maxasiaTeblebTan SedarebiT analizs. 
   amJamad didi yuradReba eqceva meqanikuri relaqsaciuri 
procesebis kvlevas elementarul naxevargamtarebSi. es garemoeba 
ganpirobebulia relaqsaciis meTodis maRali mgrZnobiarobiT 
realur kristalSi eleqtrulad aqtiuri da neitraluri 
struqturuli defeqtebis urTierTqmedebisadmi, damuSavebuli 
informaciis saimedoobiT kristalebSi mimdinare relaqsaciuri 
procesebis Sesaxeb. meqanikuri relaqsaciuri procesebis  
sixSiruli da temperaturuli speqtrebis gazomva akustikuri 
speqtroskopiis meTodebiT unikalur monacemebs iZleva 
kristaluri mesris damaxasiaTebeli defeqtebis aqtivaciur 
parametrebze, romlebic gamoiyenebian marTvadi 
eleqtrofizikuri, struqturulad-mgrZnobiare fizikur-
meqanikuri da plastikuri Tvisebebis prognozirebis 
fundamenturi Teoriis safuZvlebis SeqmnaSi. miuxedavad 
aRniSnulisa dReisaTvis aSkarad arasakmarisad aris Seswavlili 

monokristaluri Ge-Si Senadnobebis damaxasiaTebeli defeqtebis 
kristalografiuli da energetikuli maxasiaTeblebi, maTi 
gavlena struqturulad-mgrZnobiare naxevargamtarul da 
fizikur-meqanikur Tvisebebze. 

naSromSi warmodgenilia monokristaluri germaniumisa da Ge-Si
Senadnobebis mikrostruqturis, meqanikuri, eleqtrofizikuri, 
Termuli Tvisebebisa da grexiTi rxevebis energiis relaqsaciuri 
da histerezisuli gabnevis procesebisa da mikroplastikuri 
deformaciis parametrebis erToblivi kvlevis Sedegebi. 
sacdeli masiuri kristalebi miRebulia Coxralskis meTodiT 
(111) kristalografiuli mimarTulebiT. metalografiuli 
optikuri mikroskopiT Seswavlilia sacdeli aralegirebuli da 
legirebuli nimuSebis mikrostruqtura. (111) sibrtyeebze 

gamovlenilia dislokaciebi. naCvenebia, rom legirebuli Ge-Si
monokristalebSi gazrdilia dislokaciebis simkvrive. 



v

aralegirebuli msxvili blokebisagan formirebuli germaniumis 
mikrostruqturaSi gamovlenilia araTanabrad ganawilebuli 
individualuri da paketebSi gaerTianebuli oreulebi. naTlad 
aris gamovlenili oreulebis blokireba marcvlebis gamyof 
sazRvrebze da maTi konfiguraciuli cvlilebebi gadakveTis 
areebSi. dadgenilia legirebis, Termuli damuSavebisa da 

kristalografiuli orientaciis gavleniT sacdeli Ge-Si
Senadnobebis mikrosisalis sididis cvlilebaTa 
kanonzomierebani. boriT legireba ~1017sm-3 koncentraciebiT 
zrdis mikrosisalis mniSvnelobebs, rac ganpirobebulia 
Canacvlebis poziciebSi arsebuli boris atomebis maxloblobaSi 
lokalurad aRZruli kumSviTi deformaciisa da, Sesabamisad, 
atomTaSorisi kavSiris Zalebis gazrdiT. meqanikuri 
maxasiaTeblebis amaRlebas ganapirobebs aseve struqturaSi 
arsebuli dislokaciebis Zvradobis Semcireba aRniSnuli 
koncentraciebiT legirebul kristalebSi. 
mudmiv magnitul velSi holis efeqtis registraciis meTodiT 
gamokvleulia sxvadasxva kristalografiuli orientaciis, 

Termulad damuSavebuli sacdeli Ge-Si Senadnobebis 
eleqtrofizikuri maxasiaTeblebi da gaanalizebulia maTi 
cvlilebebis kanonzomierebani. 
gansazRvrulia dinamiuri Zvris modulis absoluturi 
mniSvnelobebi da gamokvleulia Zvris modulis temperaturasa da 
amplitudur deformaciaze damokidebulebebi. 
sacdeli nimuSebis meqanikuri maxasiaTeblebis temperaturuli 
damokidebulebebis grafikze naTladaa gamovlenili Zvris 
modulis mkveTrad Semcirebis da anomalurad amaRlebis 
temperaturuli areeebi, romlebic Serwymulia kristaluri 
mesris siTburi rxevebis intensivobis zrdiT ganpirobebuli 
Zvris modulis mdored wrfivad vardnasTan. temperaturis zrdis 
procesSi Zvris modulis anomaluri amaRleba Zlierad vlindeba
maRali simkvrivis dislokaciebis kristalebSi. legirebiTa da 
maRaltemperturuli mowviT SesaZlebelia Zvris modulis 
anomaluri amaRlebis temperaturisa da intensivobis marTva. 

Seswavlilia monokristaluri Ge-Si Senadnobebis fardobiTi 
wagrZelebis temperaturuli damokidebuleba. gamovlenilia 
fardobiTi wagrZelebis anomaluri cvlilebebis temperaturuli 
intervalebi. warmodgenilia aRniSnul anomaliebze Termuli 
damuSavebisa da legirebis gavlenis kvlevis Sedegebi. kerZod, 
naCvenebia, rom Termuli gafarToebis anomaluri cvlilebebi 

naTlad vlindebian 3-5K/wT siCqariT gaxureba-gacivebis 

pirobebSi. gaxurebis mcire siCqareebze (1-2 K/wT) fardobiTi 
wagrZelebisa da Sesabamisad, xazovani gafarToebis koeficientis 
anomaluri temperturuli cvlileba praqtikulad mTlianad 

CaixSoba. mowva 500-600C da 800-900C intervalebSi (10sT.) 
sxvadasxvanairad moqmedebs Termuli gafarToebis temperturul 
cvlilebebze. saSualo temperaturebze Termuli damuSaveba 
praqtikulad gavlenas ar axdens, magram maRal temperturebze 
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mowviT sustdeba anomalia 200-450C SualedSi, is mTlianad qreba 

650-700C temperaturul SualedSi. aRniSnuli Taviseburebani 
damaxasiaTebelia rogorc aralegirebuli, aseve legirebuli 
monokristaluri nimuSebisaTvis.  
   struqturisa da struqturulad-mgrZnobiare fizikuri 
Tvisebebis kvlevis Tanamedrove Sedegebi naTlad mowmoben 
siliciumisa da germaniumis struqturebSi fazuri gardaqmnis 
tipis procesebis gamovlinebas farTo temperaturul intervalSi 

(20-900C). aRniSnuli xasiaTis struqturuli cvlilebebi 
asaxulia mikrostruqturis, eleqtruli, meqanikuri da Termuli 
Tvisebebis anomaluri cvlilebebSi, romlebic xorcieldebian 
gaxurebisa da gacivebis procesebSi.  winamdebare naSromSi 
warmodgenili Termuli gafarToebisa da Zvris modulis 
temperaturuli damokidebulebebis kvlevis Sedegebi aseve 

adastureben  monokristalur germaniumSi 200-750C intervalSi 
fazuri gardaqmnebis tipis procesebis gamovlinebas.
Aarsebuli problemis gaRrmavebuli analizisaTvis metad 
mniSvnelovania struqturulad-mgrZnobiare Sinagani xaxunis 
temperaturuli da amplituduri damokidebulebebis kvlevis 

Sedegebi. n- da p-tipis germaniumisa da germanium-siliciumis 
Senadnobebis grexiTi rxevebis Sinagani xaxunis temperaturul 
speqtrSi gamovlenilia rxevebis energiis siTbur energiaSi 
gardaqmnis relaqsaciuri da histerezisuli tipis procesebi. 
gansazRvrulia relaqsaciur procesebSi monawile defeqtebis 
moZraobis aqtivaciis energiisa da sixSiris faqtoris 
mniSvnelobebi. 

   200-400C temperturul intervalSi relaqsaciuri Sinagani 
xaxunis maqsimumebis maxloblobaSi fiqsirebulia Zvris modulis 
defeqti da anomaluri nazrdi. Termuli damuSavebiT (mowva) 500-

900C intervalSi SesaZlebelia Zvris modulis defeqtis 

mkveTrad Semcireba-amaRlebis marTva, aseve 20C –iT misi 

temperaturis cvlileba.  200-400C temperaturul intervalSi 
maRalamplituduri cikluri deformacia mniSvnelovnad zrdis 
relaqsaciuri Sinagani xaxunis intensivobas, Zvris modulis 
defeqtsa da mis momijnave meqanikuri ganmtkicebis procesis 
intensivobas. 

   Ddadgenilia, rom Ge-Si SenadnobebSi siliciumis 
koncentraciis gazrda iwvevs relaqsaciur procesebSi monawile 
defeqtebis aqtivaciuri maxasiaTeblebis amaRlebas, aseve 
maRldebian dislokaciebis moZraobisadmi arsebuli 
potencialuri barierebi da, Sesabamisad, izrdeba relaqsaciuri 
procesebisa da Zvris modulis anomaluri cvlilebebis  
gamovlinebis temperaturuli intervalebi. 

  BboriT sustad legireba iwvevs Ge-Si SenadnobebSi 
struqturuli defeqtebis  Casaxvisa da moZraobis aqtivaciis 
energiis gazrdas, amcirebs dislokaciebis birTvebis 
garmomcveli minarevebis atmosferoebis gamdidreba-gaRaribebis 
procesis siCqares, zRudavs dislokaciebis Zvradobas, amaRlebs 
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Zvris modulis absolutur sidides. boriT Zlierad legirebul 
SenadnobebSi maRali koncentraciis (5.1018-1.1019sm-3) denis 
matarebeli xvrelebi asusteben orientirebul kovalentur 
kavSirebs, iwveven struqturis “darbilebas”, dislokaciebis 
Zvradobis amaRlebasa da mikroplastikuri deformaciis 
ganviTarebas. 
   Seswavlilia dinamiuri Zvris modulisa da Sinagani xaxunis 
intensivobis amplituduri damokidebuleba fiqsirebul 
temperaturebze. Ddadgenilia maTi cvlilebebis mravalstadiuri 
xasiaTi da Sefasebulia amplituduri deformaciis kritikuli 
mniSvnelobebi, romlebzedac icvlebian meqanikuri 
maxasiaTeblebis cvlilebebis kanonzomierebani. gansazRvrulia 
mikroplastikuri deformaciis parametrebi – kritikuli 
amplituduri deformacia da drekadobis zRvris sidide. 
Ddadgenilia legirebiT, Termuli damuSavebiTa da 
maRaltemperturuli cikluri deformaciis zemoqmedebiT 
mikroplastikuri deformaciis parametrebis cvlilebaTa 
kanonzomierebani. 
   miRebuli Sedegebis analizidan gamomdinareobs, rom 
malegirebeli elementis - boris SedarebiT mcire koncentraciis 

Semcveli Ge da Ge-Si monokristalebis struqtura ganicdis 
ganmtkicebas. izrdeba mikrosisalis, dinamiuri Zvris modulis, 
kritikuli amplituduri deformaciis da drekadobis zRvris 
mniSvnelobebi. zrdis tendencias avlens aseve relaqsaciuri 
Sinagani xaxunis procesebis aqtivaciis energiisa da sixSiris 

faqtoris mniSvnelobebi.   naCvenebia, Ge-Si Senadnobebis 
ganmtkicebis efeqtis CaxSoba malegirebeli komponentis 1018-1019sm-
3 koncentraciis SemTxvevaSi. SesaZlebel meqanizmad 
warmodgenilia kovalenturi bmebis dasusteba denis 
matareblebis maRali koncentraciis pirobebSi da dislokaciebis 
eleqtronuli doneebis Sevseba, ris Sedegadac dislokaciis 
moZraobis aqtivaciis energia mcirdeba, Sesabamisad, izrdeba 
Zvradoba, mcirdebian struqturulad-mgrZnobiare meqanikuri
maxasiaTeblebi.

Ggaanalizebulia monokristalur Ge-Si SenadnobebSi siliciumis 
koncentraciis gazrdiT ganpirobebuli struqturuli 
cvlilebebisa da Sinagani xaxunis relaqsaciuri da 
histerezisuli warmoSobis procesebi.warmodgenilia grexiTi 
rxevebis energiis gabnevis mikroskopuli meqanizmebi, romlebic 
iTvaliswineben sxvadasxva tipis dislokaciebze geometriuli da 
wyvili Runvebis Casaxvisa da moZraobis aqtivaciis 
maxasiaTeblebis cvlilebas legirebis, maRalamplituduri 
cikluri deformaciisa da Termuli damuSavebis gavleniT. 

      Ge-Si sistemis monokristalebSi realuri struqturisa da 
eleqtrofizikuri, Termuli gafarToebisa da fizikur-meqanikuri 
maxasiaTeblebis cvlilebebis dadgenili kanonzomierebani 
SesaZlebelia gamoyenebuli iqnas germaniumis fuZeze axali 
naxevargamtaruli mowyobilobebisa da xelsawyoebis Seqmnisa da 
kvlevis problemis gadasawyvetad. 
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Resume

   In the last period interest to monocrystalline Ge-Si alloys has been sharply  
increased, that is caused by wide application perspectives in semiconducting,  net, 
fibrous-optical, communication and  radiation-stable devices, nuclear detectors, 
bipolar transistors and other fields.  
   Working resource and stability of characteristics of the devices, based on 
monocrystalline Ge-Si alloys have been determined by dislocations, existed in the 
structure. Establishment of inter-correlation dependence of structure and 
structural-sensitive physical-mechanical properties of semicondicting materials, 
based on monocrystalline Ge-Si alloys requires complex investigations and 
comparable analysis of obtained experimental results with characteristics of 
covalent semiconductng materials. 
   At present, investigations of mechanical relaxation processes in elemental 
semiconductors  has great interest. It is caused with high sensitivities of relaxation 
method in the real crystal towards interaction between electrically active and 
neutral structural defects.  Measuring of frequency and temperature spectra of 
mechanical relaxation processes via acoustical  spectroscopic methods, gives 
unique data of activation parameters of defects , characterized of crystalline lattice, 
which are used in creation of prognosis bases of controllable electrophysical, 
structural-sensitive physical-mechanical and plastic properties. Despite of this 
crystallographic and energetic characteristics of defects, characterized of 
monocrystalline   Ge-Si alloys, their influence on structural-sensitive 
semiconducting and physical-mechanical properties have not been complexly 
studied.   
  Investigation results of microstructure, mechanical, electrophysical, thermal 
and relaxation and hysteretic processes of dissipation  of torsion oscillation energy 
and microplastic deformation of Ge and Ge-Si alloys  have been presented  in the 
work.
   Experimental bulk crystals have been obtained by the Czochralski method in 
[111] crystallographic direction. Microstructure of the experimental undoped and 
doped specimens have been studied by using metallographic optical microscope. 
Dislocations have been revealed on (111) plane. It has been shown, that dislocation 
density has increased in Ge-Si monocrystals. In the microstructure of undoped 
germanium, inhomogeneously distributed individual and twinnings and packets of 
twinnings have been revealed. 
   Regularities of changes of microhardness of Ge-Si alloys, under influence of 
doping, thermal treatment and crystallographic orientation have been established. 
Doping by boron with 1017-1019sm-3 causes increase of values of microhardness, 
reason of this is influence of compressive deformation near of B atoms in the 
crystalline lattice, respectively, increasing of inter-atomic bonding forces. Increase 
of mechanical characteristics has been caused by decrease of dislocation mobility 
in the boron doped crystals. 
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   Electrophysical characteristics of thermally treated Ge-Si alloys, with different 
crystallographic orientations have been investigated in the constant magnetic field, 
via Hall effect registration method and peculiarities of the changes have been 
analyzed.
   Absolute values of dynamic shear modulus and dependences of shear modulus on
the temperature and strain amplitude has been investigated.
   Temperature intervals of anomalous increase and decrease of shear modulus have 
been sharply revealed on the curve of temperature dependences of mechanical 
characteristics. Anomalous increase of shear modulus in a process of temperature 
raising has been revealed in the crystals of high density. Regulating of intensity 
and temperature of anomalous increase of shear modulus is possible by doping and 
hightemperature annealing. 
   Temperature dependence of relative elongation in monocrystalline Ge-Si alloys 
has been studied. Temperature intervals of anomalous changes of the relative 
elongation have been revealed. Investigation results of thermal treatment and
doping effect on mentioned anomalies have been presented. Particularly, thermal 
expansion anomalous changes have been revealed in conditions of heating-cooling 
(3-5K/min). Annealing in 500-600C and 800-900C intervals (10hrs.) influence 
differently on temperature  changes of thermal expansion. Thermal treatment at 
medium temperatures practically does not influence, but annealing at high 
temperatures causes decrease of anomaly in 200-450C interval, in 650-700C
interval it has disappeared. These peculiarities are characteristic for undoped and 
boron doped monocrystalline specimens. 
   Investigations results of structure and structural-sensitive physical properties 
confirm phase-transformation processes in Si and Ge structures in a wide 
temperature interval (20-900ºC). These structural changes are reflected in 
anomalous changes of microstructure, electrical, mechanical and thermal 
properties, in heating-cooling processes. Investigation results of temperature 
dependences of shear modulus and thermal expansion, presented in the works, 
confirms revealing of phase-transformation processes in the monocrystalline Ge, in  
200-    750 ºC interval.  
   For the analysis of this problem, investigation results of structural-sensitive 
internal friction temperature and amplitude dependences are very important. 
Relaxation and hysteretic processes of transformation of oscillation energy into 
thermal energy have been observed in temperature spectrum of internal friction of 
torsion oscillations of n- and p- types Ge and    Ge-Si alloys. The values of 
frequency factor and activation energy of defects, participated in relaxation 
processes have been determined. 
   Shear modulus defect and anomalous increase has been revealed in 200-400C
temperature interval, near to the relaxation internal friction maxima. By thermal 
treatment (annealing) in 500-900ºC interval it is possible to regulate increase-
decrease of shear modulus defects and change temperature by 20C. In the 
temperature interval of 200-400C highamplitude cyclic deformation causes 



x

significant increase of relaxation internal friction intensity, values of shear 
modulus defects and intensity of the neighbor mechanical hardening process. 
   It has been established, that increase of Si content in Ge-Si alloys causes increase 
of activation characteristics of defects, rise of potential barriers for dislocation 
motion and respectively temperature intervals of anomalous changes of shear
modulus and relaxation process parameters. 
   Boron doping of Ge-Si causes increases of activation energy of generation and 
mobility of the structural defects in Ge-Si alloys, limitation of dislocation mobility 
and increase of absolute values of shear modulus. In the alloys, doped by boron 
with high concentration (5.1018-1.1019sm-3) current carriers_ holes causes 
weakening of oriented covalent bonds, softening of the structure, increasing of 
dislocation mobility and developing of microplastic deformation. 
   Amplitude dependences of dynamic shear modulus and internal friction 
intensity at fixed temperatures  have been studied. Multi-stage character of their 
changes have been established and critical values of strain amplitude have been
estimated. Parameters of microplastic deformation _ critical strain amplitude and 
elastic limit have been determined. Regularites of changes of microplastic 
deformation parameters under influence of doping, thermal treatment and 
hightemperature cyclic deformation have been established. 
   Structure of Ge and Ge-Si monocrystals, doped by low concentration of boron 
has been hardened. The values of elastic limit, critical strain amplitude, dynamic 
shear modulus and microhardness have been increased. The values of frequency 
factors and activation energy of relaxation internal friction have been also 
increased. Suppressing of hardening effect of Ge-Si alloys is possible with 1018-
1019sm-3 boron concentration. For the possible mechanism has been presented 
weakening of covalent bonds in conditions of high concentration of current 
carriers, resulting of this activation energy of dislocation motion decreases, and 
respectively, mobility  increases and structural-sensitive mechanical characteristics 
decreases. 
    Relaxation and hysteretic processes of internal friction and structural changes, 
caused by increase of concentration in monocrystalline Ge-Si alloys have been 
analyzed. Microscope mechanisms of torsion oscillations energy dissipation have 
been presented, which foresees changes of activation characteristics of generation 
and motion of screw and 60º-_ dislocations, geometrical and pairs of kinks on the 
various dislocations under the influence of doping, hightemperture cyclic 
deformation and thermal treatment. 

Established regularities of changes of real structure and electrophysical and 
physical-mechanical properties and thermal expansion of Ge-Si monocrystals can 
be used for developing new semiconducting devices and equipments, based on
germanium. 
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Sesavali

   monokristaluri Ge-Si Senadnobebi xasiaTdebian gamoyenebis 

maRali perspeqtivebiT qselur, gamoTvliT da kosmosuri 

teqnologiebis dargSi. DdReisaTvis Ge-Si Senadnobebis fuZeze 

damuSavebulia da boWkovan - optikuri kavSir-gabmulobis 

xazebSi gamoiyenebian martivi da kaskaduri fotoelementebi, 

fotomimRebebi, radiaciulad maRali medegobis xelsawyoebi, 

swrafmTvleli birTvuli deteqtorebi, getero-bipolaruli 

tranzistorebi da sxv. 

   Ge-Si sistemis myari xsnarebis Semadgeneli komponentebis 

koncentraciis cvlilebiT SesaZlebelia struqturuli da 

fizikuri Tvisebebis maxasiaTeblebis mdored regulireba erT-

erTi komponentidan meore komponentis maxasiaTeblebamde. Ees 

iZleva mdidar SesaZleblobas Seiqmnas gansazRvruli 

maxasiaTeblebis axali masalebi.

   ukanasknel periodSi gansakuTrebuli yuradReba eqceva 

akustikuri speqtroskopiis meTodebiT, kerZod, Sinagani xaxunis 

sxvadasxva meTodiT meqanikuri relaqsaciuri procesebis kvlevas 

elementarul naxevargamtarebSi.Mmeqanikuri relaqsaciuri 

procesebis sixSiruli da temperaturuli speqtrebis gazomva 

akustikuri speqtroskopiis meTodebiT unikaluri monacemebs 

iZleva kristaluri mesris damaxasiaTebeli defeqtebis 

aqtivaciur da Zalovan parametrebze, romlebic gamoiyenebian 

marTvadi eleqtrofizikuri, struqturulad mgrZobiare fizikur-

meqanikuri da plastikuri Tvisebebis prognozirebis 

fundamenturi Teoriis safuZvlebis SeqmnaSi. 

   arsebobs Rrma urTierTkavSiri realur struqturul 

mdgomareobasa, kristalografiul defeqtebsa, naxevargamtarul 

Tvisebebsa da akustikuri speqtroskopiis parametrebs Soris, 

romlebic warmoaCenen  eleqtronuli teqnikisaTvis 

mniSvnelovani optikuri, eleqtruli, vibraciuli da statikuri 
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datvirTvebisadmi medegobis meqanizmebis dadgenis potencialur 

SesaZleblobebs. 

dReisaTvis metad mcirea meqanikuri relaqsaciuri procesebis 

eqsperimentuli kvlevebis raodenobaAakustikuri meTodebis 

gamoyenebiT. gansakuTrebiT es exeba sufTa da legirebuli 

germanium-siliciumis moculobiT monokristalebs, romlebic 

infrabgerebis sixSiris diapazonSi praqtikulad ar arian 

gamokvleuli. Aar aris Seswavlili grexiTi rxevebis milevis 

procesebi sixSiris, temperaturisa da amplitudis farTo 

diapazonebSi. Aar arsebobs monacemebi maTSi meqanikuri 

relaqsaciuri, struqturuli da eleqtrofizikuri Tvisebebis 

korelaciis Sesaxeb.

   Tanamedrove naxevargamtaruli teqnologiebisa da xelsawyoT 

mSeneblobis amocanebisaTvis aucilebelia marTvadi struqturisa 

da fizikuri maxasiaTeblebis monokristaluri Ge-Si Senadnobebis 

miReba. aRniSnuli garemoeba ganapirobebs Llegirebuli 

germanium-siliciumis moculobiTi monokristalebis realuri 

struqturis, eleqtrofizikuri Tvisebebis da grexiTi rxevebis 

pirobebSi meqanikuri relaqsaciuri procesebis kompleqsuri 

kvlevis aqtualobas. 

   naSromis mizans warmoadgens Coxralkis meTodiT n- da p-

tipis Ge-Si sistemis masiuri kristalebis miReba. maTi 

mikrostruqturis, eleqtrofizikuri maxasiaTeblebis, Termuli 

gafarToebisa da fizikur-meqanikuri Tvisebebis kompleqsuri 

kvleva; legirebis, maRal temperaturebze mowvisa da cikluri 

deformaciis zemoqmedebiT Ge-Si kristalebis realuri 

struqturis, dislokaciuri warmoSobis defeqtebis Casaxvisa da 

moZraobis aqtivaciis, eleqtrofizikuri, meqanikuri da 

aradrekadi maxasiaTeblebis cvlilebaTa kanonzomierebis 

dadgena.

dasaxuli miznis misaRwevad naSromSi gadaWrilia Semdegi 

amocanebi:
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 Ge1-xSix (x0,05)Senadnobebis n- da p- tipis masiuri 

kristalebis miReba Coxralskis meTodiT;

 monokristaluri Ge1-xSix Senadnobebis mikrostruqturis, 

mikrosisalis, dinamiuri Zvris modulisa da 

eleqtrofizikuri maxasiaTeblebis kvleva; 

 monokristaluri Ge1-xSix  Senadnobebis fardobiTi 

wagrZelebis temperaturuli  damokidebulebis kvleva;

 oTaxis temperaturidan   800C-mde da amplituduri 

deformaciis 510-5-510-3 diapazonSi monokristaluri Ge da 

Ge-Si nimuSebis Zvris modulisa da Sinagani xaxunis 

temperaturuli da amplituduri damokidebulebis kvleva;

 monokristaluri Ge-Si nimuSebSi gamovlenili rxeviTi 

energiis gabnevis relaqsaciuri da histerezistuli tipis 

procesebSi monawile defeqtebis moZraobis aqtivaciisa da 

urTierTqmedebis energiis mniSvnelobebis gansazRvra da 

maTi cvlilebebis kanonzomierebebis kvleva grexiTi 

rxevebis dabali sixSiris diapazonSi ( 1hc).

 sacdel monokristaluri Ge-Si Senadnobebis 

mikroplastikuri deformaciis maxasiaTeblebis 

gansazRvra Zvris modulisa da rxeviTi energiis gabnevis 

intensivobis amplitudur deformaciaze damokidebulebis 

kvlevis Sedegebis safuZvelze.

   naSromis mecnieruli siaxle mdgomareobs SemdegSi: 

 Seswavlilia legirebisa da maRaltemperaturuli mowvis 

gavlena Ge-Si kristalebis dislokaciur struqturasa da 

eleqtrofizikur maxasiaTeblebze;

 Seswavlilia legirebis, temperaturis cvlilebis 

siCqarisa da maRaltemperaturebze mowvis gavlena Ge-Si

kristalebis fardobiTi wagrZelebis anomalur 

temperaturul damokidebulebaze;
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 Sinagani xaxunis meTodiT gansazRvrulia Ge-Si sistemis 

kristalebSi dislokaciebisa da wertilovani defeqtebis 

moZraobis aqtivaciisa da urTierTqmedebis energiis 

mniSvnelobebi, dadgenilia maTi cvlilebaTa 

kanonzomierebani;

 gansazRvrulia Ge-Si sistemis kristalebSi sustad da 

Zlierad  damagrebuli dislokaciebis mowyvetis 

kritikuli amplituduri deformaciisa da drekadobis 

zRvris mniSvnelobebi da dadgenilia legirebis, Termuli 

damuSavebisa da maRalamplituduri deormaciis gavleniT 

maTi cvlilebebis kanonzomierebani.

   naSromSi warmodgenili kvlevis Sedegebis  praqtikuli 

Rirebuleba mdgomareobs SemdegSi: 

 gansazRvrulia Ge-Si sistemis masiuri kristalebis 

mikrostruqturis, struqturulad-mgrZnobiare 

mikrosisalis, Zvris modulisa da relaqsaciuri da 

histerezisuli Sinagani xaxunis temperaturuli da 

amlituduri damokidebulebis maxasiaTeblebi da 

gaanalizebulia gareSe zemoqmedebiT ganpirobebuli maTi 

cvlilebebis kanonzomierebani;

 Ge-Si sistemis masiuri kristalebis  eleqtrofizikuri 

maxasiaTeblebis cvlilebebis kvlevis Sedegebi 

SesaZlebelia gamoyenebul iqnas  germaniumis fuZeze 

marTvadi naxevargamtaruli Tvisebebis axali masalebis 

Seqmnis problemis gadasaWrelad;

 struqturuli defeqtebis Casaxvisa da moZraobis 

aqtivaciis energiis dadgenili sidideebi mniSvnelovania 

germaniumis fuZeze Seqmnili naxevargamtaruli 

xelsawyoebis teqnologiuri, fizikuri  da 

saeqsploatacio parametrebis, moqmedebis xangrZlivobisa 

da saimedoobis dadgenis problemisaTvis;
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 n- da  p- tipis Ge-Si sistemis kristalebis struqturis, 

eleqtrofizikuri, Termuli gafarToebis, meqanikuri da 

rxevebis energiis gabnevis procesebis dadgenili 

maxasiaTeblebi warmoadgenen sacnobaro masalas

naxevargamtarebis simtkicisa da plastikurobis 

problemaSi fizikuri warmodgenebis ganviTarebisaTvis. 

miRebul Sedegebs gaaCniaT mecnieruli da gamoyenebiTi 

mniSvneloba specifikuri daniSnulebis naxevargamtarul 

xelsawyoebSi Ge-Si sistemis Senadnobebis gamoyenebis 

sferos gafarToebisaTvis.

 defeqtebisagan Tavisufali srulyofili struqturis n-

da  p- tipis legirebuli  Ge-Si sistemis masiuri 

monokristalebis miRebisa da damaxasiaTebeli 

struqturuli defeqtebis tipebis, eleqtruli   aqtivobis    

kristalogeometruli da energetikuli parametrebis 

diagnostikisa da marTvis problemis gadaWriT, 

mniSvnelovnad gafarTovdeba Tanamedrove maRal 

teqnologiebSi maTi gamoyenebis SesaZleblobebi. 
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1. literaturuli mimoxilva

1.1. ultrabgerebis STanTqmis procesebi germaniumis kristalebSi  

  elementarul naxevargamtarebSi relaqsaciuri procesebis 

kvleva daiwyo ultrabgerebis sixSirul diapazonSi da miznad 

isaxavda myar sxeulebSi ultrabgerebis talRebis eleqtronul 

da fononur sistemebTan urTierTqmedebis bunebis dadgenas. 

Uultrabgerebis urTierTqmedeba eleqtronul sistemasTan 

mravalricxovani saintereso procesis gamomwvevi mizezia, 

romelTa umravlesobas relaqsaciuri warmoSoba gaaCnia. Ddenis 

Tavisufali matareblebis Semcvel naxevargamtarSi, kerZod 

germaniumSi, adgili aqvs akustikuri talRasa da moZrav muxtebs 

Soris urTierTkavSirs. is xorcieldeba e.w. mravalminimumian 

naxevargamtarebSi. cnobilia, rom briliuenis sivrceSi (K-

talRul veqtorTa sivrceSi), E energiis K talRul veqtorze 

damokidebulebis funqcia asaxavs kristalis simetriis 

wertilovan jgufs. Aamitom Tu K0 wertilSi arsebobs 

eqstremumi, aseTive eqstremumebi unda arsebobdnen yvela 

wertilSi, romlebSiac xdeba simetriis wertilovani jgufis 

damaxasiaTebeli sxvadasxva simetriuli gardaqmna. Eenergetikul 

mdgomareobaTa jgufs aseTi eqstremumis maxloblobaSi uwodeben 

minimumebis velebs. aseTi velebis simravleTa Semcvel 

kristalebs ewodeba mravalveliani naxevargamtari.

    rodesac kristali ar ganicdis meqanikur 

zemoqmedebas,minimumebis velebi gansazRvruli energetikuli 

mdgomareobiT xasiaTdebian. garkveuli mimarTulebis deformacia 

iwvevs maT energetikuli mdgomareobaTa araeqvivalenturobas, 

rasac Tan axlavs erTi maTganidan meoreSi denis matareblebis 

gadanawileba. KkristalSi deformaciis mdgomareobisa da 

eleqtronebis urTierTkavSiri aRiwereba “deformaciuli 

potencialis” mudmivaTi. misi arsi mdgomareobs masSi, rom 

deformacia energetikul zonur struqturas cvlis iseTnairad, 

rom, Sesabamisad calkeuli minimumis areSi yvela mdgomareobis 
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energia erTnairi sididiT icvleba. swored amis gamo ε

deformaciis gavlena i minimumebis velebis mdgomareobaze 

dakavSirebulia am ukanasknelis qveda mdgomareobis ui energiis 

SecvlasTan.wrfiv miaxloebaSi adgili aqvs tolobas: 

Δ Ui =Zi . ε

sadac, Zi _Sesabamisi deformaciuli potencialis mudmivaa, ε –

deformaciaa, Δ Ui - energiis cvlileba.

     amrigad aRniSnuli mudmivas gansazRvra saSualebas iZleva 

daxasiaTebul iqnas cvlilebebi da eleqtronebis gadanawileba 

energetikul zonur struqturaSi.

   germaniumSi minimumebis velebi ganlagebulni arian [111] 

mimarTulebis paralelurad. Seswavlili iqna am mimarTulebiT 

modebuli niSancvladi deformaciiT gamowveuli eleqtruli 

gamtarobis cvlileba da dadgenili iqna, rom eleqtronuli 

relaqsacia n–tipis germaniumSi cvlis mxolod drekadobis C44  

mudmivas. kerZod, dabal temperaturebze gadagvarebul n– Ge –Si

C44 mudmiva 8%-iT mcirdeba. dariSxaniT legirebul kristalSi 

(n=3,5.1019sm-3) kilohercebis sixSirul diapazonSi C44 koeficienti 

5,5%-iT mcirdeba, maSin rodesac sxva drekadobis modulebi C11

da C12 saerTod ar ganicdian cvlilebas [1]. 

zemaRali sixSiris diapazonSi (≈9.109hc) aRmoCenili iqna Sinagani 

xaxunisa da C44 drekadobis koeficientis urTierTkorelaciuri 

cvlileba vercxliT legirebul n––germaniumSi (n=1019sm-3). 

Eeqsperimentebi Sesrulda [111] da [100] mimarTulebiT gaswvrivi 

da ganivi talRebis agznebis pirobebSi. Ddadgenili iqna, rom 

maqsimaluri Sinagani xaxuniT xasiaTdebian is talRebi, 

romlebic dakavSirebuli aRmoCndnen C44 drekadobis modulis 

cvlilebasTan. sainteresoa aRiniSnos is garemoeba, rom n-tipis 

siliciumSi minimumebis velebi ganlagebuli arian [100 

mimarTulebiT, rac iwvevs ara C44 drekadobis modulis , aramed 

Zvris modulis, kerZod (C11_C12 )–is relaqsirebas. 
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germaniumisTvis, romelSiac dariSxanis koncentracia aris 1018

da 3.10119sm-3 gamoangariSebul iqna minimumebis areTa Soris 

gadanawilebis relaqsaciis drois mniSvnelobebi: =4.10-13 da 2,3.10-

13wm Sesabamisad [1] .

SedarebiT dabal sixSireebze (~105hc) germaniumSi saSualo 

temperaturaTa intervalSi (≈0,56Tdnobis) aRmoCenilia iqna 

relaqsaciuri procesi. radganac es sixSireebi Zalian mcirea 

minimumebis velebs Soris gadanawilebis sixSiresTan (~1013hc) 

SedarebiT daisva procesis axali meqanizmiT axsnis sakiTxi. 

Aaxlebuli warmodgeniT yovelmxrivi kumSviTi deformacia iwvevs 

germaniumis akrZaluli zonis siganis Secvlas. Sesabamisad 

icvleba sakuTari denis matareblebis mdgomareobaTa simkvrive. 

misi relaqsaciis dro emTxveva muxtis matareblebis 

rekombinaciis dros, romelic sakmarisad didia (≈10-5wm). zogadad 

relaqsaciis dro ase gamoiTvleba:

-1=i-1+e-1 ,   

sadac e - aris relaqsaciis dro, kerZod, rekombinaciis dro, 

damaxasiaTebeli kristalis minirevebisaTvis da ar aris 

damokidebuli temperaturaze. i - ganpirobebulia rekombinaciiT 

akrZaluli zonis gadalaxvis gziT. igi i –is didi 

mniSvnelobebisaTvis ase iangariSeba:

i=0. exp(Er/KT)    

sadac Er - aris akrZaluli zonis rigis energia. Aam gziT 

gansazRvruli rekombinaciisaTvis saWiro aqtivaciis energia 

siliciumisaTvis tolia 1,45ev, germaniumisaTvis – 1,20ev, xolo 

deformaciis potencialebis mniSvnelobebi 2,3 da 2,0 ev [2]. 

zemoT moyvanili SedegebiT naTels xdian meqanikur 

deformaciisa da eleqtrofizikuri parametrebis cvlilebebis 

Rrma, fundamenturi kavSirebis arsebobas. Yyovelive amiT 

aixsneba mravalricxovani kvlevebis arseboba zemaRali sixSiris 

diapazonebSi, romlebic gaanalizebulia SromebSi [3,4]. 
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1.2. meqanikuri relaqsaciuri procesebi germaniumis kristalebSi

   saSualo da dabali sixSiris mocemul diapazonSi 

eleqtronuli da fononuri ansamblebis SeSfoTeba da 

relaqsacia mosalodneli ar aris. Aaq Tavs iCenen vibratorebis 

is erTobliobebi , romelTa rxevis sakuTari diapazoni icvleba 

infrabgerebis sixSireebidan      (103hc) saSualo ultrabgeriT 

sixSireebamde (103104hc). ZiriTadad am intervalSi gareSe 

periodul zemoqmedebaze aRiZvrebian struqturuli defeqtebi _ 

vakansiebi, minarevebi, maTi kompleqsebi, sakuTari Canergili 

atomebi, dislokaciebi da wertilovani defeqtebisa da 

dislokaciebis urTierTdakavSirebuli sistemebi. radganac aseTi 

tipis defeqtebi mkveTr gavlenas axdenen naxevargamtarul 

Tvisebebze metad didi mniSvneloba eniWeba maTi difuzuri 

aqtiurobis, arsebobis temperaturuli intervalebis, drekadobis 

modulebsa da plastikur Tvisebeze gavlenis eqsperimentul 

kvlevas. yovelive es aRniSnul sixSirul diapazonSi efeqturad 

Seiswavleba akustikuri speqtroskopiis meTodebiT, kerZod, 

Sinagani xaxunis meTodebiT. 

xazgasmiT unda aRiniSnos rom, siliciumTan SedarebiT 

dReisaTvis metad mcirericxovani Sromebia Sesrulebuli sufTa 

da legirebuli germaniumis relaqsaciur Tvisebebis Sesaxeb. 

Ddadgenilia, [5] rom 1-102hc sixSirul diapazonSi germaniumSi 

vlendebian relaqsaciuri maqsimumebi, romelTa aqtivaciis 

energia ganawilebulia 0,04 -1,1ev intervalSi  da romlebic 

aixsnebian dislokaciebze geometriuli Runvebis moZraobiT. 

Aaqtivaciis energiis intervalSi  ganawilebis arseboba 

miuTiTebs maszed, rom  germaniumis realur struqturaSi 

cvalebadia potencialuri barieris simaRle, romelic 

gansazRvravs dislokaciis moZraobis meqanizms. Aaq igulisxmeba 

geometriuli da Termuli dislokaciuri Runvebis, wyvili 

Runvebis, maT Soris manZilebis cvalebadobis, moZraobis 

pirobebisa da mizezebis dakavSireba wertilovani defeqtebis 
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koncentraciis, ganawilebis erTgvarovnebis, erTmaneTTan drekadi 

da eleqtruli urTierTqmedebis gaTvaliswinebiT. realuri 

kristalis fizikur-meqanikuri Tvisebebi ganicdian cvlilebebs  

sxvadasxva xasiaTis gareSe zemoqmedebis pirobebSi. Ddidi 

mniSvneloba aqvs defeqtebis struqturaSi ganviTarebul 

Sesabamis cvlilebebs.  rogorc zemoT aRiniSna, aris mravali 

faqtori, romelic ganapirobebs defeqtebis energetikuli 

speqtris arsebobas, romelic aucilebelia aixsnas struqturuli 

defeqtebis dinamiuri Tvisebebis da Zvradobis analizis 

safuZvelze. Aam aspeqtSi ganasxvaveben [6] zedapiruli da 

moculobiTi defeqtebis aqtivobas. maT rolsa da mosalodnel 

zemoqmedebas kovalenturi kristalebis meqanikur 

maxasiaTeblebze. aRmoCnda, rom mravaljeradi cikluri 

datvirTvis Sedegad germaniumis zedapirze warmoiqmnebian 

vakansiebi, mrudwiruli dislokaciebi da swored isini 

gansazRvraven deformacias dislokaciebis gadacocebis 

meqanizmiT. Ees meqanizmi Seicavs difuziis elements. Aam 

procesis gaaqtiureba oTaxis temperaturaze aixsneba zedapirul 

fenebSi defeqtebis maRali ZvradobiT. 

Ddabaltemperaturul intervalSi RunviTi rxevebis milevis 

procesSi Seswavlili iqna germaniumis monokristalSi drekadi 

rxevebis gabnevis amplituduri damokidebuleba [7]. miRebulia 

saintereso Sedegebi.saxeldobr naCvenebia, rom dislokaciebis 

Semcvel germaniumis monokristalSi 550ºC temperaturaze 

kritikuli deformaciis zemoT sazRvrebSi rxevebis energiis 

gabneva ganisazRvreba ori urTierTkonkurentuli procesiT:     

a) axali dislokaciebis CasaxviTa da arsebuli dislokaciebis 

moZraobiT: b)zrdis procesSi warmoSobili dislokaciebis 

simkvrivis SemcirebiT maTi kristalis zedapirze gamosvlis 

Sedegad. Kkonkretuli meqanizmi relaqsaciuri procesisa, 

rasakvirvelia, ukavSirdeba legirebis xarisxs. 

   oTaxis temperaturaze gamokvleulia plastikuri deformaciis 

aRZvris pirobebi  sufTa da antimoniT legirebul germaniumis 
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kristalSi [8]. xazgasmulia, rom rxevis amplitudaze 

damokidebuli Sinagani xaxunis arseboba dakavSirebulia 

kristalis zedapirul fenebSi dislokaciebis moZraobasTan. 

cikluri deformacia iwvevs difuzur cvlilebebs aseTi 

dislokaciebis irgvliv arsebuli minarevebis atmosferoSi  anu 

kotrelis atmosferoSi vakansiebis mier donorebis 

neitralizaciis gziT. amis Sedegad dislokaciuri struqtura  

Termulad stabiluri xdeba, ris gamo nacvlad gazrdisa adgili 

aqvs amplitudis maRal sidideebze Sinagani xaxunis intensivobis 

Semcirebas,  e.i.kristalis dinamiur meqanikur ganmtkicebas. Ees 

garemoeba Sinagani xaxunis amplitudisagan damokidebulebis 

grafikze zogjer maqsimumis saxiT gamovlindeba.

  Uunda aRiniSnos, rom relaqsaciuri procesebis gadazrda 

deformaciul procesebSi mniSvnelovnad aris damokidebuli 

kristalis srulyofilobaze. ase, magaliTad, Tu dislokaciebis 

simkvrive aRemateba 103sm-2 maSin yovelTvis aris mosalodneli 

maTi urTierTblokireba da minarevebTan urTierTqmedebis 

gaZliereba winaswari deformaciis Sedegad. Ees ki niSnavs, rom 

TiTqmis SeuZlebeli gaxdeba relaqsaciuri procesis 

gancalkeveba histerezisuli procesebisagan [8]. 

   teqnologiuri miznebisaTvis yuradRebas imsaxurebs naSromi 

[9], romelSiac Seswavlilia n –tipis gamtarobis germaniumSi 

spilenZis xsnadoba Sinagani xaxunis meTodiT. spilenZiT 

legireba ganxorcielebulia 850ºC temperaturaze spilenZis 

orTqlis difuziiT germaniumis monokristalSi. Ggamokvleul 

iqna [111] da [100] mimarTulebis Reroebi RunviTi rxevebis dros 

(5-7).103hc sixSireze. maqsimumebiT mdidari aRmoCnda speqtri [111] 

mimarTulebis monokristalSi. aRmoCenili urTierTgadafaruli 

maqsimumebis aqtivaciis energiebi ganawilebulia intervalSi 0,25-

0,6ev. maTi intensivoba mgrZnobiarea Termuli damuSavebisadmi. 

avtorTa azriT, relaqsaciuri speqtris SeqmnaSi monawileoben 

spilenZis individualuri da gawyvilebuli atomebi. isini 

kategoriulad uaryofen 200-500ºC intervalSi dislokaciebis 
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rols speqtris CamoyalibebaSi. naSromSi ar aris ricxviTi 

monacemebi maqsimumebis sixSiris faqtorebis Sesaxeb da Sinagani 

xaxunis intensivobis amplitudisagan damokidebuleba, ar 

SeiZleba gamoiricxos dislokacia-spilenZis atomebis 

urTierTqmedeba da spilenZis difuzia dislokaciebis birTvis 

gaswvriv. 

Ggermaniumis kristalis maRali simyife, dabali meqanikuri 

simtkice da plastikuroba aris umTavresi mizezi  imisa, rom   

praqtikulad TiTqmis ar gamoiyeneba grexiTi rxevebis procesSi 

relaqsaciuri speqtris gazomvis meTodebi. Tumca unda 

AaRiniSnos, rom 1hc sixSiris diapazonSi SesaZlebelia 

gamovlindes unikaluri informacia wertilovani da 

dislokaciuri defeqtebis moZraobisa da difuzuri aqtiurobis 

Sesaxeb. naSromSi [10] Seswavlilia Coxralskis meTodiT 

miRebuli boriT legirebuli  germaniumis monokristalis 

Sinagani xaxunis speqtri 1-3 hc sixSiris diapazonSi. [111] 

orientaciis nimuSebSi aRmoCenilia maqsimumebi 80-100, 250-300 da 

450ºC temperaturebze. gansazRvrulia maTi aqtivaciis energiebi: 

0,95;  1,25 da 1,55ev. nimuSebSi dislokaciis simkvrive Seadgenda 

7.103sm-2. gamoTqmulia mosazreba maTi meqanizmebis Sesaxeb.  

kerZod, aRniSnulia, rom pirveli maqsimumi SeiZleba gamowveuli 

iyos vakansiebis migraciiT Zabvis velSi, danarCeni ori 

maqsimumisadmi navaraudevia dislokaciebis urTierTqmedeba 

minarevebis metastabilur kompleqsebTan. Mmeqanizmebis dadgenis 

TvalsazrisiT metad sayuradReboa Zafiseburi germaniumis 

monokristalebis speqtris gamokvleva [10]. naCvenebia, rom 

grexiTi deformaciis Semdeg [211] da [111] orientaciis 

kristalebSi 450 ºC –ze vlindeba relaqsaciuri maqsimumi 

aqtivaciis energiiT 1,25-1,5ev. Pprocesis sixSiruli faqtoric 

cvalebadia 1011wm-1 areSi. Ddeformaciis xarisxis cvlilebiT 

miRweul iqna damatebiTi deformaciuli maqsimumebis 

gamomJRavneba 260 da 300ºC temperaturebze. sayuradReboa is 

garemoeba, rom ar aris dafiqsirebuli aqtivaciuri parametrebis 
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cvalebadobis mizezebi, rogorc moculobiT agreTve Zafisebur 

monokristalebSi. Ees aixsneba dRemde Catarebuli gamokvlevebis 

arasakmarisi moculobiTa da arasistematuri xasiaTiT. Yyovelive 

zemoT aRniSnuli migvaniSnebs, rom aucilebelia gamokvleuli 

iqnas germaniumis sufTa da legirebul monokristalebSi 

struqturulad mgrZnobiare relaqsaciuri procesebi. 

1.3. dislokaciebi germaniumis struqturaSi

   germaniumisa da siliciumis struqturebSi dislokaciebis 

Casaxvis, kristalografiuli da moZraobis energetikuli 

maxasiaTeblebis kvlevas didi mniSvneloba aqvs marTvadi 

struqturuli mdgomareobisa da fizikuri Tvisebebis 

naxevargamtaruli n_ da p-tipis masalebis Sesaqmnelad. 

mkvlevarTa umravlesoba upiratesad ganixilavs xraxnuli da 

60º-iani tipis dislokaciebs. amasTan erTad marcvlebis 

mcirekuTxovan gamyof sazRvrebze arseboben aseve kiduri 

dislokaciebi 111 mimarTulebiT. aRniSnulidan gamomdinare 

aucilebelia dadgindes ra tipis dislokaciebi arian 

mosalodneli almasis tipis struqturaSi. naSromSi [12] 

gaanalizebulia dislokaciebis kristalogeometriuli 

parametrebi almasis tipis meserSi. naCvenebia, rom srialis sami 

SesaZlebeli (001), (110) da (111) sibrtyidan yvelaze mniSvnelovania 

dislokaciebis sriali {111} sibrtyeTa simravleSi. xraxnuli, 

kiduri da  60º-iani dislokaciebis RerZebi da biurgersis 

veqtori mimarTulia 110 -is gaswvriv. 60º-iani dislokaciaze 

xraxnuli mdgenelis biurgersis veqtori mcirea, xolo kiduri 

mdgeneli ufro metad gamokveTilia da advilad gamoirCeva misi 

difraqciuli gamosaxulebis kontrasti. struqturaSi 

ganixilebian  aseve kiduri dislokaciebi RerZiT [110], 

biurgersis veqtoriT ½ 1/2 [110] da srialis sibrtyiT (001). 

aRsaniSnavia, rom maT sqematur gamosaxulebebze naTlad 

fiqsirdebian ormagi eqstrasibrtyeebi. maTi analizi aCvenebs, rom 
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almasis tipis struqturebSi SesaZlebelia arsebobdnen kiduri 

dislokaciebi, romelTa birTvebSi ar arseboben gawyvetili 

eleqtronuli bmebi. Ees metad mniSvnelovania dislokaciebis 

eleqtruli aqtivobis marTvis SesaZleblobis dasadgenad. 

Aalmasis tipis struqturebis masalebs axasiaTebT 

daoreulebisadmi midrekileba, radganac umniSvneloa energiaTa 

sxvaoba normalurad da daoreulebul mdgomareobaTa Soris. 

siliciumisa da germaniumis struqturebSi martivi daoreuleba 

xorcieldeba sibrtyeTa {111} sistemaSi [13]. 

   aRsaniSnavia, rom aseTi tipis oreulebi mxolod umniSvnelo 

gavlenas axdenen naxevargamtarebis eleqtrofizikur Tvisebebze. 

rTuli struqturuli aRnagoba axasiaTebT meore da mesame rigis 

oreulebs siliciumisa da germaniumis kristalur meserSi. maT 

SeuZliaT SesamCnevad Seamciron denis matareblebis Zvradoba da 

sicocxlis xangrZlivoba. 

   naSromSi [14] gaanalizebulia almasis tipis struqturaSi , 

kerZod siliciumsa da germaniumSi dislokaciuri struqturis 

kristalogeometriuli parametrebis kanonzomierebani, aseve 

epitaqsiuri fenebis gamyof sazRvrebze mesris parametrebis 

gansxvavebiT ganpirobebuli dislokaciebis Casaxvis, mdgradobisa 

da Tvisebebze gavlenis meqanizmebis kvlevis Sedegebi. 

Mmonokristalur germaniumSi 600ºC-ze plastikuri deformacia da 

SemdgomSi swrafi (10ºC/wT) gaciveba warmoqmnis specifikuri 

konfiguraciis dislokaciebis simravles [15]. Ddislokaciebis 

mowamvlis ormoebis ganawileba ori tipis sibrtyeebze 

Seswavlilia deformaciis sxvadasxva etapze. erT-erTi maTgani 

paraleluria ganivi srialis (111), xolo meore pirveladi 

srialis [111] sibrtyeebis. Ddislokaciuri ormoebis 

araerTgvarovani ganawileba damaxasiaTebelia deformaciis 

pirveli etapisTvis. kerZod, ganivi da pirveladi sibrtyeebis 

paralelurad damzerilia zolovani da Sejgufebuli 

simravleebi. zolovani simravleebi SedarebiT xSirad 

vlindebian. miRebuli Sedegebis SedarebiT mtkicdeba, rom 
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pirvel safexurze plastikuri deformaciiT ~600ºC-ze 

formirebuli dislokaciebis ganawileba monokristalur 

germaniumSi analogiuria w.c.k. struqturis metalebis 

dislokaciuri sivrculi ganawilebisa deformirebul 

mdgomareobaSi. 

   naSromSi [16] eleqtronuli da optikuri mikroskopiis 

meTodebiT Seswavlilia dislokaciebis ganawileba 

deformirebul monokristalur germaniumSi. Ddeformacias 

axorcielebdnen    520 ºC-ze  -ε diagramis sxvadasxva etapze.  

naCvenebia, rom paierlsis Zala ver axorcielebs dislokaciebis 

gamravlebas mWidro-wyobis mimarTulebiT. maTSi Ddislokaciebis 

gadanawilebis xasiaTi w.c.k. metalebis msgavsia. kerZod, 

dislokaciebi upiratesad kiduri orientaciis arian da 

deformaciis pirvel safexurze ganawilebulni arian srialis

pirvelad sibrtyeebze, urTierTqmedeben  ganivi kveTis srialis 

sibrtyeSi arsebul dislokaciebTan, qmnian Zlier Sejgufebebs 

da a.S. dislokaciebi ganawilebulia pirveladi srialis 

sibrtyis paralelur zonebSi, sadac deformaciamde ar 

arsebobdnen dislokaciebi.  

Mmonokristalur germaniumSi arsebuli dislokaciebis sruli 

analizi warmodgenilia naSromebSi [17,18] . germaniumisa da 

siliciumis kristalur meserSi formirdeba ori gansxvavebuli 

tipis dislokaciebis simravleebi, rac dakavSirebulia almasis 

tipis kubur struqturaSi {111} fenebSi atomebis ormag Sreebad 

ganawilebasTan. Ddislokaciebi moZraoben srialis da e.w. 

Sereuli meqanizmebiT. Sereuli meqanizmiT moZravi dislokaciebi 

erTmaneTisagan SedarebiT did {111} sibrtyeTa Soris sivrceSi 

metad moZravia, vidre srialiT moZravi dislokaciebi imave 

sibrtyeTa Soris arsebul paralelur fenebSi.  srialiT moZravi 

dislokaciebi ganicdian disociacias Soklis nawilobriv 

dislokaciebad, rasac Tan axlavs wyobis defeqtis warmoqmna. 

Oorive tipis dislokaciebis sigane SedarebiT Semcirebulia. 

gansazRvruli xraxnuli, 60º-iani da kiduri dislokaciebis 
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siganis sidideebia: Sesabamisad-  2,01; 1,63 da 2,48A. maRal 

temperaturebze (700-900ºC) deformaciiT warmoiqmnebian orive 

tipis dislokaciebi, romelTagan erT-erTi disocirebulia, 

xolo meore- aradisocirebuli (Sereuli meqanizmiT moZravi). 

Ddislokaciebis moZraobis meqanizmebi almasis tipis 

struqturaSi, kerZod, germaniumis kristalur meserSi 

ganxilulia naSromSi [19], sadac fiqsirebulia eleqtronuli 

mikroskopul fotografiebze disocirebuli dislokaciebis 

gamosaxulebebi siganiT ~60A. 

Tanamedrove eleqtronuli xelsawyoebisa da mowyobilobebis 

Sesaqmnelad farTod gamoiyenebian monokristaluri germaniumis 

fuZe-Sreebi orientaciiT (111) da (100). aRniSnulidan gamomdinare 

didi mniSvneloba eniWeba orive orientaciis fuZe-Sreebze 

dislokaciebis Casaxvisa da moZraobis pirobebis kvlevas. 

naSromSi [20] Seswavlilia monokristaluri germaniumis fuZe-

SreebSi meqanikuri ZabviT inducirebuli dislokaciebi (100) 

sibrtyeebze. Ooptikuri da maskanirebeli eleqtronuli 

mikroskopebis saSualebiT naCvenebia, rom deformaciis gavleniT 

warmoiqmnebian a/2 <111> tipis dislokaciebi (100) sibrtyeebzeE. 

isini orientirebulia  [011] mimarTulebasTan 9º-iT gadaxrili 

RerZis gaswvriv. (100) sibrtyis As-iT pasivaciis Semdeg vlindeba 

safexurovani dislokaciuri struqtura 13 º-iT gadaxrili [011] 

mimarTulebidan. Ddislokaciebis aseTi formis struqturas 

ganapirobebs As-is mcire zomis atomebis irgvliv ganviTarebuli 

kumSviTi damatebiTi Zabvebi. 

Mmaskanirebel mikroskopSi deformirebul (100) sibrtyeebze 

gamovlindnen dislokaciebiT generirebuli safexurebis zonebi, 

rac zedapirze 100A sigane ubnebis saxiT fiqsirdeba. maTi 

simaRle 3-16AA sazRvrebSi icvleba. zedapirze Canergili  As-is 

atomebi ganapirobeben axali zonebis formirebas 13 º -iani 

orientaciiT ZiriTadi <110> mimarTulebasTan. SedarebiTi 

analizi gviCvenebs, rom deformacia (100) da (111) sibrtyeebze 
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ayalibebs ZiriTadad kristalografiulad identur 

dislokaciebs, magram maT Soris ganmasxvavebelia calkeuli 

dislokaciis Sida struqtura, rac gansazRvravs dislokaciebis 

mdgradobas, moZraobis aqtivaciisa da  eleqtruli aqtivobis 

maxasiaTeblebs e.i. arsebiTad iseT parametrebs, romlebic 

mniSvnelovan zegavlenas axdenen masalebis naxevargamtarul 

Tvisebebze. 

sainteresoa aRiniSnos, rom germaniumis FfuZe-Sris 650ºC 15-

jeradi TermociklirebiT (100) sibrtyeebze warmoiqmneba badis 

formis dislokaciuri simravle damakavSirebeli xidebisa da 

diagonaluri formis dislokaciebiT. aseTive dislokaciuri  

suraTi vlindeba agreTve SiGe/Si epitaqsiuri struqturis 

zedapirebze (Si da SiGe). formirebuli dislokaciuri struqtura 

Termulad mdgradia 600-700ºC temperaturamde. SedarebiT maRal 

temperaturebze ar vlindeba dislokaciuri safexurebi, 

viwrovdeba dislokaciuri simravleTa sigane [21]. 

     eqsperimentulma kvlevebma maRal temperaturebze (600ºC) 

gamoavlines germaniumis kristalur meserSi daZabulobis areebi. 

isini gavlenas axdenen defeqtebis moZraobasa da 

urTierTqmedebaze meqanikuri datvirTvis pirobebSi. aseT 

pirobebSi dislokaciuri maryuJebi miiReben upirates 

orientacias, rac emTxveva gareSe meqanikuri datvirTvis 

mimarTulebas. 

almasis struqturis naxevargamtarebis kristalebSi 

dislokaciebi cdiloben ganlagdnen potencialuri reliefis 

midamoebSi. dislokaciebis moZraobis Seswavla germaniumsa da 

siliciumSi [21-27] Tavdapirvelad daiwyes qimiuri mowamvlis 

meTodiT. Ees meTodi iZleva dislokaciebis moZraobis siCqaris 

gansazRvris SesaZleblobas. eqsperimentuli monacemebis 

safuZvelze gansazRvruli iqna dislokaciuri naxevarmaryuJisa 

da sruli maryuJis moZraobis siCqareebi [28-31].

zRurbluri Zabva metad Znelad vlindeba GeSi SenadnobebSi, 

sadac germaniumis maRali Semcveloba aris dafiqsirebuli. 
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naSromSi [32] Seswavlilia 450-700°C temperaturul intervalSi 

GeSi kristalebSi dislokaciebis moZraobis siCqaris 

temperaturuli damokidebuleba, rodesac kristalze modebuli 

Zvris Zabvis mniSvneloba icvleba 3-20 mpa-mde. eqsperimentebma 

aCvenes, rom 60-gradusiani  dislokaciis siCqare 900°C-ze 20 mpa 

Zabvis velSi monotonurad mcirdeba siliciumis koncentraciis 

zrdisas. igi aRwevs germaniumis damaxasiaTebeli siCqaris 

mniSvnelobis naxevars, rodesac Ge-Si SenadnobebSi siliciumis 

koncentracia 2,2 %-ia.

eqsperimentuli Sedegebidan cnobilia aseve, rom GeSi Senadno-

bebSi germaniumTan SedarebiT dislokaciebis moZraobis siCqare 

umniSvnelod Semcirebulia. 60-gradusiani dislokaciebis moZrao-

bis siCqare  Si1-xGex (x=0,004 – 0,022) SenadnobebSi eqvemdebareba 

Semdeg funqcias [33]:
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sadac moZraobis energia Q axlosaa germaniumisaTvis 

damaxasiaTebel aqtivaciis energiis sididesTan.

aRsaniSnavia, rom siliciumis gacilebiT maRal koncentraciebze 

germaniumis kristalur meserSi viTardebian Sorsmoqmedi 

Sinagani Zabvebi, romlebic Zireulad cvlian GeSi Senadnobebis 

meqanikur Tvisebebs. aseT SemTxvevaSi dislokaciebis moZraobis 

siCqaris temperaturuli damokidebuleba gansxvavebuli 

kanonzomierebiT aRiwereba. 

  Ge-Si sistemaSi dislokaciebis dinamiuri Tvisebebi msgavsia 

Si–sa da Ge-Si dislokaciebis aseTive maxasiaTeblebis.  

samwuxarod dRemde mcire yuradReba eTmoboda unikalur 

Tvisebebs, romlebic aRmoCenilia zogierT  naxevargamtarul 

SenadnobSi [34,35]. aRniSnul naSromebSi miTiTebulia, rom GaAsP

da InAsP SenadnobebSi denadobis Zabvebs gaaCniaT aTermiuli 

komponentebi, isini ar vlindebian GaAs,GaP, InAs da InP 

struqturebSi [36,37]. Aamrigad, Ddid interess warmoadgens Ge-Si
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Senadnobebis dislokaciebis dinamiuri  Tvisebebis Seswavla da 

maTi unikaluri Tvisebebis marTva. 

   naSromSi [38] Seswavlilia Coxralskis meTodiT miRebuli 

GeSi (0<x<1) masiuri kristalebis dislokaciuri struqtura da 

meqanikuri Tvisebebi. nebismieri sakvlevi kristalisTvis 

Sedgeniloba icvleba sivrculad iseTnairad rom siliciumis 

koncentracia TandaTanobiT mcirdeba amowevis mimarTulebis 

gaswvriv. miRebuli GeSi kristalis Sedgenilobis cvlileba  

amowevis mimarTulebis gaswvriv damakmayofileblad aixsneba 

nadnobSi sruli Serevis mdgomareobiT Tanabari ganawilebis 

koeficintis saSualebiT, rac miiReba fazuri mdgomareobis 

diagramidan, gravitaciuli efeqtis gaTvaliswinebiT, agreTve 

arsebuli didi gansxvavebiT Ge da Si simkvriveebs Soris.

  terasebi da dislokaciebi daikvirvebian gazrdil Ge-Si

kristalebSi.  dislokaciebi warmoiqmnebian ZiriTadad 

madedeblisa da Senadnobis gamyof zedapirze. Ddislokaciebis 

simkvrive SenadnobSi  aRwevs  103_ 105 sm-2. dislokaciebis 

generaciis procesi SesaZlebelia regulirdeba Senadnobsa da 

madedeblis sazRvarze arsebuli deformaciis sididiT, 

temperaturis gradientiTa da dislokaciebis ZvradobiT. 

GeSi SenadnobebSi ganisazRvra dislokaciebis siCqare 

Sedgenilobis 0<x<0.08 da 0.94<x<1 SualedSi, dislokaciebis 

dabali simkvrivis (103sm-2) pirobebSi. sacdeli nimuSebi daZabulia 

amaRlebul temperaturebze  vakuumSi,rasac iwvevs  Runvis 

deformacia. Ddislokaciebis gadaadgileba  ganisazRvra 

mowamvlis  ormoebis  Sefasebis meTodiT [38]. 

  germaniumiT mdidar GeSi SenadnobebSi (0<x<0,08) dislokaciebis 

siCqare monotonurad mcirdeba siliciumis Sedgenilobis 

zrdasTan erTad da aRwevs mis 1/7-s sufTa germaniumSi 450-700ºC

temperaturul intervalSi. Mmeores mxriv, 0,94<x<1 kompoziciur 

SualedSi dislokaciebis siCqare dasawyisSi izrdeba da Semdeg 

mcirdeba germaniumis koncentraciis zrdasTan erTad 750-850 ºC

temperaturul intervalSi da wnevis 3-30 mpa diapazonSi. 
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.dislokaciis siCqare germaniumis x=0,004 SedgenilobisaTvis, 

ufro maRalia, vidre sufTaA siliciumSi.  

60º- iani dislokaciebis siCqare germaniumiT mdidar GeSi

SenadnobebSi avlens sworxazovan damokidebulebas Zabvis 3-24mpa

diapazonSi 450-700ºC temperaturul intervalSi. 

GeSi SenadnobebSi dislokaciebis  siCqare, iseve rogorc 

germanimuSi, siliciumSi da sxva naxevargamtarebSi ganisazRvreba 

Semdegi tolobiT: 

v=v0(/0)m exp(-Q/kbT),     0 = 1mpa.

sadac kb aris bolcmanis mudmiva.

Mmeqanikuri simtkice gamokvleuli iqna GeSi Senadnobebis,  

monokristalebSi, da polikristalur nimuSebSi monokritaluri 

CanarTebiT kompoziciuri diapazonisTvis 0<x<0.4 da  0.94<x<1, 

romlebSiac, dislokaciebis simkvrivea 103-105sm-2. marTkuTxa 

formis nimuSebi SekumSuli iqna mudmivi Zabvis qveS amaRlebul 

temperaturebze [39].  

    Ge-Si SenadnobebSi zeda da qveda drekadobis zRvari da 

denadobis Zabva izrdebian siliciumis Sedgenilobis SemcirebiT. 

meores mxriv, germaniumiT mdidar GeSi SenadnobebSi (x=0,01, 

0,10,0,25 da 0,40) Zabva-deformaciis diagramaze Zabvis Semcirebas 

adgili ara aqvs. gansxvavebiT siliciumiT mdidar GeSi

Senadnobebisgan. germaniumSi Zabvis Semcirebis ar arseboba 

damaxasiaTebelia  dislokaciebis gazrdili ZvradobisaTvis 

aRniSnul temperaturaze. GeSi Senadnobebs (x>0,10) axasiaTebT 

denadobis zRvrisa da Zabvis maRali sidideebi germaniumTan da 

siliciumTan SedarebiT. amasTan erTad Ddenadobis Zabva aris 

ufro maRali vidre germaniumisTvis.  

germaniumiT mdidar GeSi SenadnobebSi denadobis zRvari aris 

mudmivi.

Qqveda denadobis zRvris mniSvnelobebi SenadnobisTvis x=0,996 

aris igive, an odnav dabali vidre siliciumSi da denadobis 

zRvris temperaturuli damokidebuleba msgavsia siliciumisa. 

siliciumis Sedgenilobis SemcirebiT x=0,946-mde, denadobis  
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zRvari izrdeba da misi temperaturuli damokidebuleba  xdeba 

SedarebiT susti. GeSi Senadnobis mTel kompoziciur diapazonSi 

denadobis zRvars gaaCnia maqsimaluri mniSvneloba, rodesac 

x=0,5 da is damokidebulia Sedgenilobaze rogorc   x(1-x). 

   germaniumis maRali Semcvelobis masiuri monokristalebis 

miRebis problema jer-jerobiT bolomde gadawyvetili ar aris, 

magram miRweuli teqnologiuri done saSualebas iZleva 

miCneuli iqnas, rom kristalizaciis procesis Tanmxlebi 

Termuli Zabvebi  da Sedgenilobis lokaluri fluqtuaciebi, 

agreTve dinamiuri urTierTqmedeba dislokaciasa da myari 

xsnaris atomebs Soris, mniSvnelovnad axSoben dislokaciebis 

aqtiurobas da ganapirobeben Senadnobis simtkicis zrdas.

silicium-germaniumis Senadnobebis monokristalebi xasiaTdebian 

Semdegi ZiriTadi   fizikur-meqanikuri maxasiaTeblebiT:

Si1-xGex:

simkvrive (2.329+3.493x-0.499x2)gsm-3;      

mikrosisale (1150-350 x)kgmm-2;

mesris parametri (5.431+0.20x+0.027x2)A, 300K;   

drekadobis mudmivebi,  300K;

C11   (165,8-37,3x)109 pa;

C12   (63,9-15,6x)109 pa;

C44   (79,6-12,8x)109 pa;

Si1-xGex  drekadobis moculobiTi moduli 300K, 

Bs=(C11+2C12)/3,                     Bs=(97.9-22.8x)109 pa;

anizotropiis faqtori:     

A=(C11+C12)/2C44;                     A=(0.64-0.04x);

Zvris moduli:              

G=(C11-C12)/2,                       G=(51.0-10.85x)109 pa;

[100] mimarTulebiT iungis moduli:

E=748109 pa;

[100] mimarTulebiT puasonis koeficienti 

0=0.278-0.005 x.           
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simkvrive,gr/sm3           ρ(x)= 5.323- 3.087x

L1 da Δ 1  doneebs Soris sxvaoba,ev,    L Δ(x)= -0.18+1.29x

akrZaluli zonis sigane,ev,          Eg(x)=0.72+ 1.5x      

dieleqtrikuli  SeRwevadoba,       χ(x)= 15.8-10.7x

optikuri fononebis energia, mev,     θ(x) = θ0+63x

bgeris siCqare,sm/wm,                                      V(100)(x)= 3.57.105+1.33.105x

1.4. dislokaciebis Zvradoba Ge da Ge-Si monokristalebSi

   cnobilia[40], rom monokristalur germaniumSi dabali Zabvaze 

dislokaciebis moZraobis maxasiaTeblebi kargad eTanxmebian 

modelur warmodgenebs, rac gulisxmobs Runvebis Termulad 

aqtivirebul Casaxvas da damamuxruWebeli wertilovani 

defeqtebis barierebis gadalaxvas. maRali Zabvebis gavleniT 

dislokaciebis Zvradobas zRudavs fononebTan urTierTqmedeba. 

swored amis gamo aseT pirobebSi ganixilaven dislokaciebis 

Runvebis wyvilebis moZraobas difuziis Teoriis gamoyenebiT. 

E  eleqtronuli mikroskopuli kvleviT, romelic Sesrulda 

susti sxivebiT gamosaxulebis miRebis meTodiT dadginda [41], 

rom germaniumsa da siliciumSi dislokaciebi ganicdian 

disociacias. 70-ian wlebSi sruldeboda disocirebuli 

dislokaciebis intensiuri kvlevebi plastikurad deformirebul 

siliciumisa da germaniumis monokristalebSi. NnaCvenebi iqna 

plastikurad deformirebul germaniumSi nawilobrivi 

dislokaciebis jgufisa da masTan bmuli wyobis defeqtebis 

erToblivi moZraobis damadasturebeli eqsperimentuli 

monacemebi [42]. naSromSi gaanalizebuli dislokaciuri 

struqtura gansxvavebulia disocirebuli dislokaciebisagan. 

   Seswavlilia monokristalur germaniumSi disocirebuli 

dislokaciebis Zvradoba [43]. susti eleqtronuli sxivebis 

meTodiT fiqsirebulia germaniumis struqturaSi grZeli 

dislokacia nimuSis sibrtyis paralelur orientaciaSi. is erTi 
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boloTi hkveTs dislokacias, xolo meore boloTi gamosulia 

zedapirze. dislokacia disocirebulia (111) sibrtyeSi, misi 

biurgersis veqtori [110] mimarTuylebis paraleluria. 270C-mde 

gaxurebis gavleniT dislokaciis erTi nawili (111) sibrtyeze 

iwyebs srials, xolo (111) sibrtyeze arsebuli mdgeneli 

ucvlelia. 320C –ze (111) sibrtyeze arsebuli dislokaciis 

mdgeneli moZraobs srialiT dislokaciur kvanZamde. 440C- ze 

dislokacia asrulebs ganiv srials, imave droSi dislokaciuri 

kvanZi gadaadgildeba. dislokaciis sriali kvanZis 

maxloblobaSi SezRudulia. aRsaniSnavia, rom mTel sigrZeze 

dislokacia imyofeba disocirebul mdgomareobaSi. miRebuli 

Sedegebi cxadhyofen, rom Termuli damuSavebis zemoqmedebiT 

SesaZlebelia (111) sibrtyeebze disocirebuli dislokaciebis 

konfiguraciisa da dislokaciuri kvanZebis moZraobis marTva. 

disocirebuli dislokaciebis Semadgeneli nawilobrivi 

dislokaciebi erTmaneTisadmi icvlian mdgomareobas. kvlevebiT 

dadgenilia aseve xraxnuli dislokaciis gamosvla kristalis 

zedapirze, rac gamovlenili iqna mowamvlis ormoebisa da 

rentgenuli topografiuli suraTebis saxiT. 

   Ge-Si Senadnobebis meqanikuri Tvisebebi aSkarad arasakmarisad 

aris Seswavlili, radganac Ge da Si Rrmad arian gamokvleuli 

SesaZlebelia miRebuli Sedegebis gamoyeneba monokristaluri 

GeSi Senadnobebis struqturuli da meqanikuri Tvisebebis 

kanonzomierebaTa kvlevaSi. aRniSnuli TvalsazrisiT 

sainteresoa naSromSi [44] warmodgenili dislokaciebis 

siCqareebisa da meqanikuri Tvisebebis Seswavlis Sedegebi. 

dislokaciebis Zvradobasa da meqanikur simtkices Coxralskis 

meTodiT miRebul Ge1-xSix monokristalebSi Semcvelobis 0<x<1 

diapazonSi axasiaTebT Taviseburebebi. kvlevisaTvis 

gamoyenebulia 0<x<0,08 da 0,94<x<1 Sedgenilobis masiuri Ge-Si

kristalebi. maTSi zrdisas formirebuli dislokaciebis 

simkvrive icvleba 103-105sm-2 intervalSi. sacdeli nimuSebis 
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kumSviTi deformacia Sesrulebulia [123] kristalografiuli 

mimarTulebiT maRal temperaturebze instronis tipis 

danadgarze. 

   dadgenili iqna, rom 60 -iani dislokaciebis siCqare GeSi

SenadnobebSi, rodesac 0<x<0,08, mcirdeba monotonurad Si-is 

koncentraciis amaRlebiT. temperaturis 450-700C intervalSi; 

kristalze moqmedi kumSvis Zabva izrdeboda 3-dan 30mgp-mde. 

Zabva-deformaciis SekumSvis diagramaze 550C -ze ufro dabal 

temperaturebze Ge1-xSix (x0,04) Senadnobebs axasiaTebT mkveTrad 

gamosaxuli denadobis zeda wertili, ris Semdegac mniSvelovnad 

vardeba Zabvis sidide. Mmsgavsi -ε diagramebi damaxasiaTebelia 

naxevargamtarul masalebisaTvis, rogorebic arian Si, Ge, GaAs, InP

da sxvebi SedarebiT dabal temperaturebze. 

   aRsaniSnavia, rom denadobis zeda zRvruli mniSvneloba 

SenadnobisaTvis (x=0,10) 1,4-jer metia vidre Ge-is aseTive 

maxasiaTebeli. sayuradReboa is, rom 900C temperaturaze ar 

Cndeba denadobis zeda zRvruli wertili arc erT gamokvleul 

kristalSi. Ees aixsneba dislokaciebis maRali ZvradobiT 

aRniSnul temperaturebze. warmodgenili analiziT naTelia, rom 

Ge-Tan SedarebiT Ge-Si Senadnobis denadobis zeda zRvari 

SesaZlebelia 20-jer gaizardos, rodesac x=0,1.  

D dadgenilia, rom koncentrirebul Ge-Si SenadnobebSi denadobis 

Zabva maRalia da mudmivia temperaturis intervalSi (800-1000C). 

sxvadasxva naxevargamtarul masalaSi [45-47] denadobis Zabva ori 

mdgenelisagan Sedgeba – pirveli Termulad aqtivirebulia da 

damokidebulia temperaturaze, meore mdgeneli warmoadgens 

aTermul Zabvas da damoukidebelia temperaturisagan. 

Mmosalodnelia Ge-Si SenadnobebSi ganmtkicebis efeqtis 

Sesusteba temperaturis gazrdis pirobebSi. 

A  axlo mowesrigeba ganapirobebs dislokaciebis moZraobisadmi 

aTermiul winaaRmdegobas. aseTnairi cvlilebebi dislokaciebis 
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moZraobaSi fiqsirebulia Ge0,4Si0,6 Senadnobis epitaqsiuri fenebis 

deformirebul zestruqturebSi [48]. moculobiT Ge-Si

SenadnobebSi mowesrigebuli struqturebi praqtikulad 

gamovlenili ar aris. radganac Si-Si da Ge-Ge atomebs Soris 

arsebuli kavSiris sigrZeebi erTmaneTisgan 4%-iT gansxvavdebian 

SesaZlebelia Kkompoziciis lokalurma fluqtuaciam gamoiwvios 

gamdidrebuli ubnebis formireba, ris Sedegadac warmoiqmneba 

Sors moqmedi Zabvebis veli. Ees veli aRar imarTeba 

dislokaciebis Termulad aqtivirebuli moZraobiT. 

    Ge-Si SenadnobebSi dislokaciebis irgvliv myari xsnaris 

atmosferoebis dinamiur formirebas SeuZlia gamoiwvios 

dislokaciis moZraobisadmi aTermiuli winaaRmdegobis warmoqmna, 

iseTi formiT rogoric gamovlenilia minarevebiT legirebul

GaAs-is struqturaSi [49]. Sesrulebuli samuSaoebis analiziT 

dgindeba, rom monokristaluri Ge1-xSix SenadnobebSi adgili aqvs 

meqanikur ganmtkicebas. Ge1-xSix monokristalebis meqanikuri 

Tvisebebi gamokvleulia Sedgenilobis x=0,04 intervalSi 

sxvadasxva temperaturaze kumSviTi deformaciis pirobebSi. 

Sedegebi Sedarebulia monokristaluri germaniumisa da 

siliciumis meqanikuri Tvisebebis maxasiaTeblebTan. Ddadgenilia 

rom, denadobis Zabva da zRvari izrdebian Si-Ge SenadnobebSi 

siliciumis Semcvelobis gazrdiT miTiTebul koncentraciul 

intervalSi. denadobis Zabva maRal temperaturebze praqtikulad 

temperaturisagan damoukidebelia, rac adasturebs, rom Si da Ge-

sgan gansxvavebiT Ge-Si Senadnobebs axasiaTebT denadobis Zabvis 

aTermiuli mdgeneli. Ggaanalizebulia Ge-Si Senadnobebis 

ganmtkicebis meqanizmi. 

M mravalricxovani eqsperimentuli da Teoriuli Sromebi avlenen 

myar sxeulebSi, kerZod naxevargamtarebSi difuzuri procesebis 

daCqarebas dislokaciebisa da mcirekuTxovani sazRvrebis 

gaswvriv. Ddifuziis aCqarebas xSirad akavSireben vakansiebTan. 
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maTi koncentracia da Zvradoba gacilebiT maRalia vidre 

kristalis moculobaSi [50]. aRniSnuli cvlilebebi upiratesad 

ganpirobebulia kristaluri struqturis Zlieri damaxinjebiT 

dislokaciebis birTvebis maxloblobaSi. 

  dRemde arsebuli maTematikuri modelebi saSualebas iZlevian 

ganisazRvros mxolod wertilovani defeqtebis difuzuri 

gadaadgileba dislokaciebis birTvebis gaswvriv. naSromSi [51] 

ganxilulia Ge71, Sn113 da Sb124 izotopebis difuziis 

eqsperimentuli Sedegebi dislokaciebis maRali simkvrivis  

germaniumSi “Txevadi” birTvisa da “Zafiseburi” kristalebis 

modelSi. Ddislokaciebis difuzuri SeRwavadobis da nadnobSi 

difuziis temperaturuli damokidebulebebis SedarebiTi 

analiziT gansazRvrulia dislokaciis gaswvriv difuziis 

koeficientebis absoluturi mniSvnelobebi da dislokaciis 

birTvis efeqturi radiusi. miRebuli Sedegebi ar 

ewinaaRmdegebian moZraobis kooperaciul meqanizms da 

relaqsirebuli Sejgufebuli vakansiebis meqanizms. 

D dislokaciebis “Txevadi” birTvis fizikuri modeli saSualebas 

iZleva ganxiluli iqnas procesebi dislokaciur kristalebSi, 

risTvisac iyeneben Txevadi mdgomareobisaTvis damaxasiaTebel 

Termodinamikur potencialebsa da parametrebs, agreTve 

difuzuri procesebis parametrebs [52]. 

U ukanasknel periodSi mimdinareobs naxevargamtarebSi 

dislokaciebis moZraobis meqanizmebis intensiuri kvleva. is 

ganpirobebulia maTi metad rTuli xasiaTis zemoqmedebiT  

masalebis eleqtrofizikuri da struqturuli Tvisebebis 

maxasiaTeblebze. naSromSi [53] warmodgenilia kristalebSi 

dislokaciebis Zvradobis ganmsazRvreli Runvebis Casaxvisa da 

moZraobis procesebis analizi maRali paierlsis potencialis 

kristalebSi. Ggaanalizebulia dislokaciebze arsebuli

Runvebis dinamikaze wertilovani defeqtebis gavlenis sxvadasxva 

meqanizmi. Sedarebulia analizuri da eqsperimentuli kvlevis 



42

Sedegebi Si, Ge da GeSi Senadnobebis monokristalebisaTvis. 

Aanalizs safuZvlad udevs naxevargamtarul monokristalebSi 

wertilovani defeqtebis urTierTqmedeba dislokaciebis 

segmentebTan da RunvebTan. 

Oorsafexuriani meqanikuri datvirTis pirobebSi wyvili da 

erTeulovani Runvebis moZraobis SeswavliT gaRrmavda 

warmodgenebi Runvebis Casaxvis procesebze gansazRvrul 

temperaturebsa da dabali Zabvis pirobebSi,  rodesac Runvebi 

metad mgrZnobiarea barierisadmi [54,55]. Ggermaniumsa da 

siliciumSi arsebuli dislokaciebis dinamiuri Tvisebebi 

gaanalizebulia wyvili Runvebis moZraobiT paierlsis pirveladi 

barieris gadalaxvis modelSi, agreTve meoradi barieris 

gadalaxviT geometriuli Runvebis moZraobis dros [56]. 

Ddislokaciurio struqtura epitaqsiur fenebSi metad rTulia 

da moculobiTi kristalebisagan gansxvavdeba energetikuli 

maxasiaTeblebiT. Uupirveles yovlisa dislokaciebis formirebas 

gansazRvravs fuZeSresa da epitaqsiur fenas Soris arsebuli 

mesris parametrebs Soris arsebuli sxvaoba. Aanalizur naSromSi 

[57] warmodgenilia Ge-Si heterostruqturebSi dislokaciebis 

Casaxvisa da moZraobis meqanizmebis kvlevis Sedegebi, rodesac 

mesris parametrebs Soris sxvaoba ar aRemateba 1%-s. ganxilulia 

dislokaciuri struqturis formireba organzomilebianidan 

samganzomilebian dislokaciur struqturamde heterofenebis 

miRebis procesSi. 



43

1.5. dislokaciebis eleqtruli aqtiuroba monokristalur Ge-Si

SenadnobebSi

   Ge-Si Senadnobebis struqtura da struqturulad-mgrZnobiare 

fizikuri Tvisebebi SesaZlebelia ganxiluli iqnas, rogorc 

Semadgeneli Ge da Si komponentebis maxasiaTeblebis 

modificirebis Sedegi. aRniSnulidan gamomdinare Ge-Si

kristalebis sruli daxasiaTebisaTvis mniSvnelovania Ge da Si 

kristalebis Tvisebebis variaciebis mikroskopuli meqanizmebis 

Rrma analizi, kerZod, eleqtrofizikuri Tvisebebis da 

dislokaciuri struqturis urTierTkorelaciuri 

damokidebulebis dadgena. mniSvnelovani eqsperimntuli Sedegebia 

warmodgenili ultrasisufTavis germaniumSi dislokaciebis 

eleqtruli Tvisebebis Sesaxeb [58]. naCvenebia, rom 1012-1013sm-3

arsebuli donemde gasufTavebul germaniumSi  dislokaciebi 

akrZalul zonaSi qmnian aqceptoruli tipis doneebis or 

qvezonas. maTi energia da naxevargani damokidebulia kristalis 

zrdis mimarTulebasa da wyalbadis Semcvelobaze. aRniSnuli 

dislokaciuri zonebis gamovlineba SesaZlebelia mxolod maSin, 

rodesac dislokaciebis simkvrivis zRvruli sidide 104sm-2-is 

rigisaa. gaangariSebiT naCvenebia, rom 103sm-2 dislokaciebis 

simkvrivis SemTxvevaSi aqceptorebis koncentracia aris 3,5.109sm-3. 

rodesac dislokaciebis simkvrive ufro naklebia, maSin 

defeqtebis koncentracia imdenad mcirea, rom gamoyenebuli 

meTodebi ver axdenen dislokaciuri zonebis registracias. 

wyalbadis atomebi axdenen dislokaciuri zonebis naxevarganisa 

da poziciebis modificirebas, maTi gavleniT xorcieldeba 

defeqtebis aqtivaciis energiis cvlileba gawyvetili bmebis 

zonebis gajerebis meqanizmiT. 

   Mmyar sxeulebSi lazeris impulsiT nanowamebSi zemoqmedebiT 

vlindeba eleqtrofizikuri Tvisebebis cvlilebebi. Ees efeqti 

aris minarevebis mdgomareobebisa da masalis defeqturobis 

cvlilebiT ganpirobebuli. Seswavlilia oTaxis temperaturaze 
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lazeruli sxivis dartymiTi talRebiT dasxivebuli p-tipis 

germaniumis dislokaciuri struqtura da eleqtrofizikuri 

Tvisebebi [59].

D dadgenilia[60], rom gamosxivebis dartymiTi talRis 

zemoqmedebiT ar xdeba dislokaciuri struqturis cvlileba, 

radganc dasxivebul zedapirze ar gamovlindnen mowamvlis 

dislokaciuri ormoebi, magram sagrZnoblad icvlebian 

eleqtrofizikuri parametrebi. warmodgenilia daskvna, rom 

germaniumis dasxiveba impulsuri lazeriT mikrowamebSi 

intensivobiT 107- 109 vt/sm2 iwvevs udislokaciod wertilovani 

defeqtebis aTermiul warmoqmnas. 

P pirvelad iqna aRniSnuli [61], rom p-germaniumSi warmoqmnili 

dislokaciebi avlenen erTdroulad aqceptorul da donorul 

Tvisebebs. Ees faqti dadasturebulia xvrelebis koncentraciis 

temperaturuli damokidebulebis kvleviT sawyisi da 

plastikurad deformirebuli germaniumis nimuSebSi. 

warmodgenilia modeli [62], romlis Tanaxmad p-germaniumSi 

dislokaciebis maRali simkvrivis pirobebSi arsebobs ori done-

aqceptoruli Ea da Ed donoruli, TiToeul maTgans aqvs sasruli 

tevadoba Ca da Cd. rodesac Cd<<1, maSin temperaturis farTo 

intervalSi SesaZlebelia  ar iqnas miRebuli mxedvelobaSi 

dislokaciebze lokalizebul eleqtronebTan urTierTqmedeba. 

aRniSnuli daSvebidan gamomdinare ganixilaven naxevargamtarebis 

wonasworul Tvisebebs dislokaciebTan Tanaarsebobis pirobebSi. 

A  praqtikuli gamoyenebis TvalsazrisiT metad aqtualuria p-da 

n-tipis germaniumSi plastikuri deformaciis procesSi 

minarevebisa da dislokaciebis urTierTqmedebis meqanizmebis 

dadgena. N Seswavlilia plastikurad deformirebuli n-tipis 

germaniumis dabaltemperaturuli eleqtrogamtaroba. sacdeli 

kristali legirebulia Sb-iT 2,5.1016sm-3 koncentraciamde [63]. 

Ddadgenilia, rom deformaciis xarisxis gazrdiT mcirdeba 
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eleqtronebis koncentracia da Zvradoba da icvleba gamtarobis 

tipi. 

deformaciiT Casaxuli dislokaciebi bunebiT aqceptorulia da 

maTi warmoqmna n-tipis kristalSi iwvevs kompensacias, amasTan 

erTad iqmnebian gabnevis damatebiTi centrebi [64], cnobilia isic 

[65], rom n-tipis germaniumSi <111> mimarTulebiT Zlieri 

arasimetriuli deformaciiT donorebis talRuri funqcia 

anizotropulia da Sb-iT legirebisas talRuri funqciebis 

gadafarva sustdeba. 

   Ddeformirebul Ge:Sb kristalebSi dabaltemperaturul 

intervalSi adgili aqvs e.w. diskretul gamtarobas aqtivaciis 

energiiT Eε: ρ(T)= ρε . exp(ε/KT). aseTi tipis temperaturuli 

damokidebulebiT igulisxmeba uaxloes mezobel atomebs Soris 

diskretuli eleqtrogamtaroba, romlisTvisac gancalkevebulia 

“denadobis” wvlili minarevebis yvela mdgomareobisaTvis 

damoukideblad maTi energetikuli poziciisa. Eε warmoadgens 

sxvaobas fermis donesa da mdgomareobis simkvrivis speqtris 

maqsimums Soris. deformaciis Sedegad warmoqmnili didi 

simkvrivis dislokaciebi iwveven kristalis arahomogenurobas, 

ramac SesaZlebelia gaafarTovos minarevebis energetikuli zona, 

Sesabamisad amaRldeba kuTri eleqtruli winaaRmdegoba.

  sayuradReboa naSromSi [66] warmodgenili deformirebul 

germaniumSi pozitronebis sicocxlis xangrZlivobis Seswavlis 

Sedegebi. SekumSviT deformirebuli n- da p-tipis germaniumis 

kristalebSi eleqtronebisa da xvrelebis sicocxlis 

xangrZlivoba mcirdeba deformaciis gazrdiT. CamWeri centrebis 

modelSi Sefasebulia pozitronebis CaWeris siCqare, riTac 

gansazRvrulia dislokaciebis birTvebis sigane, rogorc 20 da 

8,2A n- da p-tipis nimuSebisaTvis. n-tipis germaniumisaTvis 

gaujerebeli bmebis wili Sefasebulia ≈0,26.  es sidide 

gacilebiT mcirea n-GaAs-is dislokaciebis analogiuri 

maxasiaTeblebTan SedarebiT. Ddadgenilia, rom legireba 
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AaZlierebs pozitronebis CaWeras.p-tipis germaniumSi. masSi 

gaujerebeli bmebis wvlili Seadgens 0,25, rac TanxmobaSia 

Sroterisa  da labuSis warmodgenebTan. 

   dislokaciebiT mdidar germaniumSi Termuli damuSavebiT 

SesaZlebelia eleqtrofizikuri da optikuri maxasiaTlebis 

mkveTri cvlilebebi. naSromSi [67] Seswavlilia Termuli 

damuSavebis sxvadasxva reJimis gavlena monokristaluri 

germaniumis denis matareblebis rekombinaciaze dislokaciebis 

simkvrivis farTo diapazonSi.: 0-dan 105sm-2-mde. naCvenebia, rom 

mowva 750ºC-ze amcirebs sicocxlis xangrZlivobas, rodesac 

Nd=3.103sm-2. dislokaciebis mcire simkvrivis germaniumSi 

ganmsazRvrelia vakansiuri tipis defeqtebis wvlili sicocxlis 

xangrZlivobis cvlilebebSi, xolo dislokaciebis maRali 

simkvrivis pirobebSi sustdeba rekombinaciur procesebze 

vakansiebisa da dislokaciebis urTierTqmedebis gavlena. 

avtorTa mosazrebiT gamoricxuli ar aris Jangbadis atomebis 

eleqtruli aqtiurobis gavlena denis matareblebis sicocxlis 

xangrZlivobaze maRaltemperaturuli mowvis procesSi 

dislokaciebis maRali simkvrivis pirobebSi (Nd105sm-2). 

  Mmetad saintereso Sedegebia warmodgenili naSromSi [68] 60º-

iani da xraxnuli dislokaciebis Semcvel p-da n-tipis Si da Ge 

monokristalebis lokaluri eleqtruli Tvisebebis Sesaxeb. 

kerZod, Seswavlilia volt-amperuli maxasiaTeblebi. n-tipis 

siliciumSi gamovlinda 60º-iani dislokaciebis dioduri 

moqmedeba gansxvavebiT xraxnulisagan, romlebsac ar axasiaTebT 

dioduri denis gamarTva. 60º-iani dislokaciaze pirdapiri da 

ukudenebi erTmaneTisagan 100-jer meti sididiT gansxvavdebian. 

Seswavlilia aseve 60º-ian dislokaciaze garRvevis 

maxasiaTeblebi. Ddadginda, rom eleqtruli garRvevis Semdeg 

xdeba p-n gadasasvlelis Tvisebebis sruli aRdgena. Si da Ge-Si 

ar gamovlinda 60º-iani da xraxnuli dislokaciebis 

maxasiaTeblebs Soris ganmasxvavebeli niSnebi, radganac 
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volframisa da aRniSnuli masalebis  kontaqtebs hqondaT 

mkveTrad gamoxatuli ara omuri Tviseba. miRebuli Sedegebis 

analizSi gaTvaliswinebulia kristalis zedapirze 

dislokaciebis gamosvlis adgilebSi damuxtuli mdgomareobis 

Seqmna. 60º-iani dislokaciebis dioduri Tvisebebis formirebaSi 

gadamwyvetia gawyvetili bmebis arseboba. cnobilia [69,70] , rom 

60º-iani dislokaciebis formirebiT akrZalul zonaSi 

warmoiqmnebian energetikuli doneebi 0,2-0,5ev siRrmeze 

gamtarobis zonis minimumidan. 

  Seswavlilia erTRerZian deformirebul Ge-Si energetikul 

velebs Soris eleqtronebis gadanawileba “Txel” doneebze 

arsebuli donorebis dartymiTi ionizaciis procesSi [71]. 

dartymiT ionizacias ganicdidnen neitraluri donorebi Sb, P, As. 

gansazRvrulia erTRerZiani wnevis gavleniT dartymiTi 

ionizaciis velebis cvlilebebis mTavari meqanizmebi. Ddadginda, 

rom inversiuli L1-Δ1  tipis gardaqmna gamtarobis zonaSi 

ganapirobebs germaniumSi fosforis ionizaciis energiis 

cvlilebas 12-41mev intervalSi. ionizaciis energiis TiTqmis 

oTxjeradi gazrda saSualebas iZleva gamovlindes 

maionizirebeli eleqtronebis optikur fononebze aradrekadi 

gabnevis wvlili. cxadia, rom maionizirebeli eleqtronebis 

energiis miaxloeba optikuri fononis energiasTan iwvevs 

aradrekadi gabnevis zrdas. 

  Sinagani xaxunis meTodiT gamokvleulia erTeulovani da 

wyvili Runvebis formirebisa da moZraobis energiis cvlilebebi 

naxevargamtarul masalebSi [72-75]. naCvenebia eleqtrulad 

aqtiuri minarevebis Zlieri gabneva dislokaciebis birTvebsa da 

atmosferoebze. Ddadgenilia, rom aqceptoruli minarevebi 

Tanabari koncentraciis pirobebSi tetraedruli radiusebisagan 

damoukideblad erTnairad axdenen gavlenas dislokaciebis 

Zvradobaze da erTnairad amcireben aqtivaciis energias 

aralegirebul kristalTan SedarebiT. Uufro Zlierad amcireben 

disalokaciebze Runvebis moZraobis aqtivaciis energias 
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donoruli minarevebi. Eeleqtronebis gavlena ar isazRvreba 

mxolod dislokaciebis ZvradobiT. Ddenis matareblebis 

amaRlebul koncentraciebze dislokaciebis elementebis rxevis 

sixSire SemosazRvrulia kovalentul bmebSi eleqtronebis 

“gadarTvebiTa” da hibridizaciis mdgomareobis SecvliT, 

rodesac dislokaciuri Runva aRmoCndeba barieris maqsimumze. 

aRsaniSnavia [76] , rom n-tipis kristalebSi SedarebiT dabalia 

dislokaciuri Runvis sixSiris faqtori. es xorcieldeba 

Zlierad legirebis SemTxvevaSi. maSin mosalodnelia 

eleqtronebis talRuri funqciis gadafarvis gaZliereba 

aqceptorul minarevebsa da Runvebze. Ee.w.dislokaciur zonaSi. 

ase, magaliTad, Tu aqceptorebis koncentracia iqneba 1019sm-3 , 

maSin warmoiqmneba minarevuli zona, aqceptoruli mdgomareobebi 

gadanawildebian kristalis mTel moculobaSi. 

  Ddabali meqanikuri Zabvis  moqmedebis dros (τ<2-4kg/mm2) 

aqceptoruli minarevebiT legirebul kristalebSi vlindeba 

dislokaciebis siCqarisa da moZraobis energiis mkveTri 

damokidebuleba Zabvisagan [77]. germaniumSi dariSxanis maRal 

koncentraciaze ar vlindeba aqtivaciis energiis mniSvnelovnad 

amaRleba Zabvis Semcirebisas. masSi SeimCneva, msgavsad 

siliciumisa sastarto Zabva dislokaciis amoZravebisaTvis, rac 

sakmarisad didia (≈2kg/mm2). es gamowveulia Runvebis mravali 

CamWeris arsebobiT dislokaciebze.  

MmaRali meqanikuri Zabvis velSi dislokaciebze Runvebis 

moZraoba SesaZlebelia aRiweros ormagi Runvebis difuziis 

modeliT da gaTvaliswinebuli iqnas axlo da Sors moqmedi 

Zalebis (drekadi, eleqtrostatikuri) gavleniT moZraobis 

energiis mosalodneli Semcireba. Ddislokaciebis irgvliv 

arsebuli maRali koncentraciis wertilovani defeqtebi 

amuxruWeben ormagi Runvebis gancalkavebas, rac aseve 

mniSvnelovnad aisaxeba dislokaciebis moZraobis siCqareze 

meqanikuri Zabvis velSi. 



49

       dislokaciebis birTvebis mier CaWerili denis 

matareblebis moZraoba eleqtrul velSi vlindeba dabal 

temperaturebze plastikurad Zlierad deformirebul 

germaniumSi [78].

Eeleqtruli parametrebis anizotropuloba  T=30K  da 

Ndisl.2107sm2 pirobebSi gaanalizebulia 60 -iani dislokaciebis 

birTvebis gaswvriv xvrelebisa da eleqtronebis moZraobiT 

aqceptorul da eleqtronul dislokaciur zonebSi. daSvebulia, 

rom dislokaciebze arsebuli segmentebis sigrZe 10 mkm-is 

rigisaa. xvrelebis talRuri funqciis radiusi   1 nm-ia. aseTi 

radiusis cilindrSi mimdinareobs eleqtruli deni  0,1 mkm 

manZilze. maSasadame SesaZlebelia miviCnioT, rom deni aRZrulia 

e.w. qvantur Zafisebur gamtarSi. realur kristalebSi 

eleqtronebi da xvrelebi  gaibnevian dislokaciur Runvebze, 

safexurebsa da defeqtebze, romlebic lokalur ubnebSi arRveven 

translaciis simetrias birTvebis gaswvriv. Seswavlilia [79] 

maRaltemperaturuli mowvis gavlena Zlier deformirebuli 

germaniumis xvrelur gamtarobaze. naCvenebia, rom  900C-ze  

mowvis Semdeg mcirdeba xvreluri eleqtrogamtaroba, icvleba  

misi temperaturuli damokidebulebis xasiaTi.

eleqtruli Tvisebebi mniSvnelovnad icvlebian germaniumis 

rekristalizebul struqturaSi.  rekristalizacia mimdinareobs 

maRalkuTxovani sazRvrebis formirebisa da moZraobis 

meqanizmiT. Zlierad deformirebul germaniumSi 

rekristalizaciis Canasaxebi kritikulze meti zomebiT, 

warmoiqmnebian mxolod mowvis procesSi da maTi zomebi 30 mkm-is 

maxloblobaSi icvlebian. gamsxvilebuli marcvlebis  

warmoqmniT sustdeba dislokaciebs Soris eleqtronuli 

kavSirebi da, Sesabamisad,  mcirdeba xvreluri gamtarobis 

sidide.  fenovani, ujredovani, homogenizebuli da 

fragmentirebuli dislokaciuri struqtura, rogorc Sedegi 
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Termomeqanikuri  damuSavebis iwvevs eleqtruli maxasiaTeblebis 

aramdgradobasa da gauaresebas [80].

deformaciisa da Semdgomi Termuli zemoqmedebis gavlena kidev 

ufro naTlad vlindeba monokristaluri Ge-Si Senadnobebis 

eleqtruli Tvisebebis cvlilebebSi. gamokvleulia eleqtronebis 

gadatanis procesebi sust eleqtrul velebSi    G1-xSix (0<x<0,14)  

SenadnobebSi [81]. sacdeli nimuSebis miReba ganxorcielebulia  

Coxralskis meTodiT, erTdroulad xdeboda gamdnari masalis 

Sevseba tigelSi CaSvebuli identuri Sedgenilobis   Ge-Si   

Reros gadnobiT [82].  am gziT minimumamde daiyvaneba 

komponentebis ganawilebis koncentraciuli gradienti.

naCvenebia SenadnobebSi dispersiis kanonis SecvliT 

ganpiroebuli sust eleqtrul velebSi eleqtronebis gadataniTi 

moZraobis kanonzomierebaTa cvlileba. zonuri gardaqmna  

zonebis L11 tipis inversiamde miRweulia  Si-is Semcvelobisa 

da [100] mimarTulebiTi kumSviTi deformaciis zemoqmedebiT. 

ganxilulia Ge-Si SenadnobebSi eleqtronebis Zvradobis 

SemzRudav defeqtebze gabnevis meqanizmebis efeqturoba. holis 

efeqtis meTodiT miRebuli deformaciuli da koncentraciuli 

damokidebulbebis eqsprimentuli da gaTvliTi monacemebis 

SedarebiT relaqsaciis drois miaxloebaSi dadgenilia, rom 

sakvlev Senadnobebis dominirebs akustikuri da Senadnobebis 

komponentebze gabnevis procesebi. gansazRvrulia SenadnobebSi 

eleqtron-fononuri urTierTqmdebis konstantebi. eqsperimentuli 

da analizuri gziT miRebulia kinetikuri koeficientebis 

arawrfivi funqcionaluri damokidebulebebi inversiis areSi Ge-

Si  SenadnobebSi.

defeqtebis eleqtronul-stimulirebuli reaqciis modelSi 

ganxilulia rogorc wonasworuli, aseve arawonasworul denis 

matareblebis gavlena defeqtebis reaqciis siCqareze kovalentur 

kristalebSi. bmebis Sesustebis meqanizmis elementarul  aqtad 

miRebulia darRveuli valenturi bmis warmoqmnisa da gadarTvis 
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procesi da gaanalizebulia masTan dakavSirebuli  kristaluri 

mesris kvanZis eleqtronuli Termebis dinamika. eleqtronul-

stimulirebuli defeqtebis reaqciis siCqare gansazRvrulia 

rogorc  fermis kvazidones mdgomareobis funqcia [83].

naCvenebia, rom defeqtebis reaqciis siCqare n- germaniumSi 

izrdeba monotonurad zRurbluri Zabvis gareSe eleqtronebis 

koncentraciis amaRlebiT. p-tipis germaniumSi sustad legirebis 

SemTxvevaSi is saerTod damoukidebelia xvrelebis 

koncentraciisagan, xolo xvrelebis maRal koncentraciebze 

(1019sm-3) defeqtebis reaqciis siCqare rTuli funqcionaluri 

damokidebulebiT avlens zrdis tendencias.

legirebuli kovalenturi naxevargamtarebis dislokaciebis 

Casaxvisa da moZraobis aqtivaciis energiis variaciebi naTlad 

vlindebian Sinagani xaxunis temperaturul speqtrebSi.  naSromSi 

[84] Sinagani xaxunis meTodiT gamokvleulia erTeulovani 

Runvebis moZraobisa da wyvili Runvebis formirebis aqtivaciuri 

parametrebi n-tipis legirebuli  da, agreTve, aralegirebul 

monokristalur germaniumSi. gansazRvrulia dislokaciebze  

arsebuli Runvebis moZraobis energia ( 1,108 ev) d sixSiris 

faqtori ~1,5109wm-1. sayuradReboa, rom sixSiris faqtori 

miTiTebul intervalSi izrdeba moqmedi gareSe deformaciis 

proporciulad. sxva energetikuli maxasiaTeblebi (2,07 ev da 

11013wm-1 ) ganekuTvnebian dislokaciebze wyvili Runvis Casaxvisa 

da moZraobis aqtivacias. orive SemTxvevaSi Sinagani xaxunis 

speqtrSi Sesabamisi relaqsaciuri warmoSobis maqsimumebi 

gadaadgildebian dabali temperaturebis mimarTulebiT 10-20ºCК-

Ti deformaciis gazrdis pirobebSi.

dReisaTvis dadgenilia [85-87], rom  n- da  p- tipis Ge-is 

kristalebSi 10-20%-iT  SesaZlebelia Semcirdes erTeulovani da 

wyvili  Runvebis moZraobis aqtivaciis energia  drekadobis 

sazRvrebSi deformaciis pirobebSi.
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dislokaciebis moZraobis aqtivaciuri maxasiaTeblebis 

cvlilebebi SesaZlebelia ganxorcieldes aseve izovalenturi 

elementebiT legirebis SemTxvevaSi, rodesac malegirebeli 

komponentis koncentracia sakmarisia mesris parametris 

SesamCnevad SecvlisaTvis. Tavis mxriv es ukanaskneli 

gansazRvravs dislokaciebis moZraobisadmi arsebuli paierlsis 

potencialuri barieris simaRles, rac gansazRvravs 

dislokaciebis Zvradobas. 

Seswavlilia germanium-siliciumis zogierTi monokristaluri 

nimuSis Sinagani xaxunisa da Zvris modulis temperaturuli 

damokidebuleba da gaanalizebulia dislokaciuri relaqsaciuri 

maqsimumebis aqtivaciuri maxasiaTeblebis    cvlilebebis 

mizezebi.    naCvenebia, rom 3at.%-mde siliciumis koncentraciis 

gazrdiT izrdeba Zvris modulis absoluturi mniSvneloba, rac 

ZiriTadad ganpirobulia lokalizebuli kumSviTi Zabvebis 

moqmedebiT germaniumis kristalur meserSi [88,89].

siliciumiT legireba SesamCnevad ( 15 %) zrdis pirveli da 

meore kritikuli Zabvebis sidideebs, romlebic Seesabamebian 

dislokaciebis segmentebisa da Runvebis mowyvetas wertilovani 

defeqtebisa da dislokaciuri kvanZebidan. maTi sidideebis 

regulireba SesaZlebelia saSualo da maRal temperaturebze 

Termuli damuSavebiT (wrToba, mowva), romlis ganmavlobaSi 

adgili aqvs dislokaciebis irgvliv arsebuli minarevebis 

atmosferoebSi koncentraciul da konfiguraciul cvlilebebs, 

aqtivaciuri da meqanikuri maxasiaTeblebis Semdgomi Semcireba 

Ge-Si SenadnobebSi gamovlenilia eleqtrulad aqtiuri 

elementebiT legirebis SemTxvevaSi [90.91].   

aRsaniSnavia, rom deformaciisa da Termuli damuSavebis 

zemoqmedebiT maRal temperaturebze SesaZlebelia gamovlindes 

dislokaciebis energetikuli parametrebis cvlilebebi, rac 

naTlad aris dadasturebuli naSromSi [92]. kerZod, naCvenebia, 

rom 700°C-ze grexiTi maRalamplituduri cikluri deformaciis 

gavleniT aralegirebul monokristalur siliciumSi 10-15 %-iT 
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mcirdeba 60°-iani da xraxnuli dislokaciebis moZraobiT 

ganpirobebuli meqanikuri relaqsaciuri procesebis aqtivaciis 

energiis mniSvnelobebi. aRniSnul procesebs Tan sdevs 

eleqtrogamtarobis da Termuli gafarToebis anomaluri 

cvlileba 200-400°C intervalSi. mowviT vakuumSi 700-900°C

intervalSi sustdeba eleqtrofizikuri Tvisebebis anomaliebi da 

maRldeba dislokaciuri warmoSobis relaqsaciuri maqsimumebis 

aqtivaciis energiisa da sixSiris faqtoris sidideebi. analiziT 

dadginda, rom aRniSnuli cvlilebebi ZiriTadad ganpirobebulia 

Jangbadis atomebisa da dislokaciebis urTierTqmedebis 

intesivobis Sesusteba-gaZlierebis procesebiT. aseT pirobebSi 

xorcieldeba dislokaciebis atmosferoebSi Jangbadis atomebis 

kompleqsebSi koncentraciuli da konfiguraciuli cvlilebebi. 

yovelive aRniSnuli ganapirobebs kristalis darbileba-

ganmtkicebis procesebs, romlebic mWidro korelaciaSia realur 

dislokaciur struqturasa, eleqtrul, Termul da 

struqturulad mgrZnobiare meqanikur TvisebebTan.  
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2. Sedegebi da maTi gansja

2.1. Ge-Si Senadnobebis miReba da kvlevis meTodebi

2.1.1. Ge-Si Senadnobebis miRebis meTodika 

   germaniumis mono- da polikristaluri nimuSebis miReba 

warmoebda Coxralskis tipis sadnob RumelSi. dnobebi 

xorcieldeboda kvarcis tigelebSi diametriT 40-60mm. boriT 

legirebisaTvis meqanikuri SereviT mzaddeboda kazmi 

Semadgeneli komponentebis gansazRvruli koncentraciiT. 

madedeblis orientacia Seadgens [111] . miRebuli kristalebi 

daaxloebiT ovaluri formisaa. misgan SesaZlebelia almasis 

diskiT gamoiWras 20-35mm diametris nimuSebi. 

dnobebis Catarebamde xdeboda danadgaris temperaturuli 

pirobebis Semowmeba. amisaTvis danadgarSi itvirTeba germaniumis 

saWiro raodenoba gaTvlili tigelis moculobaze. dnobis 

procesi mimdinareobs inertuli airis (argonis) garemoSi. masala 

sruli gadnobis Semdeg dnobis temperturaze yovndeboda 

daaxloebiT 10 wT da Semdeg iwyeboda temperaturis dakleba da 

ganisazRvreboda kristalizaciis temperatura mdnaris zedapirze 

kristalis warmoqmniT. Tu mdnaris zedapirze izoTermis 

maqsimumi emTxveva mis centrs, am SemTxvevaSi kristalizacia 

iwyeba mdnaris gverdebidan, maSin roca mdnaris centri 

gadaxurebul mdgomareobaSia. am SemTxvevaSi mdnaris centrSi 

warmoiqmneba erTi an ori kristali. temperaturis optimaluri 

ganawileba miiRweva tigelis gadaadgilebiT maxureblis mimarT, 

ise rom mdnaris zedapiri moqceuli iyos cxeli zonis 

optimalur ubanSi. kristalizaciis dawyebis temperaturis 

dadgenis  Semdeg xdeba mdnaris gadaxureba, raTa gamoiricxos 

damatebiT kristalizaciis centrebis warmoqmna. Semdeg 

temperatura daaxloebiT 10-20 gradusiT maRldeba 

kristalizaciis temperaturis zeviT da madedebeli SehyavT 

kontaqtSi mdnarTan. amis Semdeg xdeba amowevis procesis dawyeba. 

kristalis amoweva mimdinareobs stabilur temperaturul 
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reJimSi, raTa ar moxdes monokristalis srulqmnilobis 

dazianeba da oreulebis warmoqmna. 

Ddadgenil teqnologiur pirobebSi miRebulia aralegirebuli da 

cal-calke boriTa da dariSxaniT legirebuli Ge1-xSix mono- da 

polikristaluri sxmulebi diametriT 20-35mm da sigrZiT 60-75mm. 

kristalebis miRebis procesSi madedeblisa da tigelis brunvis 

siCqareebi Seadgenen Sesabamisad 45 da 10br/wT. radganac 

siliciumisa da germaniumis erTmaneTSi ganawilebis 

koeficientebi sxvadasxvaa, amis gamo   Ge-Si nimuSis sigrZeze  

yovel erT sm-ze koncentraciuli gradienti Seadgens – 0,05at%Si. 

aRniSnulTan dakavSirebiT xdeboda gansazRvruli koncentraciis 

ubnebis gamoWra mTliani nimuSidan sxvadasxva doneze. Aamave 

ubnebSi Si-is koncentraciis sidide ganisazRvreboda 

piknometruli meTodiT. 

2.1.2. mikrostruqturis kvlevis meTodika

mikrostruqturis kvleva sruldeboda optikur mikroskopze 

Neophot-32. amave mikroskopze sruldeboda sakvlevi nimuSebis 

zedapiruli struqturis fotofirfitaze aRbeWdva. 

nimuSebis zedapirze warmoqmnili deformirebuli Sris 

moxsnis mizniT, warmoebda qimiuri polireba xsnarSi _ HF:HNO3

1:3, 5-10 wuTis ganmavlobaSi da amis Semdeg, dislokaciuri 

figurebis gamovlinebisaTvis mowamvla grZeldeboda xsnarSi _ 

HF:HNO3:CH3COOH=3:1:12 daaxloebiT 30 wuTis ganmavlobaSi. qimiuri 

polirebisa da dislokaciebis gamosavleni mowamvlis 

monacvleoba meordeba vidre ar Sewydeba dislokaciebis 

simkvrivis cvlileba. aseT pirobebSi mowamvliT gamovlenili 

figurebi warmoadgens kristalizaciis procesSi warmoqmnil 

dislokaciebs. imave Sedgenilobis polikristaluri struqturis 

mqone nimuSebis zedapirebis momzadeba struqturuli 

kvlevebisaTvis praqtikulad analogiuri TanmimdevrobiT 

SesaZlebelia Sesruldes. kerZod, mikrostruqturis 

gamosamJRavneblad, winaswar damuSavebuli Slifebis mowamvlas 
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axdenen 25% KOH –is mduRare xsnarSi H2O2 –is damatebiT, Semdegi 

proporciiT 4:1 [93].

2.1.3. eleqtrofizikuri maxasiaTeblebis gazomvis meTodika

oTaxis temperaturis pirobebSi eleqtrofizikuri Tvisebebis 

maxasiaTeblebi ganisazRvreboda oTxzondiani meTodiT, mudmiv 

magnitur velSi moTavsebul nimuSSi mudmivi sididis denis 

aRZvris pirobebSi. magnituri velis daZabuloba Seadgenda ~1·104 

ersteds. sacdeli nimuSis forma – 2X4X12 mm3. Tavdapirvelad 

iangariSeba holis koeficienti [94]: 

IH

dV
R




 h
h ,

sadac H – mudmivi magnituri velis daZabuloba;

               I – nimuSSi gamavali mudmivi denis sidide;

              d – nimuSis sigrZe

              Vh – nimuSze aRZruli holis emZ.

denis matareblebis koncentracia iangariSeba formuliT [94]:

                              
hRce

n



1

,   

e – eleqtronis muxtis sididea;

c – sinaTlis siCqare vakuumSi.

denis matareblebis Zvradoba gamoiTvleba cnobili 

Tanafardobidan: 

en 


 ,     

sadac gamtaroba  σ=
S

I
;  S – nimuSis kveTis farTobia.

2.1.4. mikrosisalis gansazRvra 

  miRebuli monokristalebis (111) sibrtyis paralelurad 

amoWrili iqna firfitebi. mikrosisalis gazomvamde warmoebda 

nimuSebis zedapiris momzadeba Semdegi TanmimdevrobiT. zedapiri 
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iSlifeboda sxvadasxva zomis marcvlebis SiC –fxvnilze, Semdeg 

xdeboda meqanikuri polireba almasis pastebiT (d~1,2,3mkm). 

mikrosisale Seiswavleboda mowamvlis Semdeg. mowamvla 

xorcieldeboda mduRare xsnarSi SemadgenlobiT: 4wili 25%-iani 

KOH+1წილი  .30%-iani H2O2. mikrosisalis gazomva vikersis meTodiT 

sruldeboda ПМТ-3 -ze 50g datvirTvis qveS. anabeWdis diagonali 

izomeboda okularuli mikrometriT. mikrosisale iTvleboda 

formuliT [95]:    

                             

P
c

H 2

1854
 kg/mm2,

sadac H – mikrosisalea;

              P – datvirTva;

             C – anabeWdis diagonalis sigrZe.

mikrosisalis yoveli mniSvneloba miRebulia anabeWdis 

samjeradi gazomviT da TviT nimuSis damaxasiaTebeli 

mikrosisalis sidide gamoangariSebulia nimuSis zedapirze 50 

anabeWdis oTaxis temperaturaze gazomvis safuZvelze.

2.1.5. Termuli gafarToebis kvleva dilatometruli meTodiT

nimuSebis Termuli gafarToebis SeswavlisaTvis gamoyenebuli 

iqna kvarcis dilatometri. winaswar Sesrulda mosamzadebeli 

samuSaoebi kerZod, induqciur meTodze damyarebuli 

dilatometris profilaqtikisa da modernizaciis samuSaoebi. Ees 

uzrunvelyofs avtomatul reJimSi gaxureba-gacivebis pirobebSi 

Termuli gafarToebis gazomvebis Sesrulebas. wrfivi Termuli 

gafarToebis koeficientis angariSi xdeboda cnobili formuliT 

[96].

α= · ,

sadac l _ nimuSis sawyisi sigrZe. mocemul pirobebSi l-is sidided 

miCneulia nimuSis sigrZe sawyis temperaturaze. Δl _ nimuSis 
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wagrZelebis absoluturi sidide, xolo ΔΤ _ temperaturuli 

intervali, romlis drosac gamoiTvleba wrfivi Termuli 

gafarToebis koeficienti.

cifruli dilatometri Sedgeba oTxi ZiriTadi blokisagan:

1. dilatometris cifruli bloki 

2. wanacvlebis tevaduri gadamwodi 

3. izoTermuli bloki 

4. personaluri kompiuteri 

gadamwodebidan signalis damuSavebas da SemdgomSi monacemebis 

personalur kompiuterSi gadagzavnas axorcielebs Microchip–is 16 

bitiani.mikroprocesori. temperaturis gasazomad gamoyenebulia 

qromel-alumelis Termowyvili da integraluri sqema MCP9800, 

romelic zomavs garemos temperaturas 0,0625 grad. celsiusis 

sizustiT Termowyvilis civi bolos kompensaciisaTvis da 

moTavsebulia izoTermul blokSi civ bolosTan erTad. 

Termowyvilis Termoeleqtruli Zabva 18 bitiani delta-sigma 

analogur cifruli gardamqmnelis gavliT muSavdeba 

mikroprocesoris mier meaTe xarisxis polinomialuri funqciis 

gamoyenebiT, romlis koeficientebi dadgenilia NIST (national 

institute of Standards and Technology) –is mier.wanacvlebis tevaduri 

sensori SeZenil iqna mza saxiT, romelsac gaaCnia marTvisa da 

informaciis wakiTxvis cifruli porti. 

  sensorebidan informaciis wakiTxvisa da misi Sesabamisi 

algoriTmebiT damuSavebis Semdeg RS232 portis meSveobiT 

xorcieldeba misi gadacema personalur kompiuterze, romelic 

gazomvis damTavrebis Semdeg gvaZlevs informacias eqselis 

cxrilis da grafikis saxiT. 

   xelsawyos gaaCnia displei da klaviatura, romlis 

meSveobiTac xdeba informaciis gamotana realur droSi da 

sawyisi parametrebis SeSveba gazomvis dawyebamde, ris Semdegac 

gazomvis mTliani cikli xorcieldeba sruliad avtomatur 
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reJimSi. Ees gamoricxavs adamianis faqtors gazomvis procesSi 

da ufro saimedos xdis miRebulSedegebs. 

cifruli dilatometris sqema warmodgenilia naxazze 1.

Nnax.1. cifruli dilatometris bloksqema

2.1.6. Sinagani xaxunisa da Zvris modulis gazomvis meTodi

   Sinagani xaxunis danadgaris ZiriTad nawils warmoadgens 

vertikalurad damagrebuli grexiTi qanqara. mis RerZze 

meqanikuri momWerebis an cecxlgamZle webos saSualebiT 

magrdeba nimuSebi. qanqaris horizontalur RerZze ganlagebulia 

magnituri tvirTebi. SesaZlebelia maTi masis da vertikaluri 

RerZidan daSorebis regulireba merxevi sistemis sixSiris 

Secvlis mizniT. grexiTi rxevebis aRgzneba warmoebs 

tvirTebisadmi simetriulad ganlagebuli wyvili 

eleqtromagnitebiT.

vertikaluri da horizontaluri RerZebis kveTaze 

ganlagebulia amrekli sarke. misgan areklili sinaTlis sxivi 

fiqsirdeba gamWvirvale optikur skalaze. eleqtromagnitebSi 

denis regulirebiT SesaZlebelia optikur skalaze nimuSis 

dagrexis kuTxis registracia gadaxris amplitudebis Sefasebis 

gziT.

sacdeli nimuSebis Zvris dinamiuri modulisa da Sinagani 

xaxunis temperaturuli da amplituduri damokidebulebebis 
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Seswavla xorcieldeba naxevradavtomatur danadgarze. grexiTi 

rxevebis sixSirisa da milevis logariTmuli dekrementis 

registraciis meTodiT. gazomvebSi gamoiyeneboda paralelepipe-

dis formis nimuSebi. gazomvebi sruldeboda temperaturaTa     

20 _ 800ºC da sixSireTa 0,5÷5 hc intervalSi. gazomvis procesSi 

SesaZlebelia grexiTi rxevebis amplitudis cvlileba 1·10-5 

÷5·10-3 intervalSi. gazomva xorcieldeboda gaxureba-gacivebis

1÷3 grad/wT siCqariT.

Zvris modulis absoluturi sidide oTaxis temperaturaze 

ganisazRvreboda Semdegi cnobili TanafardobiT [97]: 

2
0

2

0 f
fGG  ,

sadac G0 da f0 etalonis Zvris moduli da rxevis sixSirea 

gamzom danadgarSi oTaxis temperaturaze, xolo G da f  identuri 

zomebis sacdeli kristalis modulisa da rxevis sixSiris 

mniSvnelobebia. aRniSnuli meTodebiT Zvris modulis 

gansazRvris cdomilebaa 3%. Sinagani xaxunis sidide 

gamoiTvleba  formuliT [97]:    

NA

A
In

N
Q

n

n





11 ,

sadac N_ rxevaTa raodenobaa, romelic sruldeba rxevis 

amplitudis An –dan An+N –mde Semcirebis dros. relaqsaciuri 

procesis aqtivaciis energia gamoiTvleboda formuliT[98]:    

1

2

12

21

f

f
In

TT

TKT
H


 ,

sadav K –bolcmanis mudmivaa, xolo T1 da T2 relaqsaciuri 

Sinagani xaxunis maqsimumis temperaturebia f1 da f2 sixSireebze.

relaqsaciuri procesis sixSiris faqtori ganisazRvreboda 

formuliT [98]:    











max
max

1
0 exp2

KT

H
f ,
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sadac H- procesis aqtivaciis energiaa, fmax da Tmax maqsimumebze 

sixSire  da temperatura.

grexiTi fardobiTi deformaciis sidide gamoiTvleboda cnobili 

SefardebiT:   

lR

rL
 ,

sadac r warmoadgens nimuSis ganiv kveTaze Semowerili wris 

radiuss, l - nimuSis sigrZes, R- manZils sxivis amrekli 

sarkidan optikur skalamde, xolo L - aris optikur skalaze 

nulovani mdgomareobidan sxivis gadaxris sidide.

rxevis kritikuli amplitudis damokidebuleba temperaturaze 

granato-lukes simis modelSi iangariSeboda Semdegi formuliT 

[99]:









KT

H

Gb

TKC
k exp

3

21

 ,

sadac H- dislokaciis bmis energiaa, K- bolcmanis mudmiva, T-

gazomvis temperatura, εk- Sinagani xaxunis mkveTrad amaRlebis 

Sesabamisi rxevis amplituda, C- dislokaciaze arsebuli 

wertilovani defeqtebis koncentracia, G- Zvris moduli, xolo 

b- biurgersis veqtoria. drekadobis zRvari Sefasebulia 

formuliT: Gk 

nax. 2. grexiTi rxevebis Sinagani xaxunis gamzomi danadgaris sqema.
1. nimuSi; 2. gasaxsneli Rumeli; 3. Stanga cvalebadi tvirTiT; 4. 
eleqtromagnitebis wyvili; 5. amrekli sarke; 6. sinaTlis wyaros 
gamanaTebeli; 7. naxevrad gamWvirvale skala; 8. fotodiodebis 
gadamwodi; 9. sixSiris mzomi; 10. mTvleli; 11. gammarTveli; 12. 
Termoregulatori; 13. vakuummetri.
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2.2. Ge-Si  Senadnobebis mikrostruqtura, eleqtrofizikuri da 

fizikur-meqanikuri Tvisebebi

2.2.1. Ge-Si  Senadnobebis mikrostruqtura

Coxralskis meTodiT miRebuli Ge-Si sistemis sacdeli nimuSebis 

mikrostruqtura Seswavlilia  optikis mikroskopze Nephot-32. 

mikrofotografiebis miReba warmoebda cifruli fotoaparatis 

saSualebiT. sakvlevi nimuSebi Txeli wriuli formis 

firfitebis saxiT damzadebulia  masiuri kristalebis daWriT 

almasis diskze. firfitebi orientirebulia  (111) sibrtyeebis 

paralelurad. sacdeli nimuSebi amoWrilia mTliani moculobiTi 

kristalis sxvadasxva sibrtyeSi zrdis [111] mimarTulebis  

marTobulad. kvlevisaTvis zedapirebis momzadeba ganxorcielda 

or etapad. pirvel etapze Sesrulda meqanikuri gaSlifvisa da 

polirebis, xolo meore etapze standartuli xsnarebiT qimiuri 

polirebis samuSaoebi.

Seswavlilia polirebul (111) sibrtyeebze monokristaluri 

nimuSebis - Ge, Ge:B, Ge:As, Ge0,99Si0,01, Ge0,98Si0,02, Ge0,99Si0,01:B, Ge0,98Si0,02:B da 

Ge0,98Si0,02:As realuri struqturuli  mdgomareoba. rogorc 

mosalodnelia aralegirebuli monokristaluri  germaniumis 

mikrostruqturaSi dabalia dislokaciebis simkrive (102 sm-2). 

(111) sibrtyeze dislokaciebis mowamvlis ormoebi umetesad 

qaosurad arian ganawilebuli. moculobiTi kristalisa da 

monokristaluri madedeblis sasazRvro sartyelSi,  iq sadac, 

nimuSebis diametri SesamCnevad Semcirebulia, sagrZnoblad 

izrdeba dislokaciebis simkrive. dislokaciebi vlindebian 

individualuri da jgufebis formiT, isini sacdel (111) 

sibrtyeze araTanabrad arian ganawilebuli. aRniSnul 

mdgomareobaSi dislokaciebis simkrive maRalia da icvleba 1104 -

1105 sm-2 diapazonSi ( nax.3).
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         Aa)                                          b)

Nnax.3. monokristaluri germaniumis mikrostruqtura, x200

a) masiuri kristalis Sua are,  b) masiuri kristalisa da madedeblis 
gamyofi sasazRvro are.

   moculobiTi kristalis qveda bolo SedarebiT didi 

diametriT xasiaTdeba. misi mikrostruqtura mravlad Seicavs 

qaosurad ganawilebul dislokaciebs. masSi iSviaTad vlindeba 

dislokaciebis Sejgufebebi. sacdeli nimuSebis mowva 750C

temperaturaze 10 sT-is ganmavlobaSi praqtikulad gavlenas ar 

axdens dislokaciebis raodenobasa da ganawilebaze. mowvari

nimuSis mikrostruqturaSi vlindeba dislokaciebis jgufebi da 

calkeuli dislokaciebi.

kristalizaciis procesSi temperaturis lokaluri cvlileba 

ganapirobebs monokristaluri mdgomareobidan gadaxras da 

msxvili marcvlovani struqturis formirebas. realuri 

struqtura Seicavs msxvil, sxvadasxva zomis blokebs. maTi 

gamyofi sazRvari upiratesad texili xazis formisaa. blokebis 

zomebi ganawilebulia farTo intervalSi 0,01 da 1-5 mm-mde. 

msxvili blokebis Sida struqturaSi fiqsirebulia araTanabrad 

ganawilebuli defeqtebi  (nax. 4-a). 
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           a)                                          b)

nax.4. araerTgvarovnad ganawilebuli defeqtebi monokristalur 

germaniumSi.x200

   maTi simkrive mniSvnelovnad maRalia (104sm-2).  

mikrofotografiaze aRbeWdilia defeqtebis jgufebi da wirebi. 

isini SesaZlebelia warmoadgendnen rogorc dislokaciuri aseve 

aradislokaciur defeqtebs. aseTi daSvebis saSualebas iZleva 

maTi forma, romelic miaxloebulia wriul da sferos 

formasTan. cnobilia rom msgavsi gamosaxulebebi SesaZlebeli 

hqondeT vakansiebisa da minarevebis atomebis grovebs.  

wertilovani defeqtebis nebismieri grova kristalSi qmnis 

gansxvavebuli Tvisebebis  lokalizebul ares. aRniSnuli areebi 

ganawilebulia qaosurad, zogierT SemTxvevaSi ki 

mowesrigebulad. aseT SemTxvevas asaxaven naxazze mwkrivad 

ganlagebul mowamvlis ormoebs (nax. 4 b). es ukanaskneli 

SesaZlebelia warmoqmnilia kvanZebSi vakansiebis an minarevebis 

atomebiT. SesaZlebelia aseve vakansiisa da minarevebis atomebis 

monacvleobiTi ganawileba kristalis kvanZebis mwkrivSi. 

dislokaciebisagan  Tavisufal germaniumSi siTburi dartymiT 

xSirad warmoiqmneba wertilovani defeqtebis mowesrigebuli 

ganlageba (111) sibrtyeTa sistemaSi  [100,101].

30-35 mm diametris monokristalur Ge-Si Senadnobebis 

mikrostruqturaSi gamovlenilia individualuri da 

dajgufebuli oreulebi.  calkeuli oreulis kvalis gaswvriv 

fiqsirebulia safexurebi, romlebzedac xorcieldeba oreulis 

gavrceleba mezobel paralelur sibrtyeebze.  oreulebis 
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dajgufebebi damuxruWebulia blokebis gamyof sazRvarTan (nax.5 

b). aRsaniSnavia rom ZiriTadad oreulebis simravleebi 

lartyebis formiT urTierTparalerul orientaciaSi 

fiqsirdebian.  cxadia kristalis moculobaSi naklebad 

intensiuria araerTgvarovani Termuli Zabvebi da mcirea 

dispersuli CanarTebis koncentracia, romelTac SeuZliaT 

oreulebis gavrcelebis mimarTulebis gamrudeba(nax.5 a). 

                         

            a)                                        b)

                                   g)

nax.5. planaruli defeqtebi monokristaluri Ge-Si SenadnobebSi

     monokristaluri Ge(a),  Ge:B (b) da Ge:As (g). x200.
                          a) Ge0,98Si0,02;     b)( Ge0,98Si0,02):B;  g) ( Ge0,98Si0,02):As;

   boriT legirebuli monokristalis realuri struqtura 

mniSvnelovnad  gansazRvrulia malerigebeli elementis 

koncentraciiT. boris mcire koncentraciebis SemTxvevaSi (1015-

1016 sm-3) mikrostruqtura analogiuria aralegirebuli Ge-Si

nimuSis struqturis. xSir SemTxvevebSi vlindebian 

individualuri dislokaciebi. maTi ganawileba araerTgvarovania. 

xSirad fiqsirebulia wrfeze ganlagebuli dislokaciebis 

simravle. SesaZlebelia is warmoadgendes dislokaciebis 
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srialis xazs, rac warmoiqmneba mkacrad gansazRvruli 

mimarTulebiT orientirebuli deformaciis gavleniT.

dariSxniT legireba (1017 sm-3) praqtikulad qmnis analogiur 

dislokaciur struqturas, upiratesad individualuri 

dislokaciebis formiT.  ganmasxvavebelia is, rom (111) 

orientaciis sibrtyeebze mowamvlis ormoebis forma SedarebiT 

metadaa gadaxrili wesieri samkuTxedis formisagan. savaraudoa 

rom sacdeli nimuSis struqtura Seicavs Zlier lokalizebur 

Zabvebs. isini upiratesad warmoiqmnebian malegirebeli 

dariSxanis atomebis lokalurad gazrdili koncentraciis 

areebSi. amasTan erTad ar aris gamoricxuli araTanabari 

mowamvla, rac gavlenas axdens dislokaciebis mowavlis  

ormoebis zomasa da formaze.

kvleviT dadginda rom SedarebiT dabali koncentraciebiT (1015

-1016 sm-3) boriTa da dariSxaniT legirebuli monokristaluri 

germaniumisa da Ge-Si Senadnobebis dislokaciebis simkvrive (111) 

orientaciis sibrtyeebze meryeobs 1104-5104 sm-2diapazonSi.

malegirebeli elementebis borisa da dariSxanis koncentraciis 

gazrdiT 1018-1019 sm-3-mde mkveTrad izrdeba dislokaciebis 

simkvrive, maTi ganawilebis araerTgvarovneba da calkeuli 

dislokaciis mowamvlis ormos forma. struqturaSi vlindeba 

dislokaciebis jgufebi. damaxasiaTebelia aseve dislokaciebis 

didi raodenobiT dajgufeba mwkrivebad. SesaZlebelia 

dislokaciebis mwkrivebi warmoadgendnen dislokaciis srialis 

xazebs, rac maRaltemperaturuli gansazRvruli orientaciis 

deformaciiT SeiZleba ganxorcieldes. aseve SesaZlebelia, rom 

dislokaciebis gamwkriveba  ganxorcieldes blokebis sasazRvro 

zolSi. 

realuri struqturis gaanalizebuli mdgomareoba tipiuria 

rogorc boriT, aseve dariSxaniT Zlierad legirebuli 

germaniumis da Ge-Si Senadnobebis monokristalebis 

struqturisaTvis.
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Seswavlilia maRal temperaturebze RunviTi deformaciisa da 

mowvis xangrZlivobis gavlena Ge, Ge:B, Ge:As-is monokristalebis 

mikrostruqturaze. dadgenilia rom cikluri RunviTi 

deformacia 510-3 amplitudaze 750C temperaturaze (rxeviTi

cikluri deformaciis ricxvi   ― 500) praqtikulad gavlenas ar 

axdens sacdeli aralegirebuli da B-iTa da As-iT sustad 

legirebuli germaniumis dislokaciebis simkrivesa da 

ganawilebis xasiaTze. deformirebuli nimuSebis mowva 750C

temperaturaze vakuumSi 10 sT-is ganmavlobaSi ar cvlis 

aRniSnuli nimuSebis dislokaciur struqturas.

umniSvnelo cvlilebebi SemCneulia Zlierad legirebuli Ge:B da 

Ge:As-is mikrostruqturaSi. gazrdilia individualuri 

dislokaciebis mowamlvis ormoebis raodenoba, praqtikulad ar 

icvleba dislokaciuri jgufebis konfiguracia da Sedgeniloba, 

ar fiqsirdeba dislokaciebis ganawileba mwkrivebSi 

deformirebuli, Zlierad legirebuli nimuSebis mowva vakuumSi 

750C temperaturaze 10sT.-is ganmavlobaSi arsebiT gavlenas ar 

axdens dislokaciuri Sejgufebebis ganawilebaze. SesamCnevia 

izolirebulad arsebuli mowamlvis ormoebis raodenobis 

Semcireba. aseT SemTxvevaSi dislokaciebis simkvrive 

deformirebul kristalebTan SedarebiT 3-5-jer Semcirebulia.

maRali simkrivis dislokaciebis dajgufebaSi amaRlebulia 

dislokaciebis deformaciuli velebis urTierTqmedeba. es 

mniSvnelovania aRniSnul areebSi defeqtebis difuziisa da 

masTan dakavSirebuli struqturulad mgrZnobiare Tvisebebis 

maxasiaTeblebis kvlevis problemisaTvis. daZabul ubnebSi 

gazrdilia wertilovani defeqtebis difuzuri Zvradoba, 

dislokaciebze erTeulovani da jgufuri Runvebis Casaxvisa da 

moZraobis aqtivaciis albaToba, yovelive aRniSnuli 

mniSvnelovan gavlenas axdens defeqtebis eleqtrul aqtivobasa 

da urTierTqmedebis procesebze.
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aralegirebuli Ge1-xSix (x0,02) monokristalebSi Si-is 

Sedgenilobis amaRlebiT vlindeba dislokaciebis simkrivis 

zrdis tendencia, izrdeba dislokaciebis araerTgvarovnad 

ganawilebis xarisxi.

cikluri maRalamplituduri RunviTi deformacia (750C, 510-3) 

avlens dislokaciebis gamravlebisaken miswrafebas. dadgenilia, 

rom sawyis mdgomareobasTan SedarebiT Ge0,98Si0,02 Senadnobis 

struqturaSi 5104 sm-2-mde da izrdeba dislokaciebis simkvrive. 

amis Semdgomi mowva vakuumSi 750C-ze 10sT-is ganmavlobaSi 

mTlianad ar aqrobs deformaciiT Casaxul dislokaciebs. e.i. 

dislokaciebis CasaxvasTan erTad adgili aqvs maT blokirebas 

wertilovani defeqtebiT. 

n- da p-tipis legirebuli Ge1-xSix (x0,02) Senadnobebis 

monokristalebSi (111) sibrtyeebi xasiaTdebian dislokaciebis 

maRali simkvriviTa da araerTgvarovani ganawilebiT. 

malegirebeli borisa da dariSxanis dabali koncentraciebis 

SemTxvevaSi dislokaciebis simkvrive (2-5)•104 sm-2 Seadgens. 750C

temperaturaze cikluri deformacia da deformirebuli 

nimuSebis mowva imave tamperaturaze 10 sT-is ganmavlobaSi 

mxolod mcire sididiT cvlian dislokaciebis simkvrives. 

aRsaniSnavia, rom miuxedavad aseTi mcire masStaburi 

cvlilebebisa Ge-Si monokristalebis mikrostruqturaSi 

mimdinareobs mniSvnelovani cvlilebebi. kerZod praqtikulad 

mTlianad daSlilia minarevebisa da vakansiebis kompleqsebi da 

Semadgeneli komponentebi atomebi da erTeulovani vakansiebi 

ganawilebulia kristalis moculobasa da dislokaciebis 

irgvliv formirebuli kotrelis atmosferoebSi.

Ge0,98Si0,02:B (1•1018 sm-3) nimuSis mikrostruqturaSi gamovlenilia 

oreulebis lartyiseburi dajgufebebi (nax.5b). calkeuli 

dajgufebis Sida struqtura Seicavs mcire jgufebs oreulebis 

gansxvavebuli raodenobiT. yvela maTgani blokirebulia 

blokebis gamyof sazRvarze. daaxloebiT analogiuri 
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struqturiT xasiaTdeba dariSxaniT Zlierad (1019 sm-3) 

legirebuli monokristaluri Ge0,98Si0,02:As Senadnobebi (nax. 5g). 

masSi damatebiT gamovlenilia dislokaciebis srialis xazebi, 

romlebic oreulebisagan gansxvavebiT kveTaven blokebis gamyof 

sazRvars da mimarTulebis Seucvlelad vrceldebian mezobeli 

blokebis moculobaSi. dislokaciebis srialis xazebSi 

SeiniSneba dispersuli CanarTebisa da rTuli Sedgenilobis 

kompleqsebi 750C temperaturaze vakuumSi mowva 10sT-is 

ganmavlobaSi praqtikulad mTlianad aqrobs maT, rac 

gamowveulia maTi daSliT da daSlis produqebis nawilobrivi 

aoTqlebiTa da kristalis moculobaSi myar xsnarSi gadasvlis 

meqanizmiT. metalografiulma kvlevebma monokristaluri 

germaniumis Senadnobebis mikrostruqturaSi gamoavlines 

araerTgvarovnad ganawilebuli dislokaciebi da deformaciuli 

oreulebis simravleebi. maTi koncentracia izrdeba 

malegirebeli borisa da dariSxanis koncentraciis gazrdiTa da 

Ge-Si SenadnobebSi siliciumis Semcvelobis amaRlebiT. realuri 

struqturis damaxasiaTebeli Tavisebulebani asaxvas hpoveben 

eleqtrofizikuli, meqanikuri da Termuli Tvisebebis 

formirebaSi. mniSvnelovania is garemoeba, rom sakmarisad maRal 

temperaturaze (750C) xangrZlivi (10 sT) mowva vakuumSi da 

maRal amplituduri cikluri deformacia (510-3) ar iwveven 

sacdeli monokristalebis dislokaciuri struqturis 

radikalur cvlilebebs.

literaturuli wyaroebidan cnobilia, rom Ge da Ge –Si

Senadnobebis eleqtrofizikuri Tvisebebi sagrZnoblad icvlebian 

450-500 C-ze temperaturul intervalSi xangrZlivi (50-100 sT) 

mowvis gavleniT. aseTi Termuli zemoqmedebiT metalografiul 

mikroskopSi struqturuli cvlilebebi ar vlindebian. cxadia 

maTi fiqsirebisaTvis gamoyenebuli unda iqnas eleqtronuli 

mikroskopisa da rentgenuli fotografiis maRali garCevadobis 

meTodebi.
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2.2.2. Ge-Si  Senadnobebis eleqtrofizikuri maxasiaTeblebi

   sacdeli nimuSebi gamoWrilia almasis diskiT mTliani 

ovaluri formis kristalebis Sua sartyelSi, sadac diametri 

maqsimaluria. dnobis procesSi xdeba nimuSis gamdidreba narCeni 

minarevebiT. maTi koncentracia 2-3 rigiT amaRlebs denis 

matareblebis koncentracias sufTa monokristalur germaniumTan 

SedarebiT. mniSvnelovania, isic rom MmiRebuli kristalebi 

Seicaven  102-103sm-2 simkvriviT dislokaciebs. maTi da minarevebis 

erToblivi zemoqmedebiT Semcirebulia denis matareblebis 

Zvradobis sidideebi, aRsaniSnavia, rom eleqtrul 

maxasiaTeblebze iribad gavlenas axdenen agreTve siliciumis 

atomebis maxloblobaSi aRZruli lokaluri SemkumSavi Zabvebi. 

Ees ukanaskneli iwvevs lokalur ganmtkicebas, rac mocemul 

SemTxvevaSi fiqsirebulia mikrosisalis amaRlebiT Ge-Si

SenadnobebSi siliciumis koncentraciis zrdis pirobebSi. 

Mminarevebisa da dislokaciebis urTierTqmedebaze zegavlena 

SesaZlebelia saSualo da maRal temperaturebze mowviT, rac 

aisaxeba dinamiuri da statikuri meqanikuri Tvisebebis 

cvlilebebSi. 

Ggermaniumis kristalebis eleqtrofizikuri maxasiaTeblebi 

mniSvnelovnad arian damokidebuli struqturul mdgomareobaze, 

defeqtebis tipebsa, koncentraciasa da urTierTqmedebis 

procesebze. Rrmad gasufTavebul defeqtebisagan praqtikulad 

Tavisufal monokristalur germaniumSi mosalodnelia 

eleqtrofizikuri maxasiaTeblebis arastandartuli anomaluri 

cvlilebebi. aseTi xasiaTis cvlilebebi xSir SemTxvevebSi 

dakavSirebulia tetraedruli simetriis SP3 hibriduli 

kavSirebis deformaciasTan da rRvevasTan, rac upirvelesad 

xorcieldeba kristalis zedapirze da gamyof sazRvrebze gareSe 

faqtorebis gavleniT (wneva, deformacia, temperatura, 

radiaciuli zemoqmedeba da sxvebi). zedapiris struqturis 

rekonstruqciis ZiriTadi mizezia atomuri kavSirebis 
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rehibridizacia. Tavisufal zedapirze darRveulia tetraedruli 

simetria, Cndebian gawyvetili valenturi bmebi (111) sibrtyeze 

calkeul atoms erTi gawyvetili bma Seesabameba. Ees iwvevs 

mezobeli hibriduli bmebis SeSfoTebas, Sesabamisad icvleba 

maTi konfiguracia, gardaiqmneba zedapiris struqtura da 

sagrZnoblad Seicvleba meqanikuri Tvisebebi, fononebisa da 

eleqtronebis  speqtrebi. 

naSromSi Sewavlilia eleqtrofizikuri maxasiaTeblebi 

Coxralskis meTodiT miRebuli aralegirebuli da boriTa da 

dariSxaniT legirebuli monokristaluri nimuSebis _ Ge, Ge0,99Si0,01

da Ge0,98Si0,02. gazomvebi Sesrulebulia oTaxis temperaturaze 

holis efeqtis registraciis meTodiT mudmiv magnitur velSi. 

sacdeli nimuSebi orientirebulia [111] mimarTulebiT. 

Pparalelepipedis formis nimuSebis yvela waxnagi polirebulia 

meqanikurad. sakontaqto masalad gamoyenebulia InGa.

aralegirebuli germaniumis monokristali xasiaTdeba  p-tipis 

gamtarobiT. Termuli damuSaveba - mowva 750ºC temperaturaze 

10sT-is ganmavlobaSi gavlenas ar axdens gamtarobis tipze, 

umniSvnelod amcirebs denis matareblebis _ xvrelebis 

koncentracias da avlens maTi Zvradobis amaRlebis tendencias. 

sacdeli nimuSebis  eleqtrofizikuri maxasiaTeblebi 

warmodgenilia cxrilSi 1. cxrilidan Cans, rom monokristaluri 

germaniumis xvrelebis Zvradoba maRalia, rac adasturebs masSi 

defeqtebis koncentraciis simcires, Termuli Zabvebisa da 

deformaciis intensivobis minimalur dones. 

boriT legirebuli germaniumi xasiaTdeba malegirebeli 

komponentis  araerTgvarovani SemcvelobiT, rac Sesabamisad, 

SesamCnevad cvlis eleqtrofizikuri maxasiaTeblebis sidideebs 

aralegirebuli germaniumis kristalebTan SedarebiT. boriT 

legireba ganxorcielebulia sustad da Rrmad legirebis 

doneebze. DgansazRvrulia ori tipis Ge:B legirebuli 

monokristalebis eleqtrofizikuri maxasiaTeblebi, saidanac 
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dgindeba, rom Zlierad legirebuli germaniumi xasiaTdeba 

sagrZnoblad Semcirebuli xvrelebis ZvradobiT. 

   Termuli damuSaveba (mowva maRal temperaturebze) or doneze 

legirebuli kritalebis eleqtrul maxasiaTeblebze axdens 

gansxvavebuli xasiaTis zemoqmedebas. Aase magaliTad, 750ºC

temperturaze mowva vakuumSi 10sT-is ganmavlobaSi sustad 

amaRlebs xvrelebis koncentracias da praqtikulad gavlenas ar 

axdens maT Zvradobaze. savaraudoa, rom mowviT minimumamde 

mcirdeba kristalur meserSi xvrelebis gambnevi defeqtebis 

koncentracia. Zlierad legirebuli Ge:B monokristalis mowva 

zemoT aRniSnul pirobebSi 10-15%-iT amaRlebs xvrelebis 

koncentracias, Sesabamisad mcirdeba maTi Zvradoba oTaxis 

temperaturaze. aRniSnuli cvlilebebi upiratesad 

ganpirobebulia boris koncentraciis gazrdiT myar xsnarSi 

Canacvlebis poziciebSi. es SesaZlebelia ganxorcieldes masiuri 

kristalis struqturuli defeqtebisagan Tavisufal areebSi, 

aseve nebismieri tipis dislokaciebis birTvebis maxloblobaSi 

da warmoiqmnas e.w. kotrelis atmosferoebi. 

  Ppraqtikulad identuria germaniumis eleqtrofizikuri 

maxasiaTeblebis cvlilebebi dariSxaniT sustad (~1.1015sm-3) da 

Zlierad(~5.1018sm-3)  legirebis SemTxvevebSi. Gganmasxvavebelia is 

garemoeba, rom 750ºC temperturaze vakuumSi mowva 10sT-is 

ganmavlobaSi sagrZnoblad amaRlebs denis matarebeli 

eleqtronebis koncentracias gamtarobis zonaSi. Sesabamisad, 

mcirdeba maTi Zvradoba oTaxis temperaturaze. aRsaniSnavia,  rom 

monokristaluri Ge:As nimuSebis struqturaSi SedarebiT maRalia 

dislokaciebis simkvrive, rasac SeuZlia Seamciros gamtarobis 

zonaSi eleqtronebis Zvradoba. 

   Seswavlilia izovalenturi siliciumiT legirebuli 

monokristaluri germaniumis eleqtrofizikuri maxasiaTeblebi. 

siliciumis (0. . . .0,02) koncentraciul diapazonSi germaniumis 

struqturaSi denis matarebeli xvrelebis koncentracia metad 

mcire sididiT mcirdeba, magram ufro metad sagrZnobia maTi 
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Zvradobis Semcireba. Ees garemoeba umTavresad dakavSirebulia 

defeqtebis konfiguraciul da koncentraciul cvlilebebTan. 

Mmikrostruqturulma kvlevam aCvena, rom Ge-Si monokristalebis 

mikrostruqturaSi formirebulia maRali simkvrivis 

dislokaciebi, oreulebi da wertilovani defeqtebis 

gaerTianebebi, romlebic warmoadgenen eleqtruli 

maxasiaTeblebis cvlilebebisaTvis efeqtur centrebs. 

  aRsaniSnavia, rom mowva vakuumSi 750ºC temperaturaze 10sT-is 

ganmavlobaSi praqtikulad gavlenas ar axdens  Ge-Si   

Senadnobebis eleqtrofizikurr maxasiaTeblebze. es aixsneba 

imiT, rom germaniumis meserSi araerTgvarovnad ganawilebuli 

siliciumis atomebis difuzuri gadanawileba da homogenizaciis 

miRweva saWiroebs metad xangrZlivad (asobiT saaTi)  mowvas 

maRal temperturebze. aseT pirobebSi moxdeba aramdgradi 

defeqtebis mowva, arsebuli dislokaciebis birTvebis blokireba 

da maTgan gawyvetili bmebis nawilobrivi kompensacia. 

   boriT legirebuli Ge-Si monokristaluri Senadnobebis 

eleqtrofizikuri maxasiaTeblebi Termulad mdgradia. Mmowva 

maRaltemperaturul intervalSi (600-800ºC) arsebiTad ar cvlis 

xvrelebis koncentracias, mcire sididiT amaRlebs maT 

Zvradobas. cxadia Termuli damuSaveba gavlenas axdens 

kristalis moculobaSi arsebul eleqtrulad aqtiur  

wertilovan defeqtebsa da maT asociaciebze, gardaqmnis maT, 

axorcielebs maT difuzur gadanawilebas dislokaciebis 

birTvebSi da eleqtrulad ganeitralebas. aRniSnulis Sedegad 

Semcirdeba  denis matareblebis gabnevis procesis intensivoba, 

ris gamo SesaZlebelia amaRldes maTi Zvradobisa da sicocxlis 

xangrZlivobis mniSvnelobebi. 

  boriTa da dariSxaniT cal-calke legirebuli Ge-Si

monokristalebis eleqtruli maxasiaTeblebi Termulad 

aramdgradia. xanmokle (1-1,5sT) mowva 450-600 ºC intervalSi 

mniSvnelovnad cvlis denis matareblebis koncentraciasa da 
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Zvradobas. maTi stabilizacia miiRweva mowviT 750ºC

temperturaze 10sT-is ganmavlobaSi. aseT mdgomareobaSi p-tipis 

(Ge-Si):B nimuSebSi Semcirebulia xvrelebis koncentracia da 

gazrdilia Zvradobis mniSvnelobebi. n-tipis (Ge-Si):As  nimuSebSi 

izrdeba eleqtronebis koncentracia, mcirdeba maTi Zvradoba. 

Semdgomi maRaltemperturuli mowvebi da gaciveba sxvadasxva 

siCqariT (1-5grad/wT) gavlenas ar axdens Zlierad legirebul   

n-Ge-Si da p-Ge-Si monokristalebis eleqtrofizikur 

maxasiaTeblebze. 

   amrigad, holis efeqtis registraciis meTodiT gansazRvrulia 

sxvadasxva koncentraciiT struqturuli defeqtebis 

Sedgenilobis monokristaluri germaniumisa da germanium-

siliciumis  Senadnobebis eleqtrofizikuri maxasiaTeblebi. 

Ddadgenilia, rom legirebiTa da Termuli damuSavebis 

optimizaciiT SesaZlebelia aRniSnuli maxasiaTeblebis 

stabilizacia. miRebuli Sedegebi GgansazRvrulia [111] 

kristalografiuli mimarTulebiT orientirebuli 

monokristalebis eqsperimentuli kvleviT. sxva ZiriTadi 

orientaciebis ([100], [110]) nimuSebisaTvis identur mdgomareobaSi 

eleqtruli maxasiaTeblebis mkveTrad gansxvavebuli cvlilebebi 

mosalodneli ar aris. 
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[111] orientaciis monokristaluri germaniumisa da germanium-
siliciumis Senadnobebis eleqtrofizikuri maxasiaTeblebi

                                                       cxrili 1   

sacdeli 

nimuSebi

Ddenis 

matareblebis 

koncentracia, 

sm-3

Ddenis 

matareblebis 

Zvradoba, sm2.v-

1.wm-1

Ddislokaciebis 

simkvrive,  

sm-2

sawyis

i

Mmowva

, 750º

10sT

sawyis

i

Mmowva, 

750º

10sT

sawyisi Mmowva, 750º

10sT

Ge 5.1015 3.1015 1650 1700 3.103 2.103

Ge0,99Si0,01 6.1015 5.1015 1300 1430 5.103 5.103

Ge0,98 Si0,02
2.1015 1.1015 1180 1250 1.104 8.103

Ge:B 2.1017 1.1017 810 830 2.104 2.104

Ge:B 5.1018 3.1018 540 550 1.105 7.104

Ge:As 7.1015 1.1016 1250 1310 5.104 3.104

Ge:As 2.1018 6.1018 190 205 2.1015 6.1014

Ge0,99 Si0,01:B 8.1015 5.1015 870 900 7.104 5.104

Ge0,99 Si0,01:B 1.1018 8.1017 85 90 4.105 3.105

Ge0,98 Si0,02:B 4.1016 2.1016 170 185 2.105 8.104

Ge0,98 Si0,02:B 3.1018 1.1018 65 75 1.105 8.104

Ge0,99 Si0,01:As 6.1015 8.1015 1160 1180 5.104 3.104

Ge0,99 Si0,01:As 3.1018 4.1018 195 210 8.104 6.104

Ge0,98 Si0,02:As 8.1017 3.1018 95 105 1.105 7.104

Ge0,98 Si0,02:As 1.1018 4.1018 175 180 2.105 8.104

2.2.3. monokristaluri Ge-Si Senadnobebis mikrosisale

  mikrosisale warmoadgens indentoris zedapirze ganviTarebuli 

kontaqturi wnevis saSualo sidides da gansazRvravs drekadi 

deformaciis saSualo kuTr muSaobas gamodevnili moculobis 

erTeulze. Mmikrosisale rogorc integraluri maxasiaTebeli 

sidide, Rrma kavSirSia masalebis meqanikur TvisebebTan 

(plastikuroba, drekadoba,simtkice da a.S).  
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   Seswavlilia sufTa, boriTa da dariSxaniT cal-calke 

legirebuli monokristaluri germaniumisa da Ge-Si Senadnobebis 

mikrosisale oTaxis temperaturis pirobebSi. 

   Eeqsperimentuli kvlevebisaTvis uxeSi da wminda meqanikuri 

polirebiT momzadebulia [111]da [100] kristalografiuli 

orientaciis sibrtyeebi. indentireba sruldeboda ZiriTadad 20g. 

datvirTvis pirobebSi. zogierT SemTxvevaSi sacdeli zedapirebze 

datvirTva Seadgenda 5g. da 50-100g. sacdel zedapirebis 

kristalografiuli orientacia ganisazRvra rentgenul 

difraqtometrze DRON-3.  zedapirebis meqanikuri damuSavebis 

Sedegad nimuSis dezorientacia ar aRemateboda 2-3º. 

   [111] orientaciis aralegirebuli p-Ge-s 20g. datvirTvis 

pirobebSi mikrosisale 1280kg/mm2-ia., xolo [100] orientaciis 

zedapirze sagrZnoblad maRalia 1050kg/mm2-ia. 5g. datvirTvis 

pirobebSi  p-Ge-is mikrosisale mcire sididiT izrdeba orive 

kristalografiuli orientaciis zedapirze. boriT legirebul 

Ge-is mikrosisalis sidideebi damokidebulia malegirebeli 

elementis koncentraciaze. kerZod, 5.1017sm-3-mde mikrosisalis 

mniSvneloba amaRlebulia, xolo 1018-1019sm-3 koncentraciiT  

legirebuli Ge avlens mikrosisalis miswrafebas Semcirebisaken. 

Mmowva 750ºC temperaturaze vakuumSi 10sT-is ganmavlobaSi orive 

kristalografiul orientaciaze zrdis rogorc aralegirebuli, 

aseve legirebuli p-germaniumis mikrosisales. aRniSnuli 

xasiaTis mikrosisalis sididis mateba SedarebiT naTlad 

vlindeba boris maRali Semcvelobis monokristalur germaniumSi 

(cxr.2). 
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Mmonokristaluri Ge-Si Senadnobebis mikrosisalis  
mniSvnelobebi

cxrili 2

Kkvlevis 

obieqti

Ddenis 

matareblebis 

koncentracia, 

sm-3

Ddislokaciebis 

simkvrive,

sm-2

Mmikrosisale, kg/mm2

sawyis

i

Mmowva  

750ºC

10sT

sawyisi

Mmowva  

750ºC

10sT

sawyisi

Mmowva  

750ºC

10sT

[111] [100] [111] [100]

Ge

p

2.1015 8.1018 2.102 2.102 880 1050 900 1100

Ge:B

p

4.1016 1.1016 4.103 2.103 940 1140 960 1200

Ge:B

p

5.1018 2.1015 5.103 4.103 970 1200 1000 1250

Ge:As

n

2.1016 5.1016 2.104 1.104 1140 950 1200 930

Ge:As

n

7.1018 1.1019 4.104 2.104 1100 910 1130 890

Ge0,99Si0,01

p

1.1015 3.1014 5.103 3.103 900 970 930 990

Ge0,98 Si0,02

p

3.1015 1.1015 7.103 6.103 950 1040 980 1070

Ge0,99 Si0,01:B

p

4.1015 2.1015 8.103 7.103 1050 1200 1100 1260

Ge0,99 Si0,01:B

p

1.1019 7.1018 1.104 8.103 1100 1250 1290

Ge0,98 Si0,02:B

p

5.1015 2.1015 2.104 1.104 1080 1310 1140 1340

Ge0,98 Si0,02:B

p

2.1019 8.1018 5.104 4.104 1150 1340 1120 1360

Ge0,99

Si0,01:As

1.1015 4.1015 1.104 8.103 1150 1970 1170 950
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Ge0,99

Si0,01:As

6.1018 1.1019 6.104 3.104 1090 920 1190 880

Ge0,98

Si0,02:As

3.1015 5.1015 1.104 6.103 1200 1100 970 1100

Ge0,98

Si0,02:As

3.1019 5.1019 7.104 5.104 1030 960 1170 930

  boriT legirebul monokristalur germaniumSi mcire atomuri 

radiusis (~1A) boris Canacvlebuli atomebis irgvliv adgili 

aqvs atomTaSorisi manZilebis Semcirebasa da Sesabamisad, 

urTierTqmedebis Zalebis gazrdas, rac meqanikuri 

maxasiaTeblebis (simtkice, drekadobis modulebi) gazrdaSi 

aisaxeba. mikrosisale izrdeba boris koncentraciis gazrdiT, 

rac ganpirobebulia kumSviTi deformaciis lokalizebuli 

centrebis koncentraciis amaRlebiT. boris maRal 

koncentraciebze (1019sm-3)  mosalodnelia lokalizebuli 

centrebis deformaciis velebis urTierTgadafarva da 

mikrosisalis zrdis miswrafeba najerobisaken.

   Ddabali koncentraciiT dariSxaniT legirebuli Ge-is 

mikrosisale sustad mcirdeba, rac SedarebiT mkafiod vlindeba 

dislokaciebis mcire (~102sm-2) simkvrivis SemTxvevaSi. 

Ddislokaciebis maRali simkvriviT Semcvelobis monokristalur 

germaniumSi dariSxanis gavlena mikrosisalis sidideze metad 

umniSvneloa. aseT mdgomareobaSi mimdinareobs ori 

urTierTsapirispiro procesi: ”darbileba” anu atomTaSorisi 

kavSiris Zalebis Semcireba Canacvlebis poziciebSi 

ganawilebuli dariSxanis atomebis maxloblobaSi; ganmtkiceba 

anu sisalis zrda dariSxanis atomebiT dislokaciebis 

blokirebis gziT. 

   dariSxanis maRal koncentraciebze (~5.1018sm-3) maRalia 

Tavisufali eleqtronebis koncentracia gamtarobis zonaSi, rac 

mniSvnelovnad asustebs sivrcul tetraedrul kovalentur 

kavSirebs. izrdeba aseve dislokaciebis Zvradoba. Eeleqtronuli 
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bmebis delokalizaciis gamo. Oorive faqtori ganapirobebs 

mikrosisalis sagrZnoblad Semcirebas dariSxaniT Zlierad 

legirebul monokristalur germaniumSi. Mmowva vakuumSi 750ºC

10sT-is ganmavlobaSi damatebiT amcirebs Ge:As monokristalebis 

mikrosisales, radganac mcirdeba vakansiebis koncentracia, 

izrdeba didi atomuri radiusis dariSxanis koncentracia myar 

xsnarSi. Aaseve mosalodnelia dislokaciebis blokirebis 

gaZliereba eleqtrulad neitraluri teqnologiuri minarevebis 

atomebis koncentraciis amaRlebiT dislokaciebTan arsebuli 

kotrelis atmosferoSi. 

   aRniSnuli xasiaTis mikrosisalis cvlilebebi identurad 

xorcieldebian (111) da (100) orientaciis sibrtyeebze. 

   Termuli damuSavebis _ mowvis gavleniT boriT legirebuli 

germaniumis mikrosisale mkveTrad izrdeba. Mmowva amcirebs 

vakansiebis raodenobas  da amravlebs kumSvis deformaciis 

centrebs, romlebSiac Zlierdeba atomTaSorisi kavSiris Zalebi. 

AaseTi cvlilebebi naTlad vlindebian mikrosisalis sidideebis 

amaRlebaSi. 

   Ge0,99Si0,01 monokristaluri Senadnobis mikrostruqtura 

SedarebiT maRali simkvrivis dislokaciebs Seicavs (111) 

sibrtyeze (~104sm-2) . es garemoeba ganapirobebs mikrosisalis 

mniSvnelobebis specifikur cvlilebebs. mTavar faqtorad 

sacdeli Senadnobebis mikrosisalis formirebaSi ganixileba 

mcire atomuri radiusis siliciumis atomebis maxloblobaSi 

aRZruli kumSvis deformacia da deformaciiT ganpirobebuli 

kumSvis Zabvebi. Kkristaluri mesris Seviwroeba iwvevs 

atomTaSorisi kavSiris Zalebis lokalurad zrdas. cxadia 

aRniSnuli warmoSobis Zalebis sidide malegirebeli komponentis 

siliciumis koncentraciis proporciulia. 

   Mmeores mxriv, dislokaciebis sakmarisad maRali simkvrive 

asustebs maTi birTvebis maxloblobaSi atomTaSorisi kavSiris 

Zalebs. Ees garemoeba kristaluri mesris simtkicis Semcirebasa 

da ”darbilebas” iwvevs. SesaZlebelia teqnologiuri minarevebis 
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atomebma gansazRvrul pirobebSi (Termuli zemoqmedeba, 

dasxiveba, deformacia) ganaxorcielon dislokaciebis blokireba 

da germaniumis kristaluri mesris dinamiuri meqanikuri 

ganmtkiceba. aRniSnuli garemoebani mniSvnelovnad gansazRvraven 

sacdeli monokristaluri Ge-Si Senadnobebis mikrosisalis 

cvlilebebis kanonzomierebas. 

   monokristaluri Ge0,99Si0,01 Senadnobis mikrosisale meqanikurad 

wmindad polirebul (111) sibrtyeebze 850kg/mm2 Seadgens, xolo 

(100) sibrtyeebze SedarebiT naklebia _ 780 kg/mm2 . Sedegebi 

miRebulia 20g. datvirTvis pirobebSi. aRsaniSnavia, rom 100g. Dda 

5g. datvirTvis SemTxvevaSi orive kristalografiul sibrtyeze 

mikrosisalis sidideebi SesamCnevad gansxvavebuli 

erTmaneTisagan. 820 da 930 kg/mm2. maRali datvirTvis pirobebSi 

indentoris SeRweva kristalur meserSi 3-4mkm-s rigisaa, xolo 

mcire datvirTvisas is metad mcirea ~0,5-0,8mkm. Ees garemoeba 

metad mniSvnelovania meqanikurad wmindad polirebuli zedapiris 

struqturis daxasiaTebisaTvis. Mmeqanikuri polireba maRali 

dispersulobis saxexi saSualebebiT germaniumis zedapiris 

struqturaSi warmoqmnis defeqtebs. maTi deformaciis velebis 

Zlieri urTierTgadafarva axorcielebs dislokaciuri 

warmoSobis defeqtebis efeqturad blokirebas,  rac vlindeba 

mikrosisalis gazrdiT metad mcire siRrmemde indentoris 

SeRwevis pirobebSi.  

   aRniSnuli xasiaTis mikrosisalis cvlilebebi ufro naTlad 

vlindeba monokristaluri Ge0,98Si0,02 Senadnobis (111) sibrtyeebze. 

izrdeba mikrosisale rogorc didi (20-50g) , aseve mcire (5g) 

datvirTvebis pirobebSi. Aaralegirebuli sacdeli Ge-Si

Senadnobebi p-tipis gamtarobiT xasiaTdebian. Ggamtarobis tipis 

ZiriTadi ganmsazRvrelia vakansiebi kristalur meserSi. Mmowva 

750ºC temperturaze 10sT-is ganmavlobaSi amcirebs vakansiebis 

koncentracias. Ees garemoeba da siliciumis atomTan 
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lokalizebuli mesris SekumSva ganapirobeben Termulad 

damuSavebuli nimuSebis mikrosisalis sagrZnoblad amaRlebas. 

   sacdeli Ge-Si Senadnobebis boriT legirebuli nimuSebis 

mikrosisale izrdeba aralegirebul SenadnobebTan SedarebiT 

Zlierad., rodesac kristali Rrmad aris legirebuli da sustad, 

boris dabali koncentraciiT legirebis SemTxvevaSi.  Mmowva 

750ºC temperaturaze 10sT-is ganmavlobaSi 10-15%-iT zrdis yvela 

sacdeli nimuSis mikrosisales _ mniSvnelovnad (111) sibrtyeebze 

da SedarebiT sustad (100) orientaciis sibrtyeebze. Aaseve ar 

icvlebian mikrosisalis zrdisa da Semcirebis tendenciebi 

indentorze dabali (5g) da maRali (20-50g) datvirTvis pirobebSi. 

   dariSxaniT legirebuli Ge-Si monokristaluri Senadnobebis 

mikrosisalis mniSvnelobebis cvlileba naTlad aris 

damokidebuli dariSxanis koncentraciaze. Mmcire 

koncentraciebis SemTxvevaSi is umniSvnelod mcirdeba, magram  

dariSxanis maRali koncentraciiT  legirebul Ge-Si kristalebSi 

mkveTrad mcirdeba mikrosisalis sidideebi. aseT SemTxvevaSi 

denis matarebeli Tavisufali eleqtronebi asusteben 

tetraedrul kovalentur kavSirebs, rac erT-erTi mizezia 

meqanikuri maxasiaTeblebis, kerZod, mikrosisalis Semcirebis. 

  Mmowva 750ºC temperturaze 10sT-is ganmavlobaSi amcirebs 

vakansiebis koncentracias da zrdis dariSxanis Semcvelobas Ge-

Si Senadnobebis kristaluri mesris myar xsnarSi. aseT pirobebSi 

mikrosisalis zrda aramkveTria, radganac misi Semcirebis 

nawilobriv kompensacias axdens vakansiebis koncentraciis 

dadableba mowvis zemoqmedebiT. 

   Aamrigad, malegirebeli komponentebis Si, B da As

koncentraciis cvlilebiT SesaZlebelia germaniumis 

mikrosisalis sidideebis mizanmimarTuli marTva. Ees 

mniSvnelovania gansazRvruli eleqtrofizikuri da meqanikuri 

Tvisebebis Ge-Si Senadnobebis miRebisa da naxevargamtarul 

xelsawyoebsa da mowyobilobebSi gamoyenebis problemisaTvis. 
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2.2.4. monokristaluri Ge1-xSix (x≤0,02) Senadnobebis Termuli 

gafarToeba

   Seswavlilia monokristaluri Ge1-xSix (x≤0,02) 

Senadnobebis fardobiTi wagrZelebis temperaturuli 

damokidebuleba 20-850C intervalSi [102,103]. aRniSnuli 

Senadnobebis maRaltemperaturuli Termuli gafarToeba 

praqtikulad Seuswavlelia.

   fardobiTi wagrZelebis temperaturuli damokidebulebebi 

warmodgenilia nax. 6-ze.  

nax. 6. monokristaluri Ge(1) da Ge0,98 Si0,02(2) Senadnobis 

fardobiTi wagrZelebis temperaturuli damokidebuleba.

   monokristalur germaniumSi fardobiTi wagrZeleba mocemul 

temperaturul intervalSi aramonotonurad izrdeba. mas 

axasiaTebs zrdis aCqarebuli da Senelebuli cvlilebebi. 200-

300C, 450-500C da 650-750C ubnebze misi zrdis siCqare maRalia, 

xolo 300-450C, 550-600C, 700-730C ubnebze igi aSkarad 

Senelebulad izrdeba. fardobiTi wagrZelebis aseTi xasiaTis 

cvlilebebi ganpirobebulia sxvadasxva tipis arastabiluri 

defeqtebis kompleqsebSi gardaqmnebiT, ris Sedegad maTi 

Semadgeneli atomebi icvlian poziciebs da myar xsnarSi 

gadadian, xorcieldeba maTSi  konfiguraciuli cvlilebebi, 
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yovelive zemoTqmuli SesaZlebelia warmoadgendes mesris 

parametrisa da, maSasadame, Termuli gafarToebis aramonotonuri 

cvlilebebis mizezs. amasTan erTad mosalodnelia daZabul, 

kompleqsebiT gamdidrebul ubnebSi gaxurebis procesSi 

kovalenturi tetraedruli kavSirebis kuTxeebis aramonotonuri 

Semcireba_zrdis gamovlineba. es SesaZlebelia moxdes aseve 

udefeqto kristalur meserSi.

   Termuli damuSaveba (mowva) anomaluri zrdisa da Senelebis 

temperaturul diapazonebSi sxvadasxvanairad cvlian fardobiTi 

wagrZelebis anomaliebis intensivobas. ase, magaliTad, mowva 

300C-ze vakuumSi 5sT-is ganmavlobaSi orjer amcirebs pirveli 

anomaliis gamovlinebis diapazons da arsebiT gavlenas ar 

axdens SedarebiT maRal temperaturaze warmoCenili fardobiTi 

wagrZelebis anomaliebze. amis Semdgomi mowviT 5sT-is 

ganmavlobaSi 900C-ze viwrovdeba yvela temperaturuli ubani, 

sadac vlindebian fardobiTi wagrZelebis anomaliuri zrdis 

efeqtebi. swored aseT temperaturebze sruliad iSleba Si-O -s 

rTuli kompleqsebi.

   monokristaluri  Ge-Si Senadnobis Termuli gafarToebis 

temperaturuli damokidebuleba xasiaTdeba anomaliebiT, Tumca 

gansxvavebulia maTi gamovlinebis temperaturuli intervalebis 

sigane da fardobiTi wagrZelebis cvlilebebis siCqareebi 

aRniSnul temperaturebze. monokristalur germaniumTan 

SedarebiT Ge-Si Senadnobis fardobiTi wagrZelebis yvela 

anomalia Termulad mdgradia. 900C-ze xangrZlivi mowva (20sT.) 

vakuumSi gavlenas ar axdens maT intensivobasa da temperaturul 

intervalebze. 

   anomaliebis intensivoba  sagrZnoblad izrdeba sacdeli 

nimuSis ganivkveTis farTobis Semcirebisa da sigrZis gazrdis 

SemTxvevaSi. SesaZlebelia daSvebuli iqnas, rom Termuli 

gafarToebis temperaturuli damokidebulebis gadaxrebi wrfivi 

kanonzomierebidan gamowveulia zedapiris struqturis wvlilis 

gazrdiT, romelSiac aqtiurad monawileobs zedapirul fenebSi 
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mravalnairi defeqti, daZabulobebi da atomTaSorisi gawyvetili 

kovalenturi bmebi. M

   msgavsi anomaluri cvlilebebi germaniumsa da siliciumSi 

dakavSirebulia agreTve fazur gardaqmnebTan [104]. ZiriTad 

meqanizmad fazuri gardaqmnebis ganviTarebaSi miCneulia 

atomTaSorisi kavSirebis rehibridizacia. Tavisufali zedapiri 

xasiaTdeba gawyvetili valenturi kavSirebiT (TiToeuli yovel 

atomze (111) waxnagze siliciumsa da germaniumSi) es iwvevs 

mezobel qveda sibrtyeebze bmebis DZlier SeSfoTebas, rac 

ganapirobebs atomebis gadanawilebas meserSi. Sesabamisad 

icvlebian drekadi, Termuli da eleqtrofizikuri 

maxasiaTeblebi. fazuri gardaqmnebis dros irRveva tetraedruli 

sp3 kovalenturi kavSirebi, mcirdeba akrZaluli zonis sigane, 

izrdeba denis matareblis koncentracia, xdeba masalis 

metalizacia kovalenturi mdgenelebis SesustebasTan erTad. 

   mesris parametrze da Termuli gafarToebis koeficientze 

gavlenas axdens gardaqmnebi dispersul fazur CanarTebsa da 

kompleqsebSi sakuTari wertilovani defeqtebis monawileobiT. 

siliciumis kristalur meserSi dispersuli CanarTebis wvlili 

mTlian moculobaSi Seadgens 10-5 [105]. maTi sruli gaxsna meserSi 

mis moculobas Seamcirebs  0,2%. eqsperimentuli monacemebidan 

aseTi cvlileba 0,4%-ia. e.i. orive sidide erTi rigisaa. arsebuli 

gansxvaveba dakavSirebulia im garemoebasTan, rom anomaliebis 

temperaturaze yvela dispersuli mdgeneli daSlili ar aris da 

Semadgeneli komponentebis  mxolod gansazRvruli nawili 

gadadis myar xsnarSi. 

   Termuli gafarToebis anomaluri cvlilebebi moiTxovs 

kompleqsur kvlevas kolorimetruli, eleqtrofizikuri da 

struqturuli analizis meTodebiT. metad saintereso 

informacias iZleva aseve akustikuri speqtroskopia, kerZod, 

Sinagani xaxunis meTodi. misi gamoyenebiT SesaZlebelia 

ganisazRvros kristalis zedapiruli da moculobiTi 
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defeqtebiT ganpirobebuli relaqsaciuri procesebi da modulis 

defeqtis variaciis masStabebi.

mowva 500-600C temperaturaze avlens wrfivi Termuli 

gafarToebis koeficientis amaRlebis tendencias, xolo 800-900C 

temperaturaze mowviT sagrZnoblad (10-12%) mcirdeba misi 

mniSvnelobebi. pirvel SemTxvevaSi adgili aqvs dislokaciebis 

blokirebasa da  struqturis ganmtkicebas minarevebis atomebisa 

da kompleqsebis difuziiT dislokaciebis atmosferoebSi 

birTvebis mimarTulebiT. meore SemTxvevaSi minarevebi difuziis 

meqanizmiT gadadian myar xsnarSi. dislokaciebis moZraoba 

sruldeba barierebisagan Tavisufal mdgomareobaSi. es 

ganapirobebs maRaltemperturebze momwvari  germaniumisa da Ge-Si

Senadnobebis  wrfivi Termuli gafarToebis koeficientis 

Semcirebis tendenciis gamovlinebas.

2.3. monokristaluri germaniumis aradrekadi Tvisebebi

2.3.1. monokristaluri germaniumis Zvris modulisa da Sinagani 

xaxunis temperaturuli speqtri

   kvlevis obieqti xasiaTdeba p–tipis gamtarobiT, masSi denis 

matarebeli xvrelebis koncentracia Seadgens 1.1016sm-3. da maTi 

Zvradoba sakmarisad maRalia. Ees ukanaskneli maCvenebeli 

migvaniSnebs, rom kristalSi SesamCnevad mcirea muxtis 

matareblebis gabnevis centrebi. maRali Zvradoba ganapirobebs 

agreTve lokaluri eleqtruli bmebis gadanawilebis daCqarebas 

Termuli, Termomeqanikuri an dasxivebis zemoqmedebis pirobebSi. 

gansakuTrebiT es exeba im lokalizebul deformirebul areebs, 

romlebic dislokaciebis drekadi velis moqmedebas ganicdian. 

    grexiTi rxevebis milevis procesSi struqturuli defeqtebis 

Termuli mdgradoba, urTierTqmedeba da energetikuli 

mdgomareoba [111] orientaciis germaniumis monokristalSi 
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Sinagani xaxunis temperaturul speqtrSi  Semdegi saxiT arian 

gamovlenili (nax.7.). 

nax.7 monokristaluri germaniumis Sinagani xaxunis temperaturuli  
damokidebuleba

1 _ sawyisi,  2 _ momwvari, 650ºC, 0,5sT.

   rxevis 1,2 hc sixSireze  20-180ºC temperaturul intervalSi 

meqanikuri rxevebis energiis gabnevis intensiuroba praqtikulad 

ar aris damokidebuli temperaturaze. igi xasiaTdeba Sinagani 

xaxunis fonis miaxloebiTi sididiT 5.10-4. 100-120ºC

temperaturaTa SualedSi foni sustad amaRlebulia 10.10-4-mde. 

Kkovalenturi kristalebisaTvis damaxasiaTebeli metad mcire 

fonis pirobebSi fonis aRniSnuli mateba dakavSirebuli unda 

iyos raime saxeobis relaqsaciuri procesis realizaciasTan 

eqsperimentis mocemul pirobebSi. amasTan erTad unda aRiniSnos, 

rom sagrZnoblad dabali intensivoba da anomalurad didi 

temperaturuli Sualedi miuTiTebs, rom 100-120ºC temperaturul 

SualedSi mimdinareobs erTmaneTis monaTesave mravalricxovani  

elementaruli relaqsaciuri procesi, romlebic erTmaneTisgan 

gansxvavebuli aqtivaciuri parametrebiT xasiaTdebian. Ee.i. 

adgili aqvs relaqsaciis droisa da aqtivaciis energiebis 

funqcionalur ganawilebas farTo intervalSi.  msgavsi 

TvisebebiT gamoirCevian wertilovani defeqtebis migraciasTan 

dakavSirebuli meqanikuri relaqsaciuri procesebi, rodesac 
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relaqsaciis centrebi araerTgvarovan ZabvaTa velSi imyofebian 

da amis gamo gaaCniaT  mcired gansxvavebuli aqtivaciis 

energiebi.

180ºC temperaturidan vlindeba Sinagani xaxunis intensivobis 

mkveTri zrda da speqtrSi Cndeba Zlieri intensivobis maqsimumi 

285-288ºC temperaturaze. Mmaqsimumis maRaltemperaturul mxareze 

daikvirveba misi gaganiereba amaRlebuli fonisa da 405ºC

temperaturis maxloblobaSi saSualo intensivobis meore 

maqsimumis gavleniT. Ees ukanaskneli asimetriulia da ganieria. 

  405-470ºC temperaturis intervalSi arsebobs Zlier 

intensivobis  gaganierebuli maqsimumi 450-465 ºC temperaturebze. 

daaxloebiT 580ºC temperaturidan iwyeba Sinagani xaxunis fonis 

mkveTri gazrda, 610-630ºC foni gajerebulia, rasac ganapirobebs  

zeddebuli maqsimumi. 640ºC temperaturis zemoT Sinagani xaxunis 

foni intensiurad Zlierdeba da 700ºC –ze praqtikulad 

SeuZlebeli xdeba rxevebis aRZvra kristalSi. 

aRniSnuli temperaturis areSi mimdinareobs intensiuri 

difuzuri procesebi, mcire Zabvis zemoqmedebiT Tavs iCens 

germaniumis monokristalis plastikuri deformacia. MmaSasadame 

mTlianad ixSoba Sinagani xaxunis registraciis saSualeba, 

romelic rogorc wesi gulisxmobs drekadobis sazRvrebSi 

aradrekadi Tvisebebis GgamomJRavnebas defeqtebis intensiuri 

migraciis gamo. 

P identur nimuSze paraleluri gazomvebiT dgindeba, rom pirvel 

eqsperimentSi gazomvebiT miRebuli Sedegebi ganmeorebadia. 

Ggarda amisa sixSiris cvlileba 1-5hc SualedSi iwvevs 

maqsimumebis temperaturebis gadaadgilebas. Ees Tavis mxriv 

amtkicebs maqsimumebis relaqsaciur warmoSobas. 1-5hc intervalSi 

sixSiris Secvla arasakmarisia aqtivaciis energiis 

gamoangariSebisaTvis maqsimumis temperaturaTa RerZze 

gadanacvlebis meTodiT, romelic universaluria yvela tipis 

relaqsaciuri procesis daxasiaTebisaTvis. maqsimumebis  

temperaturis da sixSiris registraciis meTodiT miRebuli 
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aqtivaciis energiis Semdegi mniSvnelobebi 1,5; 1,8; 2,0 da 2,4ev.  

maTi Sedareba TviTdifuziisa da malegirebeli elementebis 

moculobiTi difuziis aqtivaciis energiis miaxloebiT 

sidideebTan (4,5_6ev). vercxlis, spilenZis, borisa da 

dariSxanisaTvis germaniumSi aCvenebs, rom aRmoCenili 

relaqsaciuri procesebi ar arian dakavSirebuli e.w. moculobiT 

difuzur procesebTan. fiqsirebuli temperaturiTa da sixSiriT 

maqsimumebis aqtivaciis energiis mniSvnelobebis gansazRvra xSir  

SemTxvevaSi arakoreqtulia, radganac is moculobiTi 

difuziisaTvis aris samarTliani. Aamis gamo WeSmariti 

aqtivaciuri parametrebis gansazRvrisaTvis aucilebelia  

maqsimumis formis gaTvaliswineba. 

   grafikuli wesiT maqsimumebis formis dadgenisaTvis 

gamoyenebuli iqna ganmeorebiTi eqsperimentis Sedegebi, romlebic 

gviCveneben Sinagani xaxunis speqtrSi Zireuli cvlilebebs 

(sur.7,2). 

   faqtiurad speqtrSi mJRavndeba mxolod eqsponencialuri 

foni, romelzedac susti kvalis saxiT arian gamokveTili 

maqsimumebi 285, 400-405 da 610ºC temperaturebze. Ees eqsperimenti 

adasturebs, uklebliv yvela relaqsaciuri procesis Termulad 

arastabilurobas. Sinagani xaxunis temperaturisagan 

eqsponencialuri damokidebulebis wvlilis gamoricxviT 

dadginda aqtivaciis energiebis Semdegi mniSvnelobebi 1,35; 1,5; 1,85 

da 2,00ev Sesabamisad. aSkarad SeimCneva maTi Semcirebis 

tendencia fiqsirebuli temperaturis meTodiT gamoangariSebul 

monacemebTan SedarebiT. 

  calkeuli maqsimumebis relaqsaciis sixSiruli faqtori 

damokidebulia absoluturi temperaturis Sebrunebuli 

sididisagan eqsponencialuri kanoniT anu areniusis formuliT: 

0-1 = (2..fmax)-1 .exp(-H/KT)

Aaqedan gamomdinare maqsimumebisaTvis miiReba Sesabamisi 

relaqsaciis centris vibraciis sixSiris Semdegi MmniSvnelobebi: 

8.1011; 5.1012; 1.1014 da 3.1014wm-1. pirveli ori sidide, romelic 
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ganekuTvneba relaqsaciur procesebs 285 da 400ºC

temperaturebze, gacilebiT didia wertilovani defeqtis 

migraciis sixSiresTan SedarebiT. aRniSnuli maxasiaTebeli 

nebismieri singoniis kristalisaTvis gamtarobisa da qimiuri 

kavSirebis bunebis miuxedavad ~5.1014wm-1 rigisaa. Ees niSnavs, rom 

maqsimumebi 285 da 400-405 ºC  temperaturebze, romlebic 

xasiaTdebian difuziis aqtivaciis energiaze (≈5ev) gacilebiT 

naklebi aqtivaciis energiiTa da SedarebiT dabali rxevis 

sakuTari sixSireebiT, ar ganekuTvnebian wertilovani defeqtebis 

migraciis procesebs kristalis moculobaSi, magaliTad, 

vakansiebis an minarvebis difuzur gadadgilebas gareSe 

meqanikuri velisa da temperaturis erTdrouli zemoqmedebis 

pirobebSi.  

   Mmaqsimumebis sruli daxasiaTebisaTvis Seswavlilia maTi 

intensivobis damokidebuleba rxevis amplitudisagan. aRmoCnda, 

rom 285 da 400-405 ºC  temperaturebze maqsimumebis intensivoba 

mkveTrad izrdeba rxevis amplitudis gazrdiT, rodesac grexiTi 

deformaciis fardobiTi mniSvneloba uaxlovdeba kritikul 

amplitudas 5.10-5. es eqsperimenti miuTiTebs relaqsaciur 

procesebSi dislokaciebis mniSvnelovan wvlilze. 

Aamplitudisagan damokidebulebas amJRavneben agreTve danarCeni 

ori maqsimumi 460 da 600ºC temperaturebze.  maTTvis kritikuli 

fardobiTi deformaciebi toli  arian  2.10-5 da  1.10-5. Mmagram 

orive maqsimumi amJRavnebs amplitudisagan rTul 

damokidebulebas. saxeldobr, garkveuli deformaciis Semdeg 

nacvlad gazrdisa maTi intensivoba mcirdeba. aseTi 

deformaciebis sidideebia  8.10-5 da 1.10-4 Sesabamisad. 

SesaZlebelia adgili aqvs  e.w. dinamiur meqanikur ganmtkicebas. 

rogorc wesi SedarebiT mcire deformaciebis pirobebSi 

ganmtkicebis realizacia xdeba susti centrebidan mowyvetili 

dislokaciebis ganmeorebiTi damuxruWebiT ufro Zlieri 

centrebis mier. aseTebad xSirad vlindebian minarevebis 

kompleqsebi, mcire zomis fazuri Canasaxebi, sxva sistemis 
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dislokaciebTan gadakveTis kvanZebi da a.S. germaniumis 

monokristalis realuri struqturidan gamomdinare aRniSnuli 

tipis damagrebis centrebidan mniSvnelovania rTuli Ge-O

kompleqsebis monawileoba dinamiur ganmtkicebaSi, vinaidan 400-

600ºC  intervalSi yalibdeba germaniumis atomebisa da Jangbadis 

atomebis sxvadasxva kompleqsi gansxvavebuli eleqtruli 

aqtiurobiTa da Termuli stabilurobiT. 

Sinagani xaxunis maRaltemperaturuli fonis energiis 

gansazRvris mizniT speqtris ubani 550-700 ºC  temperaturebze 

warmodgenili iqna specialur koordinatTa sistemaSi lnQ-1 _ 

103/T. miRebuli wrfe adasturebs fonis eqsponencialur 

damokidebulebas absoluturi temperaturisadmi, xolo wrfis 

daxris kuTxis tangensi gansazRvravs fonis aqtivaciis energias:  

H=103.K.tg, sadac K= 1,38.10-23j/K. –aris bolcmanis mudmiva. 

Aamrigad, dadginda, rom pirveladi speqtris fonis aqtivaciis 

energia H=0,55ev, xolo relaqsaciis drois Sebrunebuli sidide 

e.w. sixSiris faqtori tolia 1015wm-1. es monacemebi ar icvlebian 

ganmeorebiT speqtrSi, e.i. mas Semdeg rodesac pirvel 

eqsperimentSi nimuSma ganicada Termuli damuSaveba mowvis saxiT. 

Sinagani xaxunis fonis meqanizmi mowviT TiTqmis ar icvleba. 

siliciumis Sinagani xaxunis analogiurad germaniumis 

monokristalSi maRaltemperaturuli eqsponencialuri foni 

ganpirobebulia uSualod nimuSis zedapirze erTeulovani 

vakansiebis migraciiT zedapirze arsebuli dislokaciebis 

birTvis aseTi tipis migracias metad mcire aqtivaciis energia 

esaWiroeba. Sedareba aCvenebs, rom ganmeorebiTi speqtris foni 

gadanacvlebulia 20ºC-iT maRali temperaturebisaken daxris 

kuTxis Seucvlelad. Aamis erT-erTi mizezia rxevebis energiis 

gabnevis meqanizmis SenarCuneba; eqsponentis gadanacvleba 

miuTiTebs, rom difuziis meqanizmiT gaizarda vakansiebis 

koncentracia dislokaciebze. Sesabamisad Semcirda 
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dislokaciebis Zvradoba. Ees niSnavs, rom dislokacia_ vakansiis 

urTierTqmedeba gaZlierebulia.

Nnax.8-ze warmodgenilia atomTa Soris kavSiris Zalebis 

damaxasiaTebeli Zvris dinamiuri modulis fardobiTi 

mniSvnelobebis temperaturuli damokidebuleba (nax.8).  

nax.8. monokristaluri Ge–is Zvris modulis temperaturuli 
damokidebuleba.

1 _ sawyisi,  2 _ momwvari, 650 ºC, 0,5sT.

    20-100ºC SualedSi igi ar amJRavnebs temperaturisagan 

damokidebulebas. umniSvnelo gadaxra wrfivi funqciisagan 

dakavSirebulia 100-120ºC intervalSi susti intensivobis 

relaqsaciur procesTan. Aanomalurad Zlieri intensivobis 

maqsimumis maxloblobaSi 285 ºC temperaturasTan Zvris moduli 

mcirdeba relaqsaciis intensivobisadmi araSesabamisi 

kanonzomierebiT. A 285ºC temperaturis areSi mimdinareobs ori 

intensiuri procesi _ meqanikuri relaqsacia, rac iwvevs Sinagan 

xaxunsa da modulis defeqts, da dinamiuri meqanikuri 

ganmtkiceba, romelic rogorc wesi dislokaciebis Zvradobis 

Semcirebas ukavSirdeba. Mmodulis sidideze gavlenas axdens 

zedapiris struqtura, aRsaniSnavia isic, rom, moduli ZiriTadad 

moculobaSi atomTaSoris Zalebis amsaxveli fizikuri sididea. 

SesaZlebelia dinamiuri meqanikuri ganmtkiceba gamowveulia 

moculobaSi arsebuli dislokaciebis Zvradobis SemcirebiT 

dislokaciebis birTvebis gaswvris teqnologiuri minarevebis 

koncentraciis gazrdis gamo.  Zlieri intensivobis arastabiluri 
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relaqsaciuri procesi, romelic xasiaTdeba amlitudisagan 

damokidebulebiT,  SeiZleba dakavSirebulia dislokaciebis 

moZraobasTan masze arsebuli Runvebis  migraciiT kristalis 

zedapirze vakansiebis atmosferoSi. relaqsaciuri maqsimumis 

aqtivaciuri parametrebis sidideebi korelaciaSi imyofebian 

Teoriul daskvnebTan zedapiruli defeqtebis Termulad 

aqtivirebuli moZraobis Sesaxeb, romelic kovalenturi 

kristalebisaTvis mocemulia naSromSi [106]. Aam TvalsazrisiT 

maqsimumis TiTqmis sruli likvidacia xanmokle mowvis Sedegad 

aixsneba dislokaciebis gamosvliT da safexurebis warmoqmniT 

uSualod kristalis zedapirze. process Tan axlavs zedapirze 

vakansiebis intensiuri anigilacia.

    Eeqsperimentulad dadgenilia, rom 750ºC -ze mowva 5sT-is 

ganmavlobaSi sagrZnoblad amaRlebs aqtivaciuri 

maxasiaTeblebis mniSvnelobebs. Termulad damuSavebuli nimuSis 

cikluri maRalamplituduri deformaciiT relaqsaciuri 

procesebis aqtivaciuri maxasiaTeblebi mcirdebian (cxrili1). 

aseTi cvlilebebi damaxasiaTebelia kotrelis atmosferoebTan 

urTierTmoqmedi dislokaciebis moZraobis aqtivaciisaTvis. 

   maRaltemperaturebze relaqsaciur procesebTan erTad 

vlindeba Zvris modulis Semcireba. 400-405ºC -ze samarTliania 

toloba ΔG/G=2.Q-1max. igive Tanafardoba sruldeba 460 da 610ºC

temperturaTa raionSi. aRniSnuli deformaciuli maqsimumebi 

dakavSirebuli arian dislokaciebis moZraobasTan. Sesabamisi 

relaqsaciuri procesebi, aRiwerebian relaqsaciis erTi 

gansazRvruli sididis droiT. 450 ºC temperaturidan Zvris 

moduli sagrZnoblad Semcirebulia, Aam temperaturis zemoT 

Tavs iCens muxtis matarebelTa koncentraciis mzardi gavlena 

kovalenturi kavSirebis Sesustebaze. aRniSnuli Taviseburebani  

da struqturis defeqtebis Zvradobis gadideba ganapirobeben 

Zvris modulis zigzagisebur cvlilebas maRaltemperaturul 

intervalSi. 
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  ganmeorebiTi gazomvis dros modulis cvlilebis xasiaTi 

praqtikulad SenarCunebulia 400ºC-mde, ris Semdegac iwyeba 

modulis daaxloebiT wrfivi Semcireba. Ees niSnavs, rom 

ukiduresad Semcirebulia struqturuli defeqtebis gavlena 

Zvris modulis temperaturul damokidebulebaze da igi 

ganisazRvreba mxolod germaniumis monokristalis Sinagani 

bunebiT_ fononebis da muxtis matareblebis qvesistemebis 

aRgznebiT maRaltemperaturul intervalSi. yuradRebas ipyrobs 

modulis defeqtis cvlileba 285ºC temperaturaze. Ffaqtiurad 

mowvis Semdeg igi ar Secvlila, Tumca praqtikulad CaxSobilia 

Zlieri relaqsaciuri procesi. Aanalizi aCvenebs, rom 

SenarCunebulia maqsimumis intensivobasa da Zvris modulis 

defeqts Soris zemoT moyvanili relaqsaciis piroba. SeiZleba 

daSveba, rom pirvelad speqtrSi Zlieri intensivobis maqsimumi 

ZiriTadad zedapiruli dislokaciebis migraciasTan aris 

dakavSirebuli. Mmowvis Semdeg misi dabali intensivoba da Zvris 

modulis cvlileba dakavSirebulia dislokaciis migraciasTan 

vakansiebis velSi kristalis moculobaSi. 

   moculobiT kristalSi erTdroulad arseboben rogorc 

araxraxnuli aseve xraxnuli orientaciis dislokaciebi. maTi 

amoZraveba xdeba sxvadssxva meqanizmiT, kerZod, geometriuli 

Runvis, wyvili Termuli Runvis warmoSobiTa da migraciiT da 

agreTve, arakonservatuli moZraobiT anu gadacocebiT 

paralelur sibrtyeSi vakansiis an sakuTari atomis difuziis 

monawileobiT. Ddabali aqtivaciebis gamo arakonservatiuli 

moZraobebi mocemul SemTxvevaSi SeiZleba gamoiricxos. 



94

2.3.2. relaqsaciuri procesebi boriT legirebul germaniumis 

monokristalSi

   boriT legirebuli germaniumis realur struqturaSi maRalia 

dislokaciebis simkvrive. isini araTanabrad arian ganawilebuli. 

(111) orientaciis sibrtyeze zogierT SemTxvevaSi gamovlenilia 

dislokaciebis e.w. varskvlaviseburi Sejgufebebi. realuri 

struqturis aRniSnulma Taviseburebam SesaZlebelia gavlena 

moaxdinos legirebuli germaniumis fizikur-meqanikur Tvisebebze, 

kerZod, Zvris modulis mniSvnelobaze. boris kovalenturi 

radiusi mcirea da germaniumis kristalur meserSi boriT 

Canacvlebis poziciaSi kristaluri meseri SekumSulia, sadac 

lokalurad gazrdilia atomTaSoris urTierTqmedebis Zalebi. 

Ddefeqtebis Semcveli germaniumis struqturaSi aRniSnuli 

cvlilebebi sustad vlindebian. Ees aixsneba mravali faqtoriT, 

romelTa Soris arsebiTia dislokaciuri struqturis 

araerTgvarovneba moculobisa, da gansakuTrebiT, zedapirul 

fenebSi. Aaranakleb mniSvnelovania statistikurad ganawilebuli 

teqnologiuri minarevebis mier ganpirobebuli struqturuli  

damaxinjebaTa zegavlena.  Coxralskis meTodiT miRebuli boriT 

legirebuli germaniumis kristalis realuri mdgomareoba 

asaxulia Sinagani xaxunisa da Zvris modulis temperaturulo 

damokidebulebaSi. 

Ge:B sacdeli nimuSis grexiTi rxevebis 3,8hc sixSireze Sinagani 

xaxunis temperaturuli speqtri xasiaTdeba Zlieri intensivobis 

maqsimumebiT 285, 428, 512 da 600ºC temperaturebze.

60-90 ºC temperaturaTa intervalSi Sinagani xaxunis foni 

sustad amaRlebulia, 20-200ºC diapazonSi Sinagani xaxunis foni 

temperaturisagan damoukidebelia. Mmisi temperaturisagan 

eqsponencialuri damokidebuleba SesamCnevia 400ºC

temperaturidan maRal intervalSi. yvela relaqsaciuri procesi 

maRali intensivobiT xasiaTdeba(nax.9). 
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  aralegirebul germaniumTan SedarebiT Ge:B kritalis Sinagani 

xaxunis fonis eqsponencialuri cvlilebis sawyisi temperatura 

30-40ºC gadanacvlebulia dabali temperaturebisaken. Ees avlens 

dabali aqtivaciis Zvradi defeqtebis warmoqmnis SesaZleblobebs 

boriT legirebis SemTxvevaSi, riTac  ganisazRvreba Sinagani 

xaxunis fundamenturi fonis gadanacvleba dabali 

temperaturebisaken.

nax.9. Ge:B – is Sinagani xaxunis temperaturuli speqtri

1. sawyisi mdgomareoba,  2. momwvari 650C, 0,5sT.

    koordinatTa sistemaSi lnQ-1 - 1/T 400ºC temperaturis zemoT 

miiReba wrfivi damokidebuleba.  Mmisi daxris kuTxiT 

gansazRvruli aqtivaciis energia tolia 0,45ev. Mmaqsimumebi 285, 

430, 510 da 600ºC temperaturebze xasiaTdebian aqtivaciis 

energiis Semdegi mniSvnelobebiT: 1,20; 1,60; 1,80 da 1,90ev 

Sesabamisad. Mmaqsimumis arsebobis pirobidan:   2.fmax.0. exp(H/KT)=1 

gansazRvruli iqna maqsimumebis Sesabamisi relaqsaciis 

sixSiruli faqtorebi: 5.1011; 8.1013 ; 1.1014 da 2.1014 wm-1. 

  eqsperimentulad naCvenebia, rom 5.1019sm-3 koncentraciiT boris 

Semcveli germaniumi xasiaTdeba Zlieri intensivobis 

relaqsaciuri maqsimumebis aqtivaciis energiis Semcirebuli 

mniSvnelobebiT. amasTan erTad mcirdebian relaqsaciuri 

procesebis sixSiris faqtoris sidideebi. maRaltemperaturuli 

maqsimumi, Sezrdilia eqsponencialur fonTan 600ºC -ze. Mmisi 
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aqtivaciis energia 0,1ev-iT naklebia aralegirebuli germaniumis 

maqsimumis maxasiaTebelze. Mmcirdeba aseve procesis sixSiris 

faqtori.  maqsimumi dakavSirebuli unda iyos dislokaciebze 

Runvebis moZraobasTan. aqtivaciuri parametrebis Semcireba 

aseTnairad SeiZleba aixsnas. Bboris atomebsa da Jangbadis 

atomebs Soris warmoiqmnebian bmebi, rac ganapirobebs  B-O  

kompleqsebis formirebas. Sesabamisad Semcirdeba Jangbadis 

koncentracia araxraxnuli da xraxnuli orientaciis 

dislokaciebis atmosferoebSi. Ees gamoiwvevs geometriuli 

Runvebis naxevarganis gazrdas. esO Seamcirebs eleqtronuli da 

drekadi warmoSobis Zalebis damamuxruWebel moqmedebas. 

Sesabamisad mcire energia iqneba saWiro sxvadasxva orientaciis 

dislokaciebze geometriuli Runvebis migraciisaTvis Jangbadis 

atomebiT Zlier gaRaribebul atmosferoSi. geometriuli Runvis 

naxevarganis gadideba niSnavs misi aqtivaciuri moculobis 

gadidebas da maSasadame misi rxevis sakuTari sixSiris 

Semcirebas. boriT legireba iwvevs donoruli GeO4 kompleqsebis 

warmoqmnis gaZnelebas da maTi koncentraciis Semcirebas. aseT 

SemTxvevaSi gaizrdeba dislokaciaze kritikuli manZilebi wyvil 

Runvebs Soris, Sesustdeba urTierTqmedeba damamuxruWebel 

kompleqsebTan.  Yyovelive es ganapirobebs wyvili Runvebis 

migraciis energiis Semcirebas. relaqsaciuri procesebi 428 da    

512ºC temperaturebze Zlierad damokidebulia amplitudisagan, 

rac adasturebs dislokaciebisa da wertilovani defeqtebis 

monawileobas energiis gabnevis procesebSi. 

G legirebuli germaniumis monokristalSi  dislokaciebis 

ganawilebis araerTgvarovneba, maTi Sejgufebebis arseboba, 

agreTve borisa da Jangbadis atomebisagan kompleqsebis warmoqmna 

gansazRvraven dislokaciebis moZraobis energetikul 

maxasiaTeblebs. Aaqtivaciis energiis sidideebis gaTvaliswinebiT 

Cans, rom geometriuli da wyvili Runvebis migracias boriT 

legirebuli germaniumis monokristalSi esaWiroeba  SedarebiT 

maRali aqtivaciis energia. amiT aixsneba aRniSnuli maqsimumebis 
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gadanacvleba maRali temperaturebisaken. maTi intensivobis 

amplituduri damokidebulebis arseboba saSualebas iZleva 

miCneuli iqnas rom relaqsaciuri procesebi ganpirobebulia  

Runvebis migraciiT dislokaciebis srialis sibrtyeSi 

minarevebisa da maTi kompleqsebis atmosferoebSi. 

   xanmokle mowva 200-250ºC intervalSi(0,5sT) mkveTrad amcirebs 

relaqsaciuri procesebis intensivobas. gansakuTrebiT es exeba 

relaqsacias 285ºC -ze. es SesaZlebelia dakavSirebulia 

legirebuli kristalis zedapirze mowvis Sedegad geometriuli 

Runvebis likvidaciisa da vakansiebis anigilaciis procesebTan. 

cvlilebebi, romlebic mimdinareoben boriT legirebis Sedegad 

struqturuli defeqtebis gadanawilebaSi naTlad aris asaxuli 

Zvris dinamiuri modulis temperaturul damokidebulebaze 

(nax.10).

nax.10. Ge:B –is Zvris modulis temperaturuli damokidebuleba

1 _ mowva 750ºC, 10sT.  2 _ cikluri deformacia,750 ºC.

   400ºC -dan modulis Semcireba dakavSirebulia Zalian Zlieri 

intensivobis relaqsaciur procesTan, agreTve wertilovani 

defeqtebis migraciasTan dislokaciebis mimarTulebiT. Oorive 

procesi modulze zegavlenis TvalsazrisiT urTierT 

sapirispiroa. mowviTa da cikluri deformaciiT 750ºC

temperaturaze aqtivaciuri maxasiaTeblebi SesamCnevad 

icvlebian(cxrili1). Termuli damuSavebiT relaqsaciuri 
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procesebi praqtikulad mTlianad CaixSoba., xolo 400ºC

temperaturamde Zvris moduli TiTqmis ar aris damokidebuli 

temperaturisagan. 400-650 intervalSi igi daaxloebiT wrfivad 

mcirdeba. Ees aixsneba atomTa Soris kavSiris Zalebis 

SesustebiT Termuli gafarToebisa da denis matareblebis 

koncentraciis gazrdasTan dakavSirebiT. 

2.3.3. relaqsaciuri procesebi dariSxaniT legirebul germaniumis 

monokristalSi

    fizikur-meqanikuri Tvisebebis eqsperimentuli kvlevis mizniT 

SerCeuli iqna iseTi monokristali, romelic boriT legirebuli 

monokristalisgan ZiriTadad gansxvavdeba gamtarobis tipiT. 

Ddislokaciuri struqtura msgavsia boriT legirebuli 

monokristalis. dislokaciebis simkvrive icvleba 103-104sm-2

sazRvrebSi da kristalis zedapirze struqtura xasiaTdeba 

rogorc Tanabari, aseve dislokaciebis araTanabari ganawilebiT. 

Canacvlebuli dariSxanis atomi gamoirCeva kovalenturi 

radiusis maRali mniSvnelobiT (≈1,18A) [107] da Tavis irgvliv 

qmnis gaWimvisa da praqtikulad gafarToebis drekad 

deformaciebs. 

Ge:As –is  realuri struqturuli mdgomareoba Taviseburad 

asaxulia Sinagani xaxunis temperaturul speqtrSi. 20-200 ºC  

temperaturul intervalSi Sinagani xaxunis foni 

temperaturisagan damoukidebelia da misi intensivoba dabalia 

(~5.10-4).  ~3hc sixSireze 280 ºC temperaturis areSi Tavs iCens 

anomalurad Zlieri intensivobis relaqsaciuri procesi. 

savaraudoa, rom mocemuli deformaciis pirobebSi (≈5.10-5) 

SesaZlebelia adgili aqvs relaqsaciuri da mikroplastikuri 

deformaciis procesebis erTdroulad gamovlinebas. Mmaqsimums 

maRali temperaturis Stoze ekvris platos formis damatebiTi 

maqsimumi. Amis Semdeg foni mkveTrad mcirdeba 400ºC

temperaturamde, 428 da 462ºC temperaturebze arsebuli  
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SedarebiT susti maqsimumebis forma damaxinjebulia maTi 

urTierTgadafarvis gamo. 570ºC temperaturaze eqsponencialur 

fonTan erTad Sezrdilia saSualo intensivobis maqsimumi. 

Ddadgenili iqna, rom maqsimumebi 280, 330, 428, 462 da 570ºC

temperaturebze xasiaTdebian aqtivaciis energiis Semdegi 

sidideebiT: 1,25; 1,40; 1,5; 1,65; 180 ev-iT. maTi Sesabamisi sixSiruli 

faqtorebi toli arian: 2.1011; 4.1012 ; 1.1013; 6.1013; da 1.1014wm-1 .(cxr.3).

nax.11. Ge:As-is Sinagani xaxunis temperaturuli damokidebuleba
1. pirveli gazomvis Sedegebi, 2. ganmeorebiTi gazomvis Sedegebi

  

Mmonokristaluri germaniumis relaqsaciuri procesebis 
aqtivaciuri maxasiaTeblebi

cxrili 3

K

kvlevis 
obieqti

maqsimumis 
tempertura, ºC

aqtivaciis energia, ev. sixSiris faqtori, wm-1

sawy
isi

mowv
a,

750º
C,

10sT.

cik
lur
i 

def
orma
cia, 

750º
C,
ε

=5.10-
3

sawyi
si

mowva,

750ºC,
10sT

cikl
uri 
defo
rmaci

a, 

750ºC
,
ε

=5.10-5

sawyis
i

mowva,

750ºC,
10sT

ciklu
ri 

defor
macia, 

750ºC
ε =5.10-

5

Ge
[111]

p

80-
100

100 85 0,9 1,0 0,85 6.1013 3.1013 2.1014

285 295 270 1,40 1,45 1,30 2.1013 5.1013 6.1013
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405 400 380 1,55 1,60 1,45 1.1012 5.1012 6.1011

450-
465

470 440 1,70 1,75 1,70 5.1012 6.1012 5.1012

600 610 585 2,0 2,05 1,90 6.1014 1.1015 3.1014

Ge:B
(1.1019 

sm-3)
p

100 110 95 1,0 1,10 0,90 2.1014 5.1013 3.1014

285 290 280 1,35 1,40 1,30 1.1013 3.1013 8.1012

430 440 420 1,50 1,55 1,45 3.1012 5.1012 1.1012

510 520 505 1,80 1,85 1,70 7.1012 1.1013 5.1012

600 615 590 1,90 1,95 1,85 8.1013 2.1014 6.1013

Ge:As
(5.1018 

sm-3)
[111]

n

80-
100

100 80 0,90 0,95 0,80 6.1013 4.1013 8.1013

280 290 265 1,35 1,40 1,30 5.1013 7.1013 3.1013

330 345 320 1,50 1,55 1,45 1.1014 2.1014 7.1013

430 435 425 1,55 1,65 1,50 6.1014 8.1014 3.1014

460 480 450 1,70 1,75 1,60 5.1012 7.1012 2.1012

570 585 555 1,75 1,80 1,65 3.1014 6.1014 1.1014

   amrigad, SesamCnevia relaqsaciuri parametrebis Semcirebis 

tendencia dariSxaniT legirebuli germaniumis relaqsaciur 

speqtrSi. Ppirvel yovlisa es mtkiceba exeba Zlieri intensivobis 

maqsimums 280ºC temperaturaze. igive SeiZleba miRebuli iqnas 

maqsimumisaTvis 460ºC –is areSi. danarCeni maqsimumebisaTvis jer 

dadgenili unda iqnas msgavseba aralegirebuli kristalis 

maqsimumebTan. maqsimumi 570ºC temperaturaze msgavsad 

aralegirebuli germaniumis maqsimumisa 610ºC –ze Sezrdilia 

eqsponencialur fonTan im gansxvavebiT, rom maqsimumi da foni 

25-30ºC –iT gadanacvlebulia dabali temperaturebisaken. amasTan 

erTad SedarebiT mcirea gansxvaveba maT aqtivaciur 

maxasiaTeblebs Soris. MmaSasadame arsebobs orive maqsimumis 

erTnairi warmoSobis SesaZleblobis daSvebis safuZveli. kerZod, 

davuSvaT, rom dariSxaniT legirebuli germaniumis 

monokristalSi temperaturisa da meqanikuri niSancvladi Zabvis 
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erTdrouli zemoqmedebiT 570 ºC temperaturaze adgili aqvs 

araxraxnuli orientaciis dislokaciebze wyvili Runvebis 

migraciiT gamowveul relaqsaciur process, romelsac 

kontrols uwevs donoruli GeO4 kompleqsebi.Mminarevebis 

monawileoba relaqsaciaSi miniSnebulia maqsimumis  

temperaturaze Sinagani xaxunis sagrZnobi damokidebulebiT 

rxevis amplitudisagan. aRsaniSnavia is, rom boriT legirebis

analogiurad dariSxaniT legireba germaniumSi warmoaCens 

relaqsaciur process 428-430 ºC temperaturaze., magram misi 

intensivoba gacilebiT naklebia. Semcirebulia agreTve 

aqtivaciis energia da sixSiris faqtoris sidide. Ees gansxvaveba 

pirvel rigSi gamtarobis bunebaSi gansxvavebas, unda mieweros, 

agreTve struqturis Zlier damaxinjebas rac myar xsnarSi 

dariSxanis atomis maxloblobaSi warmoiqmneba. yuradsaRebia 

isic, rom dariSxanis atomebis garkveuli raodenoba ar imyofeba 

myar xsnarSi. MdariSxanis atomebi an mcire zomis kompleqsebi 

teqnologiur minarevebTan Tavs iyrian energetikulad 

xelsayrel poziciebSi dislokaciebis birTvebis gaswvriv da 

warmoqmnian minarevebis atmosferoebs. Sesabamisad meti energia 

iqneba saWiro erTeulovani an wyvili Runvebis migraciisaTvis 

kotrelis atmosferoSi. amasTan dakavSirebiT SesaZlebelia 

miCneuli iqnas, rom dariSxaniT legirebuli germaniumis 

monokristalSi 430 ºC temperaturis maxloblobaSi adgili aqvs  

dariSxanis Semcveli minarevebis atmosferoSi xraxnul 

dislokaciaze geometriuli Runvis migracias temperaturisa da 

meqanikuri Zabvis zemoqmedebiT. 

   damatebiTi maqsimumi 325 ºC temperaturaze SedarebiT sustad 

aris damokidebuli rxevis amplitudisagan. SedarebiT mcirea 

(~4.1012wm-1) relaqsaciis centris rxevis sixSiris faqtori. 

aRniSnuli maqsimumi SesaZlebelia gamowveulia SiO2 kompleqsis 

migraciiT dislokaciebis birTvis paralelurad. winaaRmdeg 

SemTxvevaSi saWiro iqneboda gacilebiT didi aqtivaciis energia. 

Ge:As-is Sinagani xaxunis intensiuri relaqsaciuri procesebi 
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Termulad aramdgradia. erT-erTi mizezia isic, rom mcirea 

nimuSebis ganivi kveTis farTobi (300-500mkm) da proporciulad 

didia zedapirze arsebuli aramdgradi defeqtebis 

konfiguraciuli cvlilebebis  gavlena struqturulad 

mgrZnobiare Tvisebebze. zedapirze nebismieri mikroskopuli 

masStabis defeqti Zalian aqtiuria da dabali energiebis 

diapazonSi mkveTrad icvlian koncentraciasa da konfiguraciebs. 

Zvris dinamiuri moduli temperaturuli speqtri daaxloebiT 

200ºC –mde praqtikulad ucvlelia. 

Nnax.12. Ge:As –is  Zvris modulis temperaturuli 
damokidebuleba

280ºC temperaturis maxloblobaSi gamovlenilia aSkarad 

gamoxatuli modulis defeqti, rac aris procesis 

relaqsaciurobis erT-erTi ZiriTadi maxasiaTebeli. modulis 

defeqtis mniSvneloba mosalodnelze gacilebiT naklebia. Aamis 

gamo SesaZlebelia 280ºC –is raionSi dariSxanis Semcvel 

germaniumis monokristalSi mimdinareobdes ori procesi –

relaqsaciuri damaxasiaTebeli modulis defeqtiT da 

deformaciuli dinamiuri meqanikuri ganmtkicebiT. Ees 

ukanaskneli dakavSirebulia dislokaciebis blokirebasTan 

wertilovani defeqtebis mier, romlebic Tavdapirvelad 

imyofebian dislokaciis kotrelis  atmosferoSi. gamoricxuli 

ar aris, rom efeqtur dinamiur ganmtkicebaSi Tavisi wvlili 

Seaqvs dariSxanis atomebs, romlebic ganawilebuli arian 

dislokaciebis atmosferoebSi. daaxloebiT   300ºC -dan Zvris 
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moduli ganicdis zigzagisebul Semcirebas 600 ºC -mde. Ees 

miuTiTebs ramdenime procesis gaaqtiurebaze, romelTagan 

zogierTi  iwvevs dinamiur meqanikur ganmtkicebas,zogierTi ki, 

maT Soris muxtis matareblebis koncentraciis gazrda (sakuTari 

gamtarobis dawyebasTan dakavSirebiT), mis Semcirebas. 

ganmeorebiTi gazomvis dros mcirdeba modulis defeqti  280ºC –

ze. sagrZnoblad gazrdilia modulis mniSvneloba 300-600ºC

temperaturaTa SualedSi, magram kvlav SenarCunebulia Zvris 

modulis Semcirebis tendencia temperaturis maRal diapazonSi.

amrigad meqanikuri relaqsaciuri speqtrisa da Zvris modulis 

temperaturuli damokidebulebis erTdrouli analizis 

safuZvelze principulad SesaZlebelia gancalkevebuli iqnas 

erTmaneTisgan moculobasa da kristalis zedapirze 

ganawilebuli defeqtebis moZraobiT gamowveuli relaqsaciuri 

da dinamiuri meqanikuri ganmtkicebis procesebi, gaanalizebuli 

iqnas struqturulad mgrZnobiare Zvris modulis cvalebadobis 

meqanizmi, Sefasdes gansazRvruli tipis dislokaciaze Runvebis 

warmoSobisa da migraciis aqtivaciuri parametrebi, ganisazRvros  

eleqtrulad aqtiur da neitralur defeqtebTan dislokaciebze 

arsebuli Runvebis urTierTqmedebis energiis sidideebi. 

  aRsaniSnavia, rom dislokaciuri meqanizmebis sasargeblod 

vlindeba relaqsaciuri procesebis aqtivaciis energiisa da 

sixSiris faqtoris amaRleba da Semcireba 700ºC temperaturaze 

mowvisa da amis Semdeg maRalamplituduri cikluri deformaciis 

gavleniT. 
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2.4. monokristaluri Ge-Si Senadnobebis fizikur-meqanikuri 

Tvisebebi

2.4.1. Termuli damuSavebisa da grexiTi deformaciis gavlena 

monokristaluri Ge-Si Senadnobebis fizikur-meqanikur 

Tvisebebze

   monokristalur Ge-Si SenadnobebSi kristalizaciis Tanmxleb 

procesSi Termuli zemoqmedeba da Semadgeneli komponentebis 

maxloblobaSi lokalizebuli Termuli Zabvebi iwveven Termuli 

da deformaciuli warmoSobis eleqtrulad aqtiuri defeqtebis, 

Jangbadis precipitatebis da dislokaciebis formirebas. 

teqnologiur procesebSi formirebuli struqturuli defeqtebis 

Casaxvisa da moZraobis aqtivaciuri maxasiaTeblebis 

diagnostikisa da marTvis SesaZleblobebis dadgena 

mniSvnelovania gansazRvruli naxevargamtaruli maxasiaTeblebis 

mqone Ge-Si sistemis Senadnobebis miRebisaTvis.

   Seswavlilia [111] orientaciis Ge+0,5at.%Si da Ge+1at.%Si

Senadnobebis Zvris modulisa da Sinagani xaxunis temperaturuli 

da amplituduri damokidebuleba Seswavlilia grexiTi rxevebis 

sixSirisa da milevis logariTmuli dekrementis registraciis 

meTodiT. relaqsaciuri Sinagani xaxunis procesebis aqtivaciuri 

maxasiaTeblebi, grexiTi rxevebis amplituduri deformacia da 

mikroplastikurobis parametrebi gansazRvrulia standartuli 

meTodebiT[103]. Zvris modulis absoluturi mniSvnelobebi 

Sefasebulia identuri zomebis etalonur nimuSTan Sedarebis 

meTodiT. 

monokristaluri Ge+0,5at.%Si Sinagani xaxunis temperaturuli 

damokidebuleba xasiaTdeba eqsponencialuri mzardi foniT, 

romelzedac gamovlenilia maqsimumebi 80-100, 250, 380 da 450 ºC 

temperaturebze(sur.13,1).
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nax.13. monokristaluri Ge-Si Senadnobebis Sinagani xaxunisa (1.2) da 
Zvris modulis (11, 21) temperaturuli speqtrebi

1,11 _ Ge+0,5at.%Si, f0≈1.2 hc,
2,21 - Ge+1.0at%Si, f0=1.0 hc.

   miRebuli speqtris Sedgeniloba,fonisa da maqsimumebis 

intensivoba praqtikulad damoukidebulia sacdeli nimuSebis 

gaxurebisa da gacivebis siCqaris cvlilebisagan 1-3 grad/wT 

intervalSi. aRniSnuli maqsimumebis temperaturebi icvlebian 

rxevis sixSiris cvlilebiT,rac avlens Sinagani xaxunis 

maqsimumebis relaqsaciur bunebas. maqsimumebis sixSiruli 

wanacvlebis meTodiT. gansazRvrulia aqtivaciis energiisa da 

sixSiris faqtoris mniSvnelobebi. miRebuli Sedegebi 

warmodgenilia cxr.4-Si. 

monokristaluri Ge—Si Senadnobebis relaqsaciuri procesebis 
aqtivaciuri maxasiaTeblebi.

cxrili 4

Kkvlevis 

obieqti

Mmaqsimaluri 

temperatura,

       0C

Aaqtivaciis 

energia, 

    ev

sixSiris 

faqtori,

   wm-1

Zvris 

moduli,

Kkg/mm2

Ge

[111]

80

250

380

450

0.8

1.3

1.55

1.7

2·1014

5·1014

3·1013

5·1012
4100
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Ge+0.5at%Si

[111]

90

260

395

460

0.9

1.45

1.60

1.8

3·1014

8·1014

5·1013

2·1012
4250

Ge+1at%Si

[111]

100

265

400

475

1.0

1.50

1.65

2.0

5·1014

7·1014

2·1013

1·1012
4400

   cxrilSi mocemulia oTaxis temperaturaze Zvris modulis 

sidideebi. siliciumis Semcveli Ge-Si kristalebis Sinagani 

xaxunis temperaturuli speqtrebi praqtikulad germaniumisaTvis 

damaxasiaTebeli speqtris analogiuria. ganmasxvavebel niSnebad 

vlindebian yvela maqsimumis gadanacvleba 10-20 ºC-iT maRali 

temperaturebis mimarTulebiT, maqsimumebis intensivobebis 

gazrda 10-15%-iT,relaqsaciuri procesebis aqtivaciuri 

maxasiaTeblebis amaRlebuli sidideebi siliciumis 

koncentraciis proporciulad [108].

   Ge+0,5at.%Si Senadnobis nimuSis mowva vakuumSi 10sT-is 

ganmavlobaSi 750ºC temperaturaze mTlianad axSobs relaqsaciur 

Sinagan xaxuns 80-100ºC intervalSi, 50-60% amcirebs danarCeni 

maqsimumebis intensivobas da iwvevs maT gadanacvlebas ~ 20ºC-iT 

maRali temperaturebisaken. analogiur cvlilebebs ganicdis 

yvela sacdeli Ge-Si monokristaluri Senadnobis Sinagani 

xaxunis speqtrebi Termuli damuSavebis Sedegad. Termulad 

damuSavebul mdgomareobaSi relaqsaciuri procesebis 

aqtivaciuri maxasiaTeblebi gazrdilia sawyis mdgomareobasTan 

SedarebiT.

   Termulad damuSavebuli nimuSebis grexiTi deformacia 750ºC 

temperaturaze (εmax=5·10-3, deformaciis ciklebis raodenoba-

200) iwvevs relaqsaciuri procesebis intensivobis amaRlebas, 

maqsimumebis temperaturebisa da aqtivaciuri maxasiaTeblebis 

sagrZnoblad Semcirebas. ganmeorebiTi mowva zemoTaRniSnul 
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pirobebSi mkveTrad amcirebs yvela maqsimumis intensivobas da 

sawyisi mdgomareobis Sesabamis donemde aRadgens maT aqtivaciur 

maxasiaTeblebs.

   amrigad, 750ºC temperaturaze Termuli damuSavebisa da 

cikluri deformaciis monacvleobiT SesaZlebelia Ge-Si 

monokristaluri Senadnobebis Sinagani xaxunis temperaturuli 

speqtrebis parametrebis regulireba. es Tavisebureba 

ganpirobebulia aRniSnuli masalebis struqturaSi arsebuli 

defeqtebis konfiguraciuli cvlilebebis ganmeorebadobiT 

Termomeqanikuri damuSavebis ciklSi.

   Sinagani xaxunis speqtris analogiurad Ge+0,5at.%Si

monokristalis Zvris modulis temperaturuli damokidebuleba 

rTuli xasiaTisaa (nax.13,11). relaqsaciuri Sinagani xaxunis 

maqsimumebis kritikul temperaturebze Zvris moduli ganicdis 

Semcirebas anu vlindeba e.w. Zvris modulis defeqti. 380-4500C

intervalSi Zvris moduli nacvlad Semcirebisa anomalurad 

izrdeba. Ge-Si SenadnobebSi Si-is koncentraciis amaRlebiT Zvris 

modulis anomaliis intervali mcirdeba, is mkveTradaa 

gamosaxuli 4000C-is maxloblobaSi. germaniumTan SedarebiT 

Zvris modulis anomaluri cvlilebebis temperaturuli Sualedi 

gadanacvlebulia 15-200C-iT maRali temperaturebis 

mimarTulebiT. 7500C temperaturaze 10sT-is ganmavlobaSi mowva 

praqtikulad gavlenas ar axdens modulis anomaliaze yvela  

sacdel kristalSi.

   cikluri deformacia 7500C temperaturaze(ciklebis 

raodenoba-200, εmax=5·10-3)Zvris modulis anomaluri amaRlebis

sawyis temperaturas amcirebs 10-200C-iT yvela sacdel 

kristalSi.

   200-8000C temperaturul intervalSi Sinagani xaxunis fonisa 

da maqsimumebis intensivoba avlenen rxevis amplitudisagan  

Zlier damokidebulebas, e.i. relaqsaciuri Sinagani xaxunis 

maqsimumebi deformaciuli warmoSobis arian. cnobili Teoriis 

[105] Tanaxmad aRniSnuli tipis maqsimumebi ganpirobebulia 
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dislokaciebis moZraobiT gareSe Zabvis velSi. 4500C

temperaturis maxloblobaSi gazrdilia teqnologiuri 

minarevebis, kerZod, Jangbadis difuzia Senadnobis kristalur 

meserSi. aRniSnulTan dakavSirebiT SesaZlebelia davuSvaT, rom 

Termuli da meqanikuri zemoqmedebiT dislokaciebis 

gadaadgilebas axlavs minarevebis atomebis difuzuri 

gadanawileba. Sesabamisad mosalodnelia dislokaciebis 

damagreba axal poziciebSi, rac aisaxeba modulis anomalur 

amaRlebaSi anu kristalis dinamiur meqanikur ganmtkicebaSi.

  siliciumis koncentraciis gazrdiT vlindeba Ge-Si 

Senadnobebis struqturis meqanikuri maxasiaTeblebis amaRlebis 

tendencia, radganac kristaluri meseri ganicdis SekumSvas 

lokalizebul areebSi Canacvlebis poziciebSi ganTavsebuli 

siliciumis atomebis maxloblobaSi. Ees garemoeba Semdegi 

formiT aris warmodgenili Ge+0,5at.%Si Senadnobis Sinagani 

xaxunis temperturul speqtrSi (nax,13,2). Yyvela maqsimumis 

intensivoba aris amaRlebuli; isini gadanacvlebulia 10-20ºC-iT 

maRali temperaturebis mimarTulebiT. mniSvnelovnad maRalia 

maqsimumebis Termuli mdgradoba; maTi intensivoba mxolod     

10-15%-iT mcirdeba ganmeorebiTi gazomviT formirebul speqtrSi. 

~100ºC-ze arsebuli susti intensivobis relaqsaciuri procesi 

monokristalur germaniumSi arsebulis analogiuria da sruliad 

damoukidebulia grexiTi rxevebis amplituduri deformaciisagan. 

yvela sxva maqsimumis intensivobis amplituduri damokidebuleba 

vlindeba deformaciis maRal diapazonSi. 

   Mmowva 750 ºC temperturaze vakuumSi 10sT-is ganmavlobaSi 

praqtikulad nulamde amcirebs Sinagani xaxunis intensivobas 100

ºC temperaturis areSi, 20-25%-iT adablebs yvela danarCeni 

maqsimumis simaRles, amcirebs eqsponencialuri fonis 

intensivobas, zrdis kritikul temperaturas, romelzedac iwyeba 

fonis mkveTrad zrda. aRniSnuli xasiaTis cvlilebebi 

damaxasiaTebelia defeqtebis moZraobisaTvis, romelTac gaaCniaT 

aqtivaciis energiis maRali mniSvnelobebi. 
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     cikluri amplituduri deformacia 750 ºC-ze sagrZnoblad 

zrdis relaqsaciuri Sinagani xaxunis da fonis intensivobas, 

avlens maTi aqtivaciuri maxasiaTeblebis Semcirebasa da  

kritikuli temperaturebis gadanacvlebas 10-20ºC -iT dabali 

temperaturebis mimarTulebiT. aseT pirobebSi mcirdebian 

agreTve amplituduri deformaciis kritikuli sidideebi, 

romlebzedac rxeviTi energiis procesebis intensivoba iwyebs 

Zlier zrdas. 

      zemoT aRwerili cvlilebebi asaxulia defeqtebis 

moZraobis aqtivaciis cvlilebebSi. Termuli da niSancvladi 

Zabvis zemoqmedebiT regulirdeba calkeuli maqsimumis 

naxevargani da forma. maTi cvlilebebi ganpirobebulia 

relaqsaciaSi monawile defeqtebis struqturaSi 

koncentraciuli da konfiguraciuli cvlilebebiT. 

      Ge+2at.%Si Senadnobis fizikur-meqanikuri Tvisebebis 

cvlilebebi analogiuria siliciumis SedarebiT dabali 

Semcvelobis Senadnobebis aseTive maxasiaTeblebis. 

Gganmasxvavebelia maqsimumebis Termuli mdgradobis, kritikuli 

temperaturisa da aqtivaciuri maxasiaTeblebis zrdis kidev 

ufro metad gamovlineba Sinagani xaxunisa da Zvris modulis 

temperaturul speqtrebSi.  es miuTiTebs struqturis meqanikuri 

maxasiaTeblebisa da struqturuli defeqtebis moZraobisadmi 

potencialuri barieris amaRlebaze. cxrilSi 4 warmodgenilia 

Ge-Si Senadnobebis sacdeli nimuSebis fizikur-meqanikuri 

maxasiaTeblebi. Sedegebi miRebulia [111] orientaciis 

monokristalis kvleviT. Eeqsperimentulad dadginda, rom [100] 

orientaciis Ge-Si SenadnobebSi SenarCunebulia zemoTaRweril 

pirobebSi aqtivaciuri maxasiaTeblebis cvlilebaTa 

kanonzomierebani. sust cvlilebebs ganicdian Zvris modulis 

absoluturi sidide da relaqsaciuri maqsimumebis intensivoba, 

kerZod, is [111] mimarTulebis speqtrTan SedarebiT 20%-iT 

Semcirebuli sididiT xasiaTdeba. Mmetad mniSvelovania, is rom 

orientaciis cvlileba gavlenas ar axdens relaqsaciuri 
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procesebis aqtivaciis energiisa da sixSiris faqtoris 

sidideebze. SesaZlebelia daSveba, rom relaqsaciur procesebSi 

monawile defeqtebis wvlili damoukidebelia 

kristalografiuli orientaciisagan. Ppraqtikulad ar icvleba 

maRaltemperturuli Sinagani xaxunis eqsponencialuri  fonis 

maxasiaTeblebi, e.i. ucvlelia fonis formirebaSi monawile 

defeqtebis tipebi da koncentracia. 

2.4.2. meqanikuri relaqsaciuri procesebi boriT legirebul 

monokristalur  Ge0,99Si0,01SenadnobSi

      warmodgenilia monokristaluri Ge-Si Senadnobebis Zvris 

modulisa da Sinagani xaxunis temperaturuli damokidebulebis 

Seswavlis Sedegebi [109]. sacdeli kristalebi miRebulia 

Coxralskis meTodiT argonis garemoSi [111] kristalografiuli 

mimarTulebiT. boriT legirebuli kristalebi xasiaTdebian 

xvreluri gamtarobiT. zogierTi  kristalis zedapirze 

gamovlindnen zrdis procesSi formirebuli rgoliseburi 

terasebi, rac miuTiTebs teqnologiuri minarevebiT 

dekorirebuli dislokaciuri zonebis arsebobaze.

Kkristalografiul  (111) sibrtyeebze gamovlenilia araTanabrad 

ganawilebuli dislokaciebi. maTi saSualo simkvrive 1.103-3.104sm-2

Seadgens. Mmowva vakuumSi 750ºC 10 sT-is ganmavlobaSi 

praqtikulad gavlenas ar axdens dislokaciebis  ganawilebis 

xasiaTsa da raodenobaze (111) sibrtyeebze.

   etalonTan Sedarebis meTodiT ganisazRvra sacdeli 

monokristalebis Zvris modulis absoluturi sidideebi 

(ix.cxr.5). SedarebiTi analiziT dgindeba, rom boriT legirebul 

Ge-Si SenadnobebSi Zvris modulis cvlilebis xasiaTi  

mikrosisalis analogiuria. 
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monokristaluri Ge-Si Senadnobebis meqanikuri 
maxasiaTeblebi

                                                       cxrili 5 

sacdeli 

kristalebi

Ddislokaciebis 

simkvrive,

sm-2

M

mikrosisale,

kg/mm2

D

denis 

matareblebis 

koncentracia, 

sm-3

Zvris 

moduli,

kg/mm2

Ge0,99Si0,01:B

P

[111]

6.103 880 5.1016 4250

Ge0,99Si0,01:B

P

[111]

3.104 800 1.1019 4100

Ge0,98Si0,02:B

P

[111]

1.103     900 2.1015 4300

Ge0,98Si0,02:B

P

[111]

5.104 830 3.1019 4150

   cxrilis monacemebis analizi gviCvenebs, rom boris maRali 

Semcvelobis kristalebSi vlindeba struqturis miswrafeba 

“darbilebisaken”. denis matarebeli xvrelebis maRali 

koncentracia ganapirobebs xvrelebis wrfiv dislokaciuri 

zonaSi energetikuli mdgomareobebis Sevsebasa da dislokaciebis 

ganTavisuflebas eleqtruli bmis Zalebisagan. AaseT 

mdgomareobaSi gazrdilia gavrcobili wrfivi, planaruli  da 

moculobiTi dislokaciuri warmoSobis defeqtebis Zvradoba. 

Sesabamisad mcirdeba dislokaciis moZraobis aqtivaciis energia. 

es aisaxeba mikrosisalis, meqanikuri  modulebisa da drekadobis 

zRvris SemcirebaSi.  

  boriT sustad legirebuli [111] orientaciis Ge0,99Si0,01

monokristalSi ~1hc sixSireze grexiTi rxevebis milevis 

logariTmuli dekrementisa da sixSiris registraciiT 20-750 ºC  

intervalSi Sinagani xaxunisa da Zvris modulis speqtrebSi 
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gamovlenilia relaqsaciuri da histerezisuli tipis procesebi. 

sacdeli nimuSis kristalis Sinagani xaxunis temperaturuli 

speqtri Seicavs maqsimumebs 80,300,400 da 580-620ºC temperaturebze 

(sur.14,1). maRali intensivobis maqsimumi 380ºC temperaturis areSi 

xasiaTdeba Zvris modulis didi defeqtiT, danarCeni maqsimumebis 

maxloblobaSi Zvris modulis defeqtis mniSvneloba SedarebiT 

mcirea. 400-450ºC  da 500-580 ºC SualedebSi gamovlenilia Zvris 

modulis anomaluri zrda. analogiuri efeqtebi myar sxeulebSi 

ganpirobebulia dislokaciebis Zvradobis SemcirebiT  

blokirebis meqanizmiT. aRniSnulidan gamomdinare, mosalodnelia 

Ge-Si Senadnobebis struqturaSi difuzurad aqtiuri minarevebis 

atomebiTa da kompleqsebiT dislokaciebis damagrebis gaZliereba 

da Sesabamisad, kristalis dinamiuri meqanikuri ganmtkiceba. 

   rxevis sixSirisa da amplitudis cvlileba gavlenas axdens  

maqsimumebis temperaturasa da intensivobaze, rac cnobili 

TeoriiT [110] adasturebs maT dislokaciur bunebas. 

boriT legireba mcire koncentraciiT (~5.1016sm-3) zrdis 

maqsimumebis temperaturas, SesamCnevad amcirebs maT 

intensivobas(sur.14.2). boris maRali koncentraciis SemTxvevaSi 

mcirdebian maqsimumebis temperaturebi da intensivoba (sur.14.3). 

sixSiruli gadanacvlebis meTodiT ganisazRvra relaqsaciuri 

Sinagani xaxunis maqsimumebisa da maRaltemperaturuli fonis  

aqtivaciuri maxasiaTeblebi (cxr.6). 

  cxrilidan Cans, rom sustad legirebis SemTxvevaSi 

relaqsaciuri, dislokaciuri warmoSobis maqsimumebis 

aqtivaciuri maxasiaTeblebi izrdebian. Bboris maRali 

koncentraciis gavleniT sagrZnoblad mcirdebian Sinagani 

xaxunis maqsimumebis aqtivaciuri maxasiaTeblebi.
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nax.14. boriT legirebuli monokristaluri Ge0,99Si0,01 Senadnobis 
Sinagani xaxunis temperaturuli speqtrebi

1. Ge0,99Si0,01:B, (5.1016sm-3) f0=1,1hc;
2. Ge0,98Si0,02:B (2.1015sm-3),   f0=1,0hc;
3. Ge0,98Si0,02:B (3.1019sm-3), f0=1,25hc

(Ge-Si):B monokristalebis relaqsaciuri procesebis aqtivaciuri 
maxasiaTeblebi

                                               cxrili 6     

sacdeli

nimuSebi

relaqsaciuri 

maqsimumebis 

temperatura,

C

A

aqtivaciis 

energia,

ev

sixSiris 

faqtori, 

wm-1

relaqsaciuri 

fonis 

aqtivaciis 

energia,

ev

Ge0,99Si0,01:B

P

(5.1016sm-3)

[111]

100 1,0 3.1014

0.90

300 1,35 5.1013

400 1,55 5.1012

490 1,75 2.1014

580-620 1,90 3.1015

Ge0,98Si0,02:B

P

(2.1015sm-3)

[111]

110 1,10 5.1014

1,10

320 1,45 8.1013

430 1,60 7.1012

520 1,85 6.1014

600 2,00 2.1015
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Ge0,99Si0,01:B

P

(1.1019 sm-3)

[111]

80-100 0,90 1.1014

0.80

280 1,30 4.1013

385 1,45 2.1012

490 1,70 4.1014

580-600 1,80 1.1015

Ge0,98Si0,02:B

P

(3.1019sm-3)

[111]

90      0,85 1.1014

0,85

270 1,30 4.1013

3990 1,50 3.1012

495 1,75 2.1014

605 1,85 8.1014

    aRsaniSnavia,is garemoeba, rom nebismieri koncentraciiT 

siliciumis Semcveli Ge-Si Senadnobebis defeqtebis moZraobis 

aqtivaciis energiis sidideebi izrdebian. Aamis gamo, B-iT 

Zlierad legirebul SenadnobebSi erTdrulad realizebulia 

kristaluri mesris “darbilebisa” da ganmtkicebis faqtori. 

rogorc cxrilidan dgindeba aRniSnuli Taviseburebebi asaxulia 

aqtivaciis energiis sidideebis mdored Semcirebasa da gazrdaSi. 

   sacdeli kristalebis mowva vakuumSi 750ºC temperaturaze 

10sT-is ganmavlobaSi 10-15%-iT amcirebs Sinagani xaxunis fonis 

intensivobas, avlens relaqsaciuri procesebis aqtivaciis 

energiis zrdis tendencias boriT sustad legirebul Ge-Si

SenadnobebSi. Ees gamowveulia wertilovani defeqtebis 

koncentraciis SemcirebiT kristalebis moculobaSi da maTi 

gadanawilebiT dislokaciebis birTvebis mimarTulebiT. 

Uukanasknel SemTxvevaSi Zlierdebian dislokaciebis bmebi da 

kristali ganicdis ganmtkicebas. aRsaniSnavia isic, rom boris 

maRali koncentraciebis SemTxvevaSi mowva, piriqiT, amcirebs   

Ge-Si Senadnobebis fizikur-meqanikur maxasiaTeblebs. Ees aixsneba 

im TaviseburebiT, rom mowvis procesSi izrdeba myar xsnarSi 

boris atomebis koncentracia. Sesabamisad, maRldeba denis 

matarebeli xvrelebis koncentracia. sustdeba tetraedruli 

kavSirebi,  viTardeba kristaluri mesris “darbileba”. 
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   eqsperimentebiT dadginda, rom boriT legirebul 

monokristalur Ge0,99Si0,01 SenadnobSi mosalodnelia 

dislokaciebis Zvradobis rogorc amaRleba, aseve Semcireba da 

Sesabamisad, farTo diapazonSi struqturulad-mgrZnobiare 

fizikur-meqanikuri Tvisebebis maxasiaTeblebis regulireba. 

cnobilia [111,112], rom naxevargamtarebis legireba eleqtrulad 

aqtiuri minarevebiT upiratesad amcirebs dislokaciebis 

moZraobis aqtivaciis energias. mcire koncentraciebiT boris 

Semcveli Ge-Si Senadnobebis  ganmtkicebisaken midrekileba 

aixsneba mcire atomuri radiusis boris atomis maxloblobaSi 

kristaluri mesris lokaluri SekumSviTa da amis Sedegad 

atomTaSorisi kavSiris Zalebis amaRlebiT. 

   boris maRali koncentraciebis SemTxvevaSi (1.1019sm-3)ufro 

Zlierad vlindeba denis matareblebis gavleniT atomTaSorisi 

kavSiris Zalebis dasusteba, ris gamo mcirdeba dislokaciebis 

moZraobis aqtivaciis energia da meqanikuri Tvisebebis 

maxasiaTeblebi (mikrosisale, Zvris moduli). miRebuli Sedegebi 

cxadyofen dislokaciebis Zvradobis marTvis SesaZleblobebs, 

rac naTlad aris warmodgenili dislokaciuri relaqsaciuri 

procesebis aqtivaciuri maxasiaTeblebis cvlilebebis saxiT. 

relaqsaciuri procesebis mikroskopuli meqanizmebis sruli 

analizisaTvis aucilebelia  Ge-Si legirebuli Senadnobebis 

dislokaciuri struqturisa da fizikur-meqanikuri Tvisebebis 

urTierTkorelaciuri damokidebulebebis  kvleva eleqtronuli 

mikroskopiisa da akustikuri speqtroskopiis meTodebiT. 
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2.4.3. kristalografiuli orientaciis gavlena Ge-Si Senadnobebis 

Zvris modulze

   Ge, Si da Ge-Si sistemis myari xsnarebi xasiaTdebian almasis 

tipis struqturebiT. aRniSnulis gamo mosalodnelia maTi 

struqturulad-mgrZnobiare fizikuri Tvisebebis 

anizotropuloba. warmodgenilia monokristaluri Ge da Ge1-xSix  

(x0,02)nimuSebis Zvris modulis orientaciuli da temperaturuli 

damokidebulebebis eqsperimentuli kvlevis Sedegebi [113]. Zvris 

modulis absoluturi mniSvnelobebi gansazRvrulia etalonTan 

Sedarebis meTodiT. gazomvebisaTvis almasis diskze daWriT 

damzadebulia prizmis formis nimuSebi zomebiT 0,5.0,5.(10-15)mm3. 

isini orientirebulia [100], [111] da [110] mimarTulebebiT. 

Kkristalografiuli orientacia ganisazRvra ДРОН-3 tipis 

rentgenis difraqtometrze spilenZis gafiltruli gamosxivebiT.

  sacdeli nimuSebis meqanikuri maxasiaTeblebis sruli 

daxasiaTebisaTvis gansazRvruli iqna agreTve maTSi 

dislokaciebis simkvrive, eleqtrogamtarobis tipi, denis 

matareblebis koncentracia. Agermaniumis aralegirebul sacdel 

nimuSebs axasiaTebT miRebis teqnologiiT ganpirobebuli 

zogierTi ganmasxvavebeli niSani, rac naTlad Cans cxrilidan 7. 

Ge-Si monokristalebis fizikur-meqanikuri maxasiaTeblebi

cxrili 7 

sacdeli 

nimuSebi

E

eleqtroga

mtarobis 

tipi

D

denis 

matareblebis 

koncentracia

, sm-3

Ddislokacie

bis 

simkvrive(111) 

sibrtyeze,sm-2

Zvris 

moduli,kg/mm2

[100] [110] [111]

Ge p 5.1014 2.102 4300 4400 4450

Ge0,995Si0,005 p 8.1014 1.103 4430 4500 4500

Ge0,99Si0,01 p 1.1015 5.103 4450 4540 4620

Ge0,98Si0,02 p 3.1015 1.104 4500 4600 4700
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yvela sacdeli nimuSi p-tipisaa da maTSi denis matareblebis 

koncentracia mkveTrad ar gansxvavdeba erTmaneTisagan. 

SesamCnevia gansxvaveba dislokaciebis simkvriveebs Soris, 

romlebic yvela SenadnobisaTvis gansazRvrulia (111) 

orientaciis sibtryeebze. Aase magaliTad, modulis sidideebis 

SedarebiT analizSi mxedvelobaSia misaRebi is garemoeba, rom 

Ge-isa da  Ge0,98Si0,02 Senadnobis dislokaciebis simkvriveebi ori 

rigiT gansxvavdebian erTmaneTisagan. Mmiuxedavad aRniSnulisa 

mkveTrad aris warmoCenili meqanikuri modulis zrda Si-is 

koncentraciis amaRlebis proporciulad. Ee.i. Zvris modulis 

amaRlebaSi ZiriTadi wvlili SeaqvT germaniumis kristalur 

meserSi siliciumis Canacvlebuli atomebis maxloblobaSi 

aRZrul SemkumSav Zabvebs, maTTan dakavSirebul kumSviT 

deformaciebsa da, Sesabamisad, atomTaSorisi manZilebis 

Semcirebas. Yyovelive aRniSnuli ganapirobebs kristaluri 

mesris lokaluri bmebis gaZlierebasa da Zvris modulis 

absoluturi mniSvnelobebis gazrdas. 

[100] mimarTulebiT atomTaSorisi manZilebi SedarebiT didia. 

Sesabamisad Sesustebulia maT Soris kovalenturi bmebi, rac 

ganapirobebs Zvris modulis absoluturi mniSvnelobebis 

Semcirebas. damatebiTi Semcireba SesaZlebelia miekuTvnos 

dislokaciebis simkvrivis amaRlebas Ge-Si Senadnobebis 

struqturebSi. aRsaniSnavia, rom Zvris modulis cvlilebis 

QWeSmariti kanonzomierebis dadgenisaTvis aucilebelia 

gamokvleuli iqnas Ge-Si Senadnobebi udislokacio struqturuli 

mdgomareobiT. 

   Termuli damuSaveba vakuumSi (mowva) 500-750ºC da 800-900ºC

temperaturebze sxvadasxvanairad moqmedebs nebismierad 

orientirebuli kristalebis Zvris modulis sidideze. kerZod, 

pirvel intervalSi mowva 3-5sT-is ganmavlobaSi iwvevs Zvris 

modulis zrdas 10-15%-iT. Aamave dros ar icvleba gamtarobis 
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tipi da dislokaciebis simkvrive. denis matareblebis 

koncentracia Termulad damuSavebul kristalebSi umniSvnelod 

(5-10%) mcirdeba. savaraudoa, rom minarevebis gansazRvruli 

raodenoba gadadis dislokaciebis atmosferoebSi da 

eleqtrulad neitraluri xdeba. 

vakuumSi mowva 900ºC  temperaturaze 0,5-3 sT-is ganmavlobaSi 

avlens xvrelebis koncentraciis zrdis tendencias, Zvris 

modulis SesamCnevad (15%) Semcirebas samive mimarTulebis 

kristalebSi. maRal temperaturebze mimdinareobs minarevebis 

“aorTqleba”  dislokaciebis atmosferoebidan da maTi gadasvla 

eleqtrulad aqtiur Canergvisa da Canacvlebis poziciebSi. 

Mminarevebisagan gaRaribebuli dislokaciuri atmosferoebi 

Zlierad ver amuxruWeben dislokaciebze arsebuli Runvebis 

moZraobas. Aamis gamo izrdeba dislokaciebis Zvradoba, rac 

asaxulia Zvris modulis SemcirebaSi.  

      grexiTi rxevebis  1 hc sixSireze gazomil iqna [111] 

orientaciis monokristaluri germaniumis Zvris modulis 

temperaturuli damokidebuleba (nax. 15,1). oTaxis temperaturidan 

200C-mde Zvris moduli temperaturaze praqtikulad 

damoukidebelia.ESeimCneva mxolod misi umniSvnelo wrfivi 

Semcireba, rac kristaluri mesris siTburi rxevebis gaZlierebiT 

aris ganpirobebuli. 200C-500C temperaturul SualedSi Zvris 

moduli Zlierad safexurebrivad mcirdeba da aRwevs minimums 

300C temperaturis maxloblobaSi. temperaturis Semdgomi 

amaRlebiT Zvris moduli iwyebs zrdas, rac 400C temperaturamde 

grZeldeba. misi Semdgomi cvlileba aramonotonuria, xasiaTdeba 

mcire minimumiTa (500C) da maqsimumiT 670C temperaturebis 

miaxloebaSi. 700C  temperaturidan dnobis wertilamde Zvris 

moduli wrfivad mcirdeba. miRebuli temperaturuli speqtri 

Termulad mdgradia. is praqtikulad ganmeorebadia. misi forma 

praqtikulad ar icvleba mowviT 750C  temperaturaze 5-10sT-is 

ganmavlobaSi.  
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   850C-900C temperatururebze 5sT-iani mowvisa da oTaxis 

temperaturamde 1C/wT siCqariT gacivebis Semdeg Zvris modulis 

temperaturuli damokidebuleba 500C-dan zemoT   xasiaTdeba 

monotonuri wrfivi SemcirebiT da aRniSnul intervalSi ar 

SeiniSneba misi anomaluri cvlileba.

Nnax.15 Zvris modulis temperaturuli damokidebuleba Ge (1) da
Ge0,98Si0,02 (2) monokristalebSi

    200C-450C intervalSi modulis cvlileba asaxulia 

minimumis 2-3-jer SemcirebaSi. Sesabamisad naklebad mkveTria misi 

amaRleba minimumis temperaturidan (300C) 450C temperaturamde. 

cxadia maRal temperaturebze mowvam moaxdina arastabilur 

kompleqsebSi gardaqmna da minarevebis axal kompleqsebSi 

naklebi intensivobiT viTardebian konfiguraciuli Zvrebi, rac 

gamoiwvevs modulis anomalur amaRleba-Semcirebis procesebs. 

   maRal temperaturebze (900C) mowvis Semdeg 

maRalamplituduri grexiTi cikluri deformacia (ciklebis 

raodenoba – 500, fardobiTi deformacia 110-3) 350C-ze kvlav 

rTul temperaturul damokidebulebas avlens Zvris modulis 

speqtrSi 200C-500C intervalSi. SesaZlebelia, rom Termo-

meqanikuri ciklirebiT amaRlebul temperaturebze xorcieldeba 

Zvris modulis cvlilebis anomaliis intensivobis marTva 

Senelebisa da gaZlierebis mimarTulebiT.
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   monokristaluri Ge0,98Si0,02 Senadnobis Zvris modulis 

temperaturuli speqtri ZiriTadad analogiuria monokristaluri 

germaniumis Zvris modulis temperaturuli damokidebulebis (nax. 

15,2). Gganmasxvavebelia modulis minimumis wertilis wanacvleba 

maRali temperaturebisaken, agreTve, rac metad mniSvnelovania, 

modulis minimumis gacilebiT didi siRrme. miRebuli speqtri 

mdgradia mowvebisadmi 3-10sT-s ganmavlobaSi 700C  

temperaturaze. 900C  temperaturis areSi mowva  5sT-is 

ganmavlobaSi avlens Zvris modulis minimumis Semcirebis 

tendencias da is ar aris iseTi ZaliT warmoCenili, rogorc 

aralegirebuli germaniumis SemTxvevaSi. 

   maRalamplituduri cikluri deformacia 900C  

temperaturaze (ciklebis raodenoba _ 500, fardobiTi 

deformacia  110-3 ) praqtikulad gavlenas ar axdens Zvris 

modulis temperaturul damokidebulebaze 200C-500C 

intervalSi. savaraudoa, rom gansxvavebiT aralegirebuli 

germaniumisagan, Ge0,98Si0,02 SenadnobSi dispersuli fazebi da 

wertilovani defeqtebis kompleqsebi Termulad mdgradia da 

aRniSnul pirobebSi Termuli damuSavebiT maT struqturebSi 

arsebiTi cvlilebebi ar xdeba. 

   [100] da [110] kristalografiuli mimarTulebiT Zvris modulis 

fardobiTi mniSvnelobis temperaturuli damokidebuleba 

analogiuria [111] orientaciis Ge da Ge0,98Si0,02 nimuSebis Zvris 

modulis speqtrebisa. gansxvavebulia maTi Zvris modulis 

cvlilebebis xasiaTi 500 -900C intervalSi, sadac modulis 

sidide sustad, monotonurad wrfivi damokidebulebiT mcirdeba. 

Zvris modulis wrfivi sustad gamovlenili Semcireba 

damaxasiaTebelia aseve monokristaluri germaniumisaTvis [114], 

romlis drekadobisa da Zvris modulebi xangrZlivi (50sT) 

mowviT 800-900C temperaturebze ganicdian wrfiv Semcirebas. 
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2.5. Ge-Si sistemis  kristalebis aradrekadi maxasiaTeblebis 

amplituduri damokidebuleba

  naxevargamtaruli masalebis fizikur-meqanikuri, 

optikuri,Termuli da eleqtrofizikuri Tvisebebi Zlierad arian 

damokidebuli maT struqturul mdgomareobaze, damaxasiaTebeli 

wertilovani da gavrcobili defeqtebis koncentraciaze, tipsa 

da urTierTqmedebis bunebaze. aRniSnulidan gamomdinare  

aucilebelia realuri struqturuli mdgomareobis, defeqtebis 

tipebisa da mdgradobis, Casaxvisa da moZraobis aqtivaciis 

energiis mniSvnelobebis diagnostika da gansazRvra.

2.5.1. msxvilmarcvlovani germaniumis Sinagani xaxunisa da Zvris 

modulis amplituduri damokidebuleba

   sacdeli nimuSebi miRebulia Coxralskis meTodiT. miRebul 

kristalebSi Jangbadis koncentracia Seadgens 5.1017sm-3; 

teqnologiuri minarevebiT ganpirobebulia n-tipis gamtaroba 

eleqtronebis koncentraciiT 1.1015sm-3.

    Sinagani xaxunis damokidebuleba grexiTi rxevebis 

amplitudaze gazomili iqna sxvadasxva fiqsirebul 

temperaturaze. oTaxis temperaturis areSi Sinagani xaxunis 

metad umniSvnelo zrda SeiniSneba rxevis amplitudis farTo 

diapazonSi. aRniSnuli xasiaTis cvlileba SenarCunebulia imave 

temperaturaze maRalamplituduri cikluri deformaciis (5.10-3) 

Semdeg, rac aixsneba masalis dislokaciuri struqturis metad 

mcire ZvradobiT. oTaxis temperaturaze germaniumis kristalSi 

mikroplastikurobis gamovlineba praqtikulad ar xdeba. 150C

temperaturaze Sinagani xaxunis iwyebs intensiurad amaRlebas 

rxevis amplitudis gazrdiT da aRwevs maqsimums (16.1).  
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nax.16. msxvilmarcvlovani germaniumis Sinagani xaxunis amplituduri 
damokidebuleba

1. - 20C, 2._ 150C, 3.- 300C, 4.- 450C, 5.- 600C.

   miRebuli speqtri ganmeorebadia. Sinagani xaxunis fonisa da 

maqsimumis intensivoba 20-25%-iT mcirdeba 750C -ze 5sT-is 

ganmavlobaSi vakuumSi mowvis Semdeg. amave dros maqsimumi avlens 

maRali amplituduri deformaciebis mimarTulebiT 

gadaadgilebis tendencias. amave temperaturaze Termulad 

damuSavebuli nimuSis grexiTi cikluri deformacia (5.10-3)kvlav 

aRadgens Q-1() grafiks sawyis mdgomareobamde. 300C

temperaturaze Q-1() damokidebuleba xasiaTdeba kritikuli 

amplituduri deformaciis SemcirebiT, romelzedac fiqsirdeba 

maqsimumi. izrdeba fonisa da maqsimumis intensivoba. maTi 

Semcireba SesaZlebelia mowviT vakuumSi 750C-ze 5sT-is 

ganmavlobaSi. morigi cikluri deformacia imave temperaturaze 

(ciklebis raodenoba=500) aRadgens fonisa da maqsimumis 

intensivobas, amasTan erTad SeiniSneba maqsimumis naxevarganis 1,5-

jer gadideba.

  350C temperaturaze mkveTrad maRldeba Sinagani xaxunis foni, 

magram SedarebiT sustad izrdeba maqsimumis intensivoba da aseve 

umniSvnelo sididiT inacvlebs is dabali deformaciebis 

mimarTulebiT. 750C temperaturaze mowviTa da 

maRalamplituduri deformaciiT SesaZlebelia aRniSnuli 
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aradrekadi maxasiaTeblebis amaRlebisa da Semcirebis 

regulireba. 600C temperaturaze gazomvebis Sedegebi ZiriTadad 

analogiuria 350C temperaturaze miRebuli Sedegebis. 

ganmasxvavebelia is garemoeba, rom Sinagani xaxunis fonisa da 

maqsimumis intensivobis marTva miiRweeva SedarebiT dabal 

temperaturaze mowvisa da maRalamplituduri deformaciis 

monacvleobiTi zemoqmedebiT. 700C temperaturaze mniSvelovnad 

mcirdeba Q-1() grafikze asaxuli maqsimumis maxloblobaSi  

Sesabamisi amplituduri deformaciis mniSvneloba. is kidev ufro 

metad mcirdeba sacdeli kristalis 700C temperaturaze 

maRalamplituduri cikluri deformaciis gavleniT. 

   Sinagani xaxunis amplitudur damokidebulebaze maqsimumis 

formireba cnobili Teoriis [115] Tanaxmad ukavSirdeba 

dislokaciebisa da minarevebis, agreTve Termuli da meqanikuri 

warmoSobis Zabvebis Semcveli kristalebis struqturaSi 

ganmtkicebisa da “darbilebis” procesebs. mocemul SemTxvevaSi 

mxedvelobaSia misaRebi sacdeli kristalis struqturaSi 

oreulebis lartyebiseburi simravleebis didi raodenobiT 

arseboba. sacdeli msxvilmarcvlovani germaniumi Rrmad aris 

gasufTavebuli minarevebisagan, amis gamo naklebad 

mosalodnelia kristalur meserSi rTuli kompleqsebis 

formirebisa da daSlis procesebis ganviTareba sxvadasxva tipis 

dislokaciebis kotrelis atmosferoebSi.

   miRebuli Sedegebisa da struqturuli mdgomareobis 

SedarebiTi analizis safuZvelze realuria miCneuli iqnas 

pirvel kritikul amplitudad Q-1() damokidebulebaze arsebuli  

maqsimumis Sesabamisisi amplituduri deformaciis mniSvneloba.  

Zvris modulis absoluturi sididis eqsperimentuli sididis da 

amplituduri deformaciis mniSvnelobiT Sefasebulia sacdeli 

kristalis drekadobis zRvari cnobili damokidebulebidan: 

=GG.maqs.
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maqs.-is sididis maRali sizustiT gansazRvrisaTvis 

Seswavlilia msxvilmarcvlovani germaniumis Zvris modulis 

fardobiTi mniSvnelobis amplituduri damokidebuleba (nax.17).

   rxevis sixSiris gazomvebi Sesrulebulia zemoT aRniSnul 

fiqsirebul temperaturebze. naxazidan Cans, rom kritikul 

amplitudur deformaciaze Zvris moduli ganicdis mkveTrad 

Semcirebas, ris Semdegac amplituduri deformaciis maRal 

intervalSi SeiniSneba modulis zrdis tendencia.

   aRniSnuli xasiaTis cvlilebebi  naTlad vlindebian 

maRaltemperaturul diapazonSi formirebul G/G0()speqtrebSi.  

Nnax.17. mxxvilmarcvlovani germaniumis Zvris modulis amplituduri 
damokidebuleba

1. 20ºC ,2.- 150 ºC, 3.-300 ºC, 4.-450 ºC, 5.-600 ºC.
       

   750C temperaturaze mowviTa(5sT) da Semdgomi deformaciiT 

maRal amplitudaze (maqs.=5.10-3;N=500) fiqsirdeba modulis 

vardnis siRrmis gazrda da Semcireba, rac dislokaciuri 

warmoSobis defeqtebis blokirebisa da blokirebisagan 

ganTavisuflebis procesebiT aris ganpirobebuli. unda 

aRiniSnos, rom analogiurad Sinagani xaxunisa, Zvris modulis 

amplitudur damokidebulebaze gamovlenili amaRlebis efeqti 

ZiriTadad ganpirobebulia individualuri da Sejgufebuli 

dislokaciebis birTvebTan arsebuli minarevebis atomebisa da 

kompleqsebis atmosferoebSi cvlilebebiT. 
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cxrilSi8 warmodgenilia msxvilmarcvlovani germaniumis 

zogierTi meqanikuri maxasiaTebeli, romelic gansazRvrulia 

sacdeli nimuSis dinamiuri datvirTvis pirobebSi. 

cxrilSi8  warmodgenili Sedegebi miRebulia daSvebis 

safuZvelze, romlis Tanaxmad Zvris modulis absoluturi 

sidide umniSvnelod (10%) mcirdeba 20-600C temperaturul 

diapazonSi. Sesabamisad, drekadobis zRvris gamoangariSeba 

Sesrulebulia momwvar mdgomareobaSi oTaxis temperaturaze 

Zvris modulis gazomviT miRebuli sidideebze dayrdnobiT. 

msxvilmarcvlovani germaniumis dinamiuri meqanikuri 
maxasiaTeblebi

cxrili 8

G

gazomvis 

temperatu

ra,

C

A

amplituduri deformacia

D

drekadobis zRvari, kg/mm2

sawyisi 

mdgomareoba

Mmomwvari,750

C, 5sT.

sawyisi 

mdgomareoba

Mmomwvari,75

0C, 5sT.

20 4.10-4 7.10-4 18 31,5

150 2.10-4 4.10-4 9 18

300 8.10-5 1.10-4 3,6 4,5

450 5.10-5 7.10-5 2,25 3,15

600 3.10-5 5.10-5 1,35 2,25

  

2.5.2. Ge-Si Senadnobebis Sinagani xaxunisa da Zvris modulis 

amplituduri damokidebuleba

   naxevargmatruli kristalebis meqanikuri Tvisebebi Zlierad 

arian  damokidebuli dislokaciebsa da minarevebis atomebs 

Soris urTierTqmedebis bunebaze. kerZod, meqanikuri da 

mikroplastikuri maxasiaTeblebis mravali Tavisebureba 

mniSvnelovnad aris ganpirobebuli oTaxis temperturidan 1000ºC

temperturamde intervalSi Jangbadis Semcvel kompleqsebSi 

gardaqmnebisa da dislokaciebis maxloblobaSi lokalizebuli 
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deformaciis cvlilebebiT, rac aregulirebs dislokaciebis 

blokirebisa da damamuxruWebeli barierebisagan 

ganTavisuflebis procesebs. 

   realuri struqturuli mdgomareobis aseTi tipis cvlilebebi 

efeqturad aisaxeba Sinagani xaxunisa da dinamiuri meqanikuri 

modulebis amplitudur Ddamokidebulebaze farTo 

temperaturul da deformaciis diapazonSi. 

   warmodgenilia monokristaluri Ge, Ge:B, Ge:As da legirebuli 

Ge-Si Senadnobebis Sinagani xaxunisa da Zvris dinamiuri modulis 

amplituduri damokidebulebebis kvlevis Sedegebi. eqsperimentebi 

Sesrulebulia ZiriTadad oTaxis temperturaze sixSiris 0,5-5,0hc 

da amplituduri deformaciis   5.10-5-3.10-5 intervalebSi. sakvlevi 

kristalebis orientacia- [111], dislokaciebis simkvrive icvleba  

1.102-5.104sm-2 diapazonSi. 

   [111] mimarTulebis monokristaluri germaniumis Sinagani 

xaxunisa da Zvris modulis amplitudur damokidebulebebze 

fiqsirebulia amplituduri deformaciis erTadaerTi 

mniSvneloba, romelzedac deformaciis zrdis procesSi iwyeba 

Sinagani xaxunis wrfivi zrda da Zvris modulis daaxloebiT 

wrfivi Semcireba. 5.10-5-1.10-3 amplituduri deformaciebis 

diapazonSi aRniSnuli damokidebulebebi ganmeorebadia, rac 

niSnavs, rom rxeviTi datvirTvebi xorcieldeboda drekadobis 

sazRvrebSi. Hhukis kanonidan gadaxra Zabva-deformaciis 

diagramaze (-ε) SesaZlebelia gamovlindes zemoT aRniSnuli 

kritikuli amplituduri deformaciis pirobebSi. aRniSnulidan 

gamomdinare SesaZlebelia, rom monokristalur germaniumSi 

zRvrul rxeviT deformaciaze miRweulia drekadobis zRvari. 

   maRalamplituduri cikluri deformacia (ε =5.10-3 , ciklebis 

raodenoba N=500) 10-15%-iT amcirebs kritikuli amplituduri 

deformaciis mniSvnelobas. aRniSnuli donis deformaciiT 

oTaxis temperaturis pirobebSi praqtikulad SeuZlebelia 

germaniumis struqturaSi axali dislokaciebis Casaxva. 
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SesaZlebelia mxolod  arsebuli dislokaciebis mowyveta 

damagrebis susti centrebidan da merxevi dislokaciuri 

segmentis sigrZis mniSvnelovnad gazrda. swored aseT 

cvlilebebs SeuZliaT ganapirobon kritikuli amplituduri 

deformaciis Semcireba. Mmowva 600ºC temperturaze vakuumSi 5sT-

is ganmavlobaSi amaRlebs  amplituduri deformaciis sidides. 

rac xorcieldeba Termuli zemoqmedebiT, minarevebis difuziiTa 

da dislokaciebis bmebis gaZlierebiT. 

   cikluri deformacia 600ºC temperturaze da Semdgomi swrafi 

gaciveba (gamaxureblis gamorTva, inertuli gazis SeSveba) 

mniSvnelovan gavlenas axdens dislokacia-wertilovani 

defeqtebis sivrcul konfiguraciasa da kotrelis atmosferoSi 

defeqtebis koncentraciaze. Ees naTlad dasturdeba Sinagani 

xaxunisa Q-1(ε) da Zvris fardobiTi modulis  (G/Go(ε)) 

damokidebulebebze warmodgenili cvlilebebiT. deformirebul 

mdgomareobaSi dabal deformaciebze ~20%-iT  gazrdilia fonis 

intensivoba da Zvris moduli ganicdis sustad wrfiv Semcirebas. 

~15%-iT Semcirebulia kritikuli amplituduri deformacia (εkr.). 

mkveTrad izrdeba Zvris modulis wrfivi Semcirebis siCqare 

deformaciis ε≥ εkr. intervalSi. cxadia aseTi tipis cvlilebebi 

ganpirobebulia dislokaciebis bmebis SemcirebiTa da maTze 

arsebuli Runvebisa da segmentebis moZraobiT SedarebiT did 

manZilebze niSancvladi Zabvis velSi. 

   boriT legireba (~1016sm-3) gavlenas ar axdens Q-1(ε) da (G/Go(ε)) 

damokidebulebebis formaze.Kkvlav erTaderTi kritikuli 

amplituduri deformacia axasiaTebs aradrekadobis parametrebis 

amplitudur damokidebulebas, gazrdilia kritikuli amplitudis 

mniSvneloba. amasTan erTad Zvris moduli ganicdis mdored 

sustad Semcirebas. cikluri deformacia 600ºC temperaturaze (ε

=5.10-3 , ciklebis raodenoba N=500) avlens Q-1(ε) –is fonis zrdis, 

Zvris modulisa da εkr –is Semcirebis tendencias. savaraudoa, 

rom boris mcire radiusis maxloblobaSi aRZruli SemkumSavi 

Zabvebi amuxruWeben dislokaciebis moZraobas, aZliereben 
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kristalur meserSi atomTaSorisi kavSiris Zalebs, ris 

Sedegadac germaniumis kristaluri struqtura ganicdis 

ganmtkicebas. 

   boris maRali koncentraciiT legirebuli germaniumis 

monokristalisaTvis damaxasiaTebelia e.w. “darbileba”, rac 

vlindeba Sinagani xaxunis fonis amaRlebasa da kritikuli 

amplituduri deformaciis SemcirebaSi ~15%-iT. izrdeba aseve 

G/Go(ε) damokidebulebis grafikis daxriloba anu Zvris modulis 

Semcirebis siCqare. Termuli damuSaveba (mowva 600-700 ºC) 

temperturul intervalSi avlens εkr –is zrdisa da 

dislokaciebis blokirebis tendencias, Sesabamisad mcirdeba 

dislokaciuri warmoSobis Sinagani xaxunis fonis intensivoba, 

gacilebiT neli siCqariT ecema Zvris moduli maRali 

amplituduri deformaciis intervalSi. 

   monokristaluri Ge;As–is aradrekadi Tvisebebis 

maxasiaTeblebis cvlilebebi damoukidebelia malegirebeli 

dariSxanis koncentraciisgan 1015-1019sm-3 diapazonSi. 

erTmaneTisagan gansxvavdebian mxolod kritikuli amplituduri 

deformaciisa da Zvris modulis wrfivad cvlilebis siCqaris 

mniSvnelobebi. dariSxanis maRali koncentraciiT legirebuli 

germaniumisaTvis sagrZnoblad mcirdeba εkr–is sidide da 

deformaciis zrdis pirobebSi Zvris moduli momatebuli 

siCqariT wrfivad mcirdeba. mowviT 3-5 sT-is ganmavlobaSi 600-750

ºC intervalSi izrdeba dariSxanis koncentracia myar xsnarSi. 

Sesabamisad maRldeba denis matarebeli Tavisufali 

eleqtronebis koncentracia da ivseba Seuvsebeli eleqtronuli 

doneebi  dislokaciebis birTvebTan. aRniSnuli cvlilebebi 

ganapirobeben dislokaciebis Zvradobis zrdas, kritikuli 

amplituduri deformaciis Semcirebasa da Sinagani xaxunis fonis 

intensivobis SesamCnevad amaRlebas. Ddadginda, rom dariSxanis 

nebismieri koncentraciiT legirebuli monokristaluri 

germaniumi avlens mikroplastikurobisaken miswrafebas. 
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Ge-Si sistemis monokristalebis dinamiuri meqanikuri 
maxasiaTeblebi

cxrili 9

Kkvlevis 

obieqtebi

Zvris 

moduli, 

kg/mm2

I 

kritikuli 

amplituda

II 

kritikuli 

amplituda

Ddrekadobis 

I zRvari, 

kg/mm2

Ddrekadob

is II 

zRvari, 

kg/mm2

Ge

p ,[111] 3850 6.10-5 4.10-4 0,23 1,54

Ge:B

p ,[111] 4050 2.10-4 6.10-4 0,81 2,43

Ge:As

n ,[111] 3700 4.10-5 8.10-5 0,15 0,29

Ge0,99Si0,01

p ,[111] 4150 1.10-4 3.10-4 0,41 1,24

Ge0,98Si0,02

p ,[111] 4200 3.10-4 5.10-4 1,26 2,1

Ge0,99Si0,01:B

p ,[111] 4260 4.10-4 6.10-4 1,70 2,56

Ge0,98Si0,02:B

p , [111] 4300 5.10-4 7.10-4 2,16 3,01

Ge0,99Si0,01:As
3900 6.10-5 8.10-5 0,23 0,31

Ge0,98Si0,02:AS
3950 8.10-5 1.10-4 0,32 0,395

   Ge-Si Senadnobebis struqturaSi araerTgvarovnad ganawile-

buli malegirebeli siliciumis atomebTan warmoqmnilia 

lokaluri kumSvis deformaciis areebi. lokalizebuli 

deformaciis velis gavleniT masalis damaxasiaTebeli 

teqnologiuri minarevebi (O2, N2, C da a.S.) araerTgvarovnad 

arian ganawilebulni kristalur meserSi da dislokaciebis 
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garemomcvel kotrelis atmosferoebSi. aRniSnulidan 

gamomdinare mosalodnelia monokristaluri Ge-Si Senadnobebis 

Sinagani xaxunisa da Zvris dinamiuri modulis rxevis 

amplitudisagan rTuli damokidebuleba.

marTlac, monokristaluri Ge-Si Senadnobebi oTaxis tempera-

turaze xasiaTdebian Sinagani xaxunisa da Zvris modulis rxevis 

amplitudisagan mravalstadiuri damokidebulebiT. Ge0.99Si0.01

Senadnobis [111] kristalografiuli orientaciis nimuSis Sinagani 

xaxunis speqtri oTaxis temperaturaze Sedgenilia sami, 

erTmaneTisagan gancalkavebuli diapazoniT (nax.16) 

   pirvel diapazonSi (510-6-710-4) Sinagani xaxunis intensivoba 

dabalia da izrdeba sustad rxevis amplitudis proporciulad. 

710-5 amplitudur deformaciaze iwyeba Sinagani xaxunis 

intensivoba  wrfivi SesamCnevad zrda, romelic grZeldeba 

rxevis amplitudis 310-4 sididemde. amplitudis Semdgomi zrdisas 

Sinagani xaxuni mkveTrad izrdeba. grexiTi deformaciis  ampli-

tudis farTo diapazonSi (10-5-10-4) Ge0.99Si0.01 Senadnobis Sinagani 

xaxunis intensivoba izrdeba wrfivad, amplituduri deformaciis 

maRal diapazonSi Sinagani xaxunis intensivobis mkveTrad zrda 

arawrfivia.

   pirveli kritikuli amplituda Seesabameba kritikul Zabvas, 

romlis zemoqmedebiT dislokaciaze arsebuli merxevi segmenti 

mowydeba sustad damagrebul wertilovan defeqts, rogoricaa 

erTeulovani vakansia, minarevis atomi da maTi martivi 

kompleqsebi. cnobilia, rom pirvel kritikul deformaciamde 

adgili aqvs mxolod dislokaciuri segmentis gamrudebas, rac 2-

5 atomTaSoris manZilze xorcieldeba da Seqcevadi xasiaTisaa, 

radganac rxevis Sewyvetis Semdeg merxevi dislokaciuri segmenti 

praqtikulad ubrundeba sawyis energetikul mdgomareobas.
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Nnax.18. monokristaluri Ge0.99Si0.01 Senadnobis Sinagani xaxunis 
cvlileba deformaciis zrdisa da Semcirebis ciklSi

   

pirveli amplitudis zeda diapazonSi meore kritikuli 

amplitudamde dislokaciis mowyveta-damagreba Seqcevadia. 

amplitudis Semcirebisas wrfivi daWimulobis Zalebi segments 

kvlav daabruneben sawyis mdgomareobaSi. aseT pirobebSi Sinagani 

xaxunis mniSvnelobebi amplitudebis zrdisa da Semcirebis dros 

praqtikulad identuri arian.

Sinagani xaxunis Seuqcevadi zrda vlindeba meore kritikul 

amplitudidan da Zlierdeba ufro maRal amplitudaze. ukusvlis 

grafikze fiqsirdeba anomalurad maRali intensivobis Sinagani 

xaxunis ganieri maqsimumi, romlis dabal amplituduri fonis 

intensivoba 1,5-2jer maRalia sawyisi mdgomareobis fonTan 

SedarebiT. 

Teoriidan cnobilia [116], rom meore kritikul amplitudaze 

iwyeba dislokaciis mowyveta damagrebis Zlieri centrebidan da 

misi gadaadgileba did manZilze. SesaZlebelia aseve axali 

dislokaciebis warmoqmna. rxevebis Sewyvetis Semdeg dislokaciis 

segmenti ar ubrundeba sawyis mdgomareobas. igi damagrdeba axal 

centrebTan, romlebmac difuziis gziT gadainacvles 

dislokaciis mimarTulebiT. aRniSnuli mdgomareoba xasiaTdeba 

rogorc mikroplastiuri deformacia, romelic mimdinareobs  

axali dislokaciebis warmoqmniTa da arsebuli dislokaciebis 
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mowyvetiT dislokaciebis urTierTgadakveTaze arsebuli  

kvanZebidan.

maRalamplituduri zemoqmedebis Semdeg mcirdeba amplitudebis 

pirveli da meore kritikuli sidideebi. izrdeba dislokaciuri 

segmentebis sigrZe da, Sesabamisad, maTi raodenoba da wvlili 

Sinagani xaxunis speqtris intensivobaSi [117]. 

siliciumis SedarebiT maRali Semcvelobis Ge-Si SenadnobSi 

Sinagani xaxunis amplituduri damokidebulebis xasiaTi praqti-

kulad ucvlelia. gamovlenilia kritikuli amplitudebis zrdis 

tendencia. aRniSnulidan gamomdinare cxadia, rom siliciumis 

koncentraciis gazrda iwvevs dislokaciebis susti da Zlieri 

damagrebis centrebis damamuxruWebeli moqmedebis gaZlierebas: 

siliciumis koncentraciis gavlena pirveli kritikuli 

amplitudis sidideze ufro sustia, meore kritikuli amplitudis 

zrdasTan SedarebiT. 

Ddislokaciebis gadakveTis kvanZSi SesaZlebelia moTavsdes 

dispersuli faza an wertilovani defeqtis kompleqsi, riTac 

gaZlierdeba dislokaciis bma. siliciumis koncentraciis 

amaRlebiT adgili aqvs dislokacia-kvanZis urTierTqmedebis 

SesamCnev gaZlierebas. 

    rxevis amplitudis farTo diapazonSi aseve mravalstadiuri 

cvlileba axasiaTebs Zvris moduls (sur19). 

Zvris modulis cvlileba amplituduri deformaciis meore 

kritikuli sidididan Seuqcevadia Senadnobis struqturaSi 

mikroplastikuri deformaciis ganviTarebis gamo. Zvris modulis 

anomaluri Semcireba da misi gajerebis masStabebi mcirdebian 

siliciumis koncentraciis gazrdiT, rac miuTiTebs arsebiT 

energetikul cvlilebebze Ge-Si Senadnobebis dislokaciur 

struqturaSi.
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Nnax.19. monokristaluri Ge0.99Si0.01 Senadnobis dinamiuri Zvris 

modulis amplituduri damokidebuleba

boriT sustad legirebuli monokristaluri Ge-Si Senadnobis 

Sinagani xaxunis amplitudur speqtrSi aralegirebuli Senad-

nobis analogiurad gamovlenilia kritikuli amplitudis ori 

mniSvneloba. orive maTgani amaRlebulia aralegirebul Senad-

nobTan SedarebiT. meore kritikul amplitudaze ufro maRali 

amplitudidan Sinagani xaxunis amplituduri damokidebulebis 

ukusvlis grafikze dafiqsirebulia sagrZnoblad maRali inten-

sivobis Sinagani xaxuni, romelic dakavSirebulia mikroplastiur 

deformaciasTan. SedarebiT dabali amplitudebis areSi 

gamovlenilia Sinagani xaxunis intensivobis nazrdi. Q-1(ε)-is

grafikze Cndeba histerezisis Ria maryuJi, rac naTlad 

adasturebs mikroplastikuri deformaciis ganviTarebas. 

meore kritikul amplitudaze ufro maRali amplitudidan 

ukusvlisas Sinagani xaxunis amplitudur damokidebulebaze Cnde-

ba pirvelad ciklTan SedarebiT Zlierad gamosaxuli Sinagani 

xaxunis histerezisi. am SemTxvevaSi metad didia gansxvaveba 

grafikis aRmasvlisa da Semcirebis Stoebs Soris rxevebis 

amplitudaTa dabal diapazonSi (510-5). misi sruli CaxSoba 
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SesaZlebelia mowviT 400°C-ze (0,5 sT). eqsperimentulad       

dadgenilia, rom boriT legirebul Ge-Si SenadnobebSi mikrop-

lastikuri deformacia lokalur moculobaSi SesaZlebeblia 

ganxorcieldes gacilebiT maRal kritikul amplitudaze. am 

pirobebSi gamovlenili histerezisis CaxSobisaTvis mowvis drois 

intervalis gazrdas ganapirobebs histerezisul Sinagan xaxunSi 

monawile defeqtebis difuzuri aqtiurobis Semcireba krista-

luri mesris SemkumSavi Zabvebis gavleniT.

analogiurad Sinagani xaxunisa Zvris moduli ganicdis anomalur 

cvlilebebs rxevis amplitudis farTo intervalSi, Zvris

modulis fardobiTi mniSvnelobis amplitudur damoki-

debulebaze gamovlenilia ori kritikuli wertili, romelic 

emTxveva Sinagani xaxunis kritikul amplitudur mniSvnelobebs. 

dariSxaniT legirebuli Si0,99Ge0,01 Senadnobis Sinagani xaxunis 

amplitudur damokidebulebaze fiqsirebulia rxevis amplitudis 

ori kritikuli mniSvneloba. orive maTgani mcirea aralegirebul 

da, gansakuTrebiT boriT legirebul kristalebis analogiur 

parametrebTan SedarebiT. meore kritikuli amplitudis zeda 

intervalidan ukusvlis grafikze gamovlenilia maqsimumi, 

romlis intensivoba metia amplitudis zrdis pirobebSi 

registrirebuli Sinagani xaxunis intensivobaze, e.i. aRniSnul 

SemTxvevaSi adgili aqvs mikroplastikur deformacias.

Eeqsperimentebma gamoavlines Ge-Si monokristalur SenadnobebSi 

aradrekadi maxasiaTeblebis rTuli damokidebuleba amplitudur 

deformaciaze, romelic avlens oTaxis temperaturaze 

mikroplastikuri deformaciis ganviTarebisa da marTvis 

SesaZleblobebs. 
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daskvna

1. Seswavlilia Coxralskis meTodiT [111] kristalografiuli 

mimarTulebiT gazrdili monokristaluri Ge1-xSix(x0,05)
Senadnobebis mikrostruqtura.

- dadgenilia, rom aralegirebul Ge-Si SenadnobebSi 
siliciumis koncentraciis gazrdiT (111) orientaciis 
sibrtyeebze dislokaciebis simkvrive maRldeba 2.103sm-2-dan 
1.104sm-2-mde. 

- boriTa da dariSxaniT legirebul Ge-Si SenadnobebSi   
dislokaciebi xasiaTdebian araerTgvarovani ganawilebiTa da 
maRali simkvriviT (~5.104sm-2). 

2. holis efeqtis meTodiT mudmiv magnitur velSi 
gansazRvrulia siliciumis, borisa da dariSxanis sxvadasxva 

Sedgenilobis Ge-Si Senadnobebis eleqtrofizikuri 
maxasiaTeblebi da gaanalizebulia maTi cvlilebis 
kanonzomierebani. 

3. siliciumis, borisa da dariSxanis sxvadasxva Sedgenilobis

Ge-Si Senadnobebis (111) orientaciis sibtryeebze 
gansazRvrulia mikrosisalisa da Zvris modulis absoluturi 
sidideebi da gaanalizebulia n- da p- tipis nimuSebis 
struqturis “darbilebisa” da ganmtkicebis SesaZlebeli 
meqanizmebi.

4. n- da p- tipis monokristaluri Ge-Si Senadnobebis 
fardobiTi wagrZelebis temperaturul damokidebulebebze 
gamovlenilia anomaluri Termuli gafarToebis intervalebi. 
Ggaanalizebulia minarevebis dispersul fazebsa da 
kompleqsebSi gardaqmnebisa da kovalenturi tetraedruli 
kavSirebis dezorientaciis wvlili Termuli gafarToebis 
anomalur cvlilebebSi.

5. Seswavlilia kristalografiuli orientaciis gavlena 
monokristaluri Ge-Si Senadnobebis mikrosisalisa da Zvris 
modulis sidideebze. 
- dadgenilia, rom maRali meqanikuri Tvisebebi 
damaxasiaTebelia (111) orientaciis sibrtyeebisaTvis. 

6. Seswavlilia n- da p- tipis monokristaluri Ge1-xSix(x0,05)
Senadnobebis Sinagani xaxunisa da Zvris fardobiTi modulis 
temperaturuli da amplituduri damokidebulebebi. 
- gamovlenilia relaqsaciuri da histerezisuli warmoSobis 
grexiTi rxevebis energiis gabnevis procesebi. 
- gansazRvrulia relaqsaciuri procesebis aqtivaciis 
energiis da sixSiris faqtoris mniSvnelobebi da dadgenilia 
legirebiT, maRaltemperaturuli Termuli damuSavebiTa da 
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maRalamplituduri grexiTi deformaciiT maTi cvlilebebis 
kanonzomierebani. 
- gamovlenilia Zvris modulis defeqtisa da anomaluri 
zrdis temperaturuli intervalebi. 
- gaanalizebulia xraxnul da 60-gradusian dislokaciebze 
geometriuli da wyvili Runvebis warmoqmnisa da moZraobis 
wvlili 200-700ºC intervalSi relaqsaciuri procesebis 
formirebaSi. 

7. amplituduri deformaciis farTo intervalSi  (5.10-5-5.10-3) 

Seswavlilia monokristaluri Ge-Si Senadnobebis Sinagani 
xaxunisa da Zvris modulis mravalstadiuri amplituduri 
damokidebuleba. gansazRvrulia amplituduri deformaciis 
kritikuli sidideebi da Sefasebulia drekadobis zRvris 
mniSvnelobebi. 

- naCvenebia boriTa da dariSxaniT legirebul Ge-Si
SenadnobebSi mikroplastikurobis maxasiaTeblebis marTvis 
SesaZleblobebi. 

8. monokristaluri Senadnobebis mikrostruqturis, 
eleqtrofizikuri, Termuli da fizikur-meqanikuri Tvisebebis 
maxasiaTeblebis cvlilebebis dadgenili kanonzomierebani 

SesaZlebelia gamoyenebuli iqnas Ge-Si Senadnobebis fuZeze 
axali naxevargamtaruli optoeleqtronuli mowyobilobebisa 
da xelsawyoebis Sesaqmnelad. 
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reziume

   ukanasknel periodSi mkveTrad gaizarda interesi monokristaluri Ge-Si Senadnobebisadmi, rasac ganapirobeben Tanamedrove naxevargamtarul xelsawyoebSi, qseluri, boWkovan-optikuri kavSirgabmulobisa da radiaciisadmi medeg mowyobilobebSi, swrafmTvlel birTvul deteqtorebSi, bipolarul tranzistorebsa da sxva dargebSi maTi gamoyenebis maRali perspeqtivebi. 


   monokristaluri Ge-Si Senadnobebis fuZeze Seqmnili xelsawyoebisa da mowyobilobebis maxasiaTeblebis stabilurobasa da muSaobis resurs mniSvnelovnad gansazRvraven struqturaSi arsebuli defeqtebi. monokristaluri Ge-Si Senadnobebis fuZeze Seqmnili naxevargamtaruli masalebis struqturisa da struqturulad –mgrZnobiare fizikur-meqanikuri Tvisebebis urTierTkorelaciuri damokidebulebebis dadgena saWiroebs kompleqsur kvleviT samuSaoebs da miRebuli eqsperimentuli Sedegebis kovalenturi naxevargamtaruli masalebis maxasiaTeblebTan SedarebiT analizs. 


   amJamad didi yuradReba eqceva meqanikuri relaqsaciuri procesebis kvlevas elementarul naxevargamtarebSi. es garemoeba ganpirobebulia relaqsaciis meTodis maRali mgrZnobiarobiT realur kristalSi eleqtrulad aqtiuri da neitraluri struqturuli defeqtebis urTierTqmedebisadmi, damuSavebuli informaciis saimedoobiT kristalebSi mimdinare relaqsaciuri procesebis Sesaxeb. meqanikuri relaqsaciuri procesebis  sixSiruli da temperaturuli speqtrebis gazomva akustikuri speqtroskopiis meTodebiT unikalur monacemebs iZleva kristaluri mesris damaxasiaTebeli defeqtebis aqtivaciur parametrebze, romlebic gamoiyenebian marTvadi eleqtrofizikuri, struqturulad-mgrZnobiare fizikur-meqanikuri da plastikuri Tvisebebis prognozirebis fundamenturi Teoriis safuZvlebis SeqmnaSi. miuxedavad aRniSnulisa dReisaTvis aSkarad arasakmarisad aris Seswavlili monokristaluri Ge-Si Senadnobebis damaxasiaTebeli defeqtebis kristalografiuli da energetikuli maxasiaTeblebi, maTi gavlena struqturulad-mgrZnobiare naxevargamtarul da fizikur-meqanikur Tvisebebze. 


naSromSi warmodgenilia monokristaluri germaniumisa da Ge-Si Senadnobebis mikrostruqturis, meqanikuri, eleqtrofizikuri, Termuli Tvisebebisa da grexiTi rxevebis energiis relaqsaciuri da histerezisuli gabnevis procesebisa da mikroplastikuri deformaciis parametrebis erToblivi kvlevis Sedegebi. 


sacdeli masiuri kristalebi miRebulia Coxralskis meTodiT (111) kristalografiuli mimarTulebiT. metalografiuli optikuri mikroskopiT Seswavlilia sacdeli aralegirebuli da legirebuli nimuSebis mikrostruqtura. (111) sibrtyeebze gamovlenilia dislokaciebi. naCvenebia, rom legirebuli Ge-Si monokristalebSi gazrdilia dislokaciebis simkvrive. aralegirebuli msxvili blokebisagan formirebuli germaniumis mikrostruqturaSi gamovlenilia araTanabrad ganawilebuli individualuri da paketebSi gaerTianebuli oreulebi. naTlad aris gamovlenili oreulebis blokireba marcvlebis gamyof sazRvrebze da maTi konfiguraciuli cvlilebebi gadakveTis areebSi. dadgenilia legirebis, Termuli damuSavebisa da kristalografiuli orientaciis gavleniT sacdeli Ge-Si Senadnobebis mikrosisalis sididis cvlilebaTa kanonzomierebani. boriT legireba ~1017sm-3 koncentraciebiT zrdis mikrosisalis mniSvnelobebs, rac ganpirobebulia Canacvlebis poziciebSi arsebuli boris atomebis maxloblobaSi lokalurad aRZruli kumSviTi deformaciisa da, Sesabamisad, atomTaSorisi kavSiris Zalebis gazrdiT. meqanikuri maxasiaTeblebis amaRlebas ganapirobebs aseve struqturaSi arsebuli dislokaciebis Zvradobis Semcireba aRniSnuli koncentraciebiT legirebul kristalebSi. 


 mudmiv magnitul velSi holis efeqtis registraciis meTodiT gamokvleulia sxvadasxva kristalografiuli orientaciis, Termulad damuSavebuli sacdeli Ge-Si Senadnobebis eleqtrofizikuri maxasiaTeblebi da gaanalizebulia maTi cvlilebebis kanonzomierebani. 


gansazRvrulia dinamiuri Zvris modulis absoluturi mniSvnelobebi da gamokvleulia Zvris modulis temperaturasa da amplitudur deformaciaze damokidebulebebi. 


sacdeli nimuSebis meqanikuri maxasiaTeblebis temperaturuli damokidebulebebis grafikze naTladaa gamovlenili Zvris modulis mkveTrad Semcirebis da anomalurad amaRlebis temperaturuli areeebi, romlebic Serwymulia kristaluri mesris siTburi rxevebis intensivobis zrdiT ganpirobebuli Zvris modulis mdored wrfivad vardnasTan. temperaturis zrdis procesSi Zvris modulis anomaluri amaRleba Zlierad vlindeba maRali simkvrivis dislokaciebis kristalebSi. legirebiTa da maRaltemperturuli mowviT SesaZlebelia Zvris modulis anomaluri amaRlebis temperaturisa da intensivobis marTva. 


Seswavlilia monokristaluri Ge-Si Senadnobebis fardobiTi wagrZelebis temperaturuli damokidebuleba. gamovlenilia fardobiTi wagrZelebis anomaluri cvlilebebis temperaturuli intervalebi. warmodgenilia aRniSnul anomaliebze Termuli damuSavebisa da legirebis gavlenis kvlevis Sedegebi. kerZod, naCvenebia, rom Termuli gafarToebis anomaluri cvlilebebi naTlad vlindebian 3-5K/wT siCqariT gaxureba-gacivebis pirobebSi. gaxurebis mcire siCqareebze (1-2 K/wT) fardobiTi wagrZelebisa da Sesabamisad, xazovani gafarToebis koeficientis anomaluri temperturuli cvlileba praqtikulad mTlianad CaixSoba. mowva 500-600(C da 800-900(C intervalebSi (10sT.) sxvadasxvanairad moqmedebs Termuli gafarToebis temperturul cvlilebebze. saSualo temperaturebze Termuli damuSaveba praqtikulad gavlenas ar axdens, magram maRal temperturebze mowviT sustdeba anomalia 200-450(C SualedSi, is mTlianad qreba 650-700(C temperaturul SualedSi. aRniSnuli Taviseburebani damaxasiaTebelia rogorc aralegirebuli, aseve legirebuli monokristaluri nimuSebisaTvis.  


   struqturisa da struqturulad-mgrZnobiare fizikuri Tvisebebis kvlevis Tanamedrove Sedegebi naTlad mowmoben siliciumisa da germaniumis struqturebSi fazuri gardaqmnis tipis procesebis gamovlinebas farTo temperaturul intervalSi (20-900(C). aRniSnuli xasiaTis struqturuli cvlilebebi asaxulia mikrostruqturis, eleqtruli, meqanikuri da Termuli Tvisebebis anomaluri cvlilebebSi, romlebic xorcieldebian gaxurebisa da gacivebis procesebSi.  winamdebare naSromSi warmodgenili Termuli gafarToebisa da Zvris modulis temperaturuli damokidebulebebis kvlevis Sedegebi aseve adastureben  monokristalur germaniumSi 200-750(C intervalSi fazuri gardaqmnebis tipis procesebis gamovlinebas.


Aarsebuli problemis gaRrmavebuli analizisaTvis metad mniSvnelovania struqturulad-mgrZnobiare Sinagani xaxunis temperaturuli da amplituduri damokidebulebebis kvlevis Sedegebi. n- da p-tipis germaniumisa da germanium-siliciumis Senadnobebis grexiTi rxevebis Sinagani xaxunis temperaturul speqtrSi gamovlenilia rxevebis energiis siTbur energiaSi gardaqmnis relaqsaciuri da histerezisuli tipis procesebi. gansazRvrulia relaqsaciur procesebSi monawile defeqtebis moZraobis aqtivaciis energiisa da sixSiris faqtoris mniSvnelobebi. 


   200-400(C temperturul intervalSi relaqsaciuri Sinagani xaxunis maqsimumebis maxloblobaSi fiqsirebulia Zvris modulis defeqti da anomaluri nazrdi. Termuli damuSavebiT (mowva) 500-900(C intervalSi SesaZlebelia Zvris modulis defeqtis mkveTrad Semcireba-amaRlebis marTva, aseve (20(C –iT misi temperaturis cvlileba.  200-400(C temperaturul intervalSi maRalamplituduri cikluri deformacia mniSvnelovnad zrdis relaqsaciuri Sinagani xaxunis intensivobas, Zvris modulis defeqtsa da mis momijnave meqanikuri ganmtkicebis procesis intensivobas. 


   Ddadgenilia, rom Ge-Si SenadnobebSi siliciumis koncentraciis gazrda iwvevs relaqsaciur procesebSi monawile defeqtebis aqtivaciuri maxasiaTeblebis amaRlebas, aseve maRldebian dislokaciebis moZraobisadmi arsebuli potencialuri barierebi da, Sesabamisad, izrdeba relaqsaciuri procesebisa da Zvris modulis anomaluri cvlilebebis  gamovlinebis temperaturuli intervalebi. 


  BboriT sustad legireba iwvevs Ge-Si SenadnobebSi struqturuli defeqtebis  Casaxvisa da moZraobis aqtivaciis energiis gazrdas, amcirebs dislokaciebis birTvebis garmomcveli minarevebis atmosferoebis gamdidreba-gaRaribebis procesis siCqares, zRudavs dislokaciebis Zvradobas, amaRlebs Zvris modulis absolutur sidides. boriT Zlierad legirebul SenadnobebSi maRali koncentraciis (5.1018-1.1019sm-3) denis matarebeli xvrelebi asusteben orientirebul kovalentur kavSirebs, iwveven struqturis “darbilebas”, dislokaciebis Zvradobis amaRlebasa da mikroplastikuri deformaciis ganviTarebas. 


   Seswavlilia dinamiuri Zvris modulisa da Sinagani xaxunis intensivobis amplituduri damokidebuleba fiqsirebul temperaturebze. Ddadgenilia maTi cvlilebebis mravalstadiuri xasiaTi da Sefasebulia amplituduri deformaciis kritikuli mniSvnelobebi, romlebzedac icvlebian meqanikuri maxasiaTeblebis cvlilebebis kanonzomierebani. gansazRvrulia mikroplastikuri deformaciis parametrebi – kritikuli amplituduri deformacia da drekadobis zRvris sidide. Ddadgenilia legirebiT, Termuli damuSavebiTa da maRaltemperturuli cikluri deformaciis zemoqmedebiT mikroplastikuri deformaciis parametrebis cvlilebaTa kanonzomierebani. 


   miRebuli Sedegebis analizidan gamomdinareobs, rom malegirebeli elementis - boris SedarebiT mcire koncentraciis Semcveli Ge da Ge-Si monokristalebis struqtura ganicdis ganmtkicebas. izrdeba mikrosisalis, dinamiuri Zvris modulis, kritikuli amplituduri deformaciis da drekadobis zRvris mniSvnelobebi. zrdis tendencias avlens aseve relaqsaciuri Sinagani xaxunis procesebis aqtivaciis energiisa da sixSiris faqtoris mniSvnelobebi.   naCvenebia, Ge-Si Senadnobebis ganmtkicebis efeqtis CaxSoba malegirebeli komponentis 1018-1019sm-3 koncentraciis SemTxvevaSi. SesaZlebel meqanizmad warmodgenilia kovalenturi bmebis dasusteba denis matareblebis maRali koncentraciis pirobebSi da dislokaciebis eleqtronuli doneebis Sevseba, ris Sedegadac dislokaciis moZraobis aqtivaciis energia mcirdeba, Sesabamisad, izrdeba Zvradoba, mcirdebian struqturulad-mgrZnobiare meqanikuri maxasiaTeblebi.


Ggaanalizebulia monokristalur Ge-Si SenadnobebSi siliciumis koncentraciis gazrdiT ganpirobebuli struqturuli cvlilebebisa da Sinagani xaxunis relaqsaciuri da histerezisuli warmoSobis procesebi.warmodgenilia grexiTi rxevebis energiis gabnevis mikroskopuli meqanizmebi, romlebic iTvaliswineben sxvadasxva tipis dislokaciebze geometriuli da wyvili Runvebis Casaxvisa da moZraobis aqtivaciis maxasiaTeblebis cvlilebas legirebis, maRalamplituduri cikluri deformaciisa da Termuli damuSavebis gavleniT. 


      Ge-Si sistemis monokristalebSi realuri struqturisa da eleqtrofizikuri, Termuli gafarToebisa da fizikur-meqanikuri maxasiaTeblebis cvlilebebis dadgenili kanonzomierebani SesaZlebelia gamoyenebuli iqnas germaniumis fuZeze axali naxevargamtaruli mowyobilobebisa da xelsawyoebis Seqmnisa da kvlevis problemis gadasawyvetad. 


Resume


   In the last period interest to monocrystalline Ge-Si alloys has been sharply  increased, that is caused by wide application perspectives in semiconducting,  net, fibrous-optical, communication and  radiation-stable devices, nuclear detectors, bipolar transistors and other fields.  


   Working resource and stability of characteristics of the devices, based on monocrystalline Ge-Si alloys have been determined by dislocations, existed in the structure. Establishment of inter-correlation dependence of structure and structural-sensitive physical-mechanical properties of semicondicting materials, based on monocrystalline Ge-Si alloys requires complex investigations and comparable analysis of obtained experimental results with characteristics of covalent semiconductng materials. 

   At present, investigations of mechanical relaxation processes in elemental semiconductors  has great interest. It is caused with high sensitivities of relaxation method in the real crystal towards interaction between electrically active and neutral structural defects.  Measuring of frequency and temperature spectra of mechanical relaxation processes via acoustical  spectroscopic methods, gives unique data of activation parameters of defects , characterized of crystalline lattice, which are used in creation of prognosis bases of controllable electrophysical, structural-sensitive physical-mechanical and plastic properties. Despite of this crystallographic and energetic characteristics of defects, characterized of monocrystalline   Ge-Si alloys, their influence on structural-sensitive semiconducting and physical-mechanical properties have not been complexly studied.   

   Investigation results of microstructure, mechanical, electrophysical, thermal and relaxation and hysteretic processes of dissipation  of torsion oscillation energy and microplastic deformation of Ge and Ge-Si alloys  have been presented  in the work.

   Experimental bulk crystals have been obtained by the Czochralski method in [111] crystallographic direction. Microstructure of the experimental undoped and doped specimens have been studied by using metallographic optical microscope. Dislocations have been revealed on (111) plane. It has been shown, that dislocation density has increased in Ge-Si monocrystals. In the microstructure of undoped germanium, inhomogeneously distributed individual and twinnings and packets of twinnings have been revealed. 


   Regularities of changes of microhardness of Ge-Si alloys, under influence of doping, thermal treatment and crystallographic orientation have been established. Doping by boron with 1017-1019sm-3 causes increase of values of microhardness, reason of this is influence of compressive deformation near of B atoms in the crystalline lattice, respectively, increasing of inter-atomic bonding forces. Increase of mechanical characteristics has been caused by decrease of dislocation mobility in the boron doped crystals. 


   Electrophysical characteristics of thermally treated Ge-Si alloys, with different crystallographic orientations have been investigated in the constant magnetic field, via Hall effect registration method and peculiarities of the changes have been analyzed.


   Absolute values of dynamic shear modulus and dependences of shear modulus on the  temperature and strain amplitude has been investigated.


   Temperature intervals of anomalous increase and decrease of shear modulus have been sharply revealed on the curve of temperature dependences of mechanical characteristics. Anomalous increase of shear modulus in a process of temperature raising has been revealed in the crystals of high density. Regulating of intensity and temperature of anomalous increase of shear modulus is possible by doping and hightemperature annealing. 


   Temperature dependence of relative elongation in monocrystalline Ge-Si alloys has been studied. Temperature intervals of anomalous changes of the relative elongation have been revealed. Investigation results of thermal treatment and doping effect on mentioned anomalies have been presented. Particularly, thermal expansion anomalous changes have been revealed in conditions of heating-cooling (3-5K/min). Annealing in 500-600(C and 800-900(C intervals (10hrs.) influence differently on temperature  changes of thermal expansion. Thermal treatment at medium temperatures practically does not influence, but annealing at high temperatures causes decrease of anomaly in 200-450(C interval, in 650-700(C interval it has disappeared. These peculiarities are characteristic for undoped and boron doped monocrystalline specimens. 


   Investigations results of structure and structural-sensitive physical properties confirm phase-transformation processes in Si and Ge structures in a wide temperature interval (20-900ºC). These structural changes are reflected in anomalous changes of microstructure, electrical, mechanical and thermal properties, in heating-cooling processes. Investigation results of temperature dependences of shear modulus and thermal expansion, presented in the works, confirms revealing of phase-transformation processes in the monocrystalline Ge, in  200-    750 ºC interval.  


   For the analysis of this problem, investigation results of structural-sensitive internal friction temperature and amplitude dependences are very important. Relaxation and hysteretic processes of transformation of oscillation energy into thermal energy have been observed in temperature spectrum of internal friction of torsion oscillations of n- and p- types Ge and    Ge-Si alloys. The values of frequency factor and activation energy of defects, participated in relaxation processes have been determined. 


   Shear modulus defect and anomalous increase has been revealed in 200-400(C temperature interval, near to the relaxation internal friction maxima. By thermal treatment (annealing) in 500-900ºC interval it is possible to regulate increase-decrease of shear modulus defects and change temperature by (20(C. In the temperature interval of 200-400(C highamplitude cyclic deformation causes significant increase of relaxation internal friction intensity, values of shear modulus defects and intensity of the neighbor  mechanical hardening process. 


   It has been established, that increase of Si content in Ge-Si alloys causes increase of activation characteristics of defects, rise of potential barriers for dislocation motion and respectively temperature intervals of anomalous changes of shear modulus and relaxation process parameters. 


   Boron doping of Ge-Si causes increases of activation energy of generation and mobility of the structural defects in Ge-Si alloys, limitation of dislocation mobility and increase of absolute values of shear modulus. In the alloys, doped by boron with high concentration (5.1018-1.1019sm-3) current carriers_ holes causes weakening of oriented covalent bonds, softening of the structure, increasing of dislocation mobility and developing of microplastic deformation. 


   Amplitude dependences of dynamic shear modulus and internal friction intensity at fixed temperatures  have been studied. Multi-stage character of their changes have been established and critical values of strain amplitude have been estimated. Parameters of microplastic deformation _ critical strain amplitude and elastic limit have been determined. Regularites of changes of microplastic deformation parameters under influence of doping, thermal treatment and hightemperature cyclic deformation have been established. 


   Structure of Ge and Ge-Si monocrystals, doped by low concentration of boron has been hardened. The values of elastic limit, critical strain amplitude, dynamic shear modulus and microhardness have been increased. The values of frequency factors and activation energy of relaxation internal friction have been also increased. Suppressing of hardening effect of Ge-Si alloys is possible with 1018-1019sm-3 boron concentration. For the possible mechanism has been presented weakening of covalent bonds in conditions of high concentration of current carriers, resulting of this activation energy of dislocation motion decreases, and respectively, mobility  increases and structural-sensitive mechanical characteristics decreases. 


    Relaxation and hysteretic processes of internal friction and structural changes, caused by increase of concentration in monocrystalline Ge-Si alloys have been analyzed. Microscope mechanisms of torsion oscillations energy dissipation have been presented, which foresees changes of activation characteristics of generation and motion of screw and 60º-_ dislocations, geometrical and pairs of kinks on the various dislocations under the influence of doping, hightemperture cyclic deformation and thermal treatment. 


Established regularities of changes of real structure and electrophysical and  physical-mechanical properties and thermal expansion of Ge-Si monocrystals can be used for developing new semiconducting devices and equipments, based on germanium. 
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Sesavali

   monokristaluri Ge-Si Senadnobebi xasiaTdebian gamoyenebis maRali perspeqtivebiT qselur, gamoTvliT da kosmosuri teqnologiebis dargSi. DdReisaTvis Ge-Si Senadnobebis fuZeze damuSavebulia da boWkovan - optikuri kavSir-gabmulobis xazebSi gamoiyenebian martivi da kaskaduri fotoelementebi, fotomimRebebi, radiaciulad maRali medegobis xelsawyoebi, swrafmTvleli birTvuli deteqtorebi, getero-bipolaruli tranzistorebi da sxv. 


   Ge-Si sistemis myari xsnarebis Semadgeneli komponentebis koncentraciis cvlilebiT SesaZlebelia struqturuli da fizikuri Tvisebebis maxasiaTeblebis mdored regulireba erT-erTi komponentidan meore komponentis maxasiaTeblebamde. Ees iZleva mdidar SesaZleblobas Seiqmnas gansazRvruli maxasiaTeblebis axali masalebi.


   ukanasknel periodSi gansakuTrebuli yuradReba eqceva akustikuri speqtroskopiis meTodebiT, kerZod, Sinagani xaxunis sxvadasxva meTodiT meqanikuri relaqsaciuri procesebis kvlevas elementarul naxevargamtarebSi.Mmeqanikuri relaqsaciuri procesebis sixSiruli da temperaturuli speqtrebis gazomva akustikuri speqtroskopiis meTodebiT unikaluri monacemebs iZleva kristaluri mesris damaxasiaTebeli defeqtebis aqtivaciur da Zalovan parametrebze, romlebic gamoiyenebian marTvadi eleqtrofizikuri, struqturulad mgrZobiare fizikur-meqanikuri da plastikuri Tvisebebis prognozirebis fundamenturi Teoriis safuZvlebis SeqmnaSi. 


   arsebobs Rrma urTierTkavSiri realur struqturul mdgomareobasa, kristalografiul defeqtebsa, naxevargamtarul Tvisebebsa da akustikuri speqtroskopiis parametrebs Soris, romlebic warmoaCenen  eleqtronuli teqnikisaTvis mniSvnelovani optikuri, eleqtruli, vibraciuli da statikuri datvirTvebisadmi medegobis meqanizmebis dadgenis potencialur SesaZleblobebs. 


dReisaTvis metad mcirea meqanikuri relaqsaciuri procesebis eqsperimentuli kvlevebis raodenobaAakustikuri meTodebis gamoyenebiT. gansakuTrebiT es exeba sufTa da legirebuli germanium-siliciumis moculobiT monokristalebs, romlebic infrabgerebis sixSiris diapazonSi praqtikulad ar arian gamokvleuli. Aar aris Seswavlili grexiTi rxevebis milevis procesebi sixSiris, temperaturisa da amplitudis farTo diapazonebSi. Aar arsebobs monacemebi maTSi meqanikuri relaqsaciuri, struqturuli da eleqtrofizikuri Tvisebebis korelaciis Sesaxeb.


   Tanamedrove naxevargamtaruli teqnologiebisa da xelsawyoT mSeneblobis amocanebisaTvis aucilebelia marTvadi struqturisa da fizikuri maxasiaTeblebis monokristaluri Ge-Si Senadnobebis miReba. aRniSnuli garemoeba ganapirobebs Llegirebuli germanium-siliciumis moculobiTi monokristalebis realuri struqturis, eleqtrofizikuri Tvisebebis da grexiTi rxevebis pirobebSi meqanikuri relaqsaciuri procesebis kompleqsuri kvlevis aqtualobas. 


   naSromis mizans warmoadgens Coxralkis meTodiT n- da  p- tipis Ge-Si sistemis masiuri kristalebis miReba. maTi mikrostruqturis, eleqtrofizikuri maxasiaTeblebis, Termuli gafarToebisa da fizikur-meqanikuri Tvisebebis kompleqsuri kvleva; legirebis, maRal temperaturebze mowvisa da cikluri deformaciis zemoqmedebiT Ge-Si kristalebis realuri struqturis, dislokaciuri warmoSobis defeqtebis Casaxvisa da moZraobis aqtivaciis, eleqtrofizikuri, meqanikuri da aradrekadi maxasiaTeblebis cvlilebaTa kanonzomierebis dadgena. 

dasaxuli miznis misaRwevad naSromSi gadaWrilia Semdegi amocanebi:


· Ge1-xSix (x(0,05)Senadnobebis n- da p- tipis masiuri kristalebis miReba Coxralskis meTodiT;


· monokristaluri Ge1-xSix Senadnobebis mikrostruq​turis, mikrosisalis, dinamiuri Zvris modulisa da eleqtrofizikuri maxasiaTeblebis kvleva; 


· monokristaluri Ge1-xSix  Senadnobebis fardobiTi wagrZelebis tempera​tu​ruli  damokidebulebis kvleva;


· oTaxis temperaturidan   800(C-mde da amplituduri deformaciis 5(10-5-5(10-3 diapazonSi monokristaluri Ge da Ge-Si nimuSebis Zvris modulisa da Sinagani xaxunis temperaturuli da amplituduri damokidebulebis kvleva;


· monokristaluri Ge-Si nimuSebSi gamovlenili rxeviTi energiis gabnevis relaqsaciuri da histerezistuli tipis procesebSi monawile defeqtebis moZraobis aqtivaciisa da urTierTqmedebis energiis mniSvnelobebis gansazRvra da maTi cvlilebebis kanonzomierebebis kvleva grexiTi rxevebis dabali sixSiris diapazonSi (( 1hc).


· sacdel monokristaluri Ge-Si Senadnobebis mikroplastikuri deformaciis maxasiaTeblebis gansazRvra Zvris modulisa da rxeviTi energiis gabnevis intensivobis amplitudur deformaciaze damokidebu​lebis kvlevis Sedegebis safuZvelze.


   naSromis mecnieruli siaxle mdgomareobs SemdegSi: 


· Seswavlilia legirebisa da maRaltemperaturuli mowvis gavlena Ge-Si kristalebis dislokaciur struqturasa da eleqtrofizikur maxasiaTeblebze;


· Seswavlilia legirebis, temperaturis cvlilebis siCqarisa da maRaltemperaturebze mowvis gavlena Ge-Si kristalebis fardobiTi wagrZelebis anomalur temperaturul damokidebulebaze;


· Sinagani xaxunis meTodiT gansazRvrulia Ge-Si sistemis kristalebSi dislokaciebisa da wertilovani defeqtebis moZraobis aqtivaciisa da urTierTqmedebis energiis mniSvnelobebi, dadgenilia maTi cvlilebaTa kanonzomierebani;


· gansazRvrulia Ge-Si sistemis kristalebSi sustad da Zlierad  damagrebuli dislokaciebis mowyvetis kritikuli amplitu​duri deformaciisa da drekadobis zRvris mniSvnelobebi da dadgenilia legirebis, Termuli damuSavebisa da maRalamplituduri deormaciis gavleniT maTi cvlilebebis kanonzomierebani.


   naSromSi warmodgenili kvlevis Sedegebis  praqtikuli Rirebuleba mdgomareobs SemdegSi: 


·  gansazRvrulia Ge-Si sistemis masiuri kristalebis mikrostruqturis, struqturulad-mgrZnobiare mikrosisalis, Zvris modulisa da relaqsaciuri da histerezisuli Sinagani xaxunis temperaturuli da amlituduri damokidebulebis maxasiaTeblebi da gaanalizebulia gareSe zemoqmedebiT ganpirobebuli maTi cvlilebebis kanonzomierebani;


· Ge-Si sistemis masiuri kristalebis  eleqtrofizikuri maxasiaTeblebis cvlilebebis kvlevis Sedegebi SesaZlebelia gamoyenebul iqnas  germaniumis fuZeze marTvadi naxevargamtaruli Tvisebebis axali masalebis Seqmnis problemis gadasaWrelad;


· struqturuli defeqtebis Casaxvisa da moZraobis aqtivaciis energiis dadgenili sidideebi mniSvnelovania germaniumis fuZeze Seqmnili naxevar​gamtaruli xelsawyoebis teqnologiuri, fizikuri  da saeqsploatacio parametrebis, moqmedebis xangrZlivobisa da saimedoobis dadgenis problemisaTvis;


· n- da  p- tipis Ge-Si sistemis kristalebis struqturis, eleqtrofizikuri, Termuli gafarToebis, meqanikuri da rxevebis energiis gabnevis procesebis dadgenili maxasiaTeblebi warmoadgenen sacnobaro masalas naxevargamtarebis simtkicisa da plastikurobis problemaSi fizikuri warmodgenebis ganviTarebisaTvis. miRebul Sedegebs gaaCniaT mecnieruli da gamoyenebiTi mniSvneloba specifikuri daniSnulebis naxevargamtarul xelsawyoebSi Ge-Si sistemis Senadnobebis gamoyenebis sferos gafarToebisaTvis.


· defeqtebisagan Tavisufali srulyofili struqturis n- da  p- tipis legirebuli  Ge-Si sistemis masiuri monokristalebis miRebisa da damaxasiaTebeli struqturuli defeqtebis tipebis, eleqtruli   aqtivobis    kristalogeometruli da energetikuli parametrebis diagnostikisa da marTvis problemis gadaWriT, mniSvnelovnad gafarTovdeba Tanamedrove maRal teqnologiebSi maTi gamoyenebis SesaZleblobebi. 


1. literaturuli mimoxilva 

1.1. ultrabgerebis STanTqmis procesebi germaniumis kristalebSi  

  elementarul naxevargamtarebSi relaqsaciuri procesebis kvleva daiwyo ultrabgerebis sixSirul diapazonSi da miznad isaxavda myar sxeulebSi ultrabgerebis talRebis eleqtronul da fononur sistemebTan urTierTqmedebis bunebis dadgenas. Uultrabgerebis urTierTqmedeba eleqtronul sistemasTan mravalricxovani saintereso procesis gamomwvevi mizezia, romelTa umravlesobas relaqsaciuri warmoSoba gaaCnia. Ddenis Tavisufali matareblebis Semcvel naxevargamtarSi, kerZod germaniumSi, adgili aqvs akustikuri talRasa da moZrav muxtebs Soris urTierTkavSirs. is xorcieldeba e.w. mravalminimumian naxevargamtarebSi. cnobilia, rom briliuenis sivrceSi (K-talRul veqtorTa sivrceSi), E energiis K talRul veqtorze damokidebulebis funqcia asaxavs kristalis simetriis wertilovan jgufs. Aamitom Tu K0 wertilSi arsebobs eqstremumi, aseTive eqstremumebi unda arsebobdnen yvela wertilSi, romlebSiac xdeba simetriis wertilovani jgufis damaxasiaTebeli sxvadasxva simetriuli gardaqmna. Eenergetikul mdgomareobaTa jgufs aseTi eqstremumis maxloblobaSi uwodeben minimumebis velebs. aseTi velebis simravleTa Semcvel kristalebs ewodeba mravalveliani naxevargamtari.


    rodesac kristali ar ganicdis meqanikur zemoqmedebas,minimumebis velebi gansazRvruli energetikuli mdgomareobiT xasiaTdebian. garkveuli mimarTulebis deformacia iwvevs maT energetikuli mdgomareobaTa araeqvivalenturobas, rasac Tan axlavs erTi maTganidan meoreSi denis matareblebis gadanawileba. KkristalSi deformaciis mdgomareobisa da eleqtronebis urTierTkavSiri aRiwereba “deformaciuli potencialis” mudmivaTi. misi arsi mdgomareobs masSi, rom deformacia energetikul zonur struqturas cvlis iseTnairad, rom, Sesabamisad calkeuli minimumis areSi yvela mdgomareobis energia erTnairi sididiT icvleba. swored amis gamo ε deformaciis gavlena i minimumebis velebis mdgomareobaze dakavSirebulia am ukanasknelis qveda mdgomareobis ui  energiis SecvlasTan.wrfiv miaxloebaSi adgili aqvs tolobas: 


Δ Ui =Zi . ε

sadac, Zi _Sesabamisi deformaciuli potencialis mudmivaa, ε –deformaciaa, Δ Ui -  energiis cvlileba.


     amrigad aRniSnuli mudmivas gansazRvra saSualebas iZleva daxasiaTebul iqnas cvlilebebi da eleqtronebis gadanawileba energetikul zonur struqturaSi.


   germaniumSi minimumebis velebi ganlagebulni arian [111] mimarTulebis paralelurad. Seswavlili iqna am mimarTulebiT modebuli niSancvladi deformaciiT gamowveuli eleqtruli gamtarobis cvlileba da dadgenili iqna, rom eleqtronuli relaqsacia n–tipis germaniumSi cvlis mxolod drekadobis C44  mudmivas. kerZod, dabal temperaturebze gadagvarebul n– Ge –Si C44 mudmiva 8%-iT mcirdeba. dariSxaniT legirebul kristalSi (n=3,5.1019sm-3) kilohercebis sixSirul diapazonSi C44 koeficienti 5,5%-iT mcirdeba, maSin rodesac sxva drekadobis modulebi C11 da C12 saerTod ar ganicdian cvlilebas [1]. 


zemaRali sixSiris diapazonSi (≈9.109hc) aRmoCenili iqna Sinagani xaxunisa da C44 drekadobis koeficientis urTierTkorelaciuri cvlileba vercxliT legirebul n––germaniumSi (n=1019sm-3). Eeqsperimentebi Sesrulda [111] da [100] mimarTulebiT gaswvrivi da ganivi talRebis agznebis pirobebSi. Ddadgenili iqna, rom maqsimaluri Sinagani xaxuniT xasiaTdebian is talRebi, romlebic dakavSirebuli aRmoCndnen C44 drekadobis modulis cvlilebasTan. sainteresoa aRiniSnos is garemoeba, rom  n-tipis siliciumSi minimumebis velebi ganlagebuli arian [100 mimarTulebiT, rac iwvevs ara C44 drekadobis modulis , aramed Zvris modulis, kerZod (C11_C12 )–is relaqsirebas. 


germaniumisTvis, romelSiac dariSxanis koncentracia aris 1018 da 3.10119sm-3 gamoangariSebul iqna minimumebis areTa Soris gadanawilebis relaqsaciis drois mniSvnelobebi: (=4.10-13 da 2,3.10-13wm Sesabamisad [1] .


SedarebiT dabal sixSireebze (~105hc) germaniumSi saSualo temperaturaTa intervalSi (≈0,56Tdnobis) aRmoCenilia iqna relaqsaci​uri procesi. radganac es sixSireebi Zalian mcirea minimumebis velebs Soris gadanawilebis sixSiresTan (~1013hc) SedarebiT daisva procesis axali meqanizmiT axsnis sakiTxi. Aaxlebuli warmodgeniT yovelmxrivi kumSviTi deformacia iwvevs germaniumis akrZaluli zonis siganis Secvlas. Sesabamisad icvleba sakuTari denis matareblebis mdgomareobaTa simkvrive. misi relaqsaciis dro emTxveva muxtis matareblebis rekombinaciis dros, romelic sakmarisad didia (≈10-5wm). zogadad relaqsaciis dro ase gamoiTvleba:


(-1=(i-1+(e-1 ,   

sadac (e  - aris relaqsaciis dro, kerZod, rekombinaciis dro, damaxasiaTebeli kristalis minirevebisaTvis da ar aris damokidebuli temperaturaze. (i - ganpirobebulia rekombinaciiT akrZaluli zonis gadalaxvis gziT. igi (i –is didi mniSvnelobebisaTvis ase iangariSeba:


(i=(0. exp(Er/KT)    


sadac Er - aris akrZaluli zonis rigis energia. Aam gziT gansazRvruli rekombinaciisaTvis saWiro aqtivaciis energia siliciumisaTvis tolia 1,45ev, germaniumisaTvis – 1,20ev, xolo deformaciis potencialebis mniSvnelobebi 2,3 da 2,0 ev [2]. 


 zemoT moyvanili SedegebiT naTels xdian meqanikur deformaciisa da eleqtrofizikuri parametrebis cvlilebebis Rrma, fundamenturi kavSirebis arsebobas. Yyovelive amiT aixsneba mravalricxovani kvlevebis arseboba zemaRali sixSiris diapazonebSi, romlebic gaanalizebulia SromebSi [3,4]. 


1.2. meqanikuri relaqsaciuri procesebi germaniumis kristalebSi

   saSualo da dabali sixSiris mocemul diapazonSi eleqtronuli da fononuri ansamblebis SeSfoTeba da relaqsacia mosalodneli ar aris. Aaq Tavs iCenen vibratorebis is erTobliobebi , romelTa rxevis sakuTari diapazoni icvleba infrabgerebis sixSireebidan      (103hc) saSualo ultrabgeriT sixSireebamde (103(104hc). ZiriTadad am intervalSi gareSe periodul zemoqmedebaze aRiZvrebian struqturuli defeqtebi _ vakansiebi, minarevebi, maTi kompleqsebi, sakuTari Canergili atomebi, dislokaciebi da wertilovani defeqtebisa da dislokaciebis urTierTdakavSirebuli sistemebi. radganac aseTi tipis defeqtebi mkveTr gavlenas axdenen naxevargamtarul Tvisebebze metad didi mniSvneloba eniWeba maTi difuzuri aqtiurobis, arsebobis temperaturuli intervalebis, drekadobis modulebsa da plastikur Tvisebeze gavlenis eqsperimentul kvlevas. yovelive es aRniSnul sixSirul diapazonSi efeqturad Seiswavleba akustikuri speqtroskopiis meTodebiT, kerZod, Sinagani xaxunis meTodebiT. 


xazgasmiT unda aRiniSnos rom, siliciumTan SedarebiT dReisaTvis metad mcirericxovani Sromebia Sesrulebuli sufTa da legirebuli germaniumis relaqsaciur Tvisebebis Sesaxeb. Ddadgenilia, [5] rom 1-102hc sixSirul diapazonSi germaniumSi vlendebian relaqsaciuri maqsimumebi, romelTa aqtivaciis energia ganawilebulia 0,04 -1,1ev intervalSi  da romlebic aixsnebian dislokaciebze geometriuli Runvebis moZraobiT. Aaqtivaciis energiis intervalSi  ganawilebis arseboba miuTiTebs maszed, rom  germaniumis realur struqturaSi cvalebadia potencialuri barieris simaRle, romelic gansazRvravs dislokaciis moZraobis meqanizms. Aaq igulisxmeba geometriuli da Termuli dislokaciuri Runvebis, wyvili Runvebis, maT Soris manZilebis cvalebadobis, moZraobis pirobebisa da mizezebis dakavSireba wertilovani defeqtebis koncentraciis, ganawilebis erTgvarovnebis, erTmaneTTan drekadi da eleqtruli urTierTqmedebis gaTvaliswinebiT. realuri kristalis fizikur-meqanikuri Tvisebebi ganicdian cvlilebebs  sxvadasxva xasiaTis gareSe zemoqmedebis pirobebSi. Ddidi mniSvneloba aqvs defeqtebis struqturaSi ganviTarebul Sesabamis cvlilebebs.  rogorc zemoT aRiniSna, aris mravali faqtori, romelic ganapirobebs defeqtebis energetikuli speqtris arsebobas, romelic aucilebelia aixsnas struqturuli defeqtebis dinamiuri Tvisebebis da Zvradobis analizis safuZvelze. Aam aspeqtSi ganasxvaveben [6] zedapiruli da moculobiTi defeqtebis aqtivobas. maT rolsa da mosalodnel zemoqmedebas kovalenturi kristalebis meqanikur maxasiaTeblebze. aRmoCnda, rom mravaljeradi cikluri datvirTvis Sedegad germaniumis zedapirze warmoiqmnebian vakansiebi, mrudwiruli dislokaciebi da swored isini gansazRvraven deformacias dislokaciebis gadacocebis meqanizmiT. Ees meqanizmi Seicavs difuziis elements. Aam procesis gaaqtiureba oTaxis temperaturaze aixsneba zedapirul fenebSi defeqtebis maRali ZvradobiT. 


Ddabaltemperaturul intervalSi RunviTi rxevebis milevis procesSi Seswavlili iqna germaniumis monokristalSi drekadi rxevebis gabnevis amplituduri damokidebuleba [7]. miRebulia saintereso Sedegebi.saxeldobr naCvenebia, rom dislokaciebis Semcvel germaniumis monokristalSi 550ºC temperaturaze kritikuli deformaciis zemoT sazRvrebSi rxevebis energiis gabneva ganisazRvreba ori urTierTkonkurentuli procesiT:     a) axali dislokaciebis CasaxviTa da arsebuli dislokaciebis moZraobiT: b)zrdis procesSi warmoSobili dislokaciebis simkvrivis SemcirebiT maTi kristalis zedapirze gamosvlis Sedegad. Kkonkretuli meqanizmi relaqsaciuri procesisa, rasakvirvelia, ukavSirdeba legirebis xarisxs. 


   oTaxis temperaturaze gamokvleulia plastikuri deformaciis aRZvris pirobebi  sufTa da antimoniT legirebul germaniumis kristalSi [8]. xazgasmulia, rom rxevis amplitudaze damokidebuli Sinagani xaxunis arseboba dakavSirebulia kristalis zedapirul fenebSi dislokaciebis moZraobasTan. cikluri deformacia iwvevs difuzur cvlilebebs aseTi dislokaciebis irgvliv arsebuli minarevebis atmosferoSi  anu kotrelis atmosferoSi vakansiebis mier donorebis neitralizaciis gziT. amis Sedegad dislokaciuri struqtura  Termulad stabiluri xdeba, ris gamo nacvlad gazrdisa adgili aqvs amplitudis maRal sidideebze Sinagani xaxunis intensivobis Semcirebas,  e.i.kristalis dinamiur meqanikur ganmtkicebas. Ees garemoeba Sinagani xaxunis amplitudisagan damokidebulebis grafikze zogjer maqsimumis saxiT gamovlindeba.


  Uunda aRiniSnos, rom relaqsaciuri procesebis gadazrda deformaciul procesebSi mniSvnelovnad aris damokidebuli kristalis srulyofilobaze. ase, magaliTad, Tu dislokaciebis simkvrive aRemateba 103sm-2 maSin yovelTvis aris mosalodneli maTi urTierTblokireba da minarevebTan urTierTqmedebis gaZliereba winaswari deformaciis Sedegad. Ees ki niSnavs, rom TiTqmis SeuZlebeli gaxdeba relaqsaciuri procesis gancalkeveba histerezisuli procesebisagan [8]. 


   teqnologiuri miznebisaTvis yuradRebas imsaxurebs naSromi [9], romelSiac Seswavlilia n –tipis gamtarobis germaniumSi spilenZis xsnadoba Sinagani xaxunis meTodiT. spilenZiT legireba ganxorcielebulia 850ºC temperaturaze spilenZis orTqlis difuziiT germaniumis monokristalSi. Ggamokvleul iqna [111] da [100] mimarTulebis Reroebi RunviTi rxevebis dros (5-7).103hc sixSireze. maqsimumebiT mdidari aRmoCnda speqtri [111] mimarTulebis monokristalSi. aRmoCenili urTierTgadafaruli maqsimumebis aqtivaciis energiebi ganawilebulia intervalSi 0,25-0,6ev. maTi intensivoba mgrZnobiarea Termuli damuSavebisadmi. avtorTa azriT, relaqsaciuri speqtris SeqmnaSi monawileoben spilenZis individualuri da gawyvilebuli atomebi. isini kategoriulad uaryofen 200-500ºC intervalSi dislokaciebis rols speqtris CamoyalibebaSi. naSromSi ar aris ricxviTi monacemebi maqsimumebis sixSiris faqtorebis Sesaxeb da Sinagani xaxunis intensivobis amplitudisagan damokidebuleba, ar SeiZleba gamoiricxos dislokacia-spilenZis atomebis urTierTqmedeba da spilenZis difuzia dislokaciebis birTvis gaswvriv. 


Ggermaniumis kristalis maRali simyife, dabali meqanikuri simtkice da plastikuroba aris umTavresi mizezi  imisa, rom   praqtikulad TiTqmis ar gamoiyeneba grexiTi rxevebis procesSi relaqsaciuri speqtris gazomvis meTodebi. Tumca unda AaRiniSnos, rom 1hc sixSiris diapazonSi SesaZlebelia gamovlindes unikaluri informacia wertilovani da dislokaciuri defeqtebis moZraobisa da difuzuri aqtiurobis Sesaxeb. naSromSi [10] Seswavlilia Coxralskis meTodiT miRebuli boriT legirebuli  germaniumis monokristalis Sinagani xaxunis speqtri 1-3 hc sixSiris diapazonSi. [111] orientaciis nimuSebSi aRmoCenilia maqsimumebi 80-100, 250-300 da 450ºC temperaturebze. gansazRvrulia maTi aqtivaciis energiebi: 0,95;  1,25 da 1,55ev. nimuSebSi dislokaciis simkvrive Seadgenda 7.103sm-2. gamoTqmulia mosazreba maTi meqanizmebis Sesaxeb.  kerZod, aRniSnulia, rom pirveli maqsimumi SeiZleba gamowveuli iyos vakansiebis migraciiT Zabvis velSi, danarCeni ori maqsimumisadmi navaraudevia dislokaciebis urTierTqmedeba minarevebis metastabilur kompleqsebTan. Mmeqanizmebis dadgenis TvalsazrisiT metad sayuradReboa Zafiseburi germaniumis monokristalebis speqtris gamokvleva [10]. naCvenebia, rom grexiTi deformaciis Semdeg [211] da [111] orientaciis kristalebSi 450 ºC –ze vlindeba relaqsaciuri maqsimumi aqtivaciis energiiT 1,25-1,5ev. Pprocesis sixSiruli faqtoric cvalebadia 1011wm-1 areSi. Ddeformaciis xarisxis cvlilebiT miRweul iqna damatebiTi deformaciuli maqsimumebis gamomJRavneba 260 da 300ºC temperaturebze. sayuradReboa is garemoeba, rom ar aris dafiqsirebuli aqtivaciuri parametrebis cvalebadobis mizezebi, rogorc moculobiT agreTve Zafisebur monokristalebSi. Ees aixsneba dRemde Catarebuli gamokvlevebis arasakmarisi moculobiTa da arasistematuri xasiaTiT. Yyovelive zemoT aRniSnuli migvaniSnebs, rom aucilebelia gamokvleuli iqnas germaniumis sufTa da legirebul monokristalebSi struqturulad mgrZnobiare relaqsaciuri procesebi. 


1.3. dislokaciebi germaniumis struqturaSi


   germaniumisa da siliciumis struqturebSi dislokaciebis Casaxvis, kristalografiuli da moZraobis energetikuli maxasiaTeblebis kvlevas didi mniSvneloba aqvs marTvadi struqturuli mdgomareobisa da fizikuri Tvisebebis naxevargamtaruli n_ da p-tipis masalebis Sesaqmnelad. mkvlevarTa umravlesoba upiratesad ganixilavs xraxnuli da 60º-iani tipis dislokaciebs. amasTan erTad marcvlebis mcirekuTxovan gamyof sazRvrebze arseboben aseve kiduri dislokaciebi (111( mimarTulebiT. aRniSnulidan gamomdinare aucilebelia dadgindes ra tipis dislokaciebi arian mosalodneli almasis tipis struqturaSi. naSromSi [12] gaanalizebulia dislokaciebis kristalogeometriuli parametrebi almasis tipis meserSi. naCvenebia, rom srialis sami SesaZlebeli (001), (110) da (111) sibrtyidan yvelaze mniSvnelovania dislokaciebis sriali {111} sibrtyeTa simravleSi. xraxnuli, kiduri da  60º-iani dislokaciebis RerZebi da biurgersis veqtori mimarTulia (110( -is gaswvriv. 60º-iani dislokaciaze xraxnuli mdgenelis biurgersis veqtori mcirea, xolo kiduri mdgeneli ufro metad gamokveTilia da advilad gamoirCeva misi difraqciuli gamosaxulebis kontrasti. struqturaSi ganixilebian  aseve kiduri dislokaciebi RerZiT [110], biurgersis veqtoriT ½ 1/2 [110] da srialis sibrtyiT (001). aRsaniSnavia, rom maT sqematur gamosaxulebebze naTlad fiqsirdebian ormagi eqstrasibrtyeebi. maTi analizi aCvenebs, rom almasis tipis struqturebSi SesaZlebelia arsebobdnen kiduri dislokaciebi, romelTa birTvebSi ar arseboben gawyvetili eleqtronuli bmebi. Ees metad mniSvnelovania dislokaciebis eleqtruli aqtivobis marTvis SesaZleblobis dasadgenad. 


Aalmasis tipis struqturebis masalebs axasiaTebT daoreulebisadmi midrekileba, radganac umniSvneloa energiaTa sxvaoba normalurad da daoreulebul mdgomareobaTa Soris. siliciumisa da germaniumis struqturebSi martivi daoreuleba xorcieldeba sibrtyeTa {111} sistemaSi [13]. 


   aRsaniSnavia, rom aseTi tipis oreulebi mxolod umniSvnelo gavlenas axdenen naxevargamtarebis eleqtrofizikur Tvisebebze. rTuli struqturuli aRnagoba axasiaTebT meore da mesame rigis oreulebs siliciumisa da germaniumis kristalur meserSi. maT SeuZliaT SesamCnevad Seamciron denis matareblebis Zvradoba da sicocxlis xangrZlivoba. 


   naSromSi [14] gaanalizebulia almasis tipis struqturaSi , kerZod siliciumsa da germaniumSi dislokaciuri struqturis kristalogeometriuli parametrebis kanonzomierebani, aseve epitaqsiuri fenebis gamyof sazRvrebze mesris parametrebis gansxvavebiT ganpirobebuli dislokaciebis Casaxvis, mdgradobisa da Tvisebebze gavlenis meqanizmebis kvlevis Sedegebi. 


Mmonokristalur germaniumSi 600ºC-ze plastikuri deformacia da SemdgomSi swrafi (10ºC/wT) gaciveba warmoqmnis specifikuri konfiguraciis dislokaciebis simravles [15]. Ddislokaciebis mowamvlis ormoebis ganawileba ori tipis sibrtyeebze Seswavlilia deformaciis sxvadasxva etapze. erT-erTi maTgani paraleluria ganivi srialis (111), xolo meore pirveladi srialis [111] sibrtyeebis. Ddislokaciuri ormoebis araerTgvarovani ganawileba damaxasiaTebelia deformaciis pirveli etapisTvis. kerZod, ganivi da pirveladi sibrtyeebis paralelurad damzerilia zolovani da Sejgufebuli simravleebi. zolovani simravleebi SedarebiT xSirad vlindebian. miRebuli Sedegebis SedarebiT mtkicdeba, rom pirvel safexurze plastikuri deformaciiT ~600ºC-ze formirebuli dislokaciebis ganawileba monokristalur germaniumSi analogiuria w.c.k. struqturis metalebis dislokaciuri sivrculi ganawilebisa deformirebul mdgomareobaSi. 


   naSromSi [16] eleqtronuli da optikuri mikroskopiis meTodebiT Seswavlilia dislokaciebis ganawileba deformirebul monokristalur germaniumSi. Ddeformacias axorcielebdnen    520 ºC-ze  (-ε diagramis sxvadasxva etapze.  naCvenebia, rom paierlsis Zala ver axorcielebs dislokaciebis gamravlebas mWidro-wyobis mimarTulebiT. maTSi Ddislokaciebis gadanawilebis xasiaTi w.c.k. metalebis msgavsia. kerZod, dislokaciebi upiratesad kiduri orientaciis arian da deformaciis pirvel safexurze ganawilebulni arian srialis pirvelad sibrtyeebze, urTierTqmedeben  ganivi kveTis srialis sibrtyeSi arsebul dislokaciebTan, qmnian Zlier Sejgufebebs da a.S. dislokaciebi ganawilebulia pirveladi srialis sibrtyis paralelur zonebSi, sadac deformaciamde ar arsebobdnen dislokaciebi.  


Mmonokristalur germaniumSi arsebuli dislokaciebis sruli analizi warmodgenilia naSromebSi [17,18] . germaniumisa da siliciumis kristalur meserSi formirdeba ori gansxvavebuli tipis dislokaciebis simravleebi, rac dakavSirebulia almasis tipis kubur struqturaSi {111} fenebSi atomebis ormag Sreebad ganawilebasTan. Ddislokaciebi moZraoben srialis da e.w. Sereuli meqanizmebiT. Sereuli meqanizmiT moZravi dislokaciebi erTmaneTisagan SedarebiT did {111} sibrtyeTa Soris sivrceSi metad moZravia, vidre srialiT moZravi dislokaciebi imave sibrtyeTa Soris arsebul paralelur fenebSi.  srialiT moZravi dislokaciebi ganicdian disociacias Soklis nawilobriv dislokaciebad, rasac Tan axlavs wyobis defeqtis warmoqmna. Oorive tipis dislokaciebis sigane SedarebiT Semcirebulia. gansazRvruli xraxnuli, 60º-iani da kiduri dislokaciebis siganis sidideebia: Sesabamisad-  2,01; 1,63 da 2,48A. maRal temperaturebze (700-900ºC) deformaciiT warmoiqmnebian orive tipis dislokaciebi, romelTagan erT-erTi disocirebulia, xolo meore- aradisocirebuli (Sereuli meqanizmiT moZravi). 


Ddislokaciebis moZraobis meqanizmebi almasis tipis struqturaSi, kerZod, germaniumis kristalur meserSi ganxilulia naSromSi [19], sadac fiqsirebulia eleqtronuli mikroskopul fotografiebze disocirebuli dislokaciebis gamosaxulebebi siganiT ~60A. 


Tanamedrove eleqtronuli xelsawyoebisa da mowyobilobebis Sesaqmnelad farTod gamoiyenebian monokristaluri germaniumis fuZe-Sreebi orientaciiT (111) da (100). aRniSnulidan gamomdinare didi mniSvneloba eniWeba orive orientaciis fuZe-Sreebze dislokaciebis Casaxvisa da moZraobis pirobebis kvlevas. naSromSi [20] Seswavlilia monokristaluri germaniumis fuZe-SreebSi meqanikuri ZabviT inducirebuli dislokaciebi (100) sibrtyeebze. Ooptikuri da maskanirebeli eleqtronuli mikroskopebis saSualebiT naCvenebia, rom deformaciis gavleniT warmoiqmnebian a/2 <111> tipis dislokaciebi (100) sibrtyeebzeE. isini orientirebulia  [011] mimarTulebasTan 9º-iT gadaxrili RerZis gaswvriv. (100) sibrtyis As-iT pasivaciis Semdeg vlindeba safexurovani dislokaciuri struqtura 13 º-iT gadaxrili [011] mimarTulebidan. Ddislokaciebis aseTi formis struqturas ganapirobebs As-is mcire zomis atomebis irgvliv ganviTarebuli kumSviTi damatebiTi Zabvebi. 


Mmaskanirebel mikroskopSi deformirebul (100) sibrtyeebze gamovlindnen dislokaciebiT generirebuli safexurebis zonebi, rac zedapirze 100A sigane ubnebis saxiT fiqsirdeba. maTi simaRle 3-16AA sazRvrebSi icvleba. zedapirze Canergili  As-is atomebi ganapirobeben axali zonebis formirebas 13 º -iani orientaciiT ZiriTadi <110> mimarTulebasTan. SedarebiTi analizi gviCvenebs, rom deformacia (100) da (111) sibrtyeebze ayalibebs ZiriTadad kristalografiulad identur dislokaciebs, magram maT Soris ganmasxvavebelia calkeuli dislokaciis Sida struqtura, rac gansazRvravs dislokaciebis mdgradobas, moZraobis aqtivaciisa da  eleqtruli aqtivobis maxasiaTeblebs e.i. arsebiTad iseT parametrebs, romlebic mniSvnelovan zegavlenas axdenen masalebis naxevargamtarul Tvisebebze. 


sainteresoa aRiniSnos, rom germaniumis FfuZe-Sris 650ºC 15-jeradi TermociklirebiT (100) sibrtyeebze warmoiqmneba badis formis dislokaciuri simravle damakavSirebeli xidebisa da diagonaluri formis dislokaciebiT. aseTive dislokaciuri  suraTi vlindeba agreTve SiGe/Si epitaqsiuri struqturis zedapirebze (Si da SiGe). formirebuli dislokaciuri struqtura Termulad mdgradia 600-700ºC temperaturamde. SedarebiT maRal temperaturebze ar vlindeba dislokaciuri safexurebi, viwrovdeba dislokaciuri simravleTa sigane [21]. 


     eqsperimentulma kvlevebma maRal temperaturebze (600ºC) gamoavlines ger​maniumis kristalur meserSi daZabulobis areebi. isini gav​lenas axdenen defeqtebis moZraobasa da urTierTqmedebaze meqanikuri datvirTvis pirobebSi. aseT pirobebSi dislokaciuri maryuJebi miiReben upirates orientacias, rac emTxveva gareSe meqanikuri datvirTvis mimarTulebas. 


almasis struqturis naxevargamtarebis kristalebSi dislokaciebi cdi​loben ganlagdnen potencialuri reliefis midamoebSi. dislokaciebis moZraobis Seswavla germaniumsa da siliciumSi [21-27] Tavdapirvelad daiwyes qimiuri mowamvlis meTodiT. Ees meTodi iZleva dislokaciebis moZraobis siCqaris gansazRvris SesaZleblobas. eqsperimentuli monacemebis safuZvelze gansazRvruli iqna dis​lo​kaciuri naxevarmaryuJisa da sruli maryuJis moZraobis siCqareebi [28-31].


zRurbluri Zabva metad Znelad vlindeba GeSi SenadnobebSi, sadac germaniumis maRali Semcveloba aris dafiqsirebuli. naSromSi [32] Seswavli​lia 450-700°C temperaturul intervalSi GeSi  kristaleb​Si dis​lokaciebis moZraobis siCqaris temperaturuli damokidebuleba, rodesac kristalze modebuli Zvris Zabvis mniSvneloba icvleba 3-20 mpa-mde. eqsperimentebma aCvenes, rom 60-gradusiani  disloka​ciis siCqare 900°C-ze 20 mpa Zabvis velSi monotonurad mcirdeba siliciumis koncentraciis zrdisas. igi aRwevs germaniumis damaxasiaTebeli siCqaris mniSvnelobis naxevars, rodesac Ge-Si SenadnobebSi siliciumis koncentracia 2,2 %-ia.


eqsperimentuli Sedegebidan cnobilia aseve, rom GeSi  Senad​no​bebSi germaniumTan SedarebiT dislokaciebis moZraobis siCqa​re umniSvnelod Semcirebulia. 60-gradusiani dislokaciebis moZ​rao​bis siCqare  Si1-xGex (x=0,004 – 0,022) SenadnobebSi eqvemdebareba Semdeg funqcias [33]:
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sadac moZraobis energia Q axlosaa germaniumisaTvis damaxasiaTebel aqtivaciis energiis sididesTan.


aRsaniSnavia, rom siliciumis gacilebiT maRal koncent​raciebze germaniumis kristalur meserSi viTardebian Sors​moq​medi Sinagani Zabvebi, romlebic Zireulad cvlian GeSi  Senad​nobe​bis meqanikur Tvisebebs. aseT SemTxvevaSi dislokaciebis moZ​raobis siCqaris temperaturuli damokidebuleba gansxvavebuli kanonzomierebiT aRiwereba. 


  Ge-Si sistemaSi dislokaciebis dinamiuri Tvisebebi msgavsia Si–sa da Ge-Si dislokaciebis aseTive maxasiaTeblebis.  samwuxarod dRemde mcire yuradReba eTmoboda unikalur Tvisebebs, romlebic aRmoCenilia zogierT  naxevargamtarul SenadnobSi [34,35]. aRniSnul naSromebSi miTiTebulia, rom GaAsP da InAsP SenadnobebSi denadobis Zabvebs gaaCniaT aTermiuli komponentebi, isini ar vlindebian GaAs,GaP, InAs da InP struqturebSi [36,37]. Aamrigad, Ddid interess warmoadgens Ge-Si Senadnobebis dislokaciebis dinamiuri  Tvisebebis Seswavla da maTi unikaluri Tvisebebis marTva. 


   naSromSi [38] Seswavlilia Coxralskis meTodiT miRebuli GeSi (0<x<1) masiuri kristalebis dislokaciuri struqtura da meqanikuri Tvisebebi. nebismieri sakvlevi kristalisTvis Sedgeniloba icvleba sivrculad iseTnairad rom siliciumis koncentracia TandaTanobiT mcirdeba amowevis mimarTulebis gaswvriv. miRebuli GeSi kristalis Sedgenilobis cvlileba  amowevis mimarTulebis gaswvriv damakmayofileblad aixsneba nadnobSi sruli Serevis mdgomareobiT Tanabari ganawilebis koeficintis saSualebiT, rac miiReba fazuri mdgomareobis diagramidan, gravitaciuli efeqtis gaTvaliswinebiT, agreTve arsebuli didi gansxvavebiT Ge da Si simkvriveebs Soris.


  terasebi da dislokaciebi daikvirvebian gazrdil Ge-Si kristalebSi.  dislokaciebi warmoiqmnebian ZiriTadad madedeblisa da Senadnobis gamyof zedapirze. Ddislokaciebis simkvrive SenadnobSi  aRwevs  103_ 105 sm-2. dislokaciebis generaciis procesi SesaZlebelia regulirdeba Senadnobsa da madedeblis sazRvarze arsebuli deformaciis sididiT, temperaturis gradientiTa da dislokaciebis ZvradobiT. 


GeSi SenadnobebSi ganisazRvra dislokaciebis siCqare Sedgenilobis 0<x<0.08 da 0.94<x<1 SualedSi, dislokaciebis dabali simkvrivis (103sm-2) pirobebSi. sacdeli nimuSebi daZabulia amaRlebul temperaturebze  vakuumSi,rasac iwvevs  Runvis deformacia. Ddislokaciebis gadaadgileba  ganisazRvra mowamvlis  ormoebis  Sefasebis meTodiT [38]. 


  germaniumiT mdidar GeSi SenadnobebSi (0<x<0,08) dislokaciebis siCqare monotonurad mcirdeba siliciumis Sedgenilobis zrdasTan erTad da aRwevs mis 1/7-s sufTa germaniumSi 450-700ºC temperaturul intervalSi. Mmeores mxriv,  0,94<x<1 kompoziciur SualedSi dislokaciebis siCqare dasawyisSi izrdeba da Semdeg mcirdeba germaniumis koncentraciis zrdasTan erTad 750-850 ºC temperaturul intervalSi da wnevis 3-30 mpa diapazonSi. .dislokaciis siCqare germaniumis x=0,004 SedgenilobisaTvis, ufro maRalia, vidre sufTaA siliciumSi.  


 60º- iani dislokaciebis siCqare germaniumiT mdidar GeSi SenadnobebSi avlens sworxazovan damokidebulebas Zabvis 3-24mpa diapazonSi   450-700ºC temperaturul intervalSi. 


GeSi SenadnobebSi dislokaciebis  siCqare, iseve rogorc germanimuSi, siliciumSi da sxva naxevargamtarebSi ganisazRvreba Semdegi tolobiT: 


 v=v0((/(0)m exp(-Q/kbT),     (0 = 1mpa.


 sadac kb aris bolcmanis mudmiva.


Mmeqanikuri simtkice gamokvleuli iqna GeSi Senadnobebis,  monokristalebSi, da polikristalur nimuSebSi monokritaluri CanarTebiT kompoziciuri diapazonisTvis 0<x<0.4 da  0.94<x<1, romlebSiac, dislokaciebis simkvrivea 103-105sm-2. marTkuTxa formis nimuSebi SekumSuli iqna mudmivi Zabvis qveS amaRlebul temperaturebze [39].  


    Ge-Si SenadnobebSi zeda da qveda drekadobis zRvari da denadobis Zabva izrdebian siliciumis Sedgenilobis SemcirebiT. meores mxriv, germaniumiT mdidar GeSi SenadnobebSi (x=0,01, 0,10,0,25 da 0,40) Zabva-deformaciis diagramaze Zabvis Semcirebas adgili ara aqvs. gansxvavebiT siliciumiT mdidar GeSi Senadnobebisgan. germaniumSi Zabvis Semcirebis ar arseboba damaxasiaTebelia  dislokaciebis gazrdili ZvradobisaTvis aRniSnul temperaturaze. GeSi Senadnobebs  (x>0,10) axasiaTebT denadobis zRvrisa da Zabvis maRali sidideebi germaniumTan da siliciumTan SedarebiT. amasTan erTad Ddenadobis Zabva aris ufro maRali vidre germaniumisTvis.  


germaniumiT mdidar GeSi SenadnobebSi denadobis zRvari aris mudmivi.


Qqveda denadobis zRvris mniSvnelobebi SenadnobisTvis x=0,996 aris igive, an odnav dabali vidre siliciumSi da denadobis zRvris temperaturuli damokidebuleba msgavsia siliciumisa. siliciumis Sedgenilobis SemcirebiT x=0,946-mde, denadobis  zRvari izrdeba da misi temperaturuli damokidebuleba  xdeba SedarebiT susti. GeSi Senadnobis mTel kompoziciur diapazonSi denadobis zRvars gaaCnia maqsimaluri mniSvneloba, rodesac x=0,5 da is damokidebulia Sedgenilobaze rogorc   x(1-x). 


   germaniumis maRali Semcvelobis masiuri monokristalebis miRebis problema jer-jerobiT bolomde gadawyvetili ar aris, magram miRweuli teqnologiuri done saSualebas iZleva miCneuli iqnas, rom kristalizaciis procesis Tanmxlebi Termuli Zabvebi  da Sedgenilobis lokaluri fluqtuaciebi, agreTve dinamiuri urTierTqmedeba dislokaciasa da myari xsnaris atomebs Soris, mniSvnelovnad axSoben dislokaciebis aqtiurobas da ganapirobeben Senadnobis simtkicis zrdas.


silicium-germaniumis Senadnobebis monokristalebi xasiaTde​bian Semdegi ZiriTadi   fizikur-meqanikuri maxasiaTeblebiT:


Si1-xGex:


simkvrive (2.329+3.493x-0.499x2)g(sm-3;      

mikrosisale (1150-350 x)kg(mm-2;

mesris parametri (5.431+0.20x+0.027x2)(A, 300K;   

drekadobis mudmivebi,  300K;

C11    (165,8-37,3x)(109 pa;


C12    (63,9-15,6x)(109 pa;


C44    (79,6-12,8x)(109 pa;


Si1-xGex  drekadobis moculobiTi moduli 300K, 


Bs=(C11+2C12)/3,                     Bs=(97.9-22.8x)(109 pa;


anizotropiis faqtori:     


A=(C11+C12)/2C44;                     A=(0.64-0.04x);

Zvris moduli:              


G=(C11-C12)/2,                        G=(51.0-10.85x)(109 pa;


[100] mimarTulebiT iungis moduli:


E=748(109 pa;


[100] mimarTulebiT puasonis koeficienti 


(0=0.278-0.005 x.           

simkvrive,gr/sm3           ρ(x)= 5.323- 3.087x


L1 da Δ 1  doneebs Soris sxvaoba,ev,   ( L Δ(x)= -0.18+1.29x


akrZaluli zonis sigane,ev,          Eg(x)=0.72+ 1.5x      


dieleqtrikuli  SeRwevadoba,       χ(x)= 15.8-10.7x


optikuri fononebis energia, mev,     θ(x) = θ0+63x


bgeris siCqare,sm/wm,                                      V(100)(x)= 3.57.105+1.33.105x

1.4. dislokaciebis Zvradoba Ge da Ge-Si monokristalebSi


   cnobilia[40], rom monokristalur germaniumSi dabali Zabvaze dislokaciebis moZraobis maxasiaTeblebi kargad eTanxmebian modelur warmodgenebs, rac gulisxmobs Runvebis Termulad aqtivirebul Casaxvas da damamuxruWebeli wertilovani defeqtebis barierebis gadalaxvas. maRali Zabvebis gavleniT dislokaciebis Zvradobas zRudavs fononebTan urTierTqmedeba. swored amis gamo aseT pirobebSi ganixilaven dislokaciebis Runvebis wyvilebis moZraobas difuziis Teoriis gamoyenebiT. 


E  eleqtronuli mikroskopuli kvleviT, romelic Sesrulda susti sxivebiT gamosaxulebis miRebis meTodiT dadginda [41], rom germaniumsa da siliciumSi dislokaciebi ganicdian disociacias. 70-ian wlebSi sruldeboda disocirebuli dislokaciebis intensiuri kvlevebi plastikurad deformirebul siliciumisa da germaniumis monokristalebSi. NnaCvenebi iqna plastikurad deformirebul germaniumSi nawilobrivi dislokaciebis jgufisa da masTan bmuli wyobis defeqtebis erToblivi moZraobis damadasturebeli eqsperimentuli monacemebi [42]. naSromSi gaanalizebuli dislokaciuri struqtura gansxvavebulia disocirebuli dislokaciebisagan. 


   Seswavlilia monokristalur germaniumSi disocirebuli dislokaciebis Zvradoba [43]. susti eleqtronuli sxivebis meTodiT fiqsirebulia germaniumis struqturaSi grZeli dislokacia nimuSis sibrtyis paralelur orientaciaSi. is erTi boloTi hkveTs dislokacias, xolo meore boloTi gamosulia zedapirze. dislokacia disocirebulia (111) sibrtyeSi, misi biurgersis veqtori [110] mimarTuylebis paraleluria. 270(C-mde gaxurebis gavleniT dislokaciis erTi nawili (111) sibrtyeze iwyebs srials, xolo (111) sibrtyeze arsebuli mdgeneli ucvlelia. 320(C –ze (111) sibrtyeze arsebuli dislokaciis mdgeneli moZraobs srialiT dislokaciur kvanZamde. 440(C- ze dislokacia asrulebs ganiv srials, imave droSi dislokaciuri kvanZi gadaadgildeba. dislokaciis sriali kvanZis maxloblobaSi SezRudulia. aRsaniSnavia, rom mTel sigrZeze dislokacia imyofeba disocirebul mdgomareobaSi. miRebuli Sedegebi cxadhyofen, rom Termuli damuSavebis zemoqmedebiT SesaZlebelia (111) sibrtyeebze disocirebuli dislokaciebis konfiguraciisa da dislokaciuri kvanZebis moZraobis marTva. disocirebuli dislokaciebis Semadgeneli nawilobrivi dislokaciebi erTmaneTisadmi icvlian mdgomareobas. kvlevebiT dadgenilia aseve xraxnuli dislokaciis gamosvla kristalis zedapirze, rac gamovlenili iqna mowamvlis ormoebisa da rentgenuli topografiuli suraTebis saxiT. 


   Ge-Si Senadnobebis meqanikuri Tvisebebi aSkarad arasakmarisad aris Seswavlili, radganac Ge da Si Rrmad arian gamokvleuli SesaZlebelia miRebuli Sedegebis gamoyeneba monokristaluri GeSi Senadnobebis struqturuli da meqanikuri Tvisebebis kanonzomierebaTa kvlevaSi. aRniSnuli TvalsazrisiT sainteresoa naSromSi [44] warmodgenili dislokaciebis siCqareebisa da meqanikuri Tvisebebis Seswavlis Sedegebi. dislokaciebis Zvradobasa da meqanikur simtkices Coxralskis meTodiT miRebul Ge1-xSix monokristalebSi Semcvelobis 0<x<1 diapazonSi axasiaTebT Taviseburebebi. kvlevisaTvis gamoyenebulia 0<x<0,08 da 0,94<x<1 Sedgenilobis masiuri Ge-Si kristalebi. maTSi zrdisas formirebuli dislokaciebis simkvrive icvleba 103-105sm-2 intervalSi. sacdeli nimuSebis kumSviTi deformacia Sesrulebulia [123] kristalografiuli mimarTulebiT maRal temperaturebze instronis tipis danadgarze. 


   dadgenili iqna, rom 60( -iani dislokaciebis siCqare GeSi SenadnobebSi, rodesac 0<x<0,08, mcirdeba monotonurad Si-is koncentraciis amaRlebiT. temperaturis 450-700(C intervalSi; kristalze moqmedi kumSvis Zabva izrdeboda 3-dan 30mgp-mde. 


Zabva-deformaciis SekumSvis diagramaze 550(C -ze ufro dabal temperaturebze Ge1-xSix (x(0,04) Senadnobebs axasiaTebT mkveTrad gamosaxuli denadobis zeda wertili, ris Semdegac mniSvelovnad vardeba Zabvis sidide. Mmsgavsi (-ε diagramebi damaxasiaTebelia naxevargamtarul masalebisaTvis, rogorebic arian Si, Ge, GaAs, InP da sxvebi SedarebiT dabal temperaturebze. 


   aRsaniSnavia, rom denadobis zeda zRvruli mniSvneloba SenadnobisaTvis (x=0,10) 1,4-jer metia vidre Ge-is aseTive maxasiaTebeli. sayuradReboa is, rom 900(C temperaturaze ar Cndeba denadobis zeda zRvruli wertili arc erT gamokvleul kristalSi. Ees aixsneba dislokaciebis maRali ZvradobiT aRniSnul temperaturebze. warmodgenili analiziT naTelia, rom Ge-Tan SedarebiT Ge-Si Senadnobis denadobis zeda zRvari SesaZlebelia 20-jer gaizardos, rodesac x=0,1.  


D dadgenilia, rom koncentrirebul Ge-Si SenadnobebSi denadobis Zabva maRalia da mudmivia temperaturis intervalSi (800-1000(C). sxvadasxva naxevargamtarul masalaSi [45-47] denadobis Zabva ori mdgenelisagan Sedgeba – pirveli Termulad aqtivirebulia da damokidebulia temperaturaze, meore mdgeneli warmoadgens aTermul Zabvas da damoukidebelia temperaturisagan. Mmosalodnelia Ge-Si SenadnobebSi ganmtkicebis efeqtis Sesusteba temperaturis gazrdis pirobebSi. 


A  axlo mowesrigeba ganapirobebs dislokaciebis moZraobisadmi aTermiul winaaRmdegobas. aseTnairi cvlilebebi dislokaciebis moZraobaSi fiqsirebulia Ge0,4Si0,6 Senadnobis epitaqsiuri fenebis deformirebul zestruqturebSi [48]. moculobiT Ge-Si SenadnobebSi mowesrigebuli struqturebi praqtikulad gamovlenili ar aris. radganac Si-Si da Ge-Ge atomebs Soris arsebuli kavSiris sigrZeebi erTmaneTisgan 4%-iT gansxvavdebian SesaZlebelia Kkompoziciis lokalurma fluqtuaciam gamoiwvios gamdidrebuli ubnebis formireba, ris Sedegadac warmoiqmneba Sors moqmedi Zabvebis veli. Ees veli aRar imarTeba dislokaciebis Termulad aqtivirebuli moZraobiT. 


    Ge-Si SenadnobebSi dislokaciebis irgvliv myari xsnaris atmosferoebis dinamiur formirebas SeuZlia gamoiwvios dislokaciis moZraobisadmi aTermiuli winaaRmdegobis warmoqmna, iseTi formiT rogoric gamovlenilia minarevebiT legirebul GaAs-is struqturaSi [49]. Sesrulebuli samuSaoebis analiziT dgindeba, rom monokristaluri Ge1-xSix SenadnobebSi adgili aqvs meqanikur ganmtkicebas. Ge1-xSix monokristalebis meqanikuri Tvisebebi gamokvleulia Sedgenilobis x=0,04 intervalSi sxvadasxva temperaturaze kumSviTi deformaciis pirobebSi. Sedegebi Sedarebulia monokristaluri germaniumisa da siliciumis meqanikuri Tvisebebis maxasiaTeblebTan. Ddadgenilia rom, denadobis Zabva da zRvari izrdebian Si-Ge SenadnobebSi siliciumis Semcvelobis gazrdiT miTiTebul koncentraciul intervalSi. denadobis Zabva maRal temperaturebze praqtikulad temperaturisagan damoukidebelia, rac adasturebs, rom Si da Ge-sgan gansxvavebiT Ge-Si Senadnobebs axasiaTebT denadobis Zabvis aTermiuli mdgeneli. Ggaanalizebulia Ge-Si Senadnobebis ganmtkicebis meqanizmi. 


M mravalricxovani eqsperimentuli da Teoriuli Sromebi avlenen myar sxeulebSi, kerZod naxevargamtarebSi difuzuri procesebis daCqarebas dislokaciebisa da mcirekuTxovani sazRvrebis gaswvriv. Ddifuziis aCqarebas xSirad akavSireben vakansiebTan. maTi koncentracia da Zvradoba gacilebiT maRalia vidre kristalis moculobaSi [50]. aRniSnuli cvlilebebi upiratesad ganpirobebulia kristaluri struqturis Zlieri damaxinjebiT dislokaciebis birTvebis maxloblobaSi. 


  dRemde arsebuli maTematikuri modelebi saSualebas iZlevian ganisazRvros mxolod wertilovani defeqtebis difuzuri gadaadgileba dislokaciebis birTvebis gaswvriv. naSromSi [51] ganxilulia Ge71, Sn113 da Sb124 izotopebis difuziis eqsperimentuli Sedegebi dislokaciebis maRali simkvrivis  germaniumSi “Txevadi” birTvisa da “Zafiseburi” kristalebis modelSi. Ddislokaciebis difuzuri SeRwavadobis da nadnobSi difuziis temperaturuli damokidebulebebis SedarebiTi analiziT gansazRvrulia dislokaciis gaswvriv difuziis koeficientebis absoluturi mniSvnelobebi da dislokaciis birTvis efeqturi radiusi. miRebuli Sedegebi ar ewinaaRmdegebian moZraobis kooperaciul meqanizms da relaqsirebuli Sejgufebuli vakansiebis meqanizms. 


D dislokaciebis “Txevadi” birTvis fizikuri modeli saSualebas iZleva ganxiluli iqnas procesebi dislokaciur kristalebSi, risTvisac iyeneben Txevadi mdgomareobisaTvis damaxasiaTebel Termodinamikur potencialebsa da parametrebs, agreTve difuzuri procesebis parametrebs [52]. 


U ukanasknel periodSi mimdinareobs naxevargamtarebSi dislokaciebis moZraobis meqanizmebis intensiuri kvleva. is ganpirobebulia maTi metad rTuli xasiaTis zemoqmedebiT  masalebis eleqtrofizikuri da struqturuli Tvisebebis maxasiaTeblebze. naSromSi [53] warmodgenilia kristalebSi dislokaciebis Zvradobis ganmsazRvreli Runvebis Casaxvisa da moZraobis procesebis analizi maRali paierlsis potencialis kristalebSi. Ggaanalizebulia dislokaciebze arsebuli Runvebis dinamikaze wertilovani defeqtebis gavlenis sxvadasxva meqanizmi. Sedarebulia analizuri da eqsperimentuli kvlevis Sedegebi Si, Ge da GeSi Senadnobebis monokristalebisaTvis. Aanalizs safuZvlad udevs naxevargamtarul monokristalebSi 

wertilovani defeqtebis urTierTqmedeba dislokaciebis segmentebTan da RunvebTan. 


Oorsafexuriani meqanikuri datvirTis pirobebSi wyvili da erTeulovani Runvebis moZraobis SeswavliT gaRrmavda warmodgenebi Runvebis Casaxvis procesebze gansazRvrul temperaturebsa da dabali Zabvis pirobebSi,  rodesac Runvebi metad mgrZnobiarea barierisadmi [54,55]. Ggermaniumsa da siliciumSi arsebuli dislokaciebis dinamiuri Tvisebebi gaanalizebulia wyvili Runvebis moZraobiT paierlsis pirveladi barieris gadalaxvis modelSi, agreTve meoradi barieris gadalaxviT geometriuli Runvebis moZraobis dros [56]. 


Ddislokaciurio struqtura epitaqsiur fenebSi metad rTulia da moculobiTi kristalebisagan gansxvavdeba energetikuli maxasiaTeblebiT. Uupirveles yovlisa dislokaciebis formirebas gansazRvravs fuZeSresa da epitaqsiur fenas Soris arsebuli mesris parametrebs Soris arsebuli sxvaoba. Aanalizur naSromSi [57] warmodgenilia Ge-Si heterostruqturebSi dislokaciebis Casaxvisa da moZraobis meqanizmebis kvlevis Sedegebi, rodesac mesris parametrebs Soris sxvaoba ar aRemateba 1%-s. ganxilulia dislokaciuri struqturis formireba organzomilebianidan samganzomilebian dislokaciur struqturamde heterofenebis miRebis procesSi. 

1.5.  dislokaciebis eleqtruli aqtiuroba monokristalur Ge-Si SenadnobebSi


   Ge-Si Senadnobebis struqtura da struqturulad-mgrZnobiare fizikuri Tvisebebi SesaZlebelia ganxiluli iqnas, rogorc Semadgeneli Ge da Si komponentebis maxasiaTeblebis modificirebis Sedegi. aRniSnulidan gamomdinare Ge-Si kristalebis sruli daxasiaTebisaTvis mniSvnelovania Ge da Si kristalebis Tvisebebis variaciebis mikroskopuli meqanizmebis Rrma analizi, kerZod, eleqtrofizikuri Tvisebebis da dislokaciuri struqturis urTierTkorelaciuri damokidebulebis dadgena. mniSvnelovani eqsperimntuli Sedegebia warmodgenili ultrasisufTavis germaniumSi dislokaciebis eleqtruli Tvisebebis Sesaxeb [58]. naCvenebia, rom 1012-1013sm-3 arsebuli donemde gasufTavebul germaniumSi  dislokaciebi akrZalul zonaSi qmnian aqceptoruli tipis doneebis or qvezonas. maTi energia da naxevargani damokidebulia kristalis zrdis mimarTulebasa da wyalbadis Semcvelobaze. aRniSnuli dislokaciuri zonebis gamovlineba SesaZlebelia mxolod maSin, rodesac dislokaciebis simkvrivis zRvruli sidide 104sm-2-is rigisaa. gaangariSebiT naCvenebia, rom 103sm-2 dislokaciebis simkvrivis SemTxvevaSi aqceptorebis koncentracia aris 3,5.109sm-3. rodesac dislokaciebis simkvrive ufro naklebia, maSin defeqtebis koncentracia imdenad mcirea, rom gamoyenebuli meTodebi ver axdenen dislokaciuri zonebis registracias. wyalbadis atomebi axdenen dislokaciuri zonebis naxevarganisa da poziciebis modificirebas, maTi gavleniT xorcieldeba defeqtebis aqtivaciis energiis cvlileba gawyvetili bmebis zonebis gajerebis meqanizmiT. 

   Mmyar sxeulebSi lazeris impulsiT nanowamebSi zemoqmedebiT vlindeba eleqtrofizikuri Tvisebebis cvlilebebi. Ees efeqti aris minarevebis mdgomareobebisa da masalis defeqturobis cvlilebiT ganpirobebuli. Seswavlilia oTaxis temperaturaze lazeruli sxivis dartymiTi talRebiT dasxivebuli p-tipis germaniumis dislokaciuri struqtura da eleqtrofizikuri Tvisebebi [59].


D dadgenilia[60], rom gamosxivebis dartymiTi talRis zemoqmedebiT ar xdeba dislokaciuri struqturis cvlileba, radganc dasxivebul zedapirze ar gamovlindnen mowamvlis dislokaciuri ormoebi, magram sagrZnoblad icvlebian eleqtrofizikuri parametrebi. warmodgenilia daskvna, rom germaniumis dasxiveba impulsuri lazeriT mikrowamebSi intensivobiT 107- 109 vt/sm2 iwvevs udislokaciod wertilovani defeqtebis aTermiul warmoqmnas. 


P pirvelad iqna aRniSnuli [61], rom p-germaniumSi warmoqmnili dislokaciebi avlenen erTdroulad aqceptorul da donorul Tvisebebs. Ees faqti dadasturebulia xvrelebis koncentraciis temperaturuli damokidebulebis kvleviT sawyisi da plastikurad deformirebuli germaniumis nimuSebSi. 


 warmodgenilia modeli [62], romlis Tanaxmad p-germaniumSi dislokaciebis maRali simkvrivis pirobebSi arsebobs ori done- aqceptoruli Ea da Ed donoruli, TiToeul maTgans aqvs sasruli tevadoba Ca da Cd. rodesac Cd<<1, maSin temperaturis farTo intervalSi SesaZlebelia  ar iqnas miRebuli mxedvelobaSi dislokaciebze lokalizebul eleqtronebTan urTierTqmedeba. aRniSnuli daSvebidan gamomdinare ganixilaven naxevargamtarebis wonasworul Tvisebebs dislokaciebTan Tanaarsebobis pirobebSi. A  praqtikuli gamoyenebis TvalsazrisiT metad aqtualuria p-da n-tipis germaniumSi plastikuri deformaciis procesSi minarevebisa da dislokaciebis urTierTqmedebis meqanizmebis dadgena. N Seswavlilia plastikurad deformirebuli n-tipis germaniumis dabaltemperaturuli eleqtrogamtaroba. sacdeli kristali legirebulia Sb-iT 2,5.1016sm-3 koncentraciamde [63]. Ddadgenilia, rom deformaciis xarisxis gazrdiT mcirdeba eleqtronebis koncentracia da Zvradoba da icvleba gamtarobis tipi. 


deformaciiT Casaxuli dislokaciebi bunebiT aqceptorulia da maTi warmoqmna n-tipis kristalSi iwvevs kompensacias, amasTan erTad iqmnebian gabnevis damatebiTi centrebi [64], cnobilia isic [65], rom n-tipis germaniumSi <111> mimarTulebiT Zlieri arasimetriuli deformaciiT donorebis talRuri funqcia anizotropulia da Sb-iT legirebisas talRuri funqciebis gadafarva sustdeba. 


   Ddeformirebul Ge:Sb kristalebSi dabaltemperaturul intervalSi adgili aqvs e.w. diskretul gamtarobas aqtivaciis energiiT Eε: ρ(T)= ρε . exp(ε/KT). aseTi tipis temperaturuli damokidebulebiT igulisxmeba uaxloes mezobel atomebs Soris diskretuli eleqtrogamtaroba, romlisTvisac gancalkevebulia “denadobis” wvlili minarevebis yvela mdgomareobisaTvis damoukideblad maTi energetikuli poziciisa. Eε warmoadgens sxvaobas fermis donesa da mdgomareobis simkvrivis speqtris maqsimums Soris. deformaciis Sedegad warmoqmnili didi simkvrivis dislokaciebi iwveven kristalis arahomogenurobas, ramac SesaZlebelia gaafarTovos minarevebis energetikuli zona, Sesabamisad amaRldeba kuTri eleqtruli winaaRmdegoba.


  sayuradReboa naSromSi [66] warmodgenili deformirebul germaniumSi pozitronebis sicocxlis xangrZlivobis Seswavlis Sedegebi. SekumSviT deformirebuli n- da p-tipis germaniumis kristalebSi eleqtronebisa da xvrelebis sicocxlis xangrZlivoba mcirdeba deformaciis gazrdiT. CamWeri centrebis modelSi Sefasebulia pozitronebis CaWeris siCqare, riTac gansazRvrulia dislokaciebis birTvebis sigane, rogorc 20 da 8,2A n- da p-tipis nimuSebisaTvis. n-tipis germaniumisaTvis gaujerebeli bmebis wili Sefasebulia ≈0,26.  es sidide gacilebiT mcirea n-GaAs-is dislokaciebis analogiuri maxasiaTeblebTan SedarebiT. Ddadgenilia, rom legireba AaZlierebs pozitronebis CaWeras.p-tipis germaniumSi. masSi gaujerebeli bmebis wvlili Seadgens 0,25, rac TanxmobaSia Sroterisa  da labuSis warmodgenebTan. 


   dislokaciebiT mdidar germaniumSi Termuli damuSavebiT SesaZlebelia eleqtrofizikuri da optikuri maxasiaTlebis mkveTri cvlilebebi. naSromSi [67] Seswavlilia Termuli damuSavebis sxvadasxva reJimis gavlena monokristaluri germaniumis denis matareblebis rekombinaciaze dislokaciebis simkvrivis farTo diapazonSi.: 0-dan 105sm-2-mde. naCvenebia, rom mowva 750ºC-ze amcirebs sicocxlis xangrZlivobas, rodesac Nd=3.103sm-2. dislokaciebis mcire simkvrivis germaniumSi ganmsazRvrelia vakansiuri tipis defeqtebis wvlili sicocxlis xangrZlivobis cvlilebebSi, xolo dislokaciebis maRali simkvrivis pirobebSi sustdeba rekombinaciur procesebze vakansiebisa da dislokaciebis urTierTqmedebis gavlena. avtorTa mosazrebiT gamoricxuli ar aris Jangbadis atomebis eleqtruli aqtiurobis gavlena denis matareblebis sicocxlis xangrZlivobaze maRaltemperaturuli mowvis procesSi dislokaciebis maRali simkvrivis pirobebSi (Nd(105sm-2). 


  Mmetad saintereso Sedegebia warmodgenili naSromSi [68] 60º-iani da xraxnuli dislokaciebis Semcvel p-da n-tipis Si da Ge monokristalebis lokaluri eleqtruli Tvisebebis Sesaxeb. kerZod, Seswavlilia volt-amperuli maxasiaTeblebi. n-tipis siliciumSi gamovlinda 60º-iani dislokaciebis dioduri moqmedeba gansxvavebiT xraxnulisagan, romlebsac ar axasiaTebT dioduri denis gamarTva. 60º-iani dislokaciaze pirdapiri da ukudenebi erTmaneTisagan 100-jer meti sididiT gansxvavdebian. Seswavlilia aseve 60º-ian dislokaciaze garRvevis maxasiaTeblebi. Ddadginda, rom eleqtruli garRvevis Semdeg xdeba p-n gadasasvlelis Tvisebebis sruli aRdgena. Si da Ge-Si ar gamovlinda 60º-iani da xraxnuli dislokaciebis maxasiaTeblebs Soris ganmasxvavebeli niSnebi, radganac volframisa da aRniSnuli masalebis  kontaqtebs hqondaT mkveTrad gamoxatuli ara omuri Tviseba. miRebuli Sedegebis analizSi gaTvaliswinebulia kristalis zedapirze dislokaciebis gamosvlis adgilebSi damuxtuli mdgomareobis Seqmna. 60º-iani dislokaciebis dioduri Tvisebebis formirebaSi gadamwyvetia gawyvetili bmebis arseboba. cnobilia [69,70] , rom 60º-iani dislokaciebis formirebiT akrZalul zonaSi warmoiqmnebian energetikuli doneebi 0,2-0,5ev siRrmeze gamtarobis zonis minimumidan. 


  Seswavlilia erTRerZian deformirebul Ge-Si energetikul velebs Soris eleqtronebis gadanawileba “Txel” doneebze arsebuli donorebis dartymiTi ionizaciis procesSi [71]. dartymiT ionizacias ganicdidnen neitraluri donorebi Sb, P, As. gansazRvrulia erTRerZiani wnevis gavleniT dartymiTi ionizaciis velebis cvlilebebis mTavari meqanizmebi. Ddadginda, rom inversiuli L1-Δ1  tipis gardaqmna gamtarobis zonaSi ganapirobebs germaniumSi fosforis ionizaciis energiis cvlilebas 12-41mev intervalSi. ionizaciis energiis TiTqmis oTxjeradi gazrda saSualebas iZleva gamovlindes maionizirebeli eleqtronebis optikur fononebze aradrekadi gabnevis wvlili. cxadia, rom maionizirebeli eleqtronebis energiis miaxloeba optikuri fononis energiasTan iwvevs aradrekadi gabnevis zrdas. 


  Sinagani xaxunis meTodiT gamokvleulia erTeulovani da wyvili Runvebis formirebisa da moZraobis energiis cvlilebebi naxevargamtarul masalebSi [72-75]. naCvenebia eleqtrulad aqtiuri minarevebis Zlieri gabneva dislokaciebis birTvebsa da atmosferoebze. Ddadgenilia, rom aqceptoruli minarevebi Tanabari koncentraciis pirobebSi tetraedruli radiusebisagan damoukideblad erTnairad axdenen gavlenas dislokaciebis Zvradobaze da erTnairad amcireben aqtivaciis energias aralegirebul kristalTan SedarebiT. Uufro Zlierad amcireben disalokaciebze Runvebis moZraobis aqtivaciis energias donoruli minarevebi. Eeleqtronebis gavlena ar isazRvreba mxolod dislokaciebis ZvradobiT. Ddenis matareblebis amaRlebul koncentraciebze dislokaciebis elementebis rxevis sixSire SemosazRvrulia kovalentul bmebSi eleqtronebis “gadarTvebiTa” da hibridizaciis mdgomareobis SecvliT, rodesac dislokaciuri Runva aRmoCndeba barieris maqsimumze. aRsaniSnavia [76] , rom n-tipis kristalebSi SedarebiT dabalia dislokaciuri Runvis sixSiris faqtori. es xorcieldeba Zlierad legirebis SemTxvevaSi. maSin mosalodnelia eleqtronebis talRuri funqciis gadafarvis gaZliereba aqceptorul minarevebsa da Runvebze. Ee.w.dislokaciur zonaSi. ase, magaliTad, Tu aqceptorebis koncentracia iqneba (1019sm-3 , maSin warmoiqmneba minarevuli zona, aqceptoruli mdgomareobebi gadanawildebian kristalis mTel moculobaSi. 


  Ddabali meqanikuri Zabvis  moqmedebis dros (τ<2-4kg/mm2) aqceptoruli minarevebiT legirebul kristalebSi vlindeba dislokaciebis siCqarisa da moZraobis energiis mkveTri damokidebuleba Zabvisagan [77]. germaniumSi dariSxanis maRal koncentraciaze ar vlindeba aqtivaciis energiis mniSvnelovnad amaRleba Zabvis Semcirebisas. masSi SeimCneva, msgavsad siliciumisa sastarto Zabva dislokaciis amoZravebisaTvis, rac sakmarisad didia (≈2kg/mm2). es gamowveulia Runvebis mravali CamWeris arsebobiT dislokaciebze.  


 MmaRali meqanikuri Zabvis velSi dislokaciebze Runvebis moZraoba SesaZlebelia aRiweros ormagi Runvebis difuziis modeliT da gaTvaliswinebuli iqnas axlo da Sors moqmedi Zalebis (drekadi, eleqtrostatikuri) gavleniT moZraobis energiis mosalodneli Semcireba. Ddislokaciebis irgvliv arsebuli maRali koncentraciis wertilovani defeqtebi amuxruWeben ormagi Runvebis gancalkavebas, rac aseve mniSvnelovnad aisaxeba dislokaciebis moZraobis siCqareze meqanikuri Zabvis velSi. 


       dislokaciebis birTvebis mier CaWerili denis matareblebis moZraoba eleqtrul velSi vlindeba dabal temperaturebze plastikurad Zlierad deformirebul germaniumSi [78].


Eeleqtruli parametrebis anizotropuloba  T=30K  da Ndisl.(2(107sm2 pirobebSi gaana​li​zebulia 60( -iani dislokaciebis birTvebis gaswvriv xvrelebisa da eleq​tronebis moZraobiT aqceptorul da eleqtronul dislokaciur zonebSi. daSvebulia, rom dislokaciebze arsebuli segmentebis sigrZe 10 mkm-is rigisaa. xvrelebis talRuri funqciis radiusi (  1 nm-ia. aseTi radiusis cilindrSi mimdinareobs eleqtruli deni  0,1 mkm manZilze. maSasadame SesaZlebelia miviCnioT, rom deni aRZrulia e.w. qvantur Zafisebur gamtarSi. realur kristalebSi eleqtronebi da xvrelebi  gaibnevian dislokaciur Runvebze, safexurebsa da defeqtebze, romlebic lokalur ubnebSi arRveven translaciis simetrias birTvebis gaswvriv. Seswavlilia [79] maRaltempera​turuli mowvis gavlena Zlier deformirebuli germaniumis xvrelur gamtarobaze. naCvenebia, rom  900(C-ze  mowvis Semdeg mcirdeba xvreluri eleqtrogam​taroba, icvleba  misi temperaturuli damokidebulebis xasiaTi.


 eleqtruli Tvisebe​bi mniSvnelovnad icvlebian germaniumis rekristalizebul struqturaSi.  rekris​talizacia mimdinareobs maRalkuTxovani sazRvrebis formirebisa da moZraobis meqanizmiT. Zlierad deformirebul germaniumSi rekristalizaciis Canasaxebi kritikulze meti zomebiT, warmoiqmnebian mxolod mowvis procesSi da maTi zomebi 30 mkm-is maxloblobaSi icvlebian. gamsxvilebuli marcvlebis  warmoqmniT sustdeba dislokaciebs Soris eleqtronuli kavSirebi da, Sesabamisad,  mcirdeba xvreluri gamtarobis sidide.  fenovani, ujredovani, homogenizebuli da fragmentirebuli dislokaciuri struqtura, rogorc Sedegi Termomeqanikuri  damuSavebis iwvevs eleqtruli maxasiaTeblebis aramdgradobasa da gauaresebas [80].


deformaciisa da Semdgomi Termuli zemoqmedebis gavlena kidev ufro naTlad vlindeba monokristaluri Ge-Si Senadnobebis eleqtruli Tvisebebis cvlilebebSi. gamokvleulia eleqtronebis gadatanis procesebi sust eleqtrul velebSi    G1-xSix (0<x<0,14)  SenadnobebSi [81]. sacdeli nimuSebis miReba ganxorcielebulia  Coxralskis meTodiT, erTdroulad xdeboda gamdnari masalis Sevseba tigelSi CaSvebuli identuri Sedgenilobis   Ge-Si   Reros gadnobiT [82].  am gziT minimumamde daiyvaneba komponentebis ganawilebis koncentraciuli gradienti.


naCvenebia SenadnobebSi dispersiis kanonis SecvliT ganpiroebuli sust eleqtrul velebSi eleqtronebis gadataniTi moZraobis kanonzomierebaTa cvlileba. zonuri gardaqmna  zonebis L1((1 tipis inversiamde miRweulia   Si-is Semcvelobisa da [100] mimarTulebiTi kumSviTi deformaciis zemoqmede​biT. ganxilulia Ge-Si SenadnobebSi eleqtronebis Zvradobis SemzRudav defeqtebze gabnevis meqanizmebis efeqturoba. holis efeqtis meTodiT miRebuli deformaciuli da koncentraciuli damokidebulbebis eqsprimentuli da gaTvliTi monacemebis SedarebiT relaqsaciis drois miaxloebaSi dadgenilia, rom sakvlev Senadnobebis dominirebs akustikuri da Senadnobebis komponentebze gabnevis procesebi. gansazRvrulia SenadnobebSi eleqtron-fononuri urTierTqmdebis konstantebi. eqsperimentuli da analizuri gziT miRebulia kinetikuri koeficientebis arawrfivi funqcionaluri damokidebulebebi inversiis areSi Ge-Si  SenadnobebSi.


defeqtebis eleqtronul-stimulirebuli reaqciis modelSi ganxilu​lia rogorc wonasworuli, aseve arawonasworul denis matareblebis gavlena defeqtebis reaqciis siCqareze kovalentur kristalebSi. bmebis Sesustebis meqanizmis elementarul  aqtad miRebulia darRveuli valenturi bmis warmoqmnisa da gadarTvis procesi da gaanalizebulia masTan dakavSirebuli  kristaluri mesris kvanZis eleqtronuli Termebis dinamika. eleqtronul-stimulire​buli defeqtebis reaqciis siCqare gansazRvrulia rogorc  fermis kvazidones mdgomareobis funqcia [83].


naCvenebia, rom defeqtebis reaqciis siCqare n- germaniumSi izrdeba monotonurad zRurbluri Zabvis gareSe eleqtronebis koncentraciis amaRlebiT. p-tipis germaniumSi sustad legirebis SemTxvevaSi is saerTod damoukidebelia xvrelebis koncentraciisagan, xolo xvrelebis maRal koncentraciebze ((1019sm-3) defeqtebis reaqciis siCqare rTuli funqcionaluri damokidebulebiT avlens zrdis tendencias.


 legirebuli kovalenturi naxevargamtarebis dislokaciebis Casaxvisa da moZraobis aqtivaciis energiis variaciebi naTlad vlindebian Sinagani xaxunis temperaturul speqtrebSi.  naSromSi [84] Sinagani xaxunis meTodiT gamokvleulia erTeulovani Runvebis moZraobisa da wyvili Runvebis formirebis aqtivaciuri parametrebi n-tipis legirebuli  da, agreTve, aralegirebul monokristalur germaniumSi. gansazRvrulia dislokaciebze  arsebuli Runvebis moZraobis energia (( 1,108 ev) d sixSiris faqtori ~1,5(109wm-1. sayuradReboa, rom sixSiris faqtori miTiTebul intervalSi izrdeba moqmedi gareSe deformaciis proporciulad. sxva energetikuli maxasiaTeblebi (2,07 ev da (1(1013wm-1 ) ganekuTvnebian dislokaciebze wyvili Runvis Casaxvisa da moZraobis aqtivacias. orive SemTxvevaSi Sinagani xaxunis speqtrSi Sesabamisi relaqsaciuri warmoSobis maqsimumebi gadaadgildebian dabali temperaturebis mimarTulebiT 10-20ºCК-Ti deformaciis gazrdis pirobebSi.


dReisaTvis dadgenilia [85-87], rom  n- da  p- tipis Ge-is kristalebSi 10-20%-iT  SesaZlebelia Semcirdes erTeulovani da wyvili  Runvebis moZraobis aqtivaciis energia  drekadobis sazRvrebSi deformaciis pirobebSi.


dislokaciebis moZraobis aqtivaciuri maxasiaTeblebis cvlilebebi SesaZlebelia ganxorcieldes aseve izovalenturi elementebiT legirebis SemTxvevaSi, rodesac malegirebeli komponentis koncentracia sakmarisia mesris parametris SesamCnevad SecvlisaTvis. Tavis mxriv es ukanaskneli gansazRvravs dislokaciebis moZraobisadmi arsebuli paierlsis potencialuri barieris simaRles, rac gansazRvravs dislokaciebis Zvradobas. 


Seswavlilia germanium-siliciumis zogierTi mono​kris​​ta​luri nimuSis Sinagani xaxunisa da Zvris modulis temperaturuli damokidebuleba da gaanalizebulia dislokaciuri relaqsaciuri maqsimu​mebis aqtivaciuri maxasiaTeblebis    cvlilebebis mizezebi.    naCvenebia, rom 3at.%-mde siliciumis koncentraciis gazrdiT izrdeba Zvris modulis absoluturi mniSvneloba, rac ZiriTadad ganpirobulia lokalizebuli kumSviTi Zabvebis moqmedebiT germaniumis kristalur meserSi [88,89].


siliciumiT legireba SesamCnevad (( 15 %) zrdis pirveli da meore kritikuli Zabvebis sidideebs, romlebic Seesabamebian dislokaciebis segmentebisa da Runvebis mowyvetas wertilovani defeqtebisa da dislokaciuri kvanZebidan. maTi sidideebis regulireba SesaZlebelia saSualo da maRal temperaturebze Termuli damuSavebiT (wrToba, mowva), romlis ganmavlobaSi adgili aqvs dislokaciebis irgvliv arsebuli minarevebis atmosferoebSi koncentraciul da konfiguraciul cvlilebebs, aqtivaciuri da meqanikuri maxasiaTeblebis Semdgomi Semcireba Ge-Si SenadnobebSi gamovlenilia eleqtrulad aqtiuri elementebiT legirebis SemTxvevaSi [90.91].   


aRsaniSnavia, rom deformaciisa da Termuli damuSavebis zemoqmedebiT maRal temperaturebze SesaZlebelia gamovlindes dislokaciebis energetikuli parametrebis cvlilebebi, rac naTlad aris dadasturebuli naSromSi [92]. kerZod, naCvenebia, rom 700°C-ze grexiTi maRalamplituduri cikluri deformaciis gavleniT aralegirebul monokristalur siliciumSi 10-15 %-iT mcirdeba 60°-iani da xraxnuli dislokaciebis moZraobiT ganpirobebuli meqanikuri relaqsaciuri procesebis aqtivaciis energiis mniSvnelobebi. aRniSnul procesebs Tan sdevs eleqtrogamtarobis da Termuli gafarToebis anomaluri cvlileba 200-400°C intervalSi. mowviT vakuumSi 700-900°C intervalSi sustdeba eleqtrofizikuri Tvisebebis anomaliebi da maRldeba dislokaciuri warmoSobis relaqsaciuri maqsimumebis aqtivaciis energiisa da sixSiris faqtoris sidideebi. analiziT dadginda, rom aRniSnuli cvlilebebi ZiriTadad ganpirobebulia Jangbadis atomebisa da dislokaciebis urTierTqmedebis intesivobis Sesusteba-gaZlierebis procesebiT. aseT pirobebSi xorcieldeba dislokaciebis atmosferoebSi Jangbadis atomebis kompleqsebSi koncentraciuli da konfiguraciuli cvlilebebi. yovelive aRniSnuli ganapirobebs kristalis darbileba-ganmtkicebis procesebs, romlebic mWidro korelaciaSia realur dislokaciur struqturasa, eleqtrul, Termul da struqturulad mgrZnobiare meqanikur TvisebebTan.  

2. Sedegebi da maTi gansja

2.1. Ge-Si Senadnobebis miReba da kvlevis meTodebi


2.1.1. Ge-Si Senadnobebis miRebis meTodika 


   germaniumis mono- da polikristaluri nimuSebis miReba warmoebda Coxralskis tipis sadnob RumelSi. dnobebi xorcieldeboda kvarcis tigelebSi diametriT 40-60mm. boriT legirebisaTvis meqanikuri SereviT mzaddeboda kazmi Semadgeneli komponentebis gansazRvruli koncentraciiT. madedeblis orientacia Seadgens [111] . miRebuli kristalebi daaxloebiT ovaluri formisaa. misgan SesaZlebelia almasis diskiT gamoiWras 20-35mm diametris nimuSebi. 


dnobebis Catarebamde xdeboda danadgaris temperaturuli pirobebis Semowmeba. amisaTvis danadgarSi itvirTeba germaniumis saWiro raodenoba gaTvlili tigelis moculobaze. dnobis procesi mimdinareobs inertuli airis (argonis) garemoSi. masala sruli gadnobis Semdeg dnobis temperturaze yovndeboda daaxloebiT 10 wT da Semdeg iwyeboda temperaturis dakleba da ganisazRvreboda kristalizaciis temperatura mdnaris zedapirze kristalis warmoqmniT. Tu mdnaris zedapirze izoTermis maqsimumi emTxveva mis centrs, am SemTxvevaSi kristalizacia iwyeba mdnaris gverdebidan, maSin roca mdnaris centri gadaxurebul mdgomareobaSia. am SemTxvevaSi mdnaris centrSi warmoiqmneba erTi an ori kristali. temperaturis optimaluri ganawileba miiRweva tigelis gadaadgilebiT maxureblis mimarT, ise rom mdnaris zedapiri moqceuli iyos cxeli zonis optimalur ubanSi. kristalizaciis dawyebis temperaturis dadgenis  Semdeg xdeba mdnaris gadaxureba, raTa gamoiricxos damatebiT kristalizaciis centrebis warmoqmna. Semdeg temperatura daaxloebiT 10-20 gradusiT maRldeba kristalizaciis temperaturis zeviT da madedebeli SehyavT kontaqtSi mdnarTan. amis Semdeg xdeba amowevis procesis dawyeba. kristalis amoweva mimdinareobs stabilur temperaturul reJimSi, raTa ar moxdes monokristalis srulqmnilobis dazianeba da oreulebis warmoqmna. 


Ddadgenil teqnologiur pirobebSi miRebulia aralegirebuli da cal-calke boriTa da dariSxaniT legirebuli Ge1-xSix mono- da polikristaluri sxmulebi diametriT 20-35mm da sigrZiT 60-75mm. kristalebis miRebis procesSi madedeblisa da tigelis brunvis siCqareebi Seadgenen Sesabamisad 45 da 10br/wT. radganac siliciumisa da germaniumis erTmaneTSi ganawilebis koeficientebi sxvadasxvaa, amis gamo   Ge-Si nimuSis sigrZeze  yovel erT sm-ze koncentraciuli gradienti Seadgens – 0,05at%Si. aRniSnulTan dakavSirebiT xdeboda gansazRvruli koncentraciis ubnebis gamoWra mTliani nimuSidan sxvadasxva doneze. Aamave ubnebSi Si-is koncentraciis sidide ganisazRvreboda piknometruli meTodiT. 

2.1.2. mikrostruqturis kvlevis meTodika


mikrostruqturis kvleva sruldeboda optikur mikroskopze Neophot-32. amave mikroskopze sruldeboda sakvlevi nimuSebis zedapiruli struqturis fotofirfitaze aRbeWdva. 


nimuSebis zedapirze warmoqmnili deformirebuli Sris moxsnis mizniT, warmoebda qimiuri polireba xsnarSi _ HF:HNO3 1:3, 5-10 wuTis ganmavlobaSi da amis Semdeg, dislokaciuri figurebis gamovlinebisaTvis mowamvla grZeldeboda xsnarSi _ HF:HNO3:CH3COOH=3:1:12 daaxloebiT 30 wuTis ganmavlobaSi. qimiuri polirebisa da dislokaciebis gamosavleni mowamvlis monacvleoba meordeba vidre ar Sewydeba dislokaciebis simkvrivis cvlileba. aseT pirobebSi mowamvliT gamovlenili figurebi warmoadgens kristalizaciis procesSi warmoqmnil dislokaciebs. imave Sedgenilobis polikristaluri struqturis mqone nimuSebis zedapirebis momzadeba struqturuli kvlevebisaTvis praqtikulad analogiuri TanmimdevrobiT SesaZlebelia Sesruldes. kerZod, mikrostruqturis gamosamJRavneblad, winaswar damuSavebuli Slifebis mowamvlas axdenen 25% KOH –is mduRare xsnarSi H2O2 –is damatebiT, Semdegi proporciiT 4:1 [93].


2.1.3. eleqtrofizikuri maxasiaTeblebis gazomvis meTodika


oTaxis temperaturis pirobebSi eleqtrofizikuri Tvisebebis maxasiaTeblebi ganisazRvreboda oTxzondiani meTodiT, mudmiv magnitur velSi moTavsebul nimuSSi mudmivi sididis denis aRZvris pirobebSi. magnituri velis daZabuloba Seadgenda 

[image: image3.wmf]~1·104 ersteds. sacdeli nimuSis forma – 2X4X12 mm3. Tavdapirvelad iangariSeba holis koeficienti [94]: 
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sadac H – mudmivi magnituri velis daZabuloba;


               I – nimuSSi gamavali mudmivi denis sidide;


              d – nimuSis sigrZe


              Vh – nimuSze aRZruli holis emZ.


denis matareblebis koncentracia iangariSeba formuliT [94]:
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e – eleqtronis muxtis sididea; 


c – sinaTlis siCqare vakuumSi.


denis matareblebis Zvradoba gamoiTvleba cnobili Tanafardobidan: 
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sadac gamtaroba  σ=
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;  S – nimuSis kveTis farTobia.

2.1.4. mikrosisalis gansazRvra 


  miRebuli monokristalebis (111) sibrtyis paralelurad amoWrili iqna firfitebi. mikrosisalis gazomvamde warmoebda nimuSebis zedapiris momzadeba Semdegi TanmimdevrobiT. zedapiri iSlifeboda sxvadasxva zomis marcvlebis SiC –fxvnilze, Semdeg xdeboda meqanikuri polireba almasis pastebiT (d~1,2,3mkm). mikrosisale Seiswavleboda mowamvlis Semdeg. mowamvla xorcieldeboda mduRare xsnarSi SemadgenlobiT: 4wili 25%-iani KOH+1წილი  .30%-iani H2O2. mikrosisalis gazomva vikersis meTodiT sruldeboda ПМТ-3 -ze 50g datvirTvis qveS. anabeWdis diagonali izomeboda okularuli mikrometriT. mikrosisale iTvleboda formuliT [95]:    
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sadac H – mikrosisalea;


              P – datvirTva;


             C – anabeWdis diagonalis sigrZe.


mikrosisalis yoveli mniSvneloba miRebulia anabeWdis samjeradi gazomviT da TviT nimuSis damaxasiaTebeli mikrosisalis sidide gamoangariSebulia nimuSis zedapirze 50 anabeWdis oTaxis temperaturaze gazomvis safuZvelze.

2.1.5. Termuli gafarToebis kvleva dilatometruli meTodiT


 nimuSebis Termuli gafarToebis SeswavlisaTvis gamoyenebuli iqna kvarcis dilatometri. winaswar Sesrulda mosamzadebeli samuSaoebi kerZod, induqciur meTodze damyarebuli dilatometris profilaqtikisa da modernizaciis samuSaoebi. Ees uzrunvelyofs avtomatul reJimSi gaxureba-gacivebis pirobebSi Termuli gafarToebis gazomvebis Sesrulebas. wrfivi Termuli gafarToebis koeficientis angariSi xdeboda cnobili formuliT [96]. 
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 ,


sadac l _ nimuSis sawyisi sigrZe. mocemul pirobebSi l-is sidided miCneulia nimuSis sigrZe sawyis temperaturaze. Δl _ nimuSis wagrZelebis absoluturi sidide, xolo ΔΤ _ temperaturuli intervali, romlis drosac gamoiTvleba wrfivi Termuli gafarToebis koeficienti.


cifruli dilatometri Sedgeba oTxi ZiriTadi blokisagan:


1. dilatometris cifruli bloki 


2. wanacvlebis tevaduri gadamwodi 


3. izoTermuli bloki 


4. personaluri kompiuteri 


gadamwodebidan signalis damuSavebas da SemdgomSi monacemebis personalur kompiuterSi gadagzavnas axorcielebs Microchip–is 16 bitiani.mikroprocesori. temperaturis gasazomad gamoyenebulia qromel-alumelis Termowyvili da integraluri sqema MCP9800, romelic zomavs garemos temperaturas 0,0625 grad. celsiusis sizustiT Termowyvilis civi bolos kompensaciisaTvis da moTavsebulia izoTermul blokSi civ bolosTan erTad. Termowyvilis Termoeleqtruli Zabva 18 bitiani delta-sigma analogur cifruli gardamqmnelis gavliT muSavdeba mikroprocesoris mier meaTe xarisxis polinomialuri funqciis gamoyenebiT, romlis koeficientebi dadgenilia NIST (national institute of Standards and Technology) –is mier.wanacvlebis tevaduri sensori SeZenil iqna mza saxiT, romelsac gaaCnia marTvisa da informaciis wakiTxvis cifruli porti. 


  sensorebidan informaciis wakiTxvisa da misi Sesabamisi algoriTmebiT damuSavebis Semdeg RS232 portis meSveobiT xorcieldeba misi gadacema personalur kompiuterze, romelic gazomvis damTavrebis Semdeg gvaZlevs informacias eqselis cxrilis da grafikis saxiT. 


   xelsawyos gaaCnia displei da klaviatura, romlis meSveobiTac xdeba informaciis gamotana realur droSi da sawyisi parametrebis SeSveba gazomvis dawyebamde, ris Semdegac gazomvis mTliani cikli xorcieldeba sruliad avtomatur reJimSi. Ees gamoricxavs adamianis faqtors gazomvis procesSi da ufro saimedos xdis miRebulSedegebs. 


cifruli dilatometris sqema warmodgenilia naxazze 1.



[image: image13]

Nnax.1. cifruli dilatometris bloksqema

2.1.6. Sinagani xaxunisa da Zvris modulis gazomvis meTodi


   Sinagani xaxunis danadgaris ZiriTad nawils warmoadgens vertikalurad damagrebuli grexiTi qanqara. mis RerZze meqanikuri momWerebis an cecxlgamZle webos saSualebiT magrdeba nimuSebi. qanqaris horizontalur RerZze ganlagebulia magnituri tvirTebi. SesaZlebelia maTi masis da vertikaluri RerZidan daSorebis regulireba merxevi sistemis sixSiris Secvlis mizniT. grexiTi rxevebis aRgzneba warmoebs tvirTebisadmi simetriulad ganlagebuli wyvili eleqtromagnitebiT.



vertikaluri da horizontaluri RerZebis kveTaze ganlagebulia amrekli sarke. misgan areklili sinaTlis sxivi fiqsirdeba gamWvirvale optikur skalaze. eleqtromagnitebSi denis regulirebiT SesaZlebelia optikur skalaze nimuSis dagrexis kuTxis registracia gadaxris amplitudebis Sefasebis gziT.



sacdeli nimuSebis Zvris dinamiuri modulisa da Sinagani xaxunis temperaturuli da amplituduri damokidebulebebis Seswavla xorcieldeba naxevradavtomatur danadgarze. grexiTi rxevebis sixSirisa da milevis logariTmuli dekrementis registraciis meTodiT. gazomvebSi gamoiyeneboda paralelepipe- dis formis nimuSebi. gazomvebi sruldeboda temperaturaTa     20 _ 800ºC da sixSireTa 0,5÷5 hc intervalSi. gazomvis procesSi SesaZlebelia grexiTi rxevebis amplitudis cvlileba 1·10-5 ÷5·10-3 intervalSi. gazomva xorcieldeboda gaxureba-gacivebis 1÷3 grad/wT siCqariT.



Zvris modulis absoluturi sidide oTaxis temperaturaze ganisazRvreboda Semdegi cnobili TanafardobiT [97]: 
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sadac G0 da f0 etalonis Zvris moduli da rxevis sixSirea gamzom danadgarSi oTaxis temperaturaze, xolo G da f  identuri zomebis sacdeli kristalis modulisa da rxevis sixSiris mniSvnelobebia. aRniSnuli meTodebiT Zvris modulis gansazRvris cdomilebaa 3%. Sinagani xaxunis sidide gamoiTvleba  formuliT [97]:    
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sadac N_ rxevaTa raodenobaa, romelic sruldeba rxevis amplitudis An –dan An+N –mde Semcirebis dros. relaqsaciuri procesis aqtivaciis energia gamoiTvleboda formuliT[98]:    
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sadav K –bolcmanis mudmivaa, xolo T1 da T2 relaqsaciuri Sinagani xaxunis maqsimumis temperaturebia f1 da  f2 sixSireebze.


relaqsaciuri procesis sixSiris faqtori ganisazRvreboda formuliT [98]:    
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sadac H- procesis aqtivaciis energiaa, fmax da Tmax  maqsimumebze sixSire  da temperatura.


grexiTi fardobiTi deformaciis sidide gamoiTvleboda cnobili SefardebiT:   




[image: image18.wmf]lR


rL


=


e


,


sadac r warmoadgens nimuSis ganiv kveTaze Semowerili wris radiuss, l - nimuSis sigrZes, R- manZils sxivis amrekli sarkidan optikur skalamde, xolo L - aris optikur skalaze nulovani mdgomareobidan sxivis gadaxris sidide.


rxevis kritikuli amplitudis damokidebuleba temperaturaze granato-lukes simis modelSi iangariSeboda Semdegi formuliT [99]:
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sadac H- dislokaciis bmis energiaa, K- bolcmanis mudmiva, T- gazomvis temperatura, εk- Sinagani xaxunis mkveTrad amaRlebis Sesabamisi rxevis amplituda, C- dislokaciaze arsebuli wertilovani defeqtebis koncentracia, G- Zvris moduli, xolo b- biurgersis veqtoria. drekadobis zRvari Sefasebulia formuliT: 
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nax. 2. grexiTi rxevebis Sinagani xaxunis gamzomi danadgaris sqema.


1. nimuSi; 2. gasaxsneli Rumeli; 3. Stanga cvalebadi tvirTiT; 4. eleqtromagnitebis wyvili; 5. amrekli sarke; 6. sinaTlis wyaros gamanaTebeli; 7. naxevrad gamWvirvale skala; 8. fotodiodebis gadamwodi; 9. sixSiris mzomi; 10. mTvleli; 11. gammarTveli; 12. Termoregulatori; 13. vakuummetri.

2.2. Ge-Si  Senadnobebis mikrostruqtura, eleqtrofizikuri da fizikur-meqanikuri Tvisebebi


2.2.1. Ge-Si  Senadnobebis mikrostruqtura

Coxralskis meTodiT miRebuli Ge-Si sistemis sacdeli nimuSebis mikrostruqtura Seswavlilia  optikis mikroskopze Nephot-32. mikrofotog​rafie​bis miReba warmoebda cifruli fotoaparatis saSualebiT. sakvlevi nimuSebi Txeli wriuli formis firfitebis saxiT damzadebulia  masiuri kristalebis daWriT almasis diskze. firfitebi orientirebulia  (111) sibrtyeebis paralelurad. sacdeli nimuSebi amoWrilia mTliani moculobiTi kristalis sxvadasxva sibrtyeSi zrdis [111]   mimarTulebis  marTobulad. kvlevisaTvis zedapirebis  momzadeba ganxorcielda or etapad. pirvel etapze Sesrulda meqanikuri gaSlifvisa da polirebis, xolo meore etapze standartuli xsnarebiT qimiuri polirebis samuSaoebi.


Seswavlilia polirebul (111) sibrtyeebze monokristaluri nimuSebis - Ge, Ge:B, Ge:As, Ge0,99Si0,01, Ge0,98Si0,02, Ge0,99Si0,01:B, Ge0,98Si0,02:B da Ge0,98Si0,02:As realuri struq​turuli  mdgomareoba. rogorc mosalodnelia aralegirebuli monokris​taluri  germaniumis mikrostruqturaSi dabalia dislokaciebis simkrive ((102 sm-2). (111) sibrtyeze dislokaciebis mowamvlis ormoebi umetesad qaosurad arian ganawilebuli. moculobiTi kristalisa da monokristaluri madedeblis sasazRvro sartyelSi,  iq sadac, nimuSebis diametri SesamCnevad Semcirebulia, sagrZnoblad izrdeba dislokaciebis simkrive. dislokaciebi vlindebian individualuri da jgufebis formiT, isini sacdel (111) sibrtyeze araTanabrad arian ganawilebuli. aRniSnul mdgomareobaSi dislokaciebis simkrive maRalia da icvleba 1(104 - 1(105 sm-2 diapazonSi ( nax.3).
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         Aa)                                          b)


Nnax.3. monokristaluri germaniumis mikrostruqtura, x200


a) masiuri kristalis Sua are,  b) masiuri kristalisa da madedeblis gamyofi sasazRvro are.

   moculobiTi kristalis qveda bolo SedarebiT didi diametriT xasiaTdeba. misi mikrostruqtura mravlad Seicavs qaosurad ganawilebul dislokaciebs. masSi iSviaTad vlindeba dislokaciebis Sejgufebebi. sacdeli nimuSebis mowva 750(C temperaturaze 10 sT-is ganmavlobaSi praqtikulad gavlenas ar axdens dislokaciebis raodenobasa da ganawilebaze. mowvari nimuSis mikrostruqturaSi vlindeba dislokaciebis jgufebi da calkeuli dislokaciebi.


kristalizaciis procesSi temperaturis lokaluri cvlileba ganapirobebs monokristaluri mdgomareobidan gadaxras da msxvili marcvlovani struqturis formirebas. realuri struqtura Seicavs msxvil, sxvadasxva zomis blokebs. maTi gamyofi sazRvari upiratesad texili xazis formisaa. blokebis zomebi ganawilebulia farTo intervalSi 0,01 da 1-5 mm-mde. msxvili blokebis Sida struqturaSi fiqsirebulia araTanabrad ganawilebuli defeqtebi  (nax. 4-a). 
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           a)                                          b)

nax.4. araerTgvarovnad ganawilebuli defeqtebi monokristalur germaniumSi.x200

   maTi simkrive mniSvnelovnad maRalia ((104sm-2).  mikrofotografiaze aRbeWdilia defeqtebis jgufebi da wirebi. isini SesaZlebelia warmoadgendnen rogorc dislokaciuri aseve aradislokaciur defeqtebs. aseTi daSvebis saSualebas iZleva maTi forma, romelic miaxloebulia wriul da sferos formasTan. cnobilia rom msgavsi gamosaxulebebi SesaZlebeli hqondeT vakansiebisa da minarevebis atomebis grovebs.  wertilovani defeqtebis nebismieri grova kristalSi qmnis gansxvavebuli Tvisebebis  lokalizebul ares. aRniSnuli areebi ganawilebulia qaosurad, zogierT SemTxvevaSi ki mowesrigebulad. aseT SemTxvevas asaxaven naxazze mwkrivad ganlagebul mowamvlis ormoebs (nax. 4 b). es ukanaskneli SesaZlebelia warmoqmnilia kvanZebSi vakansiebis an minarevebis atomebiT. SesaZlebelia aseve vakansiisa da minarevebis atomebis monacvleobiTi ganawileba kristalis kvanZebis mwkrivSi. dislokaciebisagan  Tavisufal germaniumSi siTburi dartymiT xSirad warmoiqmneba wertilovani defeqtebis mowesrigebuli ganlageba (111) sibrtyeTa sistemaSi  [100,101].


30-35 mm diametris monokristalur Ge-Si Senadnobebis mikrostruqturaSi gamovlenilia individualuri da dajgufebuli oreulebi.  calkeuli oreulis kvalis gaswvriv fiqsirebulia safexurebi, romlebzedac xorcieldeba oreulis gavrceleba mezobel paralelur sibrtyeebze.  oreulebis dajgufebebi damuxruWebulia blokebis gamyof sazRvarTan (nax.5 b). aRsaniSnavia rom ZiriTadad oreulebis simravleebi lartyebis formiT urTierTparalerul orientaciaSi fiqsirdebian.  cxadia kristalis moculobaSi naklebad intensiuria araerTgvarovani Termuli Zabvebi da mcirea dispersuli CanarTebis koncentracia, romelTac SeuZliaT oreulebis gavrcelebis mimarTulebis gamrudeba(nax.5 a). 
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            a)                                        b)
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                                   g)


nax.5. planaruli defeqtebi monokristaluri Ge-Si SenadnobebSi


     monokristaluri Ge(a),  Ge:B (b) da Ge:As (g). x200.


                           a) Ge0,98Si0,02;     b)( Ge0,98Si0,02):B;  g) ( Ge0,98Si0,02):As;



   boriT legirebuli monokristalis realuri struqtura mniSvnelovnad  gansazRvrulia malerigebeli elementis  koncentraciiT. boris mcire koncentraciebis SemTxvevaSi ((1015-1016 sm-3) mikrostruqtura analogiuria aralegirebuli Ge-Si  nimuSis struqturis. xSir SemTxvevebSi vlindebian individualuri dislokaciebi. maTi ganawileba araerTgvarovania. xSirad fiqsirebulia wrfeze ganlagebuli dislokaciebis simravle. SesaZlebelia is warmoadgendes dislokaciebis srialis xazs, rac warmoiqmneba mkacrad gansazRvruli mimarTulebiT orientirebuli deformaciis gavleniT.


dariSxniT legireba ((1017 sm-3) praqtikulad qmnis analogiur dislokaciur struqturas, upiratesad individualuri dislokaciebis formiT.  ganmasxvavebelia is, rom (111) orientaciis sibrtyeebze mowamvlis ormoebis forma SedarebiT metadaa gadaxrili wesieri samkuTxedis formisagan. savaraudoa rom sacdeli nimuSis struqtura Seicavs Zlier lokalizebur Zabvebs. isini upiratesad warmoiqmnebian malegirebeli dariSxanis atomebis lokalurad gazrdili koncentraciis areebSi. amasTan erTad ar aris gamoricxuli araTanabari mowamvla, rac gavlenas axdens dislokaciebis mowavlis  ormoebis zomasa da formaze.


kvleviT dadginda rom SedarebiT dabali koncentraciebiT ((1015 -1016 sm-3) boriTa da dariSxaniT legirebuli monokristaluri germaniumisa da Ge-Si Senadnobebis dislokaciebis simkvrive (111) orientaciis sibrtyeebze meryeobs 1(104-5(104 sm-2diapazonSi.


malegirebeli elementebis borisa da dariSxanis koncentraciis gazrdiT 1018-1019 sm-3-mde mkveTrad izrdeba dislokaciebis simkvrive, maTi ganawilebis araerTgvarovneba da calkeuli dislokaciis mowamvlis ormos forma. struqturaSi vlindeba dislokaciebis jgufebi. damaxasiaTebelia aseve dislokaciebis didi raodenobiT dajgufeba mwkrivebad. SesaZlebelia dislokaciebis mwkrivebi warmoadgendnen dislokaciis srialis xazebs, rac maRaltemperaturuli gansazRvruli orientaciis deformaciiT SeiZleba ganxorcieldes. aseve SesaZlebelia, rom dislokaciebis gamwkriveba  ganxorcieldes blokebis sasazRvro zolSi. 


realuri struqturis gaanalizebuli mdgomareoba tipiuria rogorc boriT, aseve dariSxaniT Zlierad legirebuli germaniumis da Ge-Si Senadnobebis monokristalebis struqturisaTvis.


Seswavlilia maRal temperaturebze RunviTi deformaciisa da mowvis xangrZlivobis gavlena Ge, Ge:B, Ge:As-is monokristalebis mikrostruqturaze. dadgenilia rom cikluri RunviTi deformacia 5(10-3 amplitudaze 750(C temperaturaze (rxeviTi cikluri deformaciis ricxvi   ― 500) praqtikulad gavlenas ar axdens sacdeli aralegirebuli da B-iTa da As-iT sustad legirebuli germaniumis dislokaciebis simkrivesa da ganawilebis xasiaTze. deformirebuli nimuSebis mowva 750(C temperaturaze vakuumSi 10 sT-is ganmavlobaSi ar cvlis aRniSnuli nimuSebis dislokaciur struqturas.


umniSvnelo cvlilebebi SemCneulia Zlierad legirebuli Ge:B da Ge:As-is mikrostruqturaSi. gazrdilia individualuri dislokaciebis mowamlvis ormoebis raodenoba, praqtikulad ar icvleba dislokaciuri jgufebis konfiguracia da Sedgeniloba, ar fiqsirdeba dislokaciebis ganawileba mwkrivebSi deformirebuli, Zlierad legirebuli nimuSebis mowva vakuumSi 750(C temperaturaze 10sT.-is ganmavlobaSi arsebiT gavlenas ar axdens dislokaciuri Sejgufebebis ganawilebaze. SesamCnevia izolirebulad arsebuli mowamlvis ormoebis raodenobis Semcireba. aseT SemTxvevaSi dislokaciebis simkvrive deformirebul kristalebTan SedarebiT 3-5-jer Semcirebulia.


maRali simkrivis dislokaciebis dajgufebaSi amaRlebulia dislokaciebis deformaciuli velebis urTierTqmedeba. es mniSvnelovania aRniSnul areebSi defeqtebis difuziisa da masTan dakavSirebuli struqturulad mgrZnobiare Tvisebebis maxasiaTeblebis kvlevis problemisaTvis. daZabul ubnebSi gazrdilia wertilovani defeqtebis difuzuri Zvradoba, dislokaciebze erTeulovani da jgufuri Runvebis Casaxvisa da moZraobis aqtivaciis albaToba, yovelive aRniSnuli mniSvnelovan gavlenas axdens defeqtebis eleqtrul aqtivobasa da urTierTqmedebis procesebze.


aralegirebuli Ge1-xSix (x(0,02) monokristalebSi Si-is Sedgenilobis amaRlebiT vlindeba dislokaciebis simkrivis zrdis tendencia, izrdeba dislokaciebis araerTgvarovnad ganawilebis xarisxi.


cikluri maRalamplituduri RunviTi deformacia (750(C, 5(10-3) avlens dislokaciebis gamravlebisaken miswrafebas. dadgenilia, rom sawyis mdgomareobasTan SedarebiT Ge0,98Si0,02 Senadnobis struqturaSi 5(104 sm-2-mde da izrdeba dislokaciebis simkvrive. amis Semdgomi mowva vakuumSi 750(C-ze 10sT-is ganmavlobaSi mTlianad ar aqrobs deformaciiT Casaxul dislokaciebs. e.i. dislokaciebis CasaxvasTan erTad adgili aqvs maT blokirebas wertilovani defeqtebiT. 


n- da p-tipis legirebuli Ge1-xSix (x(0,02) Senadnobebis monokristalebSi (111) sibrtyeebi xasiaTdebian dislokaciebis maRali simkvriviTa da araerTgvarovani ganawilebiT. malegirebeli borisa da dariSxanis dabali koncentraciebis SemTxvevaSi dislokaciebis simkvrive (2-5)•104 sm-2 Seadgens. 750(C temperaturaze cikluri deformacia da deformirebuli nimuSebis mowva imave tamperaturaze 10 sT-is ganmavlobaSi mxolod mcire sididiT cvlian dislokaciebis simkvrives. aRsaniSnavia, rom miuxedavad aseTi mcire masStaburi cvlilebebisa Ge-Si monokristalebis mikrostruqturaSi mimdinareobs mniSvnelovani cvlilebebi. kerZod praqtikulad mTlianad daSlilia minarevebisa da vakansiebis kompleqsebi da Semadgeneli komponentebi atomebi da erTeulovani vakansiebi ganawilebulia kristalis moculobasa da dislokaciebis irgvliv formirebuli kotrelis atmosferoebSi.


Ge0,98Si0,02:B ((1•1018 sm-3) nimuSis mikrostruqturaSi gamovlenilia oreulebis lartyiseburi dajgufebebi (nax.5b). calkeuli dajgufebis Sida struqtura Seicavs mcire jgufebs oreulebis gansxvavebuli raodenobiT. yvela maTgani blokirebulia blokebis gamyof sazRvarze. daaxloebiT analogiuri struqturiT xasiaTdeba dariSxaniT Zlierad ((1019 sm-3) legirebuli monokristaluri Ge0,98Si0,02:As Senadnobebi (nax. 5g). masSi damatebiT gamovlenilia dislokaciebis srialis xazebi, romlebic oreulebisagan gansxvavebiT kveTaven blokebis gamyof sazRvars da mimarTulebis Seucvlelad vrceldebian mezobeli blokebis moculobaSi. dislokaciebis srialis xazebSi SeiniSneba dispersuli CanarTebisa da rTuli Sedgenilobis kompleqsebi 750(C temperaturaze vakuumSi mowva 10sT-is ganmavlobaSi praqtikulad mTlianad aqrobs maT, rac gamowveulia maTi daSliT da daSlis produqebis nawilobrivi aoTqlebiTa da kristalis moculobaSi myar xsnarSi gadasvlis meqanizmiT. metalografiulma kvlevebma monokristaluri germaniumis Senadnobebis mikrostruqturaSi gamoavlines araerTgvarovnad ganawilebuli dislokaciebi da deformaciuli oreulebis simravleebi. maTi koncentracia izrdeba malegirebeli borisa da dariSxanis koncentraciis gazrdiTa da Ge-Si SenadnobebSi siliciumis Semcvelobis amaRlebiT. realuri struqturis damaxasiaTebeli Tavisebulebani asaxvas hpoveben eleqtrofizikuli, meqanikuri da Termuli Tvisebebis formirebaSi. mniSvnelovania is garemoeba, rom sakmarisad maRal temperaturaze ((750(C) xangrZlivi ((10 sT) mowva vakuumSi da maRal amplituduri cikluri deformacia ((5(10-3) ar iwveven sacdeli monokristalebis dislokaciuri struqturis radikalur cvlilebebs.


literaturuli wyaroebidan cnobilia, rom Ge da Ge –Si Senadnobebis eleqtrofizikuri Tvisebebi sagrZnoblad icvlebian 450-500 (C-ze temperaturul intervalSi xangrZlivi (50-100 sT) mowvis gavleniT. aseTi Termuli zemoqmedebiT metalografiul mikroskopSi struqturuli cvlilebebi ar vlindebian. cxadia maTi fiqsirebisaTvis gamoyenebuli unda iqnas eleqtronuli mikroskopisa da rentgenuli fotografiis maRali garCevadobis meTodebi.

2.2.2. Ge-Si  Senadnobebis eleqtrofizikuri maxasiaTeblebi

   sacdeli nimuSebi gamoWrilia almasis diskiT mTliani ovaluri formis kristalebis Sua sartyelSi, sadac diametri maqsimaluria. dnobis procesSi xdeba nimuSis gamdidreba narCeni minarevebiT. maTi koncentracia 2-3 rigiT amaRlebs denis matareblebis koncentracias sufTa monokristalur germaniumTan SedarebiT. mniSvnelovania, isic rom MmiRebuli kristalebi Seicaven  102-103sm-2 simkvriviT dislokaciebs. maTi da minarevebis erToblivi zemoqmedebiT Semcirebulia denis matareblebis Zvradobis sidideebi, aRsaniSnavia, rom eleqtrul maxasiaTeblebze iribad gavlenas axdenen agreTve siliciumis atomebis maxloblobaSi aRZruli lokaluri SemkumSavi Zabvebi. Ees ukanaskneli iwvevs lokalur ganmtkicebas, rac mocemul SemTxvevaSi fiqsirebulia mikrosisalis amaRlebiT Ge-Si SenadnobebSi siliciumis koncentraciis zrdis pirobebSi. Mminarevebisa da dislokaciebis urTierTqmedebaze zegavlena SesaZlebelia saSualo da maRal temperaturebze mowviT, rac aisaxeba dinamiuri da statikuri meqanikuri Tvisebebis cvlilebebSi. 


Ggermaniumis kristalebis eleqtrofizikuri maxasiaTeblebi mniSvnelovnad arian damokidebuli struqturul mdgomareobaze, defeqtebis tipebsa, koncentraciasa da urTierTqmedebis procesebze. Rrmad gasufTavebul defeqtebisagan praqtikulad Tavisufal monokristalur germaniumSi mosalodnelia eleqtrofizikuri maxasiaTeblebis arastandartuli anomaluri cvlilebebi. aseTi xasiaTis cvlilebebi xSir SemTxvevebSi dakavSirebulia tetraedruli simetriis SP3 hibriduli kavSirebis deformaciasTan da rRvevasTan, rac upirvelesad xorcieldeba kristalis zedapirze da gamyof sazRvrebze gareSe faqtorebis gavleniT (wneva, deformacia, temperatura, radiaciuli zemoqmedeba da sxvebi). zedapiris struqturis rekonstruqciis ZiriTadi mizezia atomuri kavSirebis rehibridizacia. Tavisufal zedapirze darRveulia tetraedruli simetria, Cndebian gawyvetili valenturi bmebi (111) sibrtyeze calkeul atoms erTi gawyvetili bma Seesabameba. Ees iwvevs mezobeli hibriduli bmebis SeSfoTebas, Sesabamisad icvleba maTi konfiguracia, gardaiqmneba zedapiris struqtura da sagrZnoblad Seicvleba meqanikuri Tvisebebi, fononebisa da eleqtronebis  speqtrebi. 


 naSromSi Sewavlilia eleqtrofizikuri maxasiaTeblebi Coxralskis meTodiT miRebuli aralegirebuli da boriTa da dariSxaniT legirebuli monokristaluri nimuSebis _ Ge, Ge0,99Si0,01 da Ge0,98Si0,02. gazomvebi Sesrulebulia oTaxis temperaturaze holis efeqtis registraciis meTodiT mudmiv magnitur velSi. sacdeli nimuSebi orientirebulia [111] mimarTulebiT. Pparalelepipedis formis nimuSebis yvela waxnagi polirebulia meqanikurad. sakontaqto masalad gamoyenebulia InGa. 


aralegirebuli germaniumis monokristali xasiaTdeba  p-tipis gamtarobiT. Termuli damuSaveba - mowva 750ºC temperaturaze 10sT-is ganmavlobaSi gavlenas ar axdens gamtarobis tipze, umniSvnelod amcirebs denis matareblebis _ xvrelebis koncentracias da avlens maTi Zvradobis amaRlebis tendencias. sacdeli nimuSebis  eleqtrofizikuri maxasiaTeblebi warmodgenilia cxrilSi 1. cxrilidan Cans, rom monokristaluri germaniumis xvrelebis Zvradoba maRalia, rac adasturebs masSi defeqtebis koncentraciis simcires, Termuli Zabvebisa da deformaciis intensivobis minimalur dones. 


 boriT legirebuli germaniumi xasiaTdeba malegirebeli komponentis  araerTgvarovani SemcvelobiT, rac Sesabamisad, SesamCnevad cvlis eleqtrofizikuri maxasiaTeblebis sidideebs aralegirebuli germaniumis kristalebTan SedarebiT. boriT legireba ganxorcielebulia sustad da Rrmad legirebis doneebze. DgansazRvrulia ori tipis Ge:B legirebuli monokristalebis eleqtrofizikuri maxasiaTeblebi, saidanac dgindeba, rom Zlierad legirebuli germaniumi xasiaTdeba sagrZnoblad Semcirebuli xvrelebis ZvradobiT. 


   Termuli damuSaveba (mowva maRal temperaturebze) or doneze legirebuli kritalebis eleqtrul maxasiaTeblebze axdens gansxvavebuli xasiaTis zemoqmedebas. Aase magaliTad, 750ºC temperturaze mowva vakuumSi 10sT-is ganmavlobaSi sustad amaRlebs xvrelebis koncentracias da praqtikulad gavlenas ar axdens maT Zvradobaze. savaraudoa, rom mowviT minimumamde mcirdeba kristalur meserSi xvrelebis gambnevi defeqtebis koncentracia. Zlierad legirebuli Ge:B monokristalis mowva zemoT aRniSnul pirobebSi 10-15%-iT amaRlebs xvrelebis koncentracias, Sesabamisad mcirdeba maTi Zvradoba oTaxis temperaturaze. aRniSnuli cvlilebebi upiratesad ganpirobebulia boris koncentraciis gazrdiT myar xsnarSi Canacvlebis poziciebSi. es SesaZlebelia ganxorcieldes masiuri kristalis struqturuli defeqtebisagan Tavisufal areebSi, aseve nebismieri tipis dislokaciebis birTvebis maxloblobaSi da warmoiqmnas e.w. kotrelis atmosferoebi. 


  Ppraqtikulad identuria germaniumis eleqtrofizikuri maxasiaTeblebis cvlilebebi dariSxaniT sustad (~1.1015sm-3) da Zlierad(~5.1018sm-3)  legirebis SemTxvevebSi. Gganmasxvavebelia is garemoeba, rom 750ºC temperturaze vakuumSi mowva 10sT-is ganmavlobaSi sagrZnoblad amaRlebs denis matarebeli eleqtronebis koncentracias gamtarobis zonaSi. Sesabamisad, mcirdeba maTi Zvradoba oTaxis temperaturaze. aRsaniSnavia,  rom monokristaluri Ge:As nimuSebis struqturaSi SedarebiT maRalia dislokaciebis simkvrive, rasac SeuZlia Seamciros gamtarobis zonaSi eleqtronebis Zvradoba. 


   Seswavlilia izovalenturi siliciumiT legirebuli monokristaluri germaniumis eleqtrofizikuri maxasiaTeblebi. siliciumis (0. . . .0,02) koncentraciul diapazonSi germaniumis struqturaSi denis matarebeli xvrelebis koncentracia metad mcire sididiT mcirdeba, magram ufro metad sagrZnobia maTi Zvradobis Semcireba. Ees garemoeba umTavresad dakavSirebulia defeqtebis konfiguraciul da koncentraciul cvlilebebTan. Mmikrostruqturulma kvlevam aCvena, rom Ge-Si monokristalebis mikrostruqturaSi formirebulia maRali simkvrivis dislokaciebi, oreulebi da wertilovani defeqtebis gaerTianebebi, romlebic warmoadgenen eleqtruli maxasiaTeblebis cvlilebebisaTvis efeqtur centrebs. 


  aRsaniSnavia, rom mowva vakuumSi 750ºC temperaturaze 10sT-is ganmavlobaSi praqtikulad gavlenas ar axdens  Ge-Si   Senadnobebis eleqtrofizikurr maxasiaTeblebze. es aixsneba imiT, rom germaniumis meserSi araerTgvarovnad ganawilebuli siliciumis atomebis difuzuri gadanawileba da homogenizaciis miRweva saWiroebs metad xangrZlivad (asobiT saaTi)  mowvas maRal temperturebze. aseT pirobebSi moxdeba aramdgradi defeqtebis mowva, arsebuli dislokaciebis birTvebis blokireba da maTgan gawyvetili bmebis nawilobrivi kompensacia. 


   boriT legirebuli Ge-Si monokristaluri Senadnobebis eleqtrofizikuri maxasiaTeblebi Termulad mdgradia. Mmowva maRaltemperaturul intervalSi (600-800ºC) arsebiTad ar cvlis xvrelebis koncentracias, mcire sididiT amaRlebs maT Zvradobas. cxadia Termuli damuSaveba gavlenas axdens kristalis moculobaSi arsebul eleqtrulad aqtiur  wertilovan defeqtebsa da maT asociaciebze, gardaqmnis maT, axorcielebs maT difuzur gadanawilebas dislokaciebis birTvebSi da eleqtrulad ganeitralebas. aRniSnulis Sedegad Semcirdeba  denis matareblebis gabnevis procesis intensivoba, ris gamo SesaZlebelia amaRldes maTi Zvradobisa da sicocxlis xangrZlivobis mniSvnelobebi. 


  boriTa da dariSxaniT cal-calke legirebuli Ge-Si monokristalebis eleqtruli maxasiaTeblebi Termulad aramdgradia. xanmokle (1-1,5sT) mowva 450-600 ºC intervalSi mniSvnelovnad cvlis denis matareblebis koncentraciasa da Zvradobas. maTi stabilizacia miiRweva mowviT 750ºC temperturaze 10sT-is ganmavlobaSi. aseT mdgomareobaSi p-tipis (Ge-Si):B nimuSebSi Semcirebulia xvrelebis koncentracia da gazrdilia Zvradobis mniSvnelobebi. n-tipis (Ge-Si):As  nimuSebSi izrdeba eleqtronebis koncentracia, mcirdeba maTi Zvradoba. Semdgomi maRaltemperturuli mowvebi da gaciveba sxvadasxva siCqariT (1-5grad/wT) gavlenas ar axdens Zlierad legirebul   n-Ge-Si da p-Ge-Si monokristalebis eleqtrofizikur maxasiaTeblebze. 


   amrigad, holis efeqtis registraciis meTodiT gansazRvrulia sxvadasxva koncentraciiT struqturuli defeqtebis Sedgenilobis monokristaluri germaniumisa da germanium-siliciumis  Senadnobebis eleqtrofizikuri maxasiaTeblebi. Ddadgenilia, rom legirebiTa da Termuli damuSavebis optimizaciiT SesaZlebelia aRniSnuli maxasiaTeblebis stabilizacia. miRebuli Sedegebi GgansazRvrulia [111] kristalografiuli mimarTulebiT orientirebuli monokristalebis eqsperimentuli kvleviT. sxva ZiriTadi orientaciebis ([100], [110]) nimuSebisaTvis identur mdgomareobaSi eleqtruli maxasiaTeblebis mkveTrad gansxvavebuli cvlilebebi mosalodneli ar aris. 

[111] orientaciis monokristaluri germaniumisa da germanium-siliciumis Senadnobebis eleqtrofizikuri maxasiaTeblebi

                                                       cxrili 1   
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		Ddenis matareblebis koncentracia, sm-3

		Ddenis matareblebis Zvradoba, sm2.v-1.wm-1
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		sawyisi
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		1700
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		Ge0,99Si0,01
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		5.1015
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		8.104
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		Ge0,98 Si0,02:As

		8.1017
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		95

		105

		1.105

		7.104



		Ge0,98 Si0,02:As

		1.1018

		4.1018

		175

		180

		2.105

		8.104





2.2.3. monokristaluri Ge-Si Senadnobebis mikrosisale


  mikrosisale warmoadgens indentoris zedapirze ganviTarebuli kontaqturi wnevis saSualo sidides da gansazRvravs drekadi deformaciis saSualo kuTr muSaobas gamodevnili moculobis erTeulze. Mmikrosisale rogorc integraluri maxasiaTebeli sidide, Rrma kavSirSia masalebis meqanikur TvisebebTan (plastikuroba, drekadoba,simtkice da a.S).  


   Seswavlilia sufTa, boriTa da dariSxaniT cal-calke legirebuli monokristaluri germaniumisa da Ge-Si Senadnobebis mikrosisale oTaxis temperaturis pirobebSi. 


   Eeqsperimentuli kvlevebisaTvis uxeSi da wminda meqanikuri polirebiT momzadebulia [111]da [100] kristalografiuli orientaciis sibrtyeebi. indentireba sruldeboda ZiriTadad 20g. datvirTvis pirobebSi. zogierT SemTxvevaSi sacdeli zedapirebze datvirTva Seadgenda 5g. da 50-100g. sacdel zedapirebis kristalografiuli orientacia ganisazRvra rentgenul difraqtometrze DRON-3.  zedapirebis meqanikuri damuSavebis Sedegad nimuSis dezorientacia ar aRemateboda 2-3º. 


   [111] orientaciis aralegirebuli p-Ge-s 20g. datvirTvis pirobebSi mikrosisale 1280kg/mm2-ia., xolo [100] orientaciis zedapirze sagrZnoblad maRalia 1050kg/mm2-ia. 5g. datvirTvis pirobebSi   p-Ge-is mikrosisale mcire sididiT izrdeba orive kristalografiuli orientaciis zedapirze. boriT legirebul Ge-is mikrosisalis sidideebi damokidebulia malegirebeli elementis koncentraciaze. kerZod, 5.1017sm-3-mde mikrosisalis mniSvneloba amaRlebulia, xolo 1018-1019sm-3 koncentraciiT  legirebuli Ge avlens mikrosisalis miswrafebas Semcirebisaken. 


Mmowva 750ºC  temperaturaze vakuumSi 10sT-is ganmavlobaSi orive kristalografiul orientaciaze zrdis rogorc aralegirebuli, aseve legirebuli p-germaniumis mikrosisales. aRniSnuli xasiaTis mikrosisalis sididis mateba SedarebiT naTlad vlindeba boris maRali Semcvelobis monokristalur germaniumSi (cxr.2). 

Mmonokristaluri Ge-Si Senadnobebis mikrosisalis  mniSvnelobebi


cxrili 2


		Kkvlevis obieqti

		Ddenis matareblebis koncentracia, sm-3

		Ddislokaciebis simkvrive,


sm-2

		Mmikrosisale, kg/mm2



		

		sawyisi

		Mmowva  750ºC

10sT

		sawyisi

		Mmowva  750ºC

10sT

		 sawyisi

		Mmowva  750ºC

10sT



		

		

		

		

		

		[111]

		[100]

		[111]

		[100]



		Ge


p

		2.1015

		8.1018

		2.102

		2.102

		880

		1050

		900

		1100



		Ge:B


p

		4.1016

		1.1016

		4.103

		2.103

		940

		1140

		960

		1200



		Ge:B


p

		5.1018

		2.1015

		5.103

		4.103

		970

		1200

		1000

		1250



		Ge:As


n

		2.1016

		5.1016

		2.104

		1.104

		1140

		950

		1200

		930



		Ge:As


n

		7.1018

		1.1019

		4.104

		2.104

		1100

		910

		1130

		890



		Ge0,99Si0,01


p

		1.1015

		3.1014

		5.103

		3.103

		900

		970

		930

		990



		Ge0,98 Si0,02


p

		3.1015

		1.1015

		7.103

		6.103

		950

		1040

		980

		1070



		Ge0,99 Si0,01:B


p

		4.1015

		2.1015

		8.103

		7.103

		1050

		1200

		1100

		1260



		Ge0,99 Si0,01:B


p

		1.1019

		7.1018

		1.104

		8.103

		1100

		1250

		

		1290



		Ge0,98 Si0,02:B


p

		5.1015

		2.1015

		2.104

		1.104

		1080

		1310

		1140

		1340



		Ge0,98 Si0,02:B


p

		2.1019

		8.1018

		5.104

		4.104

		1150

		1340

		1120

		1360



		Ge0,99 Si0,01:As



		1.1015

		4.1015

		1.104

		8.103

		1150

		1970

		1170

		950



		Ge0,99 Si0,01:As

		6.1018

		1.1019

		6.104

		3.104

		1090

		920

		1190

		880



		Ge0,98 Si0,02:As

		3.1015

		5.1015

		1.104

		6.103

		1200

		1100

		970

		1100



		Ge0,98 Si0,02:As

		3.1019

		5.1019

		7.104

		5.104

		1030

		960

		1170

		930





  boriT legirebul monokristalur germaniumSi mcire atomuri radiusis (~1A) boris Canacvlebuli atomebis irgvliv adgili aqvs atomTaSorisi manZilebis Semcirebasa da Sesabamisad, urTierTqmedebis Zalebis gazrdas, rac meqanikuri maxasiaTeblebis (simtkice, drekadobis modulebi) gazrdaSi aisaxeba. mikrosisale izrdeba boris koncentraciis gazrdiT, rac ganpirobebulia kumSviTi deformaciis lokalizebuli centrebis koncentraciis amaRlebiT. boris maRal koncentraciebze (1019sm-3)  mosalodnelia lokalizebuli centrebis deformaciis velebis urTierTgadafarva da mikrosisalis zrdis miswrafeba najerobisaken.


   Ddabali koncentraciiT dariSxaniT legirebuli Ge-is mikrosisale sustad mcirdeba, rac SedarebiT mkafiod vlindeba dislokaciebis mcire (~102sm-2) simkvrivis SemTxvevaSi. Ddislokaciebis maRali simkvriviT Semcvelobis monokristalur germaniumSi dariSxanis gavlena mikrosisalis sidideze metad umniSvneloa. aseT mdgomareobaSi mimdinareobs ori urTierTsapirispiro procesi: ”darbileba” anu atomTaSorisi kavSiris Zalebis Semcireba Canacvlebis poziciebSi ganawilebuli dariSxanis atomebis maxloblobaSi; ganmtkiceba anu sisalis zrda dariSxanis atomebiT dislokaciebis blokirebis gziT. 


   dariSxanis maRal koncentraciebze (~5.1018sm-3) maRalia Tavisufali eleqtronebis koncentracia gamtarobis zonaSi, rac mniSvnelovnad asustebs sivrcul tetraedrul kovalentur kavSirebs. izrdeba aseve dislokaciebis Zvradoba. Eeleqtronuli bmebis delokalizaciis gamo. Oorive faqtori ganapirobebs mikrosisalis sagrZnoblad Semcirebas dariSxaniT Zlierad legirebul monokristalur germaniumSi. Mmowva vakuumSi 750ºC 10sT-is ganmavlobaSi damatebiT amcirebs Ge:As monokristalebis mikrosisales, radganac mcirdeba vakansiebis koncentracia, izrdeba didi atomuri radiusis dariSxanis koncentracia myar xsnarSi. Aaseve mosalodnelia dislokaciebis blokirebis gaZliereba eleqtrulad neitraluri teqnologiuri minarevebis atomebis koncentraciis amaRlebiT dislokaciebTan arsebuli kotrelis atmosferoSi. 


   aRniSnuli xasiaTis mikrosisalis cvlilebebi identurad xorcieldebian (111) da (100) orientaciis sibrtyeebze. 


   Termuli damuSavebis _ mowvis gavleniT boriT legirebuli germaniumis mikrosisale mkveTrad izrdeba. Mmowva amcirebs vakansiebis raodenobas  da amravlebs kumSvis deformaciis centrebs, romlebSiac Zlierdeba atomTaSorisi kavSiris Zalebi. AaseTi cvlilebebi naTlad vlindebian mikrosisalis sidideebis amaRlebaSi. 


   Ge0,99Si0,01 monokristaluri Senadnobis mikrostruqtura SedarebiT maRali simkvrivis dislokaciebs Seicavs (111) sibrtyeze (~104sm-2) . es garemoeba ganapirobebs mikrosisalis mniSvnelobebis specifikur cvlilebebs. mTavar faqtorad sacdeli Senadnobebis mikrosisalis formirebaSi ganixileba mcire atomuri radiusis siliciumis atomebis maxloblobaSi aRZruli kumSvis deformacia da deformaciiT ganpirobebuli kumSvis Zabvebi. Kkristaluri mesris Seviwroeba iwvevs atomTaSorisi kavSiris Zalebis lokalurad zrdas. cxadia aRniSnuli warmoSobis Zalebis sidide malegirebeli komponentis siliciumis koncentraciis proporciulia. 


   Mmeores mxriv, dislokaciebis sakmarisad maRali simkvrive asustebs maTi birTvebis maxloblobaSi atomTaSorisi kavSiris Zalebs. Ees garemoeba kristaluri mesris simtkicis Semcirebasa da ”darbilebas” iwvevs. SesaZlebelia teqnologiuri minarevebis atomebma gansazRvrul pirobebSi (Termuli zemoqmedeba, dasxiveba, deformacia) ganaxorcielon dislokaciebis blokireba da germaniumis kristaluri mesris dinamiuri meqanikuri ganmtkiceba. aRniSnuli garemoebani mniSvnelovnad gansazRvraven sacdeli monokristaluri Ge-Si Senadnobebis mikrosisalis cvlilebebis kanonzomierebas. 


   monokristaluri Ge0,99Si0,01 Senadnobis mikrosisale meqanikurad wmindad polirebul (111) sibrtyeebze 850kg/mm2 Seadgens, xolo (100) sibrtyeebze SedarebiT naklebia _ 780 kg/mm2 . Sedegebi miRebulia 20g. datvirTvis pirobebSi. aRsaniSnavia, rom 100g. Dda 5g. datvirTvis SemTxvevaSi orive kristalografiul sibrtyeze mikrosisalis sidideebi SesamCnevad gansxvavebuli erTmaneTisagan. 820 da 930 kg/mm2. maRali datvirTvis pirobebSi indentoris SeRweva kristalur meserSi 3-4mkm-s rigisaa, xolo mcire datvirTvisas is metad mcirea ~0,5-0,8mkm. Ees garemoeba metad mniSvnelovania meqanikurad wmindad polirebuli zedapiris struqturis daxasiaTebisaTvis. Mmeqanikuri polireba maRali dispersulobis saxexi saSualebebiT germaniumis zedapiris struqturaSi warmoqmnis defeqtebs. maTi deformaciis velebis Zlieri urTierTgadafarva axorcielebs dislokaciuri warmoSobis defeqtebis efeqturad blokirebas,  rac vlindeba mikrosisalis gazrdiT metad mcire siRrmemde indentoris SeRwevis pirobebSi.  


   aRniSnuli xasiaTis mikrosisalis cvlilebebi ufro naTlad vlindeba monokristaluri Ge0,98Si0,02 Senadnobis (111) sibrtyeebze. izrdeba mikrosisale rogorc didi (20-50g) , aseve mcire (5g) datvirTvebis pirobebSi. Aaralegirebuli sacdeli Ge-Si Senadnobebi p-tipis gamtarobiT xasiaTdebian. Ggamtarobis tipis ZiriTadi ganmsazRvrelia vakansiebi kristalur meserSi. Mmowva 750ºC temperturaze 10sT-is ganmavlobaSi amcirebs vakansiebis koncentracias. Ees garemoeba da siliciumis atomTan lokalizebuli mesris SekumSva ganapirobeben Termulad damuSavebuli nimuSebis mikrosisalis sagrZnoblad amaRlebas. 


   sacdeli Ge-Si Senadnobebis boriT legirebuli nimuSebis mikrosisale izrdeba aralegirebul SenadnobebTan SedarebiT Zlierad., rodesac kristali Rrmad aris legirebuli da sustad, boris dabali koncentraciiT legirebis SemTxvevaSi.  Mmowva 750ºC temperaturaze 10sT-is ganmavlobaSi 10-15%-iT zrdis yvela sacdeli nimuSis mikrosisales _ mniSvnelovnad (111) sibrtyeebze da SedarebiT sustad (100) orientaciis sibrtyeebze. Aaseve ar icvlebian mikrosisalis zrdisa da Semcirebis tendenciebi indentorze dabali (5g) da maRali (20-50g) datvirTvis pirobebSi. 


   dariSxaniT legirebuli Ge-Si monokristaluri Senadnobebis mikrosisalis mniSvnelobebis cvlileba naTlad aris damokidebuli dariSxanis koncentraciaze. Mmcire koncentraciebis SemTxvevaSi is umniSvnelod mcirdeba, magram  dariSxanis maRali koncentraciiT  legirebul Ge-Si kristalebSi mkveTrad mcirdeba mikrosisalis sidideebi. aseT SemTxvevaSi denis matarebeli Tavisufali eleqtronebi asusteben tetraedrul kovalentur kavSirebs, rac erT-erTi mizezia meqanikuri maxasiaTeblebis, kerZod, mikrosisalis Semcirebis. 


  Mmowva 750ºC temperturaze 10sT-is ganmavlobaSi amcirebs vakansiebis koncentracias da zrdis dariSxanis Semcvelobas Ge-Si Senadnobebis kristaluri mesris myar xsnarSi. aseT pirobebSi mikrosisalis zrda aramkveTria, radganac misi Semcirebis nawilobriv kompensacias axdens vakansiebis koncentraciis dadableba mowvis zemoqmedebiT. 


   Aamrigad, malegirebeli komponentebis Si, B da As koncentraciis cvlilebiT SesaZlebelia germaniumis mikrosisalis sidideebis mizanmimarTuli marTva. Ees mniSvnelovania gansazRvruli eleqtrofizikuri da meqanikuri Tvisebebis Ge-Si Senadnobebis miRebisa da naxevargamtarul xelsawyoebsa da mowyobilobebSi gamoyenebis problemisaTvis. 

2.2.4. monokristaluri Ge1-xSix (x≤0,02) Senadnobebis Termuli gafarToeba


    Seswavlilia monokristaluri Ge1-xSix (x≤0,02) Senadnobebis fardobiTi wagrZelebis temperaturuli damokidebuleba 20-850(C intervalSi [102,103]. aRniSnuli Senadnobebis maRaltemperaturuli Termuli gafarToeba praqtikulad Seuswavlelia.


   fardobiTi wagrZelebis temperaturuli damokidebulebebi warmodgenilia nax. 6-ze.  
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nax. 6. monokristaluri Ge(1) da Ge0,98 Si0,02(2) Senadnobis fardobiTi wagrZelebis temperaturuli damokidebuleba.


   monokristalur germaniumSi fardobiTi wagrZeleba mocemul temperaturul intervalSi aramonotonurad izrdeba. mas axasiaTebs zrdis aCqarebuli da Senelebuli cvlilebebi. 200-300(C, 450-500(C da 650-750(C ubnebze misi zrdis siCqare maRalia, xolo 300-450(C, 550-600(C, 700-730(C ubnebze igi aSkarad Senelebulad izrdeba. fardobiTi wagrZelebis aseTi xasiaTis cvlilebebi ganpirobebulia sxvadasxva tipis arastabiluri defeqtebis kompleqsebSi gardaqmnebiT, ris Sedegad maTi Semadgeneli atomebi icvlian poziciebs da myar xsnarSi gadadian, xorcieldeba maTSi  konfiguraciuli cvlilebebi, yovelive zemoTqmuli SesaZlebelia warmoadgendes mesris parametrisa da, maSasadame, Termuli gafarToebis aramonotonuri cvlilebebis mizezs. amasTan erTad mosalodnelia daZabul, kompleqsebiT gamdidrebul ubnebSi gaxurebis procesSi kovalenturi tetraedruli kavSirebis kuTxeebis aramonotonuri Semcireba_zrdis gamovlineba. es SesaZlebelia moxdes aseve udefeqto kristalur meserSi.


   Termuli damuSaveba (mowva) anomaluri zrdisa da Senelebis temperaturul diapazonebSi sxvadasxvanairad cvlian fardobiTi wagrZelebis anomaliebis intensivobas. ase, magaliTad, mowva 300(C-ze vakuumSi 5sT-is ganmavlobaSi orjer amcirebs pirveli anomaliis gamovlinebis diapazons da arsebiT gavlenas ar axdens SedarebiT maRal temperaturaze warmoCenili fardobiTi wagrZelebis anomaliebze. amis Semdgomi mowviT 5sT-is ganmavlobaSi 900(C-ze viwrovdeba yvela temperaturuli ubani, sadac vlindebian fardobiTi wagrZelebis anomaliuri zrdis efeqtebi. swored aseT temperaturebze sruliad iSleba Si-O -s rTuli kompleqsebi.


   monokristaluri  Ge-Si Senadnobis Termuli gafarToebis temperaturuli damokidebuleba xasiaTdeba anomaliebiT, Tumca gansxvavebulia maTi gamovlinebis temperaturuli intervalebis sigane da fardobiTi wagrZelebis cvlilebebis siCqareebi aRniSnul temperaturebze. monokristalur germaniumTan SedarebiT Ge-Si Senadnobis fardobiTi wagrZelebis yvela anomalia Termulad mdgradia. 900(C-ze xangrZlivi mowva (20sT.) vakuumSi gavlenas ar axdens maT intensivobasa da temperaturul intervalebze. 


   anomaliebis intensivoba  sagrZnoblad izrdeba sacdeli nimuSis ganivkveTis farTobis Semcirebisa da sigrZis gazrdis SemTxvevaSi. SesaZlebelia daSvebuli iqnas, rom Termuli gafarToebis temperaturuli damokidebulebis gadaxrebi wrfivi kanonzomierebidan gamowveulia zedapiris struqturis wvlilis gazrdiT, romelSiac aqtiurad monawileobs zedapirul fenebSi mravalnairi defeqti, daZabulobebi da atomTaSorisi gawyvetili kovalenturi bmebi. M


   msgavsi anomaluri cvlilebebi germaniumsa da siliciumSi dakavSirebulia agreTve fazur gardaqmnebTan [104]. ZiriTad meqanizmad fazuri gardaqmnebis ganviTarebaSi miCneulia atomTaSorisi kavSirebis rehibridizacia. Tavisufali zedapiri xasiaTdeba gawyvetili valenturi kavSirebiT (TiToeuli yovel atomze (111) waxnagze siliciumsa da germaniumSi) es iwvevs mezobel qveda sibrtyeebze bmebis DZlier SeSfoTebas, rac ganapirobebs atomebis gadanawilebas meserSi. Sesabamisad icvlebian drekadi, Termuli da eleqtrofizikuri maxasiaTeblebi. fazuri gardaqmnebis dros irRveva tetraedruli sp3 kovalenturi kavSirebi, mcirdeba akrZaluli zonis sigane, izrdeba denis matareblis koncentracia, xdeba masalis metalizacia kovalenturi mdgenelebis SesustebasTan erTad. 


   mesris parametrze da Termuli gafarToebis koeficientze gavlenas axdens gardaqmnebi dispersul fazur CanarTebsa da kompleqsebSi sakuTari wertilovani defeqtebis monawileobiT. siliciumis kristalur meserSi dispersuli CanarTebis wvlili mTlian moculobaSi Seadgens 10-5 [105]. maTi sruli gaxsna meserSi mis moculobas Seamcirebs ( 0,2%. eqsperimentuli monacemebidan aseTi cvlileba 0,4%-ia. e.i. orive sidide erTi rigisaa. arsebuli gansxvaveba dakavSirebulia im garemoebasTan, rom anomaliebis temperaturaze yvela dispersuli mdgeneli daSlili ar aris da Semadgeneli komponentebis  mxolod gansazRvruli nawili gadadis myar xsnarSi. 


   Termuli gafarToebis anomaluri cvlilebebi moiTxovs kompleqsur kvlevas kolorimetruli, eleqtrofizikuri da struqturuli analizis meTodebiT. metad saintereso informacias iZleva aseve akustikuri speqtroskopia, kerZod, Sinagani xaxunis meTodi. misi gamoyenebiT SesaZlebelia ganisazRvros kristalis zedapiruli da moculobiTi defeqtebiT ganpirobebuli relaqsaciuri procesebi da modulis defeqtis variaciis masStabebi.


 mowva 500-600(C temperaturaze avlens wrfivi Termuli gafarToebis koeficientis amaRlebis tendencias, xolo 800-900(C temperaturaze mowviT sagrZnoblad ((10-12%) mcirdeba misi mniSvnelobebi. pirvel SemTxvevaSi adgili aqvs dislokaciebis blokirebasa da  struqturis ganmtkicebas minarevebis atomebisa da kompleqsebis difuziiT dislokaciebis atmosferoebSi birTvebis mimarTulebiT. meore SemTxvevaSi minarevebi difuziis meqanizmiT gadadian myar xsnarSi. dislokaciebis moZraoba sruldeba barierebisagan Tavisufal mdgomareobaSi. es ganapirobebs maRaltemperturebze momwvari  germaniumisa da Ge-Si Senadnobebis  wrfivi Termuli gafarToebis koeficientis Semcirebis tendenciis gamovlinebas.


2.3. monokristaluri germaniumis aradrekadi Tvisebebi

2.3.1. monokristaluri germaniumis Zvris modulisa da Sinagani xaxunis temperaturuli speqtri


   kvlevis obieqti xasiaTdeba p–tipis gamtarobiT, masSi denis matarebeli xvrelebis koncentracia Seadgens 1.1016sm-3. da maTi Zvradoba sakmarisad maRalia. Ees ukanaskneli maCvenebeli migvaniSnebs, rom kristalSi SesamCnevad mcirea muxtis matareblebis gabnevis centrebi. maRali Zvradoba ganapirobebs agreTve lokaluri eleqtruli bmebis gadanawilebis daCqarebas Termuli, Termomeqanikuri an dasxivebis zemoqmedebis pirobebSi. gansakuTrebiT es exeba im lokalizebul deformirebul areebs, romlebic dislokaciebis drekadi velis moqmedebas ganicdian. 

    grexiTi rxevebis milevis procesSi struqturuli defeqtebis Termuli mdgradoba, urTierTqmedeba da energetikuli mdgomareoba [111] orientaciis germaniumis monokristalSi Sinagani xaxunis temperaturul speqtrSi  Semdegi saxiT arian gamovlenili (nax.7.). 
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nax.7 monokristaluri germaniumis  Sinagani xaxunis temperaturuli  damokidebuleba


1 _ sawyisi,  2 _ momwvari, 650ºC, 0,5sT.

   rxevis 1,2 hc sixSireze  20-180ºC temperaturul intervalSi meqanikuri rxevebis energiis gabnevis intensiuroba praqtikulad ar aris damokidebuli temperaturaze. igi xasiaTdeba Sinagani xaxunis fonis miaxloebiTi sididiT 5.10-4. 100-120ºC temperaturaTa SualedSi foni sustad amaRlebulia 10.10-4-mde. Kkovalenturi kristalebisaTvis damaxasiaTebeli metad mcire fonis pirobebSi fonis aRniSnuli mateba dakavSirebuli unda iyos raime saxeobis relaqsaciuri procesis realizaciasTan eqsperimentis mocemul pirobebSi. amasTan erTad unda aRiniSnos, rom sagrZnoblad dabali intensivoba da anomalurad didi temperaturuli Sualedi miuTiTebs, rom 100-120ºC temperaturul SualedSi mimdinareobs erTmaneTis monaTesave mravalricxovani  elementaruli relaqsaciuri procesi, romlebic erTmaneTisgan gansxvavebuli aqtivaciuri parametrebiT xasiaTdebian. Ee.i. adgili aqvs relaqsaciis droisa da aqtivaciis energiebis funqcionalur ganawilebas farTo intervalSi.  msgavsi TvisebebiT gamoirCevian wertilovani defeqtebis migraciasTan dakavSirebuli meqanikuri relaqsaciuri procesebi, rodesac relaqsaciis centrebi araerTgvarovan ZabvaTa velSi imyofebian da amis gamo gaaCniaT  mcired gansxvavebuli aqtivaciis energiebi.


180ºC temperaturidan vlindeba Sinagani xaxunis intensivobis mkveTri zrda da speqtrSi Cndeba Zlieri intensivobis maqsimumi 285-288ºC temperaturaze. Mmaqsimumis maRaltemperaturul mxareze daikvirveba misi gaganiereba amaRlebuli fonisa da 405ºC temperaturis maxloblobaSi saSualo intensivobis meore maqsimumis gavleniT. Ees ukanaskneli asimetriulia da ganieria. 


  405-470ºC temperaturis intervalSi arsebobs Zlier intensivobis  gaganierebuli maqsimumi 450-465 ºC temperaturebze. daaxloebiT 580ºC temperaturidan iwyeba Sinagani xaxunis fonis mkveTri gazrda, 610-630ºC foni gajerebulia, rasac ganapirobebs  zeddebuli maqsimumi. 640ºC temperaturis zemoT Sinagani xaxunis foni intensiurad Zlierdeba da 700ºC –ze praqtikulad SeuZlebeli xdeba rxevebis aRZvra kristalSi. 


aRniSnuli temperaturis areSi mimdinareobs intensiuri difuzuri procesebi, mcire Zabvis zemoqmedebiT Tavs iCens germaniumis monokristalis plastikuri deformacia. MmaSasadame mTlianad ixSoba Sinagani xaxunis registraciis saSualeba, romelic rogorc wesi gulisxmobs drekadobis sazRvrebSi aradrekadi Tvisebebis GgamomJRavnebas defeqtebis intensiuri migraciis gamo. 


P identur nimuSze paraleluri gazomvebiT dgindeba, rom pirvel eqsperimentSi gazomvebiT miRebuli Sedegebi ganmeorebadia. Ggarda amisa sixSiris cvlileba 1-5hc SualedSi iwvevs maqsimumebis temperaturebis gadaadgilebas. Ees Tavis mxriv amtkicebs maqsimumebis relaqsaciur warmoSobas. 1-5hc intervalSi sixSiris Secvla arasakmarisia aqtivaciis energiis gamoangariSebisaTvis maqsimumis temperaturaTa RerZze gadanacvlebis meTodiT, romelic universaluria yvela tipis relaqsaciuri procesis daxasiaTebisaTvis. maqsimumebis  temperaturis da sixSiris registraciis meTodiT miRebuli aqtivaciis energiis Semdegi mniSvnelobebi 1,5; 1,8; 2,0 da 2,4ev.  maTi Sedareba TviTdifuziisa da malegirebeli elementebis moculobiTi difuziis aqtivaciis energiis miaxloebiT sidideebTan (4,5_6ev). vercxlis, spilenZis, borisa da dariSxanisaTvis germaniumSi aCvenebs, rom aRmoCenili relaqsaciuri procesebi ar arian dakavSirebuli e.w. moculobiT difuzur procesebTan. fiqsirebuli temperaturiTa da sixSiriT maqsimumebis aqtivaciis energiis mniSvnelobebis gansazRvra xSir  SemTxvevaSi arakoreqtulia, radganac is moculobiTi difuziisaTvis aris samarTliani. Aamis gamo WeSmariti aqtivaciuri parametrebis gansazRvrisaTvis aucilebelia  maqsimumis formis gaTvaliswineba. 


   grafikuli wesiT maqsimumebis formis dadgenisaTvis gamoyenebuli iqna ganmeorebiTi eqsperimentis Sedegebi, romlebic gviCveneben Sinagani xaxunis speqtrSi Zireuli cvlilebebs (sur.7,2). 


   faqtiurad speqtrSi mJRavndeba mxolod eqsponencialuri foni, romelzedac susti kvalis saxiT arian gamokveTili maqsimumebi 285, 400-405 da 610ºC temperaturebze. Ees eqsperimenti adasturebs, uklebliv yvela relaqsaciuri procesis Termulad arastabilurobas. Sinagani xaxunis temperaturisagan eqsponencialuri damokidebulebis wvlilis gamoricxviT dadginda aqtivaciis energiebis Semdegi mniSvnelobebi 1,35; 1,5; 1,85 da 2,00ev Sesabamisad. aSkarad SeimCneva maTi Semcirebis tendencia fiqsirebuli temperaturis meTodiT gamoangariSebul monacemebTan SedarebiT. 


  calkeuli maqsimumebis relaqsaciis sixSiruli faqtori damokidebulia absoluturi temperaturis Sebrunebuli sididisagan eqsponencialuri kanoniT anu areniusis formuliT: 


(0-1 = (2.(.fmax)-1 .exp(-H/KT)


Aaqedan gamomdinare maqsimumebisaTvis miiReba Sesabamisi relaqsaciis centris vibraciis sixSiris Semdegi MmniSvnelobebi: 8.1011; 5.1012; 1.1014 da 3.1014wm-1. pirveli ori sidide, romelic ganekuTvneba relaqsaciur procesebs 285 da 400ºC temperaturebze, gacilebiT didia wertilovani defeqtis migraciis sixSiresTan SedarebiT. aRniSnuli maxasiaTebeli nebismieri singoniis kristalisaTvis gamtarobisa da qimiuri kavSirebis bunebis miuxedavad ~5.1014wm-1 rigisaa. Ees niSnavs, rom maqsimumebi 285 da 400-405 ºC  temperaturebze, romlebic xasiaTdebian difuziis aqtivaciis energiaze (≈5ev) gacilebiT naklebi aqtivaciis energiiTa da SedarebiT dabali rxevis sakuTari sixSireebiT, ar ganekuTvnebian wertilovani defeqtebis migraciis procesebs kristalis moculobaSi, magaliTad, vakansiebis an minarvebis difuzur gadadgilebas gareSe meqanikuri velisa da temperaturis erTdrouli zemoqmedebis pirobebSi.  


   Mmaqsimumebis sruli daxasiaTebisaTvis Seswavlilia maTi intensivobis damokidebuleba rxevis amplitudisagan. aRmoCnda, rom 285 da 400-405 ºC  temperaturebze maqsimumebis intensivoba mkveTrad izrdeba rxevis amplitudis gazrdiT, rodesac grexiTi deformaciis fardobiTi mniSvneloba uaxlovdeba kritikul amplitudas 5.10-5. es eqsperimenti miuTiTebs relaqsaciur procesebSi dislokaciebis mniSvnelovan wvlilze. Aamplitudisagan damokidebulebas amJRavneben agreTve danarCeni ori maqsimumi 460 da 600ºC temperaturebze.  maTTvis kritikuli fardobiTi deformaciebi toli  arian  2.10-5 da  1.10-5. Mmagram orive maqsimumi amJRavnebs amplitudisagan rTul damokidebulebas. saxeldobr, garkveuli deformaciis Semdeg nacvlad gazrdisa maTi intensivoba mcirdeba. aseTi deformaciebis sidideebia  8.10-5 da 1.10-4 Sesabamisad. SesaZlebelia adgili aqvs  e.w. dinamiur meqanikur ganmtkicebas. rogorc wesi SedarebiT mcire deformaciebis pirobebSi ganmtkicebis realizacia xdeba susti centrebidan mowyvetili dislokaciebis ganmeorebiTi damuxruWebiT ufro Zlieri centrebis mier. aseTebad xSirad vlindebian minarevebis kompleqsebi, mcire zomis fazuri Canasaxebi, sxva sistemis dislokaciebTan gadakveTis kvanZebi da a.S. germaniumis monokristalis realuri struqturidan gamomdinare aRniSnuli tipis damagrebis centrebidan mniSvnelovania rTuli Ge-O kompleqsebis monawileoba dinamiur ganmtkicebaSi, vinaidan 400-600ºC  intervalSi yalibdeba germaniumis atomebisa da Jangbadis atomebis sxvadasxva kompleqsi gansxvavebuli eleqtruli aqtiurobiTa da Termuli stabilurobiT. 


Sinagani xaxunis maRaltemperaturuli fonis energiis gansazRvris mizniT speqtris ubani 550-700 ºC  temperaturebze warmodgenili iqna specialur koordinatTa sistemaSi lnQ-1 _ 103/T. miRebuli wrfe adasturebs fonis eqsponencialur damokidebulebas absoluturi temperaturisadmi, xolo wrfis daxris kuTxis tangensi gansazRvravs fonis aqtivaciis energias:  H=103.K.tg(, sadac K= 1,38.10-23j/K. –aris bolcmanis mudmiva. Aamrigad, dadginda, rom pirveladi speqtris fonis aqtivaciis energia H=0,55ev, xolo relaqsaciis drois Sebrunebuli sidide e.w. sixSiris faqtori tolia 1015wm-1. es monacemebi ar icvlebian ganmeorebiT speqtrSi, e.i. mas Semdeg rodesac pirvel eqsperimentSi nimuSma ganicada Termuli damuSaveba mowvis saxiT. Sinagani xaxunis fonis meqanizmi mowviT TiTqmis ar icvleba. siliciumis Sinagani xaxunis analogiurad germaniumis monokristalSi maRaltemperaturuli eqsponencialuri foni ganpirobebulia uSualod nimuSis zedapirze erTeulovani vakansiebis migraciiT zedapirze arsebuli dislokaciebis birTvis aseTi tipis migracias metad mcire aqtivaciis energia esaWiroeba. Sedareba aCvenebs, rom ganmeorebiTi speqtris foni gadanacvlebulia 20ºC-iT maRali temperaturebisaken daxris kuTxis Seucvlelad. Aamis erT-erTi mizezia rxevebis energiis gabnevis meqanizmis SenarCuneba; eqsponentis gadanacvleba miuTiTebs, rom difuziis meqanizmiT gaizarda vakansiebis koncentracia dislokaciebze. Sesabamisad Semcirda dislokaciebis Zvradoba. Ees niSnavs, rom dislokacia_ vakansiis urTierTqmedeba gaZlierebulia.


Nnax.8-ze warmodgenilia atomTa Soris kavSiris Zalebis damaxasiaTebeli Zvris dinamiuri modulis fardobiTi mniSvnelobebis temperaturuli damokidebuleba (nax.8).  
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nax.8. monokristaluri Ge–is Zvris modulis temperaturuli damokidebuleba.


1 _ sawyisi,  2 _ momwvari, 650 ºC, 0,5sT.

    20-100ºC SualedSi igi ar amJRavnebs temperaturisagan damokidebulebas. umniSvnelo gadaxra wrfivi funqciisagan dakavSirebulia 100-120ºC intervalSi susti intensivobis relaqsaciur procesTan. Aanomalurad Zlieri intensivobis maqsimumis maxloblobaSi 285 ºC temperaturasTan Zvris moduli mcirdeba relaqsaciis intensivobisadmi araSesabamisi kanonzomierebiT. A 285ºC temperaturis areSi mimdinareobs ori intensiuri procesi _ meqanikuri relaqsacia, rac iwvevs Sinagan xaxunsa da modulis defeqts, da dinamiuri meqanikuri ganmtkiceba, romelic rogorc wesi dislokaciebis Zvradobis Semcirebas ukavSirdeba. Mmodulis sidideze gavlenas axdens zedapiris struqtura, aRsaniSnavia isic, rom, moduli ZiriTadad moculobaSi atomTaSoris Zalebis amsaxveli fizikuri sididea. SesaZlebelia dinamiuri meqanikuri ganmtkiceba gamowveulia moculobaSi arsebuli dislokaciebis Zvradobis SemcirebiT dislokaciebis birTvebis gaswvris teqnologiuri minarevebis koncentraciis gazrdis gamo.  Zlieri intensivobis arastabiluri relaqsaciuri procesi, romelic xasiaTdeba amlitudisagan damokidebulebiT,  SeiZleba dakavSirebulia dislokaciebis moZraobasTan masze arsebuli Runvebis  migraciiT kristalis zedapirze vakansiebis atmosferoSi. relaqsaciuri maqsimumis aqtivaciuri parametrebis sidideebi korelaciaSi imyofebian Teoriul daskvnebTan zedapiruli defeqtebis Termulad aqtivirebuli moZraobis Sesaxeb, romelic kovalenturi kristalebisaTvis mocemulia naSromSi [106]. Aam TvalsazrisiT maqsimumis TiTqmis sruli likvidacia xanmokle mowvis Sedegad aixsneba dislokaciebis gamosvliT da safexurebis warmoqmniT uSualod kristalis zedapirze. process Tan axlavs zedapirze vakansiebis intensiuri anigilacia.


    Eeqsperimentulad dadgenilia, rom 750ºC -ze mowva 5sT-is ganmavlobaSi sagrZnoblad amaRlebs aqtivaciuri maxasiaTeblebis mniSvnelobebs. Termulad damuSavebuli nimuSis cikluri maRalamplituduri deformaciiT relaqsaciuri procesebis aqtivaciuri maxasiaTeblebi mcirdebian (cxrili1). aseTi cvlilebebi damaxasiaTebelia kotrelis atmosferoebTan urTierTmoqmedi dislokaciebis moZraobis aqtivaciisaTvis. 


   maRaltemperaturebze relaqsaciur procesebTan erTad vlindeba Zvris modulis Semcireba. 400-405ºC -ze samarTliania toloba ΔG/G=2.Q-1max. igive Tanafardoba sruldeba 460 da 610ºC temperturaTa raionSi. aRniSnuli deformaciuli maqsimumebi dakavSirebuli arian dislokaciebis moZraobasTan. Sesabamisi relaqsaciuri procesebi, aRiwerebian relaqsaciis erTi gansazRvruli sididis droiT. 450 ºC temperaturidan Zvris moduli sagrZnoblad Semcirebulia, Aam temperaturis zemoT Tavs iCens muxtis matarebelTa koncentraciis mzardi gavlena kovalenturi kavSirebis Sesustebaze. aRniSnuli Taviseburebani  da struqturis defeqtebis Zvradobis gadideba ganapirobeben Zvris modulis zigzagisebur cvlilebas maRaltemperaturul intervalSi. 


  ganmeorebiTi gazomvis dros modulis cvlilebis xasiaTi praqtikulad SenarCunebulia 400ºC-mde, ris Semdegac iwyeba modulis daaxloebiT wrfivi Semcireba. Ees niSnavs, rom ukiduresad Semcirebulia struqturuli defeqtebis gavlena Zvris modulis temperaturul damokidebulebaze da igi ganisazRvreba mxolod germaniumis monokristalis Sinagani bunebiT_ fononebis da muxtis matareblebis qvesistemebis aRgznebiT maRaltemperaturul intervalSi. yuradRebas ipyrobs modulis defeqtis cvlileba 285ºC temperaturaze. Ffaqtiurad mowvis Semdeg igi ar Secvlila, Tumca praqtikulad CaxSobilia Zlieri relaqsaciuri procesi. Aanalizi aCvenebs, rom SenarCunebulia maqsimumis intensivobasa da Zvris modulis defeqts Soris zemoT moyvanili relaqsaciis piroba. SeiZleba daSveba, rom pirvelad speqtrSi Zlieri intensivobis maqsimumi ZiriTadad zedapiruli dislokaciebis migraciasTan aris dakavSirebuli. Mmowvis Semdeg misi dabali intensivoba da Zvris modulis cvlileba dakavSirebulia dislokaciis migraciasTan vakansiebis velSi kristalis moculobaSi. 


   moculobiT kristalSi erTdroulad arseboben rogorc araxraxnuli aseve xraxnuli orientaciis dislokaciebi. maTi amoZraveba xdeba sxvadssxva meqanizmiT, kerZod, geometriuli Runvis, wyvili Termuli Runvis warmoSobiTa da migraciiT da agreTve, arakonservatuli moZraobiT anu gadacocebiT paralelur sibrtyeSi vakansiis an sakuTari atomis difuziis monawileobiT. Ddabali aqtivaciebis gamo arakonservatiuli moZraobebi mocemul SemTxvevaSi SeiZleba gamoiricxos. 

2.3.2. relaqsaciuri procesebi boriT legirebul germaniumis monokristalSi


   boriT legirebuli germaniumis realur struqturaSi maRalia dislokaciebis simkvrive. isini araTanabrad arian ganawilebuli. (111) orientaciis sibrtyeze zogierT SemTxvevaSi gamovlenilia dislokaciebis e.w. varskvlaviseburi Sejgufebebi. realuri struqturis aRniSnulma Taviseburebam SesaZlebelia gavlena moaxdinos legirebuli germaniumis fizikur-meqanikur Tvisebebze, kerZod, Zvris modulis mniSvnelobaze. boris kovalenturi radiusi mcirea da germaniumis kristalur meserSi boriT Canacvlebis poziciaSi kristaluri meseri SekumSulia, sadac lokalurad gazrdilia atomTaSoris urTierTqmedebis Zalebi. Ddefeqtebis Semcveli germaniumis struqturaSi aRniSnuli cvlilebebi sustad vlindebian. Ees aixsneba mravali faqtoriT, romelTa Soris arsebiTia dislokaciuri struqturis araerTgvarovneba moculobisa, da gansakuTrebiT, zedapirul fenebSi. Aaranakleb mniSvnelovania statistikurad ganawilebuli teqnologiuri minarevebis mier ganpirobebuli struqturuli  damaxinjebaTa zegavlena.  Coxralskis meTodiT miRebuli boriT legirebuli germaniumis kristalis realuri mdgomareoba asaxulia Sinagani xaxunisa da Zvris modulis temperaturulo damokidebulebaSi. 


 Ge:B sacdeli nimuSis grexiTi rxevebis 3,8hc sixSireze Sinagani xaxunis temperaturuli speqtri xasiaTdeba Zlieri intensivobis maqsimumebiT 285, 428, 512 da 600ºC temperaturebze.


60-90 ºC temperaturaTa intervalSi Sinagani xaxunis foni sustad amaRlebulia, 20-200ºC diapazonSi Sinagani xaxunis foni temperaturisagan damoukidebelia. Mmisi temperaturisagan eqsponencialuri damokidebuleba SesamCnevia 400ºC temperaturidan maRal intervalSi. yvela relaqsaciuri procesi maRali intensivobiT xasiaTdeba(nax.9). 


  aralegirebul germaniumTan SedarebiT Ge:B kritalis Sinagani xaxunis fonis eqsponencialuri cvlilebis sawyisi temperatura 30-40ºC gadanacvlebulia dabali temperaturebisaken. Ees avlens dabali aqtivaciis Zvradi defeqtebis warmoqmnis SesaZleblobebs boriT legirebis SemTxvevaSi, riTac  ganisazRvreba Sinagani xaxunis fundamenturi fonis gadanacvleba dabali temperaturebisaken.
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nax.9. Ge:B – is Sinagani xaxunis temperaturuli speqtri

1. sawyisi mdgomareoba,  2. momwvari 650(C, 0,5sT.

    koordinatTa sistemaSi lnQ-1 - 1/T 400ºC temperaturis zemoT miiReba wrfivi damokidebuleba.  Mmisi daxris kuTxiT gansazRvruli aqtivaciis energia tolia 0,45ev. Mmaqsimumebi 285, 430, 510 da 600ºC  temperaturebze xasiaTdebian aqtivaciis energiis Semdegi mniSvnelobebiT: 1,20; 1,60; 1,80 da 1,90ev Sesabamisad. Mmaqsimumis arsebobis pirobidan:   2(.fmax.(0. exp(H/KT)=1 gansazRvruli iqna maqsimumebis Sesabamisi relaqsaciis sixSiruli faqtorebi: 5.1011; 8.1013 ; 1.1014 da 2.1014 wm-1. 


  eqsperimentulad naCvenebia, rom 5.1019sm-3 koncentraciiT boris Semcveli germaniumi xasiaTdeba Zlieri intensivobis relaqsaciuri maqsimumebis aqtivaciis energiis Semcirebuli mniSvnelobebiT. amasTan erTad mcirdebian relaqsaciuri procesebis sixSiris faqtoris sidideebi. maRaltemperaturuli maqsimumi, Sezrdilia eqsponencialur fonTan 600ºC -ze. Mmisi aqtivaciis energia 0,1ev-iT naklebia aralegirebuli germaniumis maqsimumis maxasiaTebelze. Mmcirdeba aseve procesis sixSiris faqtori.  maqsimumi dakavSirebuli unda iyos dislokaciebze Runvebis moZraobasTan. aqtivaciuri parametrebis Semcireba aseTnairad SeiZleba aixsnas. Bboris atomebsa da Jangbadis atomebs Soris warmoiqmnebian bmebi, rac ganapirobebs  B-O  kompleqsebis formirebas. Sesabamisad Semcirdeba Jangbadis koncentracia araxraxnuli da xraxnuli orientaciis dislokaciebis atmosferoebSi. Ees gamoiwvevs geometriuli Runvebis naxevarganis gazrdas. esO Seamcirebs eleqtronuli da drekadi warmoSobis Zalebis damamuxruWebel moqmedebas. Sesabamisad mcire energia iqneba saWiro sxvadasxva orientaciis dislokaciebze geometriuli Runvebis migraciisaTvis Jangbadis atomebiT Zlier gaRaribebul atmosferoSi. geometriuli Runvis naxevarganis gadideba niSnavs misi aqtivaciuri moculobis gadidebas da maSasadame misi rxevis sakuTari sixSiris Semcirebas. boriT legireba iwvevs donoruli GeO4 kompleqsebis warmoqmnis gaZnelebas da maTi koncentraciis Semcirebas. aseT SemTxvevaSi gaizrdeba dislokaciaze kritikuli manZilebi wyvil Runvebs Soris, Sesustdeba urTierTqmedeba damamuxruWebel kompleqsebTan.  Yyovelive es ganapirobebs wyvili Runvebis migraciis energiis Semcirebas. relaqsaciuri procesebi 428 da    512ºC  temperaturebze Zlierad damokidebulia amplitudisagan, rac adasturebs dislokaciebisa da wertilovani defeqtebis monawileobas energiis gabnevis procesebSi. 


G legirebuli germaniumis monokristalSi  dislokaciebis ganawilebis araerTgvarovneba, maTi Sejgufebebis arseboba, agreTve borisa da Jangbadis atomebisagan kompleqsebis warmoqmna gansazRvraven dislokaciebis moZraobis energetikul maxasiaTeblebs. Aaqtivaciis energiis sidideebis gaTvaliswinebiT Cans, rom geometriuli da wyvili Runvebis migracias boriT legirebuli germaniumis monokristalSi esaWiroeba  SedarebiT maRali aqtivaciis energia. amiT aixsneba aRniSnuli maqsimumebis gadanacvleba maRali temperaturebisaken. maTi intensivobis amplituduri damokidebulebis arseboba saSualebas iZleva miCneuli iqnas rom relaqsaciuri procesebi ganpirobebulia  Runvebis migraciiT dislokaciebis srialis sibrtyeSi minarevebisa da maTi kompleqsebis atmosferoebSi. 


   xanmokle mowva 200-250ºC intervalSi(0,5sT) mkveTrad amcirebs relaqsaciuri procesebis intensivobas. gansakuTrebiT es exeba relaqsacias 285ºC -ze. es SesaZlebelia dakavSirebulia legirebuli kristalis zedapirze mowvis Sedegad geometriuli Runvebis likvidaciisa da vakansiebis anigilaciis procesebTan. cvlilebebi, romlebic mimdinareoben boriT legirebis Sedegad struqturuli defeqtebis gadanawilebaSi naTlad aris asaxuli Zvris dinamiuri modulis temperaturul damokidebulebaze (nax.10).
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nax.10. Ge:B –is Zvris modulis temperaturuli damokidebuleba


1 _ mowva 750ºC, 10sT.  2 _ cikluri deformacia,750 ºC.


   400ºC -dan modulis Semcireba dakavSirebulia Zalian Zlieri intensivobis relaqsaciur procesTan, agreTve wertilovani defeqtebis migraciasTan dislokaciebis mimarTulebiT. Oorive procesi modulze zegavlenis TvalsazrisiT urTierT sapirispiroa. mowviTa da cikluri deformaciiT 750ºC temperaturaze aqtivaciuri maxasiaTeblebi SesamCnevad icvlebian(cxrili1). Termuli damuSavebiT relaqsaciuri procesebi praqtikulad mTlianad CaixSoba., xolo 400ºC temperaturamde Zvris moduli TiTqmis ar aris damokidebuli temperaturisagan. 400-650 intervalSi igi daaxloebiT wrfivad mcirdeba. Ees aixsneba atomTa Soris kavSiris Zalebis SesustebiT Termuli gafarToebisa da denis matareblebis koncentraciis gazrdasTan dakavSirebiT. 

2.3.3. relaqsaciuri procesebi dariSxaniT legirebul germaniumis monokristalSi

    fizikur-meqanikuri Tvisebebis eqsperimentuli kvlevis mizniT SerCeuli iqna iseTi monokristali, romelic boriT legirebuli monokristalisgan ZiriTadad gansxvavdeba gamtarobis tipiT. Ddislokaciuri struqtura msgavsia boriT legirebuli monokristalis. dislokaciebis simkvrive icvleba 103-104sm-2 sazRvrebSi da kristalis zedapirze struqtura xasiaTdeba rogorc Tanabari, aseve dislokaciebis araTanabari ganawilebiT. Canacvlebuli dariSxanis atomi gamoirCeva kovalenturi radiusis maRali mniSvnelobiT (≈1,18A) [107] da Tavis irgvliv qmnis gaWimvisa da praqtikulad gafarToebis drekad deformaciebs. 


Ge:As –is  realuri struqturuli mdgomareoba Taviseburad asaxulia Sinagani xaxunis temperaturul speqtrSi. 20-200 ºC  temperaturul intervalSi Sinagani xaxunis foni temperaturisagan damoukidebelia da misi intensivoba dabalia (~5.10-4).  ~3hc sixSireze 280 ºC temperaturis areSi Tavs iCens anomalurad Zlieri intensivobis relaqsaciuri procesi. savaraudoa, rom mocemuli deformaciis pirobebSi (≈5.10-5) SesaZlebelia adgili aqvs relaqsaciuri da mikroplastikuri deformaciis procesebis erTdroulad gamovlinebas. Mmaqsimums maRali temperaturis Stoze ekvris platos formis damatebiTi maqsimumi. Amis Semdeg foni mkveTrad mcirdeba 400ºC temperaturamde, 428 da 462ºC temperaturebze arsebuli  SedarebiT susti maqsimumebis forma damaxinjebulia maTi urTierTgadafarvis gamo. 570ºC temperaturaze eqsponencialur fonTan erTad Sezrdilia saSualo intensivobis maqsimumi. 


Ddadgenili iqna, rom maqsimumebi 280, 330, 428, 462 da 570ºC temperaturebze xasiaTdebian aqtivaciis energiis Semdegi sidideebiT: 1,25; 1,40; 1,5; 1,65; 180 ev-iT. maTi Sesabamisi sixSiruli faqtorebi toli arian: 2.1011; 4.1012 ; 1.1013; 6.1013;  da 1.1014wm-1 .(cxr.3).
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nax.11. Ge:As-is Sinagani xaxunis temperaturuli damokidebuleba

1. pirveli gazomvis Sedegebi, 2. ganmeorebiTi gazomvis Sedegebi


Mmonokristaluri germaniumis relaqsaciuri procesebis aqtivaciuri maxasiaTeblebi


cxrili 3


		K


kvlevis obieqti

		maqsimumis tempertura, ºC



		aqtivaciis energia, ev.

		sixSiris faqtori, wm-1



		

		sawyisi




		mowva,


750ºC,


10sT.

		cikluri deformacia, 750ºC,


ε =5.10-3

		sawyisi




		mowva,


750ºC,


10sT

		cikluri deformacia, 750ºC,


ε =5.10-5

		sawyisi




		mowva,


750ºC,


10sT

		cikluri deformacia, 750ºC ε =5.10-5



		Ge


[111]


p

		80-100

		100

		85

		0,9

		1,0

		0,85

		6.1013

		3.1013

		2.1014





		

		285

		295

		270

		1,40

		1,45

		1,30

		2.1013

		5.1013

		6.1013



		

		405

		400

		380

		1,55

		1,60

		1,45

		1.1012

		5.1012

		6.1011



		

		450-465

		470

		440

		1,70

		1,75

		1,70

		5.1012

		6.1012

		5.1012



		

		600

		610

		585

		2,0

		2,05

		1,90

		6.1014

		1.1015

		3.1014



		Ge:B


(1.1019 sm-3)


p

		100

		110

		95

		1,0

		1,10

		0,90

		2.1014



		5.1013

		3.1014



		

		285

		290

		280

		1,35

		1,40

		1,30

		1.1013

		3.1013

		8.1012





		

		430

		440

		420

		1,50

		1,55

		1,45

		3.1012




		5.1012

		1.1012



		

		510

		520

		505

		1,80

		1,85

		1,70

		7.1012



		1.1013

		5.1012



		

		600

		615

		590

		1,90

		1,95

		1,85

		8.1013




		2.1014

		6.1013



		Ge:As


(5.1018 sm-3)


[111]


n

		80-100

		100

		80

		0,90

		0,95

		0,80

		6.1013




		4.1013

		8.1013



		

		280

		290

		265

		1,35

		1,40

		1,30

		5.1013



		7.1013

		3.1013



		

		330

		345

		320

		1,50

		1,55

		1,45

		1.1014



		2.1014

		7.1013



		

		430

		435

		425

		1,55

		1,65

		1,50

		6.1014




		8.1014

		3.1014



		

		460

		480

		450

		1,70

		1,75

		1,60

		5.1012




		7.1012

		2.1012



		

		570

		585




		555

		1,75

		1,80




		1,65

		3.1014

		6.1014

		1.1014





    amrigad, SesamCnevia relaqsaciuri parametrebis Semcirebis tendencia dariSxaniT legirebuli germaniumis relaqsaciur speqtrSi. Ppirvel yovlisa es mtkiceba exeba Zlieri intensivobis maqsimums 280ºC temperaturaze. igive SeiZleba miRebuli iqnas maqsimumisaTvis 460ºC –is areSi. danarCeni maqsimumebisaTvis jer dadgenili unda iqnas msgavseba aralegirebuli kristalis maqsimumebTan. maqsimumi 570ºC temperaturaze msgavsad aralegirebuli germaniumis maqsimumisa 610ºC –ze Sezrdilia eqsponencialur fonTan im gansxvavebiT, rom maqsimumi da foni 25-30ºC –iT gadanacvlebulia dabali temperaturebisaken. amasTan erTad SedarebiT mcirea gansxvaveba maT aqtivaciur maxasiaTeblebs Soris. MmaSasadame arsebobs orive maqsimumis erTnairi warmoSobis SesaZleblobis daSvebis safuZveli. kerZod, davuSvaT, rom dariSxaniT legirebuli germaniumis monokristalSi temperaturisa da meqanikuri niSancvladi Zabvis erTdrouli zemoqmedebiT 570 ºC temperaturaze adgili aqvs araxraxnuli orientaciis dislokaciebze wyvili Runvebis migraciiT gamowveul relaqsaciur process, romelsac kontrols uwevs donoruli GeO4 kompleqsebi.Mminarevebis monawileoba relaqsaciaSi miniSnebulia maqsimumis  temperaturaze Sinagani xaxunis sagrZnobi damokidebulebiT rxevis amplitudisagan. aRsaniSnavia is, rom boriT legirebis analogiurad dariSxaniT legireba germaniumSi warmoaCens relaqsaciur process 428-430 ºC temperaturaze., magram misi intensivoba gacilebiT naklebia. Semcirebulia agreTve aqtivaciis energia da sixSiris faqtoris sidide. Ees gansxvaveba pirvel rigSi gamtarobis bunebaSi gansxvavebas, unda mieweros, agreTve struqturis Zlier damaxinjebas rac myar xsnarSi dariSxanis atomis maxloblobaSi warmoiqmneba. yuradsaRebia isic, rom dariSxanis atomebis garkveuli raodenoba ar imyofeba myar xsnarSi. MdariSxanis atomebi an mcire zomis kompleqsebi teqnologiur minarevebTan Tavs iyrian energetikulad xelsayrel poziciebSi dislokaciebis birTvebis gaswvriv da warmoqmnian minarevebis atmosferoebs. Sesabamisad meti energia iqneba saWiro erTeulovani an wyvili Runvebis migraciisaTvis kotrelis atmosferoSi. amasTan dakavSirebiT SesaZlebelia miCneuli iqnas, rom dariSxaniT legirebuli germaniumis monokristalSi 430 ºC temperaturis maxloblobaSi adgili aqvs  dariSxanis Semcveli minarevebis atmosferoSi xraxnul dislokaciaze geometriuli Runvis migracias temperaturisa da meqanikuri Zabvis zemoqmedebiT. 


   damatebiTi maqsimumi 325 ºC temperaturaze SedarebiT sustad aris damokidebuli rxevis amplitudisagan. SedarebiT mcirea (~4.1012wm-1) relaqsaciis centris rxevis sixSiris faqtori. aRniSnuli maqsimumi SesaZlebelia gamowveulia SiO2 kompleqsis migraciiT dislokaciebis birTvis paralelurad. winaaRmdeg SemTxvevaSi saWiro iqneboda gacilebiT didi aqtivaciis energia. Ge:As-is Sinagani xaxunis intensiuri relaqsaciuri procesebi Termulad aramdgradia. erT-erTi mizezia isic, rom mcirea nimuSebis ganivi kveTis farTobi (300-500mkm) da proporciulad didia zedapirze arsebuli aramdgradi defeqtebis konfiguraciuli cvlilebebis  gavlena struqturulad mgrZnobiare Tvisebebze. zedapirze nebismieri mikroskopuli masStabis defeqti Zalian aqtiuria da dabali energiebis diapazonSi mkveTrad icvlian koncentraciasa da konfiguraciebs. 


Zvris dinamiuri moduli temperaturuli speqtri daaxloebiT 200ºC –mde praqtikulad ucvlelia. 
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· Nnax.12.  Ge:As –is  Zvris modulis temperaturuli damokidebuleba

· 280ºC temperaturis maxloblobaSi gamovlenilia aSkarad gamoxatuli modulis defeqti, rac aris procesis relaqsaciurobis erT-erTi ZiriTadi maxasiaTebeli. modulis defeqtis mniSvneloba mosalodnelze gacilebiT naklebia. Aamis gamo SesaZlebelia 280ºC –is raionSi dariSxanis Semcvel germaniumis monokristalSi mimdinareobdes ori procesi – relaqsaciuri damaxasiaTebeli modulis defeqtiT da deformaciuli dinamiuri meqanikuri ganmtkicebiT. Ees ukanaskneli dakavSirebulia dislokaciebis blokirebasTan wertilovani defeqtebis mier, romlebic Tavdapirvelad imyofebian dislokaciis kotrelis  atmosferoSi. gamoricxuli ar aris, rom efeqtur dinamiur ganmtkicebaSi Tavisi wvlili Seaqvs dariSxanis atomebs, romlebic ganawilebuli arian dislokaciebis atmosferoebSi. daaxloebiT   300ºC -dan Zvris moduli ganicdis zigzagisebul Semcirebas 600 ºC -mde. Ees miuTiTebs ramdenime procesis gaaqtiurebaze, romelTagan zogierTi  iwvevs dinamiur meqanikur ganmtkicebas,zogierTi ki, maT Soris muxtis matareblebis koncentraciis gazrda (sakuTari gamtarobis dawyebasTan dakavSirebiT), mis Semcirebas. ganmeorebiTi gazomvis dros mcirdeba modulis defeqti  280ºC –ze. sagrZnoblad gazrdilia modulis mniSvneloba 300-600ºC temperaturaTa SualedSi, magram kvlav SenarCunebulia Zvris modulis Semcirebis tendencia temperaturis maRal diapazonSi.


· amrigad meqanikuri relaqsaciuri speqtrisa da Zvris modulis temperaturuli damokidebulebis erTdrouli analizis safuZvelze principulad SesaZlebelia gancalkevebuli iqnas erTmaneTisgan moculobasa da kristalis zedapirze ganawilebuli defeqtebis moZraobiT gamowveuli relaqsaciuri da dinamiuri meqanikuri ganmtkicebis procesebi, gaanalizebuli iqnas struqturulad mgrZnobiare Zvris modulis cvalebadobis meqanizmi, Sefasdes gansazRvruli tipis dislokaciaze Runvebis warmoSobisa da migraciis aqtivaciuri parametrebi, ganisazRvros  eleqtrulad aqtiur da neitralur defeqtebTan dislokaciebze arsebuli Runvebis urTierTqmedebis energiis sidideebi. 


  aRsaniSnavia, rom dislokaciuri meqanizmebis sasargeblod vlindeba relaqsaciuri procesebis aqtivaciis energiisa da sixSiris faqtoris amaRleba da Semcireba 700ºC temperaturaze mowvisa da amis Semdeg maRalamplituduri cikluri deformaciis gavleniT. 

2.4. monokristaluri Ge-Si Senadnobebis fizikur-meqanikuri Tvisebebi

2.4.1. Termuli damuSavebisa da grexiTi deformaciis gavlena monokristaluri Ge-Si Senadnobebis fizikur-meqanikur Tvisebebze

   monokristalur Ge-Si SenadnobebSi kristalizaciis Tanmxleb procesSi Termuli zemoqmedeba da Semadgeneli komponentebis maxloblobaSi lokalizebuli Termuli Zabvebi iwveven Termuli da deformaciuli warmoSobis eleqtrulad aqtiuri defeqtebis, Jangbadis precipitatebis da dislokaciebis formirebas. teqnologiur procesebSi formirebuli struqturuli defeqtebis Casaxvisa da moZraobis aqtivaciuri maxasiaTeblebis diagnostikisa da marTvis SesaZleblobebis dadgena mniSvnelovania gansazRvruli naxevargamtaruli maxasiaTeblebis mqone Ge-Si sistemis Senadnobebis miRebisaTvis.


   Seswavlilia [111] orientaciis Ge+0,5at.%Si da Ge+1at.%Si Senadnobebis Zvris modulisa da Sinagani xaxunis temperaturuli da amplituduri damokidebuleba Seswavlilia grexiTi rxevebis sixSirisa da milevis logariTmuli dekrementis registraciis meTodiT. relaqsaciuri Sinagani xaxunis procesebis aqtivaciuri maxasiaTeblebi, grexiTi rxevebis amplituduri deformacia da mikroplastikurobis parametrebi gansazRvrulia standartuli meTodebiT[103]. Zvris modulis absoluturi mniSvnelobebi Sefasebulia identuri zomebis etalonur nimuSTan Sedarebis meTodiT. 

 monokristaluri Ge+0,5at.%Si Sinagani xaxunis temperaturuli damokidebuleba xasiaTdeba eqsponencialuri mzardi foniT, romelzedac gamovlenilia maqsimumebi 80-100, 250, 380 da 450 ºC temperaturebze(sur.13,1).
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nax.13. monokristaluri Ge-Si Senadnobebis Sinagani xaxunisa (1.2) da Zvris modulis (11, 21) temperaturuli speqtrebi


1,11 _ Ge+0,5at.%Si, f0≈1.2 hc,


 2,21  - Ge+1.0at%Si, f0=1.0 hc.

   miRebuli speqtris Sedgeniloba,fonisa da maqsimumebis intensivoba praqtikulad damoukidebulia sacdeli nimuSebis gaxurebisa da gacivebis siCqaris cvlilebisagan 1-3 grad/wT intervalSi. aRniSnuli maqsimumebis temperaturebi icvlebian rxevis sixSiris cvlilebiT,rac avlens Sinagani xaxunis maqsimumebis relaqsaciur bunebas. maqsimumebis sixSiruli wanacvlebis meTodiT. gansazRvrulia aqtivaciis energiisa da sixSiris faqtoris mniSvnelobebi. miRebuli Sedegebi warmodgenilia cxr.4-Si. 


monokristaluri Ge—Si Senadnobebis relaqsaciuri procesebis aqtivaciuri maxasiaTeblebi.


cxrili 4

		Kkvlevis obieqti

		Mmaqsimaluri 


temperatura,


       0C

		Aaqtivaciis energia, 


    ev

		sixSiris faqtori,


   wm-1

		Zvris moduli,


Kkg/mm2



		Ge


[111]

		80


250


380


450

		0.8


1.3


1.55


1.7

		2·1014


5·1014


3·1013


5·1012

		4100



		Ge+0.5at%Si


[111]

		90


260


395


460

		0.9


1.45


1.60


1.8

		3·1014


8·1014


5·1013


2·1012

		4250



		Ge+1at%Si


[111]

		100


265


400


475

		1.0


1.50


1.65


2.0

		5·1014


7·1014


2·1013


1·1012

		4400





   cxrilSi mocemulia oTaxis temperaturaze Zvris modulis sidideebi. siliciumis Semcveli Ge-Si kristalebis Sinagani xaxunis temperaturuli speqtrebi praqtikulad germaniumisaTvis damaxasiaTebeli speqtris analogiuria. ganmasxvavebel niSnebad vlindebian yvela maqsimumis gadanacvleba 10-20 ºC-iT maRali temperaturebis mimarTulebiT, maqsimumebis intensivobebis gazrda 10-15%-iT,relaqsaciuri procesebis aqtivaciuri maxasiaTeblebis amaRlebuli sidideebi siliciumis koncentraciis proporciulad [108].


   Ge+0,5at.%Si Senadnobis nimuSis mowva vakuumSi 10sT-is ganmavlobaSi 750ºC temperaturaze mTlianad axSobs relaqsaciur Sinagan xaxuns 80-100ºC  intervalSi, 50-60% amcirebs danarCeni maqsimumebis intensivobas da iwvevs maT gadanacvlebas ~ 20ºC-iT maRali temperaturebisaken. analogiur cvlilebebs ganicdis yvela sacdeli Ge-Si monokristaluri Senadnobis Sinagani xaxunis speqtrebi Termuli damuSavebis Sedegad. Termulad damuSavebul mdgomareobaSi relaqsaciuri procesebis aqtivaciuri maxasiaTeblebi gazrdilia sawyis mdgomareobasTan SedarebiT.


   Termulad damuSavebuli nimuSebis grexiTi deformacia 750ºC temperaturaze (εmax=5·10-3, deformaciis ciklebis raodenoba-200) iwvevs relaqsaciuri procesebis intensivobis amaRlebas, maqsimumebis temperaturebisa da aqtivaciuri maxasiaTeblebis sagrZnoblad Semcirebas. ganmeorebiTi mowva zemoTaRniSnul pirobebSi mkveTrad amcirebs yvela maqsimumis intensivobas da sawyisi mdgomareobis Sesabamis donemde aRadgens maT aqtivaciur maxasiaTeblebs.


   amrigad, 750ºC temperaturaze Termuli damuSavebisa da cikluri deformaciis monacvleobiT SesaZlebelia Ge-Si monokristaluri Senadnobebis Sinagani xaxunis temperaturuli speqtrebis parametrebis regulireba. es Tavisebureba ganpirobebulia aRniSnuli masalebis struqturaSi arsebuli defeqtebis konfiguraciuli cvlilebebis ganmeorebadobiT Termomeqanikuri damuSavebis ciklSi.


   Sinagani xaxunis speqtris analogiurad Ge+0,5at.%Si monokristalis Zvris modulis temperaturuli damokidebuleba rTuli xasiaTisaa (nax.13,11). relaqsaciuri Sinagani xaxunis maqsimumebis kritikul temperaturebze Zvris moduli ganicdis Semcirebas anu vlindeba e.w. Zvris modulis defeqti. 380-4500C intervalSi Zvris moduli nacvlad Semcirebisa anomalurad izrdeba. Ge-Si SenadnobebSi Si-is koncentraciis amaRlebiT Zvris modulis anomaliis intervali mcirdeba, is mkveTradaa gamosaxuli 4000C-is maxloblobaSi. germaniumTan SedarebiT Zvris modulis anomaluri cvlilebebis temperaturuli Sualedi gadanacvlebulia 15-200C-iT maRali temperaturebis mimarTulebiT. 7500C temperaturaze 10sT-is ganmavlobaSi mowva praqtikulad gavlenas ar axdens modulis anomaliaze yvela  sacdel kristalSi.


   cikluri deformacia 7500C temperaturaze(ciklebis raodenoba-200, εmax=5·10-3)Zvris modulis anomaluri amaRlebis sawyis temperaturas amcirebs 10-200C-iT yvela sacdel kristalSi.


   200-8000C temperaturul intervalSi Sinagani xaxunis fonisa da maqsimumebis intensivoba avlenen rxevis amplitudisagan  Zlier damokidebulebas, e.i. relaqsaciuri Sinagani xaxunis maqsimumebi deformaciuli warmoSobis arian. cnobili Teoriis [105] Tanaxmad aRniSnuli tipis maqsimumebi ganpirobebulia dislokaciebis moZraobiT gareSe Zabvis velSi. 4500C temperaturis maxloblobaSi gazrdilia teqnologiuri minarevebis, kerZod, Jangbadis difuzia Senadnobis kristalur meserSi. aRniSnulTan dakavSirebiT SesaZlebelia davuSvaT, rom Termuli da meqanikuri zemoqmedebiT dislokaciebis gadaadgilebas axlavs minarevebis atomebis difuzuri gadanawileba. Sesabamisad mosalodnelia dislokaciebis damagreba axal poziciebSi, rac aisaxeba modulis anomalur amaRlebaSi anu kristalis dinamiur meqanikur ganmtkicebaSi.


  siliciumis koncentraciis gazrdiT vlindeba Ge-Si Senadnobebis struqturis meqanikuri maxasiaTeblebis amaRlebis tendencia, radganac kristaluri meseri ganicdis SekumSvas lokalizebul areebSi Canacvlebis poziciebSi ganTavsebuli siliciumis atomebis maxloblobaSi. Ees garemoeba Semdegi formiT aris warmodgenili Ge+0,5at.%Si Senadnobis Sinagani xaxunis temperturul speqtrSi (nax,13,2). Yyvela maqsimumis intensivoba aris amaRlebuli; isini gadanacvlebulia 10-20ºC-iT maRali temperaturebis mimarTulebiT. mniSvnelovnad maRalia maqsimumebis Termuli mdgradoba; maTi intensivoba mxolod     10-15%-iT mcirdeba ganmeorebiTi gazomviT formirebul speqtrSi. ~100ºC-ze arsebuli susti intensivobis relaqsaciuri procesi monokristalur germaniumSi arsebulis analogiuria da sruliad damoukidebulia grexiTi rxevebis amplituduri deformaciisagan. yvela sxva maqsimumis intensivobis amplituduri damokidebuleba vlindeba deformaciis maRal diapazonSi. 


   Mmowva 750 ºC temperturaze vakuumSi 10sT-is ganmavlobaSi praqtikulad nulamde amcirebs Sinagani xaxunis intensivobas 100 ºC temperaturis areSi, 20-25%-iT adablebs yvela danarCeni maqsimumis simaRles, amcirebs eqsponencialuri fonis intensivobas, zrdis kritikul temperaturas, romelzedac iwyeba fonis mkveTrad zrda. aRniSnuli xasiaTis cvlilebebi damaxasiaTebelia defeqtebis moZraobisaTvis, romelTac gaaCniaT aqtivaciis energiis maRali mniSvnelobebi. 


     cikluri amplituduri deformacia 750 ºC-ze sagrZnoblad zrdis relaqsaciuri Sinagani xaxunis da fonis intensivobas, avlens maTi aqtivaciuri maxasiaTeblebis Semcirebasa da  kritikuli temperaturebis gadanacvlebas 10-20ºC -iT dabali temperaturebis mimarTulebiT. aseT pirobebSi mcirdebian agreTve amplituduri deformaciis kritikuli sidideebi, romlebzedac rxeviTi energiis procesebis intensivoba iwyebs Zlier zrdas. 


      zemoT aRwerili cvlilebebi asaxulia defeqtebis moZraobis aqtivaciis cvlilebebSi. Termuli da niSancvladi Zabvis zemoqmedebiT regulirdeba calkeuli maqsimumis naxevargani da forma. maTi cvlilebebi ganpirobebulia relaqsaciaSi monawile defeqtebis struqturaSi koncentraciuli da konfiguraciuli cvlilebebiT. 


      Ge+2at.%Si Senadnobis fizikur-meqanikuri Tvisebebis cvlilebebi analogiuria siliciumis SedarebiT dabali Semcvelobis Senadnobebis aseTive maxasiaTeblebis. Gganmasxvavebelia maqsimumebis Termuli mdgradobis, kritikuli temperaturisa da aqtivaciuri maxasiaTeblebis zrdis kidev ufro metad gamovlineba Sinagani xaxunisa da Zvris modulis temperaturul speqtrebSi.  es miuTiTebs struqturis meqanikuri maxasiaTeblebisa da struqturuli defeqtebis moZraobisadmi potencialuri barieris amaRlebaze. cxrilSi 4 warmodgenilia Ge-Si Senadnobebis sacdeli nimuSebis fizikur-meqanikuri maxasiaTeblebi. Sedegebi miRebulia [111] orientaciis monokristalis kvleviT. Eeqsperimentulad dadginda, rom [100] orientaciis Ge-Si SenadnobebSi SenarCunebulia zemoTaRweril pirobebSi aqtivaciuri maxasiaTeblebis cvlilebaTa kanonzomierebani. sust cvlilebebs ganicdian Zvris modulis absoluturi sidide da relaqsaciuri maqsimumebis intensivoba, kerZod, is [111] mimarTulebis speqtrTan SedarebiT 20%-iT Semcirebuli sididiT xasiaTdeba. Mmetad mniSvelovania, is rom orientaciis cvlileba gavlenas ar axdens relaqsaciuri procesebis aqtivaciis energiisa da sixSiris faqtoris sidideebze. SesaZlebelia daSveba, rom relaqsaciur procesebSi monawile defeqtebis wvlili damoukidebelia kristalografiuli orientaciisagan. Ppraqtikulad ar icvleba maRaltemperturuli Sinagani xaxunis eqsponencialuri  fonis maxasiaTeblebi, e.i. ucvlelia fonis formirebaSi monawile defeqtebis tipebi da koncentracia. 


2.4.2. meqanikuri relaqsaciuri procesebi boriT legirebul monokristalur  Ge0,99Si0,01SenadnobSi


      warmodgenilia monokristaluri Ge-Si Senadnobebis Zvris modulisa da Sinagani xaxunis temperaturuli damokidebulebis Seswavlis Sedegebi [109]. sacdeli kristalebi miRebulia Coxralskis meTodiT argonis garemoSi [111] kristalografiuli mimarTulebiT. boriT legirebuli kristalebi xasiaTdebian xvreluri gamtarobiT. zogierTi  kristalis zedapirze gamovlindnen zrdis procesSi formirebuli rgoliseburi terasebi, rac miuTiTebs teqnologiuri minarevebiT dekorirebuli dislokaciuri zonebis arsebobaze. Kkristalografiul  (111) sibrtyeebze gamovlenilia araTanabrad ganawilebuli dislokaciebi. maTi saSualo simkvrive 1.103-3.104sm-2 Seadgens. Mmowva vakuumSi 750ºC 10 sT-is ganmavlobaSi praqtikulad gavlenas ar axdens dislokaciebis  ganawilebis xasiaTsa da raodenobaze (111) sibrtyeebze.


   etalonTan Sedarebis meTodiT ganisazRvra sacdeli monokristalebis Zvris modulis absoluturi sidideebi (ix.cxr.5). SedarebiTi analiziT dgindeba, rom boriT legirebul Ge-Si SenadnobebSi Zvris modulis cvlilebis xasiaTi  mikrosisalis analogiuria. 

monokristaluri Ge-Si Senadnobebis meqanikuri 


maxasiaTeblebi


                                                       cxrili 5 

		sacdeli kristalebi

		Ddislokaciebis simkvrive,


sm-2

		M

mikrosisale,


kg/mm2

		D

denis matareblebis koncentracia, sm-3

		Zvris moduli,


kg/mm2



		Ge0,99Si0,01:B


P


[111]

		6.103

		880

		5.1016

		4250



		Ge0,99Si0,01:B


P


[111]

		3.104

		800

		1.1019

		4100



		Ge0,98Si0,02:B


P


[111]

		1.103

		    900

		2.1015

		4300



		Ge0,98Si0,02:B


P


[111]

		5.104

		830

		3.1019

		4150





   cxrilis monacemebis analizi gviCvenebs, rom boris maRali Semcvelobis kristalebSi vlindeba struqturis miswrafeba “darbilebisaken”. denis matarebeli xvrelebis maRali koncentracia ganapirobebs xvrelebis wrfiv dislokaciuri zonaSi energetikuli mdgomareobebis Sevsebasa da dislokaciebis ganTavisuflebas eleqtruli bmis Zalebisagan. AaseT mdgomareobaSi gazrdilia gavrcobili wrfivi, planaruli  da moculobiTi dislokaciuri warmoSobis defeqtebis Zvradoba. Sesabamisad mcirdeba dislokaciis moZraobis aqtivaciis energia. es aisaxeba mikrosisalis, meqanikuri  modulebisa da drekadobis zRvris SemcirebaSi.  


  boriT sustad legirebuli [111] orientaciis Ge0,99Si0,01 monokristalSi ~1hc sixSireze grexiTi rxevebis milevis logariTmuli dekrementisa da sixSiris registraciiT 20-750 ºC  intervalSi Sinagani xaxunisa da Zvris modulis speqtrebSi gamovlenilia relaqsaciuri da histerezisuli tipis procesebi. sacdeli nimuSis kristalis Sinagani xaxunis temperaturuli speqtri Seicavs maqsimumebs 80,300,400 da 580-620ºC temperaturebze (sur.14,1). maRali intensivobis maqsimumi 380ºC temperaturis areSi xasiaTdeba Zvris modulis didi defeqtiT, danarCeni maqsimumebis maxloblobaSi Zvris modulis defeqtis mniSvneloba SedarebiT mcirea. 400-450ºC  da 500-580 ºC SualedebSi gamovlenilia Zvris modulis anomaluri zrda. analogiuri efeqtebi myar sxeulebSi ganpirobebulia dislokaciebis Zvradobis SemcirebiT  blokirebis meqanizmiT. aRniSnulidan gamomdinare, mosalodnelia Ge-Si Senadnobebis struqturaSi difuzurad aqtiuri minarevebis atomebiTa da kompleqsebiT dislokaciebis damagrebis gaZliereba da Sesabamisad, kristalis dinamiuri meqanikuri ganmtkiceba. 

   rxevis sixSirisa da amplitudis cvlileba gavlenas axdens  maqsimumebis temperaturasa da intensivobaze, rac cnobili TeoriiT [110] adasturebs maT dislokaciur bunebas. 


boriT legireba mcire koncentraciiT (~5.1016sm-3) zrdis maqsimumebis temperaturas, SesamCnevad amcirebs maT intensivobas(sur.14.2). boris maRali koncentraciis SemTxvevaSi mcirdebian maqsimumebis temperaturebi da intensivoba (sur.14.3). sixSiruli gadanacvlebis meTodiT ganisazRvra relaqsaciuri Sinagani xaxunis maqsimumebisa da maRaltemperaturuli fonis  aqtivaciuri maxasiaTeblebi (cxr.6). 


  cxrilidan Cans, rom sustad legirebis SemTxvevaSi relaqsaciuri, dislokaciuri warmoSobis maqsimumebis aqtivaciuri maxasiaTeblebi izrdebian. Bboris maRali koncentraciis gavleniT sagrZnoblad mcirdebian Sinagani xaxunis maqsimumebis aqtivaciuri maxasiaTeblebi.
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nax.14. boriT legirebuli monokristaluri Ge0,99Si0,01 Senadnobis Sinagani xaxunis temperaturuli speqtrebi


1. Ge0,99Si0,01:B, (5.1016sm-3) f0=1,1hc;


2. Ge0,98Si0,02:B (2.1015sm-3),   f0=1,0hc;


3. Ge0,98Si0,02:B (3.1019sm-3), f0=1,25hc

(Ge-Si):B monokristalebis relaqsaciuri procesebis aqtivaciuri maxasiaTeblebi


                                               cxrili 6     


		sacdeli


nimuSebi

		relaqsaciuri maqsimumebis temperatura,


(C

		A

aqtivaciis energia,


ev

		sixSiris faqtori, wm-1

		relaqsaciuri fonis aqtivaciis energia,


ev



		Ge0,99Si0,01:B


P


(5.1016sm-3)

[111]

		100

		1,0

		3.1014

		0.90



		

		300

		1,35

		5.1013

		



		

		400

		1,55

		5.1012

		



		

		490

		1,75

		2.1014

		



		

		580-620

		1,90

		3.1015

		



		Ge0,98Si0,02:B


P


(2.1015sm-3)

[111]



		110

		1,10

		5.1014

		1,10



		

		320

		1,45

		8.1013

		



		

		430

		1,60

		7.1012

		



		

		520

		1,85

		6.1014

		



		

		600

		2,00

		2.1015

		



		Ge0,99Si0,01:B


P


(1.1019 sm-3)


[111]

		80-100

		0,90

		1.1014

		0.80






		

		280

		1,30

		4.1013

		



		

		385

		1,45

		2.1012

		



		

		490

		1,70

		4.1014

		



		

		580-600

		1,80

		1.1015

		



		Ge0,98Si0,02:B


P


(3.1019sm-3)

[111]

		90      

		0,85

		1.1014

		0,85



		

		270

		1,30

		4.1013

		



		

		3990

		1,50

		3.1012

		



		

		495

		1,75

		2.1014

		



		

		605

		1,85

		8.1014

		





    aRsaniSnavia,is garemoeba, rom nebismieri koncentraciiT siliciumis Semcveli Ge-Si Senadnobebis defeqtebis moZraobis aqtivaciis energiis sidideebi izrdebian. Aamis gamo, B-iT Zlierad legirebul SenadnobebSi erTdrulad realizebulia kristaluri mesris “darbilebisa” da ganmtkicebis faqtori. rogorc cxrilidan dgindeba aRniSnuli Taviseburebebi asaxulia aqtivaciis energiis sidideebis mdored Semcirebasa da gazrdaSi. 


   sacdeli kristalebis mowva vakuumSi 750ºC temperaturaze 10sT-is ganmavlobaSi 10-15%-iT amcirebs Sinagani xaxunis fonis intensivobas, avlens relaqsaciuri procesebis aqtivaciis energiis zrdis tendencias boriT sustad legirebul Ge-Si SenadnobebSi. Ees gamowveulia wertilovani defeqtebis koncentraciis SemcirebiT kristalebis moculobaSi da maTi gadanawilebiT dislokaciebis birTvebis mimarTulebiT. Uukanasknel SemTxvevaSi Zlierdebian dislokaciebis bmebi da kristali ganicdis ganmtkicebas. aRsaniSnavia isic, rom boris maRali koncentraciebis SemTxvevaSi mowva, piriqiT, amcirebs   Ge-Si Senadnobebis fizikur-meqanikur maxasiaTeblebs. Ees aixsneba im TaviseburebiT, rom mowvis procesSi izrdeba myar xsnarSi boris atomebis koncentracia. Sesabamisad, maRldeba denis matarebeli xvrelebis koncentracia. sustdeba tetraedruli kavSirebi,  viTardeba kristaluri mesris “darbileba”. 


   eqsperimentebiT dadginda, rom boriT legirebul monokristalur Ge0,99Si0,01 SenadnobSi mosalodnelia dislokaciebis Zvradobis rogorc amaRleba, aseve Semcireba da Sesabamisad, farTo diapazonSi struqturulad-mgrZnobiare fizikur-meqanikuri Tvisebebis maxasiaTeblebis regulireba. cnobilia [111,112], rom naxevargamtarebis legireba eleqtrulad aqtiuri minarevebiT upiratesad amcirebs dislokaciebis moZraobis aqtivaciis energias. mcire koncentraciebiT boris Semcveli Ge-Si Senadnobebis  ganmtkicebisaken midrekileba aixsneba mcire atomuri radiusis boris atomis maxloblobaSi kristaluri mesris lokaluri SekumSviTa da amis Sedegad atomTaSorisi kavSiris Zalebis amaRlebiT. 


   boris maRali koncentraciebis SemTxvevaSi ((1.1019sm-3)ufro Zlierad vlindeba denis matareblebis gavleniT atomTaSorisi kavSiris Zalebis dasusteba, ris gamo mcirdeba dislokaciebis moZraobis aqtivaciis energia da meqanikuri Tvisebebis maxasiaTeblebi (mikrosisale, Zvris moduli). miRebuli Sedegebi cxadyofen dislokaciebis Zvradobis marTvis SesaZleblobebs, rac naTlad aris warmodgenili dislokaciuri relaqsaciuri procesebis aqtivaciuri maxasiaTeblebis cvlilebebis saxiT. relaqsaciuri procesebis mikroskopuli meqanizmebis sruli analizisaTvis aucilebelia  Ge-Si legirebuli Senadnobebis dislokaciuri struqturisa da fizikur-meqanikuri Tvisebebis urTierTkorelaciuri damokidebulebebis  kvleva eleqtronuli mikroskopiisa da akustikuri speqtroskopiis meTodebiT. 

2.4.3. kristalografiuli orientaciis gavlena Ge-Si Senadnobebis Zvris modulze


   Ge, Si da Ge-Si sistemis myari xsnarebi xasiaTdebian almasis tipis struqturebiT. aRniSnulis gamo mosalodnelia maTi struqturulad-mgrZnobiare fizikuri Tvisebebis anizotropuloba. warmodgenilia monokristaluri Ge da Ge1-xSix  (x(0,02)nimuSebis Zvris modulis orientaciuli da temperaturuli damokidebulebebis eqsperimentuli kvlevis Sedegebi [113]. Zvris modulis absoluturi mniSvnelobebi gansazRvrulia etalonTan Sedarebis meTodiT. gazomvebisaTvis almasis diskze daWriT damzadebulia prizmis formis nimuSebi zomebiT 0,5.0,5.(10-15)mm3. isini orientirebulia [100], [111] da [110] mimarTulebebiT. Kkristalografiuli orientacia ganisazRvra ДРОН-3 tipis rentgenis difraqtometrze spilenZis gafiltruli gamosxivebiT.


  sacdeli nimuSebis meqanikuri maxasiaTeblebis sruli daxasiaTebisaTvis gansazRvruli iqna agreTve maTSi dislokaciebis simkvrive, eleqtrogamtarobis tipi, denis matareblebis koncentracia. Agermaniumis aralegirebul sacdel nimuSebs axasiaTebT miRebis teqnologiiT ganpirobebuli zogierTi ganmasxvavebeli niSani, rac naTlad Cans cxrilidan 7. 

Ge-Si monokristalebis fizikur-meqanikuri maxasiaTeblebi


cxrili 7 

		sacdeli nimuSebi

		E


eleqtrogamtarobis tipi

		D


denis matareblebis koncentracia, sm-3

		Ddislokaciebis simkvrive(111) sibrtyeze,sm-2

		Zvris moduli,kg/mm2



		

		

		

		

		[100]

		[110]

		[111]



		Ge

		p

		5.1014

		2.102

		4300

		4400

		4450



		Ge0,995Si0,005

		p

		8.1014

		1.103

		4430

		4500

		4500



		Ge0,99Si0,01

		p

		1.1015

		5.103

		4450

		4540

		4620



		Ge0,98Si0,02

		p

		3.1015

		1.104

		4500

		4600

		4700





yvela sacdeli nimuSi p-tipisaa da maTSi denis matareblebis koncentracia mkveTrad ar gansxvavdeba erTmaneTisagan. SesamCnevia gansxvaveba dislokaciebis simkvriveebs Soris, romlebic yvela SenadnobisaTvis gansazRvrulia (111) orientaciis sibtryeebze. Aase magaliTad, modulis sidideebis SedarebiT analizSi mxedvelobaSia misaRebi is garemoeba, rom Ge-isa da  Ge0,98Si0,02  Senadnobis dislokaciebis simkvriveebi ori rigiT gansxvavdebian erTmaneTisagan. Mmiuxedavad aRniSnulisa mkveTrad aris warmoCenili meqanikuri modulis zrda Si-is koncentraciis amaRlebis proporciulad. Ee.i. Zvris modulis amaRlebaSi ZiriTadi wvlili SeaqvT germaniumis kristalur meserSi siliciumis Canacvlebuli atomebis maxloblobaSi aRZrul SemkumSav Zabvebs, maTTan dakavSirebul kumSviT deformaciebsa da, Sesabamisad, atomTaSorisi manZilebis Semcirebas. Yyovelive aRniSnuli ganapirobebs kristaluri mesris lokaluri bmebis gaZlierebasa da Zvris modulis absoluturi mniSvnelobebis gazrdas. 


 [100] mimarTulebiT atomTaSorisi manZilebi SedarebiT didia. Sesabamisad Sesustebulia maT Soris kovalenturi bmebi, rac ganapirobebs Zvris modulis absoluturi mniSvnelobebis Semcirebas. damatebiTi Semcireba SesaZlebelia miekuTvnos dislokaciebis simkvrivis amaRlebas Ge-Si Senadnobebis struqturebSi. aRsaniSnavia, rom Zvris modulis cvlilebis QWeSmariti kanonzomierebis dadgenisaTvis aucilebelia gamokvleuli iqnas Ge-Si Senadnobebi udislokacio struqturuli mdgomareobiT. 


   Termuli damuSaveba vakuumSi (mowva) 500-750ºC da 800-900ºC temperaturebze sxvadasxvanairad moqmedebs nebismierad orientirebuli kristalebis Zvris modulis sidideze. kerZod, pirvel intervalSi mowva 3-5sT-is ganmavlobaSi iwvevs Zvris modulis zrdas 10-15%-iT. Aamave dros ar icvleba gamtarobis tipi da dislokaciebis simkvrive. denis matareblebis koncentracia Termulad damuSavebul kristalebSi umniSvnelod (5-10%) mcirdeba. savaraudoa, rom minarevebis gansazRvruli raodenoba gadadis dislokaciebis atmosferoebSi da eleqtrulad neitraluri xdeba. 


 vakuumSi mowva 900ºC  temperaturaze 0,5-3 sT-is ganmavlobaSi avlens xvrelebis koncentraciis zrdis tendencias, Zvris modulis SesamCnevad (15%) Semcirebas samive mimarTulebis kristalebSi. maRal temperaturebze mimdinareobs minarevebis “aorTqleba”  dislokaciebis atmosferoebidan da maTi gadasvla eleqtrulad aqtiur Canergvisa da Canacvlebis poziciebSi. Mminarevebisagan gaRaribebuli dislokaciuri atmosferoebi Zlierad ver amuxruWeben dislokaciebze arsebuli Runvebis moZraobas. Aamis gamo izrdeba dislokaciebis Zvradoba, rac asaxulia Zvris modulis SemcirebaSi.  


      grexiTi rxevebis ( 1 hc sixSireze gazomil iqna [111] orientaciis monokristaluri germaniumis Zvris modulis temperaturuli damokidebuleba (nax. 15,1). oTaxis temperaturidan 200(C-mde Zvris moduli temperaturaze praqtikulad damoukidebelia.ESeimCneva mxolod misi umniSvnelo wrfivi Semcireba, rac kristaluri mesris siTburi rxevebis gaZlierebiT aris ganpirobebuli. 200(C-500(C temperaturul SualedSi Zvris moduli Zlierad safexurebrivad mcirdeba da aRwevs minimums (300(C temperaturis maxloblobaSi. temperaturis Semdgomi amaRlebiT Zvris moduli iwyebs zrdas, rac 400(C temperaturamde grZeldeba. misi Semdgomi cvlileba aramonotonuria, xasiaTdeba mcire minimumiTa ((500(C) da maqsimumiT (670(C temperaturebis miaxloebaSi. 700(C  temperaturidan dnobis wertilamde Zvris moduli wrfivad mcirdeba. miRebuli temperaturuli speqtri Termulad mdgradia. is praqtikulad ganmeorebadia. misi forma praqtikulad ar icvleba mowviT 750(C  temperaturaze 5-10sT-is ganmavlobaSi.  


   850(C-900(C temperatururebze 5sT-iani mowvisa da oTaxis temperaturamde 1(C/wT siCqariT gacivebis Semdeg Zvris modulis temperaturuli damokidebuleba 500(C-dan zemoT   xasiaTdeba monotonuri wrfivi SemcirebiT da aRniSnul intervalSi ar SeiniSneba misi anomaluri cvlileba.
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Nnax.15 Zvris modulis temperaturuli damokidebuleba Ge (1) da  Ge0,98Si0,02 (2) monokristalebSi

    200(C-450(C intervalSi modulis cvlileba asaxulia minimumis 2-3-jer SemcirebaSi. Sesabamisad naklebad mkveTria misi amaRleba minimumis temperaturidan ((300(C) 450(C temperaturamde. cxadia maRal temperaturebze mowvam moaxdina arastabilur kompleqsebSi gardaqmna da minarevebis axal kompleqsebSi naklebi intensivobiT viTardebian konfiguraciuli Zvrebi, rac gamoiwvevs modulis anomalur amaRleba-Semcirebis procesebs. 


   maRal temperaturebze ((900(C) mowvis Semdeg maRalamplituduri grexiTi cikluri deformacia (ciklebis raodenoba – 500, fardobiTi deformacia 1(10-3) 350(C-ze kvlav rTul temperaturul damokidebulebas avlens Zvris modulis speqtrSi 200(C-500(C intervalSi. SesaZlebelia, rom Termo-meqanikuri ciklirebiT amaRlebul temperaturebze xorcieldeba Zvris modulis cvlilebis anomaliis intensivobis marTva Senelebisa da gaZlierebis mimarTulebiT.


   monokristaluri Ge0,98Si0,02 Senadnobis Zvris modulis temperaturuli speqtri ZiriTadad analogiuria monokristaluri germaniumis Zvris modulis temperaturuli damokidebulebis (nax. 15,2). Gganmasxvavebelia modulis minimumis wertilis wanacvleba maRali temperaturebisaken, agreTve, rac metad mniSvnelovania, modulis minimumis gacilebiT didi siRrme. miRebuli speqtri mdgradia mowvebisadmi 3-10sT-s ganmavlobaSi 700(C  temperaturaze. 900(C  temperaturis areSi mowva ( 5sT-is ganmavlobaSi avlens Zvris modulis minimumis Semcirebis tendencias da is ar aris iseTi ZaliT warmoCenili, rogorc aralegirebuli germaniumis SemTxvevaSi. 


   maRalamplituduri cikluri deformacia (900(C  temperaturaze (ciklebis raodenoba _ 500, fardobiTi deformacia ( 1(10-3 ) praqtikulad gavlenas ar axdens Zvris modulis temperaturul damokidebulebaze 200(C-500(C intervalSi. savaraudoa, rom gansxvavebiT aralegirebuli germaniumisagan, Ge0,98Si0,02 SenadnobSi dispersuli fazebi da wertilovani defeqtebis kompleqsebi Termulad mdgradia da aRniSnul pirobebSi Termuli damuSavebiT maT struqturebSi arsebiTi cvlilebebi ar xdeba. 


   [100] da [110] kristalografiuli mimarTulebiT Zvris modulis fardobiTi mniSvnelobis temperaturuli damokidebuleba analogiuria [111] orientaciis Ge da Ge0,98Si0,02 nimuSebis Zvris modulis speqtrebisa. gansxvavebulia maTi Zvris modulis cvlilebebis xasiaTi 500 -900(C intervalSi, sadac modulis sidide sustad, monotonurad wrfivi damokidebulebiT mcirdeba. Zvris modulis wrfivi sustad gamovlenili Semcireba damaxasiaTebelia aseve monokristaluri germaniumisaTvis [114], romlis drekadobisa da Zvris modulebi xangrZlivi (50sT) mowviT 800-900(C temperaturebze ganicdian wrfiv Semcirebas. 


2.5. Ge-Si sistemis  kristalebis aradrekadi maxasiaTeblebis amplituduri damokidebuleba

  naxevargamtaruli masalebis fizikur-meqanikuri, optikuri,Termuli da eleqtrofizikuri Tvisebebi Zlierad arian damokidebuli maT struqturul mdgomareobaze, damaxasiaTebeli wertilovani da gavrcobili defeqtebis koncentraciaze, tipsa da urTierTqmedebis bunebaze. aRniSnulidan gamomdinare  aucilebelia realuri struqturuli mdgomareobis, defeqtebis tipebisa da mdgradobis, Casaxvisa da moZraobis aqtivaciis energiis mniSvnelobebis diagnostika da gansazRvra.

2.5.1. msxvilmarcvlovani germaniumis Sinagani xaxunisa da Zvris modulis amplituduri damokidebuleba


   sacdeli nimuSebi miRebulia Coxralskis meTodiT. miRebul kristalebSi Jangbadis koncentracia Seadgens 5.1017sm-3; teqnologiuri minarevebiT ganpirobebulia n-tipis gamtaroba eleqtronebis koncentraciiT 1.1015sm-3.


    Sinagani xaxunis damokidebuleba grexiTi rxevebis amplitudaze gazomili iqna sxvadasxva fiqsirebul temperaturaze. oTaxis temperaturis areSi Sinagani xaxunis metad umniSvnelo zrda SeiniSneba rxevis amplitudis farTo diapazonSi. aRniSnuli xasiaTis cvlileba SenarCunebulia imave temperaturaze maRalamplituduri cikluri deformaciis (5.10-3) Semdeg, rac aixsneba masalis dislokaciuri struqturis metad mcire ZvradobiT. oTaxis temperaturaze germaniumis kristalSi mikroplastikurobis gamovlineba praqtikulad ar xdeba. 150(C temperaturaze Sinagani xaxunis iwyebs intensiurad amaRlebas rxevis amplitudis gazrdiT da aRwevs maqsimums (16.1).  
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nax.16. msxvilmarcvlovani germaniumis Sinagani xaxunis amplituduri damokidebuleba


1. - 20(C, 2._ 150(C, 3.- 300(C, 4.- 450(C, 5.- 600(C.


   miRebuli speqtri ganmeorebadia. Sinagani xaxunis fonisa da maqsimumis intensivoba 20-25%-iT mcirdeba 750(C -ze 5sT-is ganmavlobaSi vakuumSi mowvis Semdeg. amave dros maqsimumi avlens maRali amplituduri deformaciebis mimarTulebiT gadaadgilebis tendencias. amave temperaturaze Termulad damuSavebuli nimuSis grexiTi cikluri deformacia (5.10-3)kvlav aRadgens Q-1(() grafiks sawyis mdgomareobamde. 300(C temperaturaze Q-1(() damokidebuleba xasiaTdeba kritikuli amplituduri deformaciis SemcirebiT, romelzedac fiqsirdeba maqsimumi. izrdeba fonisa da maqsimumis intensivoba. maTi Semcireba SesaZlebelia mowviT vakuumSi 750(C-ze 5sT-is ganmavlobaSi. morigi cikluri deformacia imave temperaturaze (ciklebis raodenoba=500) aRadgens fonisa da maqsimumis intensivobas, amasTan erTad SeiniSneba maqsimumis naxevarganis 1,5-jer gadideba.


  350(C temperaturaze mkveTrad maRldeba Sinagani xaxunis foni, magram SedarebiT sustad izrdeba maqsimumis intensivoba da aseve umniSvnelo sididiT inacvlebs is dabali deformaciebis mimarTulebiT. 750(C temperaturaze mowviTa da maRalamplituduri deformaciiT SesaZlebelia aRniSnuli aradrekadi maxasiaTeblebis amaRlebisa da Semcirebis regulireba. 600(C temperaturaze gazomvebis Sedegebi ZiriTadad analogiuria 350(C temperaturaze miRebuli Sedegebis. ganmasxvavebelia is garemoeba, rom Sinagani xaxunis fonisa da maqsimumis intensivobis marTva miiRweeva SedarebiT dabal temperaturaze mowvisa da maRalamplituduri deformaciis monacvleobiTi zemoqmedebiT. 700(C temperaturaze mniSvelovnad mcirdeba Q-1(() grafikze asaxuli maqsimumis maxloblobaSi  Sesabamisi amplituduri deformaciis mniSvneloba. is kidev ufro metad mcirdeba sacdeli kristalis 700(C temperaturaze maRalamplituduri cikluri deformaciis gavleniT. 


   Sinagani xaxunis amplitudur damokidebulebaze maqsimumis formireba cnobili Teoriis [115] Tanaxmad ukavSirdeba dislokaciebisa da minarevebis, agreTve Termuli da meqanikuri warmoSobis Zabvebis Semcveli kristalebis struqturaSi ganmtkicebisa da “darbilebis” procesebs. mocemul SemTxvevaSi mxedvelobaSia misaRebi sacdeli kristalis struqturaSi oreulebis lartyebiseburi simravleebis didi raodenobiT arseboba. sacdeli msxvilmarcvlovani germaniumi Rrmad aris gasufTavebuli minarevebisagan, amis gamo naklebad mosalodnelia kristalur meserSi rTuli kompleqsebis formirebisa da daSlis procesebis ganviTareba sxvadasxva tipis dislokaciebis kotrelis atmosferoebSi.


   miRebuli Sedegebisa da struqturuli mdgomareobis SedarebiTi analizis safuZvelze realuria miCneuli iqnas pirvel kritikul amplitudad Q-1(() damokidebulebaze arsebuli  maqsimumis Sesabamisisi amplituduri deformaciis mniSvneloba.  Zvris modulis absoluturi sididis eqsperimentuli sididis da amplituduri deformaciis mniSvnelobiT Sefasebulia sacdeli kristalis drekadobis zRvari cnobili damokidebulebidan: (=GG.(maqs.


 (maqs.-is sididis maRali sizustiT gansazRvrisaTvis Seswavlilia msxvilmarcvlovani germaniumis Zvris modulis fardobiTi mniSvnelobis amplituduri damokidebuleba (nax.17).


   rxevis sixSiris gazomvebi Sesrulebulia zemoT aRniSnul fiqsirebul temperaturebze. naxazidan Cans, rom kritikul amplitudur deformaciaze Zvris moduli ganicdis mkveTrad Semcirebas, ris Semdegac amplituduri deformaciis maRal intervalSi SeiniSneba modulis zrdis tendencia.


   aRniSnuli xasiaTis cvlilebebi  naTlad vlindebian maRaltemperaturul diapazonSi formirebul G/G0(()speqtrebSi.  
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Nnax.17. mxxvilmarcvlovani germaniumis Zvris modulis amplituduri damokidebuleba

1. 20ºC ,2.- 150 ºC, 3.-300 ºC, 4.-450 ºC, 5.-600 ºC.


   750(C temperaturaze mowviTa(5sT) da Semdgomi deformaciiT maRal amplitudaze ((maqs.=5.10-3;N=500) fiqsirdeba modulis vardnis siRrmis gazrda da Semcireba, rac dislokaciuri warmoSobis defeqtebis blokirebisa da blokirebisagan ganTavisuflebis procesebiT aris ganpirobebuli. unda aRiniSnos, rom analogiurad Sinagani xaxunisa, Zvris modulis amplitudur damokidebulebaze gamovlenili amaRlebis efeqti ZiriTadad ganpirobebulia individualuri da Sejgufebuli dislokaciebis birTvebTan arsebuli minarevebis atomebisa da kompleqsebis atmosferoebSi cvlilebebiT. 


cxrilSi8 warmodgenilia msxvilmarcvlovani germaniumis zogierTi meqanikuri maxasiaTebeli, romelic gansazRvrulia sacdeli nimuSis dinamiuri datvirTvis pirobebSi. 


cxrilSi8  warmodgenili Sedegebi miRebulia daSvebis safuZvelze, romlis Tanaxmad Zvris modulis absoluturi sidide umniSvnelod (10%) mcirdeba 20-600(C temperaturul diapazonSi. Sesabamisad, drekadobis zRvris gamoangariSeba Sesrulebulia momwvar mdgomareobaSi oTaxis temperaturaze Zvris modulis gazomviT miRebuli sidideebze dayrdnobiT. 

msxvilmarcvlovani germaniumis dinamiuri meqanikuri maxasiaTeblebi


cxrili 8


		G

gazomvis temperatura,


(C

		A

amplituduri deformacia



		D

drekadobis zRvari, kg/mm2



		

		sawyisi mdgomareoba

		Mmomwvari,750(C, 5sT.

		sawyisi mdgomareoba

		Mmomwvari,750(C, 5sT.



		20

		4.10-4

		7.10-4

		18

		31,5



		150

		2.10-4

		4.10-4

		9

		18



		300

		8.10-5

		1.10-4

		3,6

		4,5



		450

		5.10-5

		7.10-5

		2,25

		3,15



		600

		3.10-5

		5.10-5

		1,35

		2,25





2.5.2. Ge-Si Senadnobebis Sinagani xaxunisa da Zvris modulis amplituduri damokidebuleba


   naxevargmatruli kristalebis meqanikuri Tvisebebi Zlierad arian  damokidebuli dislokaciebsa da minarevebis atomebs Soris urTierTqmedebis bunebaze. kerZod, meqanikuri da mikroplastikuri maxasiaTeblebis mravali Tavisebureba mniSvnelovnad aris ganpirobebuli oTaxis temperturidan 1000ºC temperturamde intervalSi Jangbadis Semcvel kompleqsebSi gardaqmnebisa da dislokaciebis maxloblobaSi lokalizebuli deformaciis cvlilebebiT, rac aregulirebs dislokaciebis blokirebisa da damamuxruWebeli barierebisagan ganTavisuflebis procesebs. 


   realuri struqturuli mdgomareobis aseTi tipis cvlilebebi efeqturad aisaxeba Sinagani xaxunisa da dinamiuri meqanikuri modulebis amplitudur Ddamokidebulebaze farTo temperaturul da deformaciis diapazonSi. 


   warmodgenilia monokristaluri Ge, Ge:B, Ge:As da legirebuli Ge-Si Senadnobebis Sinagani xaxunisa da Zvris dinamiuri modulis amplituduri damokidebulebebis kvlevis Sedegebi. eqsperimentebi Sesrulebulia ZiriTadad oTaxis temperturaze sixSiris 0,5-5,0hc da amplituduri deformaciis   5.10-5-3.10-5 intervalebSi. sakvlevi kristalebis orientacia- [111], dislokaciebis simkvrive icvleba  1.102-5.104sm-2 diapazonSi. 


   [111] mimarTulebis monokristaluri germaniumis Sinagani xaxunisa da Zvris modulis amplitudur damokidebulebebze fiqsirebulia amplituduri deformaciis erTadaerTi mniSvneloba, romelzedac deformaciis zrdis procesSi iwyeba Sinagani xaxunis wrfivi zrda da Zvris modulis daaxloebiT wrfivi Semcireba. 5.10-5-1.10-3 amplituduri deformaciebis diapazonSi aRniSnuli damokidebulebebi ganmeorebadia, rac niSnavs, rom rxeviTi datvirTvebi xorcieldeboda drekadobis sazRvrebSi. Hhukis kanonidan gadaxra Zabva-deformaciis diagramaze ((-ε) SesaZlebelia gamovlindes zemoT aRniSnuli kritikuli amplituduri deformaciis pirobebSi. aRniSnulidan gamomdinare SesaZlebelia, rom monokristalur germaniumSi zRvrul rxeviT deformaciaze miRweulia drekadobis zRvari. 


   maRalamplituduri cikluri deformacia (ε =5.10-3 , ciklebis raodenoba N=500) 10-15%-iT amcirebs kritikuli amplituduri deformaciis mniSvnelobas. aRniSnuli donis deformaciiT oTaxis temperaturis pirobebSi praqtikulad SeuZlebelia germaniumis struqturaSi axali dislokaciebis Casaxva. SesaZlebelia mxolod  arsebuli dislokaciebis mowyveta damagrebis susti centrebidan da merxevi dislokaciuri segmentis sigrZis mniSvnelovnad gazrda. swored aseT cvlilebebs SeuZliaT ganapirobon kritikuli amplituduri deformaciis Semcireba. Mmowva 600ºC temperturaze vakuumSi 5sT-is ganmavlobaSi amaRlebs  amplituduri deformaciis sidides. rac xorcieldeba Termuli zemoqmedebiT, minarevebis difuziiTa da dislokaciebis bmebis gaZlierebiT. 


   cikluri deformacia 600ºC temperturaze da Semdgomi swrafi gaciveba (gamaxureblis gamorTva, inertuli gazis SeSveba) mniSvnelovan gavlenas axdens dislokacia-wertilovani defeqtebis sivrcul konfiguraciasa da kotrelis atmosferoSi defeqtebis koncentraciaze. Ees naTlad dasturdeba Sinagani xaxunisa Q-1(ε) da Zvris fardobiTi modulis  (G/Go(ε)) damokidebulebebze warmodgenili cvlilebebiT. deformirebul mdgomareobaSi dabal deformaciebze ~20%-iT  gazrdilia fonis intensivoba da Zvris moduli ganicdis sustad wrfiv Semcirebas. ~15%-iT Semcirebulia kritikuli amplituduri deformacia (εkr.). mkveTrad izrdeba Zvris modulis wrfivi Semcirebis siCqare deformaciis ε≥ εkr. intervalSi. cxadia aseTi tipis cvlilebebi ganpirobebulia dislokaciebis bmebis SemcirebiTa da maTze arsebuli Runvebisa da segmentebis moZraobiT SedarebiT did manZilebze niSancvladi Zabvis velSi. 


   boriT legireba (~1016sm-3) gavlenas ar axdens Q-1(ε)  da (G/Go(ε)) damokidebulebebis formaze.Kkvlav erTaderTi kritikuli amplituduri deformacia axasiaTebs aradrekadobis parametrebis amplitudur damokidebulebas, gazrdilia kritikuli amplitudis mniSvneloba. amasTan erTad Zvris moduli ganicdis mdored sustad Semcirebas. cikluri deformacia 600ºC temperaturaze (ε =5.10-3 , ciklebis raodenoba N=500) avlens Q-1(ε) –is fonis zrdis, Zvris modulisa da εkr –is Semcirebis tendencias. savaraudoa, rom boris mcire radiusis maxloblobaSi aRZruli SemkumSavi Zabvebi amuxruWeben dislokaciebis moZraobas, aZliereben kristalur meserSi atomTaSorisi kavSiris Zalebs, ris Sedegadac germaniumis kristaluri struqtura ganicdis ganmtkicebas. 


   boris maRali koncentraciiT legirebuli germaniumis monokristalisaTvis damaxasiaTebelia e.w. “darbileba”, rac vlindeba Sinagani xaxunis fonis amaRlebasa da kritikuli amplituduri deformaciis SemcirebaSi ~15%-iT. izrdeba aseve G/Go(ε) damokidebulebis grafikis daxriloba anu Zvris modulis Semcirebis siCqare. Termuli damuSaveba (mowva 600-700 ºC) temperturul intervalSi avlens εkr –is zrdisa da dislokaciebis blokirebis tendencias, Sesabamisad mcirdeba dislokaciuri warmoSobis Sinagani xaxunis fonis intensivoba, gacilebiT neli siCqariT ecema Zvris moduli maRali amplituduri deformaciis intervalSi. 


   monokristaluri Ge;As–is aradrekadi Tvisebebis maxasiaTeblebis cvlilebebi damoukidebelia malegirebeli dariSxanis koncentraciisgan 1015-1019sm-3 diapazonSi. erTmaneTisagan gansxvavdebian mxolod kritikuli amplituduri deformaciisa da Zvris modulis wrfivad cvlilebis siCqaris mniSvnelobebi. dariSxanis maRali koncentraciiT legirebuli germaniumisaTvis sagrZnoblad mcirdeba εkr–is sidide da deformaciis zrdis pirobebSi Zvris moduli momatebuli siCqariT wrfivad mcirdeba. mowviT 3-5 sT-is ganmavlobaSi 600-750 ºC intervalSi izrdeba dariSxanis koncentracia myar xsnarSi. Sesabamisad maRldeba denis matarebeli Tavisufali eleqtronebis koncentracia da ivseba Seuvsebeli eleqtronuli doneebi  dislokaciebis birTvebTan. aRniSnuli cvlilebebi ganapirobeben dislokaciebis Zvradobis zrdas, kritikuli amplituduri deformaciis Semcirebasa da Sinagani xaxunis fonis intensivobis SesamCnevad amaRlebas. Ddadginda, rom dariSxanis nebismieri koncentraciiT legirebuli monokristaluri germaniumi avlens mikroplastikurobisaken miswrafebas. 

Ge-Si sistemis monokristalebis dinamiuri meqanikuri maxasiaTeblebi


cxrili 9


		Kkvlevis obieqtebi

		Zvris moduli, kg/mm2

		I kritikuli amplituda

		II kritikuli amplituda

		Ddrekadobis I zRvari, kg/mm2

		Ddrekadobis II zRvari, kg/mm2



		Ge


p ,[111]

		3850

		6.10-5

		4.10-4

		0,23

		1,54



		Ge:B


p ,[111]

		4050

		2.10-4

		6.10-4

		0,81

		2,43



		Ge:As


n ,[111]

		3700

		4.10-5

		8.10-5

		0,15

		0,29



		Ge0,99Si0,01


p ,[111]

		4150

		1.10-4

		3.10-4

		0,41

		1,24



		Ge0,98Si0,02


p ,[111]

		4200

		3.10-4

		5.10-4

		1,26

		2,1



		Ge0,99Si0,01:B


p ,[111]

		4260

		4.10-4

		6.10-4

		1,70

		2,56



		Ge0,98Si0,02:B


p , [111]

		4300

		5.10-4

		7.10-4

		2,16

		3,01



		Ge0,99Si0,01:As



		3900

		6.10-5

		8.10-5

		0,23

		0,31



		Ge0,98Si0,02:AS




		3950

		8.10-5

		1.10-4

		0,32

		0,395





   Ge-Si Senadnobebis struqturaSi araerTgvarovnad ganawile​buli malegirebeli siliciumis atomebTan warmoq​mnilia lokaluri kumSvis deformaciis areebi. lokalizebuli deformaciis velis gavleniT masalis damaxasiaTebeli teqnologiuri minare​vebi​ (O2, N2, C da a.S.) araerTgvarovnad arian ganawilebulni kristalur meserSi da dislokaciebis garemomcvel kotrelis atmosferoebSi. aRniS​nulidan gamomdinare mosalodnelia monokristaluri Ge-Si Se​nadnobebis Sinagani xaxunisa da Zvris dinamiuri modulis rxevis amplitudisagan rTuli damokidebuleba.


marTlac, monokristaluri Ge-Si Senadnobebi oTaxis tempera​turaze xasiaTdebian Sinagani xaxunisa da Zvris modulis rxevis amplitudisagan mravalstadiuri damokidebulebiT. Ge0.99Si0.01 Se​nadnobis [111] kristalografiuli orientaciis nimuSis Sinagani xaxunis speqtri oTaxis temperaturaze Sedgenilia sami, erTmaneTisagan gancalkavebuli diapazoniT (nax.16) 


   pirvel diapazonSi (5(10-6-7(10-4) Sinagani xaxunis intensivoba dabalia da izrdeba sustad rxevis amplitudis propor​ciulad. 7(10-5 amplitudur deformaciaze iwyeba Sinagani xaxunis intensivoba  wrfivi SesamCnevad zrda, romelic grZeldeba rxevis amplitudis 3(10‑4 sididemde. amplitudis Semdgomi zrdisas Sinagani xaxuni mkveTrad izrdeba. grexiTi deformaciis  amp​li​tudis farTo diapazonSi (10-5-10-4) Ge0.99Si0.01 Senadnobis Sina​gani xaxunis intensivoba izrdeba wrfivad, amplituduri deformaciis maRal diapazonSi Sinagani xaxunis intensivobis mkveTrad zrda arawrfivia.


   pirveli kritikuli amplituda Seesabameba kritikul Zabvas, romlis zemoqmedebiT dislokaciaze arsebuli merxevi segmenti mowydeba sustad damagrebul wertilovan defeqts, rogoricaa erTeulovani vakansia, minarevis atomi da maTi martivi kompleqsebi. cnobilia, rom pirvel kritikul deformaciamde adgili aqvs mxolod dislokaciuri segmentis gamrudebas, rac 2-5 atomTaSoris manZilze xorcieldeba da Seqcevadi xasiaTisaa, radganac rxevis Sewyvetis Semdeg merxevi dislokaciuri segmenti praqtikulad ubrundeba sawyis energetikul mdgomareobas.
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Nnax.18. monokristaluri Ge0.99Si0.01 Senadnobis Sinagani xaxunis cvlileba deformaciis zrdisa da Semcirebis ciklSi

pirveli amplitudis zeda diapazonSi meore kritikuli amplitudamde dislokaciis mo​wyve​ta-damagreba Seqcevadia. amplitudis Semcirebisas wrfivi daWimu​lo​bis Zalebi segments kvlav daabruneben sawyis mdgomareobaSi. aseT pirobebSi Sinagani xaxunis mniSvnelobebi amplitudebis zrdisa da Semcirebis dros praqtikulad identuri arian.


Sinagani xaxunis Seuqcevadi zrda vlindeba meore kritikul amplitudidan da Zlierdeba ufro maRal amplitudaze. ukusvlis grafikze fiqsirdeba anomalurad maRali intensi​vo​bis Sinagani xaxunis ganieri maqsimumi, romlis dabal ampli​tuduri fonis intensivoba 1,5-2jer maRalia sawyisi mdgoma​reobis fonTan SedarebiT. 


Teoriidan cnobilia [116], rom meore kritikul amplitudaze iwyeba dislo​kaciis mowyveta damagrebis Zlieri centrebidan da misi gadaad​gileba did manZilze. SesaZlebelia aseve axali dislokaciebis warmoqmna. rxevebis Sewyvetis Semdeg dislokaciis segmenti ar ubrundeba sawyis mdgomareobas. igi damagrdeba axal centrebTan, romlebmac difuziis gziT gadainacvles dislokaciis mimarTu​lebiT. aRniSnuli mdgomareoba xasiaTdeba ro​gorc mikroplastiuri deformacia, romelic mimdinareobs  axali dislokaciebis warmoqmniTa da arsebuli dislo​kaciebis mowyvetiT dislokaciebis urTierTgadakveTaze arsebuli  kvanZebidan.


maRalamplituduri zemoqmedebis Semdeg mcirdeba amplitu​debis pirveli da meore kritikuli sidideebi. izrdeba dislokaciuri segmentebis sigrZe da, Sesabamisad, maTi raodenoba da wvlili Sinagani xaxunis speqtris intensivobaSi [117]. 


siliciumis SedarebiT maRali Semcvelobis Ge-Si SenadnobSi Sinagani xaxunis amplituduri damokidebulebis xasiaTi praqti​kulad ucvlelia. gamovlenilia kritikuli amplitudebis zrdis tendencia. aRniSnulidan gamomdinare cxadia, rom siliciumis koncentraciis gazrda iwvevs dislokaciebis susti da Zlieri damagrebis centrebis damamuxruWebeli moqmedebis gaZlierebas: siliciumis koncentraciis gavlena pirveli kritikuli amplitudis sidideze ufro sustia, meore kritikuli amplitudis zrdasTan SedarebiT. 


 Ddislokaciebis gadakveTis kvanZSi SesaZlebelia moTavsdes dispersuli faza an wertilovani defeqtis kompleqsi, riTac gaZlierdeba dislokaciis bma. siliciumis kon​centraciis amaRlebiT adgili aqvs dislokacia-kvanZis urTierTqmedebis SesamCnev gaZlierebas. 


    rxevis amplitudis farTo diapazonSi aseve mravalstadiuri cvlileba axasiaTebs Zvris moduls (sur19). 


Zvris modulis cvlileba amplituduri deformaciis meore kritikuli sidididan Seuqce​vadia Senadnobis struqturaSi mikroplastikuri deformaciis ganviTarebis gamo. Zvris modulis anomaluri Semcireba da misi gajerebis masStabebi mcirdebian siliciumis koncentraciis gazr​diT, rac miuTiTebs arsebiT energetikul cvlilebebze Ge-Si Senadnobebis dislokaciur struqturaSi.
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Nnax.19. monokristaluri Ge0.99Si0.01 Senadnobis dinamiuri Zvris modulis amplituduri damokidebuleba

boriT sustad legirebuli monokristaluri Ge-Si Senadnobis Sinagani xaxunis amplitudur speqtrSi aralegirebuli Senad​nobis analogiurad gamovlenilia kritikuli amplitudis ori mniSvneloba. orive maTgani amaRlebulia aralegirebul Senad​nobTan SedarebiT. meore kritikul amplitudaze ufro maRali ampli​tudidan Sinagani xaxunis amplituduri damokidebulebis ukusvlis grafikze dafiqsirebulia sagrZnoblad maRali inten​sivobis Sinagani xaxuni, romelic dakavSirebulia mikrop​lastiur deformaciasTan. SedarebiT dabali amplitudebis areSi gamovlenilia Sinagani xaxunis intensivobis nazrdi. Q-1(ε)-is grafikze Cndeba histerezisis Ria maryuJi, rac naTlad adasturebs mikroplastikuri deformaciis ganviTarebas. 


meore kritikul amplitudaze ufro maRali amplitudidan ukusvlisas Sinagani xaxunis amplitudur damokidebulebaze Cnde​ba pirvelad ciklTan SedarebiT Zlierad gamosaxuli Sinagani xaxunis histerezisi. am SemTxvevaSi metad didia gansxvaveba grafikis aRmasvlisa da Semcirebis Stoebs Soris rxevebis amplitudaTa dabal diapazonSi ((5(10-5). misi sruli CaxSoba SesaZlebelia mowviT 400°C-ze (0,5 sT). eqsperimentulad       dad​genilia, rom boriT legirebul Ge-Si SenadnobebSi mikrop​lastikuri deformacia lokalur moculobaSi SesaZlebeblia ganxorcieldes gacilebiT maRal kritikul amplitudaze. am pirobebSi gamovlenili histerezisis CaxSobisaTvis mowvis drois intervalis gazrdas ganapirobebs histerezisul Sinagan xaxunSi monawile defeqtebis difuzuri aqtiurobis Semcireba krista​luri mesris SemkumSavi Zabvebis gavleniT.


analogiurad Sinagani xaxunisa Zvris moduli ganicdis ano​malur cvlilebebs rxevis amplitudis farTo intervalSi, Zvris modulis fardobiTi mniSvnelobis amplitudur damoki​debulebaze gamovlenilia ori kritikuli wertili, romelic emTxveva Sinagani xaxunis kritikul amplitudur mniSvnelobebs. 


dariSxaniT legirebuli Si0,99Ge0,01 Senadnobis Sinagani xaxunis amplitudur damokidebulebaze fiqsirebulia rxevis amplitudis ori kritikuli mniSvneloba. orive maTgani mcirea aralegirebul da, gansakuTrebiT boriT legirebul kristalebis analogiur parametrebTan SedarebiT. meore kritikuli ampli​tudis zeda intervalidan ukusvlis grafikze gamovlenilia maqsi​mumi, romlis intensivoba metia amplitudis zrdis pi​robebSi registrirebuli Sinagani xaxunis intensivobaze, e.i. aRniSnul SemTxvevaSi adgili aqvs mikroplastikur deformacias.


Eeqsperimentebma gamoavlines Ge-Si monokristalur SenadnobebSi aradrekadi maxasiaTeblebis rTuli damokidebuleba amplitudur deformaciaze, romelic avlens oTaxis temperaturaze mikroplastikuri deformaciis ganviTarebisa da marTvis SesaZleblobebs. 

daskvna

1. Seswavlilia Coxralskis meTodiT [111] kristalografiuli mimarTulebiT gazrdili monokristaluri Ge1-xSix(x(0,05) Senadnobebis mikrostruqtura.


· dadgenilia, rom aralegirebul Ge-Si SenadnobebSi siliciumis koncentraciis gazrdiT (111) orientaciis sibrtyeebze dislokaciebis simkvrive maRldeba 2.103sm-2-dan 1.104sm-2-mde. 


· boriTa da dariSxaniT legirebul Ge-Si SenadnobebSi   dislokaciebi xasiaTdebian araerTgvarovani ganawilebiTa da maRali simkvriviT (~5.104sm-2). 

2. holis efeqtis meTodiT mudmiv magnitur velSi gansazRvrulia siliciumis, borisa da dariSxanis sxvadasxva Sedgenilobis Ge-Si Senadnobebis eleqtrofizikuri maxasiaTeblebi da gaanalizebulia maTi cvlilebis kanonzomierebani. 

3. siliciumis, borisa da dariSxanis sxvadasxva Sedgenilobis Ge-Si Senadnobebis (111) orientaciis sibtryeebze gansazRvrulia mikrosisalisa da Zvris modulis absoluturi sidideebi da gaanalizebulia n- da p- tipis nimuSebis struqturis “darbilebisa” da ganmtkicebis SesaZlebeli meqanizmebi.

4. n- da p- tipis monokristaluri Ge-Si Senadnobebis fardobiTi wagrZelebis temperaturul damokidebulebebze gamovlenilia anomaluri Termuli gafarToebis intervalebi. Ggaanalizebulia minarevebis dispersul fazebsa da kompleqsebSi gardaqmnebisa da kovalenturi tetraedruli kavSirebis dezorientaciis wvlili Termuli gafarToebis anomalur cvlilebebSi.

5. Seswavlilia kristalografiuli orientaciis gavlena monokristaluri Ge-Si Senadnobebis mikrosisalisa da Zvris modulis sidideebze. 


· dadgenilia, rom maRali meqanikuri Tvisebebi damaxasiaTebelia (111) orientaciis sibrtyeebisaTvis. 

6. Seswavlilia n- da p- tipis monokristaluri Ge1-xSix(x(0,05) Senadnobebis Sinagani xaxunisa da Zvris fardobiTi modulis temperaturuli da amplituduri damokidebulebebi. 


· gamovlenilia relaqsaciuri da histerezisuli warmoSobis grexiTi rxevebis energiis gabnevis procesebi. 


· gansazRvrulia relaqsaciuri procesebis aqtivaciis energiis da sixSiris faqtoris mniSvnelobebi da dadgenilia legirebiT, maRaltemperaturuli Termuli damuSavebiTa da maRalamplituduri grexiTi deformaciiT maTi cvlilebebis kanonzomierebani. 


· gamovlenilia Zvris modulis defeqtisa da anomaluri zrdis temperaturuli intervalebi. 


· gaanalizebulia xraxnul da 60-gradusian dislokaciebze geometriuli da wyvili Runvebis warmoqmnisa da moZraobis wvlili 200-700ºC intervalSi relaqsaciuri procesebis formirebaSi. 

7. amplituduri deformaciis farTo intervalSi  (5.10-5-5.10-3) Seswavlilia monokristaluri Ge-Si Senadnobebis Sinagani xaxunisa da Zvris modulis mravalstadiuri amplituduri damokidebuleba. gansazRvrulia amplituduri deformaciis kritikuli sidideebi da Sefasebulia drekadobis zRvris mniSvnelobebi. 


· naCvenebia boriTa da dariSxaniT legirebul Ge-Si SenadnobebSi mikroplastikurobis maxasiaTeblebis marTvis SesaZleblobebi. 

8. monokristaluri Senadnobebis mikrostruqturis, eleqtrofizikuri, Termuli da fizikur-meqanikuri Tvisebebis maxasiaTeblebis cvlilebebis dadgenili kanonzomierebani SesaZlebelia gamoyenebuli iqnas Ge-Si Senadnobebis fuZeze axali naxevargamtaruli optoeleqtronuli mowyobilobebisa da xelsawyoebis Sesaqmnelad. 
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